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Abstract  

I study the effects of nontradeable emission quota and transferable emission quota systems on the 
accumulation of capital and output growth in small open economies.  As in other papers, I find that 
both types of regulation impede the growth.  However, I further find that the transferable emission 
quota system has different effects on the development of quota buyers and quota sellers.  While quota 
buyers enjoy faster growth in the both capital stock and economic output as compared to the 
nontransferable quota system, quota sellers face slower capital accumulation and economic growth. 

I estimate the input distance function yielding the production frontier and inefficiency parameters 
using the cross-sectional data on output per capita, CO2 per capita and capital per capita.  I then 
implement a dynamic simulation using this information to characterise the magnitudes of the effects in 
the theoretical model.  The simulation reveals that developmental consequences for quota sellers 
range from a slower capital accumulation to capital stock shrinkage.  It also suggests that quota sellers 
will substitute economic production for quota trade revenues and that economic output will fall over 
time. 

Keywords  Production theory ⋅ Input distance functions ⋅ Emission trade ⋅ 
Bootstrap application 

JEL Classification Numbers C15, D2, D24, Q25, Q28, Q56 
 



 -2-

1.  INTRODUCTION 

In recent years, it has become increasingly apparent that the problem of global 

climate change and the related issue of greenhouse gases (GHG) emissions may be 

one of the biggest challenges humankind has ever faced.  The Kyoto Protocol (KP) is 

the largest scale attempt to take on this challenge.  It is an amendment to the United 

Nations Framework Convention on Climate Change (FCCC) adopted at the third 

FCCC conference of the parties (COP) in 1997.  The Kyoto Protocol assigns 

voluntary emission targets (also known as assigned amounts) as a fraction of the 

emission level in the base year (1990 for most of the KP parties).  The assigned 

amounts are imposed on the ProtocolÊs Annex B1 countries comprised of 39 

industrialized OECD economies as well transitional post-communist economies of 

Central and Eastern Europe.  To help the parties to achieve their commitments, the 

Protocol defines so called flexibility mechanisms, a set of three clauses that allow the 

parties to reach their target by using means other than directly via cuts of their 

emissions, thus reducing the overall costs of meeting the targets.  The mechanisms 

consist of Emission Trading, Joint Implementation and Clean Development 

Mechanisms2. 

This paper concerns mostly the Emission Trading mechanism that allows 

Annex B3 countries that emit at the level below their assigned amounts to sell the 

balance of their emission quotas (KP, Article 7).  The trade system setup was 

finalized by the Marrakech Accord, the outcome of the COP-7 in 2001.  The Accord 

frames the emission trade in terms of the assigned amount units (AAUs), which is an 

equivalent of physical reduction of the GHG emissions by one ton of CO2 

                                                 
1 The terms FCCC Annex I and KP Annex B are often used interchangeably.  These lists are almost 
identical except of Belarus and Turkey, who were not parties to the Convention when the Protocol was 
adopted. 
2 For a detailed discussion of the KP framework and the flexibility mechanisms, see Barrett (1998). 
3 The notable exceptions include US and Australia, which are Annex B countries that declined to ratify 
the Protocol.  Therefore they are not allowed to trade their credits under the treaty conditions. 
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equivalent4.  The Accord discourages the use of the emission trade revenues for 

purposes other than the further abatement of greenhouse gases pollution, but does 

not prohibit it. 

As trade is allowed between Annex B countries only, it is expected that the 

transitional countries of Central and Eastern Europe will sell permits in the first 

commitment period (2008-2012) as most of them are still below their base year 

pollution levels due to the economic crisis in the region during the 1990s.  It is also 

expected that in the second commitment period, when the targets will become more 

restrictive for these countries, they will still sell pollution permits. 

This paper analyzes an international pollution permit trade model similar to the 

Kyoto Protocol and simulates the trade process based on real-life data.  Two types of 

environmental treaties are studied: a simple emission cap system and a cap-and-trade 

system.  Both the theoretical model and the simulation exercise show that in the 

regulated environments, capital will be accumulated slower in all countries, resulting 

in slower economic output growth.  However, for pollution permit buyers, a cap-and-

trade system will result in faster capital accumulation and output growth if compared 

to a simple cap system.  In contrast, pollution permit sellers will face a slower (and 

occasionally even negative) capital accumulation and output growth if the 

transferable emission quota (TEQ) trade system is in place. 

The model is inspired by so-called green growth models on one hand (see 

Forster, 1973; Stockey, 1998 and Brock and Taylor, 2004) and general equilibrium 

models of environment and trade on the other hand (see Pethig, 1976; Copeland and 

Taylor, 2004 and 2005).  As in Copeland and Taylor (2005) I analyze small open 

economies under an international TEQ trade system.  My study differs in a number 

of ways, however.  Firstly, my main focus is on the effect of this system on the 

development of the economies, namely economic output and capital accumulation 

                                                 
4 The KP sets assigned amounts for six GHGs that differ in their global warming potential.  To allow 
for adequate calculation of total reductions, all gases are commensurated in terms of the global 
warming potential of CO2, the most common GHG.  One tonne of CO2equivalent is an amount of a 
GHG that has the same global warming potential as one tonne of CO2. 



 -4-

dynamics.  Secondly, I approach the problem from a dynamic perspective by allowing 

for technological progress.  Finally, I simulate the model using real-life data to 

estimate the magnitude of the TEQ trade effect on economic output and capital 

accumulation. 

The model will be formulated in Section 2.  Section 3 will contain the solution.  

Discussion of the simulation procedure and results will be provided in Section 4.  

Section 5 will conclude. 

2.  MODEL SETUP 

I assume a world consisting of small open economies.  In time period t each 

economy i produces economic output, Y; and environmental pollution, Z; using 

capital, K.  Although pollution is an undesirable by- product of economic output, it is 

often treated as one of the factors of production (see Copeland and Taylor, 2005 and 

Ishikawa, 2006 for examples).  The intuition behind it is that the abatement 

technologies consume economic resources (Copeland and Taylor, 2005).  There exists 

output augmenting technical change common for all economies, A, normalized to the 

initial period.  Capital stock consists of the undepreciated portion of the previous 

period capital and the current period investments, I. 

( )iti
t

i
t

i
t ZKAY ,φ=         (1) 

( ) ( )ttt AA ηη +=+= − 11 1        (2) 

( ) i
t

i
t

i
t IKK +−= −11 δ         (3) 

where technological progress rate η>0, and depreciation rate δδ>0.  From now on, I 

will suppress subscripts and superscripts unless they differ within a single equation or 

a system of equations. 

φ is a ++ ℜ→ℜ2 monotonically increasing in capital, strictly concave and 

continuously twice differentiable in both arguments function that may or may not be 

different across economies.  I depict projections of φ on (Y, K) and (Y, Z) spaces on 

Figure 1 (for illustration purposes A is normalized to 1).  Concavity in Z may be 
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interpreted as an increasing marginal abatement cost of pollution phenomenon, a 

common assumption in many environmental economics texts. 

I impose a standard assumption from the productivity analysis of polluting 

technologies literature (e.g.  Färe, Grosskopf, Noh, and Weber, 2005).  Specifically, 

( ) 0,:,00 =′′>′∃>′∀ ZKZK Zφ .      (4) 

    Note that concavity implies φ ( ) 0, >′ ZKZφ  if ZZ ′<  and ( ) 0, <′ ZKZφ  if 

ZZ ′> .  Naturally, a rational decision making unit (DMU) will not be located on the 

negatively sloped portion of the boundary, since the same amount of economic 

output may be produced with smaller undesirable by-product pollution (see Figure 1 

for illustration). 

    ZKφ is assumed to be positive on the domain5, i.e.  capital and pollution are 

assumed to be complements in the production process.  If this is not the case, no caps 

are needed to limit the pollution level down: as capital stock increases, optimal 

pollution level will decrease, which decreases importance of environmental 

regulation.  While assuming a negative φ ZKφ  would not be unrealistic in general, it 

would be quite strange to expect that a supranational authority would encourage such 

a country to be involved in an environmental treaty, where it would be able to earn 

                                                 
5 This condition is satisfied for standard production functions including Cobb-Douglass and Constant 
Elasticity of Substitution production functions. 

 
Figure 1.  Projections of φ on a) (Y,K) and b) (Y,Z) spaces.  A is normalized to unity. 
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emission trade revenues without any abatement efforts, i.e.  by selling so called „hot 

air‰. 

 φ satisfies the conventional "no free lunch" condition and limit conditions: 

( ) ( ) 0,0,00, ≥∀== ZKZK φφ ,      (5) 

( ) ( ) ∞== →→ ZKZK ZZKK ,lim,lim 00 φφ ; ( ) 0,lim =+∞→ ZKKK φ . (6) 

I assume that consumption (C), global pollution ( Z
(

) and locally produced 

pollution are perfectly substitutable6 in the preferences of societies: 

( ) iiiiii
i ZZCZCU σθ −−=

(
, ,       (7) 

where σ iσ  is the shadow price of emissions for country i, which can be interpreted as 

the internal valuation of a pollutant by a society (Salnykov and Zelenyuk, 2005), iθ  - 

shadow price of the global pollution.  These shadow prices is time invariant for each 

country, but vary across countries.  Undoubtedly, in reality shadow prices will depend 

on many factors, such as the level of pollution or the wealth of the country and may 

change over time.  Nevertheless, the factual observations suggest that these changes 

occur very slowly and may require a change of generations.   

Note that by allowing separate valuation of global and local levels of pollution I 

separate disutilities resulted by the global scale effect of pollution (such as global 

climate change) and the local scale effect (e.g., health effect or even feeling bad that 

oneÊs country pollutes much). 

Each country produces a small share of the global pollution.  Therefore, Z
(

 is 

taken by each country as given. 

Two7 small open economies B and S enter an agreement that is intended to 

limit their joint emissions.  At the time of signing the treaty the countries are 

                                                 
6 Weak seperability of tastes across the set of consumption and pollution is a common assumption in 
the public economics literature (see Copeland and Taylor, 2005).  Assuming perfect substitutability is 
more restrictive, however.  I will elaborate on it below. 
7 Later we will extend the model to an arbitrary number of the treaty participants. 
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characterized by { }BBB KZ σ,, 00  and { }SSS KZ σ,, 00 .  The countries agree to allocate 

TEQ allowances ( BZ and SZ ) using the grandfathering principle, specifically 

BB ZZ 0=  and SS ZZ 0= .  Any amount of quotas q may be sold by one country to the 

other at a price p established by the competitive market.  The seller cannot emit 

more than qZ i − and the buyer cannot emit more than qZ i + . 

The countries devote their economic output to consumption, investment in the 

capital stock and quota purchases: 

( ) pxICZKA ++≥,φ ,       (8) 

where x is a demand for quotas by a given country. 

Note that (8) implies that if country is a quota seller, then its income (a total of 

economic output and trade revenues) would be distributed between consuming and 

reinvesting into capital. 

The decision maker is taken to be a periodically elected governing structure.  

Therefore, its choices in each period are aimed on maximizing the current period 

social utility only. 

Finally, I assume that capital stock and emission levels are at their long-run 

equilibrium values in the initial period. 

Although some of my assumptions seem untraditional or too restrictive (e.g.  

myopic central planner, restrictions on the production function, etc.), in these cases I 

sacrificed generality or conventionality to make the model more congruous with 

reality. 

3.  SOLUTIONS TO THE MODEL 

I solve the model in two benchmark frameworks: business-as-usual (BAU) and 

non-transferable quota (NTQ) environment.  Then I compare the competitive 

market equilibrium TEQ solution to the benchmark outcomes. 
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3.1.  BUSINESS AS USUAL 

Each country solves 

{ }iti
ttZK

ZZC
tt

σθ −−
(

,
max         (9) 

s.t. 

(i) ( ) ttttt ICZKA +≥,φ    (ii) ( )ttA η+= 1  

(iii) ( ) ttt IKK +−= −11 δ    (iv) 0,,, ≥tttt IZKC . 

with no constraints imposed on tZ .  Solutions { }BAU
t

BAU
t ZK , satisfy 

( ) ( )
( )⎩

⎨
⎧

=
+= −

σφ
ηφ

BAU
t

BAU
tZ

tBAU
t

BAU
tK

ZK
ZK

,
1,        (10) 

Here, (10) implies that both BAU
tK and BAU

tZ are increasing over time.  Naturally, 

economic output BAU
tY  is increasing as well. 

3.2.  NON-TRANSFERABLE QUOTAS 

If the quotas are assigned using the grandfathering rule, but cannot be traded, 

then each country solves 

{ }iti
ttZK

ZZC
tt

σθ −−
(

,
max         (11) 

s.t. 

(i) ( ) ttttt ICZKA +≥,φ    (ii) ( )ttA η+= 1  

(iii) ( ) ttt IKK +−= −11 δ    (iv) ZZ t =  

(v) 0,, ≥ttt IKC . 

with solutions { }NTQ
t

NTQ
t ZK , satisfying 

( ) ( )
⎩
⎨
⎧

=
+= −

ZZ
ZK

NTQ
t

tNTQ
t

NTQ
tK ηφ 1,

.       (12) 

Here, (12) implies that NTQ
tK is increasing over time while NTQ

tZ  is time 

invariant.  Naturally, economic output NTQ
tY  is increasing as well. 
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3.3.  TRANSFERABLE EMISSION QUOTAS 

If quotas can change hands, each country solves 

{ }iti
ttxZK

ZZC
ttt

σθ −−
(

,,
max         (13) 

s.t. 

(i) ( ) ttttttt xpICZKA ++≥,φ   (ii) ( )ttA η+= 1  

(iii) ( ) ttt IKK +−= −11 δ    (iv) tt xZZ +=  

(v) 0,,, ≥tttt IZKC . 

Optimal demand for quotas *x  by a given country satisfies 

( ) pxZKA Z =−+ σφ *,        (14) 

Market clearing implies qxx SB =−= **  and consequently 

( ) ( ) SSSS
Z

BBBB
Z qZKAqZKA σφσφ −−=−+ ,,     (15) 

Note that (15) is a modification of the factor price equalization theorem by 

Samuelson (1949), where the factor has intrinsic value to the society. 

Without loss of generality, I assume that 0* ≥Bx , i.e.  B will buy TEQs while S 

will sell them.  The number of TEQs that change hands will be q. 

(15) is an implicit function of q, A, BK and SK , where 

0;0;0 <
∂
∂

>
∂
∂

>
∂
∂

SB K
q

K
q

A
q

     (16) 

Solutions to (13) { }TEQ
t

TEQ
t ZK , satisfy 

( ) ( )
⎩
⎨
⎧

+=
+= −

t
TEQ
t

tTEQ
t

TEQ
tK

xZZ
ZK ηφ 1,

.       (17) 

Proposition 1.  For the TEQ buyer, quota trade will imply accumulation of 

capital and output growth above the NTQ level, but below BAU level. 

Proof: 

See Appendix 1. 
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Proposition 2.  For the TEQ seller, quota trade will imply accumulation of 

capital and output growth below the NTQ level. 

Proof: 

See Appendix 1. 

Corollary (the Kurse).  Introduction of the tradable emission quotas will lead to 

faster development of quota buyers and slower development of quota sellers as 

compared to the nontradable quota system. 

The main conclusion of the model is that transferable emission quotas trade will 

hamper economic development, specifically capital accumulation, in the quota selling 

countries, while buyers will enjoy a higher rate of economic development as 

compared to a simple cap regulation.  I call this effect the Kyoto8 curse or the Kurse 

for short9.   

It should be emphasized, however, that although the model uses a two party 

pollution permit trade treaty, the conclusions are valid for any multilateral treaty.  

The competitive market equilibrium will then satisfy 

( ) NixZKAp iiiii
Z ..1, =∀−+= σφ      (18) 

∑
=

=
N

i

ix
1

0 . 

where N is the number of parties in the treaty. 

In this case, for any country with 0>ix , Proposition 1 will apply, and for any 

country with 0<ix , Proposition 2 will be valid.  In other words, any party to the 

treaty selling permits will experience slower development than in the case of a simple 

cap system, while any buyer will enjoy faster development. 

                                                 
8 The Kyoto Protocol sets the international permit trade system with the initial quota levels (i.e.  
assigned amounts) established using the gradfathering principle.  This setup may lead to the 
underdevelopment of the quota selling countries as the model suggests. 
9 One can also think of this name as the capital (K) underaccumulation curse, or the K-curse.  The 
original idea of the name belongs to Dr.  Nancy Olewiler. 
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It should be also noted that my study did not analyze welfare effect of the 

emission trade.  As a matter of fact, decisions on the amounts of the quotas bought or 

sold are based on the utility maximization problems, so countries are becoming better 

off (at least within a short time span).  However, such behavior may harm the future 

generations as they inherit low capital stock after the treaty comes to an end. 

All the way through my analysis I purposefully avoided many (quite realistic) 

complications.  Specifically, contrary to state-of-art papers I analyzed a single sector 

economy rather than a 1-clean-1-dirty-good economy to enable simulation using real-

life data.  I also did not explicitly assume existence of an abatement technology.  I do 

recognize, however, that a potential shift in specialization to cleaner goods and more 

intensive abatement processes will definitely play an important role in the countries' 

commitment to meet their emission targets.  Yet, this specialization change is more 

likely to occur in the long run rather than in the short run.  Complication of the 

theoretical model to allow for these modifications would be a logical extension of the 

current paper. 

To assess the magnitude of the Kurse for quota buyers and sellers, I simulate 

my model using real life data. 

4.  SIMULATION 

The model involves two exogenous variables – δδ and η – common for all 

countries.  In addition, country specific ( )⋅iφ  and σ iσ  are assumed to be exogenous. 

Values of shadow prices are estimated based on the estimated functions ( )⋅iφ̂  as 

( )iii
Z

i ZK 00 ,ˆˆ φσ =         (19) 

To estimate the production function, ( )⋅iφ  I rely on tools from the literature on 

productivity and efficiency analysis.  A short exposure into the fundamentals of this 

field is given in Appendix 2. 
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The productivity analysis literature shares an understanding that all DMUs 

(firms, countries, etc.) have an access to the same technology.  However, the level of 

access differs across the units, which results in a different efficiency, i.e.  distance of a 

given DMU to the best practice frontier.  In terms of the present study it can be 

interpreted as all countries sharing the same best practice frontier, but some are less 

efficient than the others in producing economic output with the least amount of 

capital and pollution, which is translated into a different distance to the frontier across 

countries. 

Efficiency is traditionally measured by Shephard-class efficiency measures 

(Shephard, 1970), such as the input distance function (IDF) and the output distance 

function (ODF).  It has been shown that under relatively weak assumptions about the 

technology, both IDF and ODF are complete characterizations of technology (Färe 

and Primont, 1995) 

Specifically, Färe and Grosskopf (1990) and Färe, Grosskopf, Lovell and 

Yaisawarng (1993) demonstrated how the approach of Aigner and Chu (1968) can be 

used to estimate the IDF and ODF.  In this paper, by estimating the IDF, I obtain a 

parametric estimate of an implicit function relating economic output, capital and 

emissions. 

The choice of IDF over ODF requires some elaboration.  The ODF measure 

expands an observation radially as much as technologically possible in the output 

space, while IDF contracts the observation radially in the input space (Färe, 

Grosskopf and Lovell, 1994).  While IDF will always project the observation on the 

portion of the best practice frontier, where economic output is produced with the 

smallest capital and emissions, ODF may expand the observation to the point on the 

frontier that is economically irrational to be at.  Figure 2 provides an illustration of the 

argument.  If A is an observed combination of economic output and pollution { }ZY ~,~
, 

the ODF scales it up in the economic output space to the efficient peer { }ZY ~,
~

*θ , 

where *θ  is the ODF score for observation A.  The ODF score will seek for the 
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largest technologically feasible expansion of the economic output given the levels of 

K and Z.  The IDF contracts the observation down in the (K, Z) space10 to the 

efficient peer { }*

~
,~

λ
ZY , where *λ  is the IDF score for observation A.  The IDF score 

will search for the largest technologically feasible proportional contraction of K and Z 

given the level of Y.  As the diagram suggests, when the technology is polluting, the 

ODF may yield an efficient peer that is located on the technologically efficient, but 

economically irrational part of the best practice frontier, while the IDF will always 

result an efficient peer to be both technologically efficient and economically rational. 

Therefore, given assumption of the rationality of DMUs, I conclude that IDF is 

a better choice of modelling a polluting technology. 

Shephard IDF is defined on the technology set T, which is in my case 

                                                 
10 For the purpose of illustration I depict ( ) ( )ZKZK ,, *λφφ ′=′ , but in general, contraction of K 

will yield a best practice frontier not above an old one, so the justification will still hold. 

 
Figure 2.  IDF projection vs ODF projection: λ* denotes the IDF measure for observation A; θ*- 
the ODF measure. 
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( ){ }+++ ℜ∈ℜ∈ℜ∈≡ ZKYZKYT  and given  produced becan :,, .  (20) 

Then the IDF is defined as 

( )
⎭
⎬
⎫

⎩
⎨
⎧

∈⎟
⎠
⎞

⎜
⎝
⎛>≡ TZKYZKYDI λλ

λ ,,:0sup,, .     (21) 

    The IDF is a measure of the distance of a given observation towards the best 

practice frontier in the (K, Z) space.  It was shown by Färe and Primont (1995) that if 

the technology set, T, is regular, then IDF is nonincreasing in outputs and 

nondecreasing in inputs, homogeneous of degree 1 in inputs, is equal to unity if the 

DMU is on the frontier and is commensurable (independent of units of measurement 

up to a scalar transformation) as defined by Russell (1987). 

The econometric estimation of frontier functions was pioneered by Aigner and 

Chu (AC) (1968).  By following Farrell's (1957) idea of describing „an industry 

envelope isoquant‰, they described a method of estimating the frontier model that 

constrained all residuals to be negative, a full frontier model.  For simplicity, AC 

estimated one-output, two-input Cobb-Douglas production function 

uxAxy βα
21= ,         (22) 

where y  is an output, 1x  and 2x  are two inputs, u  is a random shock and  A,αα and β 

are parameters.  The authors rewrite (22) in logarithms to obtain 

21 lnlnlnln xxyAe βα −−+−= ,      (23) 

where ue ln= .   

AC argue further that since the shocks lie only on one side of the production 

frontier (i.e.  0≤e ), (23) is easily solved by minimizing the linear loss function (rather 

than sum of squared residuals as was done previously by OLS studies) within the 

framework of linear programming by finding A,αα and β that solve 
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[ ]∑
=

−−−
N

n

nnn xxAy
1

21 lnlnlnlnmax βα      (24) 

s.t. 

(i) 0,, ≥βαA  

(ii) 0lnlnlnln 21 ≤−−− nnn xxAy βα  Nn ..1=∀ . 

Later Christensen, Jorgenson and Lau (CJL) (1971) showed that if a 

homogeneous Translog aggregator function of vector Kℜ∈x  is defined as 

( ) ∑∑∑
= ==

++≡
K

i

K

j
jiij

K

k
kk xxxf

1 11
0 lnln

2
1ln βααx ,    (25) 

where ∑
=

=
K

k
k

1

1α , ∑
=

=
K

k
jk

1

0β  and kjjk ββ = for all Kkj ..1, = ,     then it can give a 

second order approximation to any twice continuously differentiable  linear 

homogeneous function. 

Diewert (1976) used AC approach and CJL finding to parametrize the 

Shephard's distance functions to what now is known as Translog specification of the 

distance functions by imposing additional conditions on the parameters to account for 

the properties of the distance functions.  This approach was later used in the 

aforementioned studies of Färe and Grosskopf (1990) and Färe, Grosskopf, Lovell 

and Yaisawarng (1993) to estimate IDF and ODF respectively. 

In the spirit of the previous works, if the IDF is parameterized by a flexible 

functional form 

( ) =ZKYDI ,,ln  ZKY lnlnln 3210 αααα +++    (26) 

    ( ) ( ) ( )2
3

2
2

2
1 lnlnln ZKY βββ +++  

    ZKZYKY lnlnlnlnlnln 321 γγγ +++ , 

then the parameters of (26) can be estimated by solving 
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( )∑
=

N

n

nnn
I ZKYD

1

,,lnmin        (27) 

s.t. 

(i) ( ) 0,,ln ≥nnn
I ZKYD   Nn ..1=∀  

(ii) 
( )

0
ln

,,ln
≤

∂
∂

n

nnn
I

Y
ZKYD

; 
( )

0
ln

,,ln
≥

∂
∂

n

nnn
I

K
ZKYD

; 
( )

0
ln

,,ln
≥

∂
∂

n

nnn
I

Z
ZKYD

 

(iii) 132 =+αα ; 0332 =++ γββ ; 121 =+ γγ . 

where n denotes the DMU number and N is the total number of the DMUs being 

analyzed.  The first constraint requires observations to be technologically feasible; 

second – imposes regularity conditions on T; third – enforces homogeneity of degree 

+1 in inputs.  Note that ( ) ( )[ ]∑∑
==

−⋅=⋅
N

n
I

N

n
I DD

11
1lnlnln , i.e.  (27) is equivalent to 

finding parameters that minimize the sum of all deviations from the frontier.  (26) 

represents a production function shared by all DMUs scaled down in the (K, Z) space 

by a country-specific efficiency score ( ) 1,, ≥nnn
I ZKYD . 

    It is worth pointing out that the estimates of (26) obtained by (27) are ML if 

the disturbance is assumed to be half-normally distributed (Greene, 1980).  

Unfortunately, statistical properties of the estimates of (26) do not have an analytic 

formulation.  As in other cases, when analytic results are not comforting, bootstrap 

(Efron, 1979 and Efron and Tibsharani, 1993) is an attractive alternative for making 

inferences.  Bootstrapping relies on the repeated simulation of the data generating 

process and applying the original estimator to every simulated sample so that 

resulting estimates mimic the sampling distribution of the original estimator.   

I use the smooth homogeneous bootstrap (SHB) methodology proposed by 

Simar and Wilson (1998) to obtain statistical properties of the frontier estimates.  SHB 

was proposed as an alternative to the naive bootstrap, which was shown to give 

inconsistent results in the frontier problems (Simar and Wilson (SW), 1998).  While 

the naïve bootstrap draws a bootstrap sample from a discrete distribution, SHB uses a 

smoothing module based on the kernel estimated densities of the obtained efficiency 

scores to draw a sample from a continuous distribution.  In other words, SHB perturbs 
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DMUs' data around their observed data to create a bootstrap sample.  Smooth 

resampling is being repeated many times (in my case, 1,000 as Hall (1986) suggests to 

ensure the adequate coverage of the confidence intervals) to obtain samples' 

estimates of the original estimator (27).  The bootstrap estimates are then used to 

obtain biased corrected estimates of parameters in (26), their standard errors and 

confidence intervals. 

I identify that if a traditional SW smooth homogeneous bootstrap is used in the 

parametric framework, some estimated variances of some parameters seem to be 

unrealistically low.  Therefore, SHB is executed in two variations: a traditional SW 

bootstrap and, what I call, a cautious SHB bootstrap, which provide with more 

realistically looking parameters' variances.  Appendix 3 provides discussion of the 

SHB algorithm, the bias-correction and the confidence interval estimation procedure, 

as well as explains the difference between the SW and the cautious alternative. 

Once one uses (27) to obtain the estimates of the parameters in (26) 

{ }3213213210 ˆ,ˆ,ˆ,ˆ,ˆ,ˆ,ˆ,ˆ,ˆ,ˆˆ γγγβββαααα=Ξ , they are used to calculate country-specific 

estimates of the IDF scores.  Therefore, an IDF estimate for country i , i*̂λ  is 

=i*̂λ  [ iii ZKY lnˆlnˆlnˆˆexp 3210 αααα +++     (28) 

  ( ) ( ) ( )23
2

2
2

1 lnˆlnˆlnˆ iii ZKY βββ +++  

  ]iiiiii ZKZYKY lnlnˆlnlnˆlnlnˆ 321 γγγ +++ , 

The IDF score estimates are then used to estimate the individual countries' 

production functions, ( )⋅iφ̂ .It is given by the implicit function: 

[ ] ZKYi lnˆlnˆlnˆˆlnˆ 321
*

0 αααλα +++−      (29) 

( ) ( ) ( )2
3

2
2

2
1 lnˆlnˆlnˆ ZKY βββ +++  

0lnlnˆlnlnˆlnlnˆ 321 =+++ ZKZYKY γγγ . 

(29) can be interpreted as follows: all countries share the same best practice 

frontier, but the country-specific distance to this frontier determines their individual 

time invariant production function. 
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The final parameter of the model estimated using data is the shadow price of Z.  

Graphically, shadow prices can be interpreted as a slope of the production function in 

the (Y, Z) space.  Given parameterization of the production function (26), shadow 

price of pollution for individual DMUs are estimated according to Färe and Primont 

(1995) by applying the implicit function theorem. 

i

i

iii

iii

i

i
i

Z
Y

ZKY
KYZ

Y
Z

⋅
+++

+++
−=

∂∂

∂∂
−=

lnˆlnˆlnˆ2ˆ
lnˆlnˆlnˆ2ˆ

ˆ
ˆ

ˆ
2111

3233
*

*

γγβα
γγβα

λ
λσ    (30) 

I use data in per capita terms on GDP (Y), capital stock (K) and CO2 pollution 

(Z) on 81 countries in 199511.  Table 1 provides descriptive statistics on the data set. 

Table 2 presents the estimated values of the parameters, bootstrap bias 

corrected (BC) parameter estimates of (26)12 obtained using the standard SW 

approach (SW, the first line for each parameter) and a cautious alternative (CA, the 

second line) as well as the bootstrap estimated standard errors.  Figure 3 provides 

graphical representation of the findings.  Each pair of candles provides bootstrap 

estimated statistics for the SW approach (filled bodied candles) and the alternate 

approach (hollow bodied candles).  The candles are centered around the bias 

corrected estimates of the parameters (marked with diamonds, ♦); the bodies denote 

95% confidence intervals and the tails the extremes of the deviations from the bias 

corrected values.  The uncorrected values of the parameters are drawn as solid lines. 

As the table and the figure suggest, the standard SW approach results estimated 

variations of parameters related to Y as well as all cross terms seem to be 

unrealistically low.  The reason for that is that Simar and Wilson designed the 

approach having a nonparametric framework in mind, where the estimates of the 

efficiency scores rather than the underlying parameters were the major interest.  

Therefore, the traditional approach creates bootstrap samples, where (K, Z) duplets 

are stochastic, but Y's and K/Z ratios are deterministic.  In the cautious alternative 

                                                 
11 The set was collected and discussed by Salnykov and Zelenyuk (2005). 
12  The estimated frontier IDF satisfied convexity in Y in all observations and quasiconcavity in (K,Z) 
in 55 of 81 observations.  Although it was not modeled for explicitly, 0>KZφ for all 81 observations. 
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approach I sample both K/Z ratios and Y's.  As a result, the variances of the estimates 

increase.  The alternative bootstrap standard errors are much larger and I take them 

as cautious.  Moreover, as the diagram suggests, the SW bias-corrected estimates of 

the parameters lie within the 95% confidence intervals of the alternate approach 

estimates for almost all parameters. 

Confidence intervals are asymmetric around the bias corrected values because 

SHB draws a bootstrap sample from the asymmetric distribution of efficiency scores. 

In the simulation exercise I use the cautious approach bias-corrected estimates; 

however both sets of estimates were tried and I discovered that the simulation results 

do not differ qualitatively. 

The parameters are then used to obtain estimates of the IDF and shadow prices 

of CO2 emissions for every observation.  The descriptive statistics for these estimates 

(the IDF is unlogged) are given in Table 1.  The statistics show that, on average, 

countries have a technical ability to decrease their CO2 pollution and capital stock by 

44% without decreasing their GDP.  The most inefficient country in the sample 

(Azerbaijan) can potentially decrease emissions and capital by 69% and remain on the 

same economic output level.  Social willingness to pay for a reduction of CO2 

emissions varies from $2,755 per ton (Sweden) to virtually nothing (Turkmenistan).  

An average country is willing to forfeit $544 of consumption to abate a ton of CO2 

emissions.  The results generally support the findings of Salnykov and Zelenyuk 

(2005) that developed countries generally have higher valuation of environmental 

pollution. 

Table 1.  Descriptive statistics of the dataset and estimates of the IDF and shadow prices 

 Units Mean Max Min St.dev. 
Y  US$1,000 16.7945 80.2777 0.2249 22.0875 

K US$1,000 2.0615 12.2794 0.0120 3.0042 

Z metric tons 10.8655 59.0921 0.0149 10.3351 

*̂λ   1.7387 3.2042 1.0000 0.4752 

σ̂  US$1,000/ton 0.5443 2.7552 3.7 e-11 0.5330 
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Table 2.  Parameter estimates, bias corrected parameter estimates and their standard errors 

 Value 
SHB 
type 

BC 
value 

St.  err.  Value 
SHB 
type 

BC 
value 

St.  err. 

SW 1.3209 0.1834 SW 0.1000 4.6e−11 
0α̂   1.0724 

CA 0.3056 0.4077 2β̂ 0.1000 
CA 0.0780 0.0255 

SW -1.0368 3.3e−10 SW -0.0847 5.9e−11 
1α̂  -1.0316 

CA -0.8699 0.1385 3β̂ -0.0850 
CA -0.1139 0.0250 

SW 0.7006 0.0339 SW -0.1513 9.6e−11 
2α̂  0.6529 

CA 0.3378 0.2152 1γ̂  -0.1516 
CA -0.1127 0.0464 

SW 0.2994  SW 0.1513  
3α̂  0.3471 

CA 0.6622  2γ̂  0.1516 
CA 0.1127  

SW 0.0146 5.8e−11 SW -0.0153  

1β̂  0.0127 
CA -0.0047 0.0157 3γ̂  -0.0147 

CA 0.0411  

Note: Value – an estimate from the original sample before bias correction; BC value – bias 
corrected estimates of the parameters; St.err.  – standard errors.  For each parameter the 
first line indicates the value for the traditional SW approach, the second – for the 
cautious alternative (CA). 

 

Figure 3.  Box plots of the parameters' statistics.  The body of each candle depicts 95% bootstrap 
estimated confidence intervals; tails show the highest and the lowest bootstrap estimated 
deviation from the parameters' bias corrected values marked with diamonds (♦).  Initial 
estimates of the parameters (before bootstrap bias correction) are drawn as solid horizontal lines.  
Solid bodied candles denote original SW approach bootstrap; hollow bodied candles – cautious 
alternative. 
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I simulate international CO2 permit trade among 31 Kyoto Protocol Annex B 

countries.  Pollution caps are set to the initial period and I assume relatively low 

economic progress (η=0.01) and depreciation (δ=0.05)13.  In every period each country 

simultaneously solves (13); market for pollution permits clears, i.e.  (18) is satisfied at 

any t.  Results are then compared to the outcomes of the BAU and NTQ scenarios.  I 

run a simulation over a span of 11 periods. 

As expected a priori, the simulation results show that Central and Eastern 

European post-communist economies will be permit sellers, while developed 

Western European and non-European Annex B countries will act as permit buyers14.  

The simulation reveals that initially 21 of 31 countries will buy permits; later on, 

when price for the permits increases, 2 of these countries start selling permits instead. 

Pollution permit market size and price dynamics is demonstrated on Figure 4.  

The total amount of pollution quotas allocated to the countries, which chose to be 

permit sellers is 186.65 units.  Market size in the last period simulated is 118.96, i.e.  

permit sellers cut down their emissions by about 65% total.  As quota sellers decrease 

their emissions, they face increasing marginal abatement cost (which may be also 

interpreted as opportunity cost of pollution abatement on the margin), which is 

captured by the increasing pollution permits price. 

As the simulation results suggest, the price for permits will increase from $8 per 

ton to $67 per ton of CO2 within the first 5 periods of the treaty with the average of 

$35 per ton.  Although my model was not designed to estimate the prices for permits, 

it is interesting to note that my estimates resemble closely what most experts agree 

that realistic estimates of the permits in the first 5-year commitment period of the 

Kyoto Protocol: between $25 and $55 per ton of CO2  (ICF, 2005). 

                                                 
13 Later I test the sensitivity of the results to the change in parameters. 
14 Notable exceptions include Belgium, which sells permits; Greece and Slovenia, which buy permits 
initially when prices are low, but then switch to selling permits in the late periods. 
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Figure 5 in Appendix 4 displays simulated model dynamics for economic 

output, capital stock and emissions along with the corresponding growth rates for a 

typical permit buying country using Germany as an example.  All other quota buyers 

reveal similar patterns and Germany was used as a typical representative of the 

dynamic patterns.  As the theoretical model predicts, for permit buyers capital 

accumulation and output growth will be faster as compared to a simple cap regulation 

outcome, but slower than in an unregulated environment.  An interesting finding 

revealed by the simulation exercise is that capital accumulation rate and output 

growth rate are faster in the initial periods and slow down later on, when quotas 

become more expensive, thus increasing cost of output growth for the quota buying 

economies. 

There's a greater variation in behavior for sellers, however.  Half of all sellers (6 

out of 12)15 exhibit an initial growth of capital stock with decumulation of capital 

starting at a particular instance (Latvia depicted on Figure 6 in Appendix 4 is a typical 

representative of this pattern).  At the same time, economic output may or may not 

display an initial growth, but is always following a downward sloping trend in the late 

periods. 

                                                 
15 Belgium, Czech Republic, Latvia, Lithuania, Poland, Slovakia. 

Figure 4.  Pollution permit market size (a) and price (b) dynamics 
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A third of the sellers (4 out of 12)16 show a special case of the pattern described 

above without any initial capital accumulation: both capital stock and economic 

output start falling from the initial period. 

A final category of the sellers17 exhibits another special case when capital and 

output grow throughout the entire simulation span (if the simulation span is extended 

beyond realistic lifetime of the treaty, those countries' growth slows down and 

eventually goes negative). 

As predicted by the theoretical model, both capital and output growth rates stay 

below the ones under a simple cap regulation.  Another interesting feature of the 

model revealed by the simulation is that there is a certain rigidity in the quota selling 

behavior: sellers increase the amount of quotas sold over time, primarily due to the 

increasing quota prices. 

The investments in the quota selling countries are still positive despite possible 

capital stock shrinkage.  Capital decumulation rate for all sellers does not go below 

5% depreciation rate indicating that positive investments take place.  If the 

simulation is repeated for a high depreciation rate (δ=0.10), no change in the 

dynamics is being observed.  However, this depreciation rate neutrality may be a 

characteristics of this specific dataset. 

A final group of the parties consists of the countries18 that buy permits in the 

initial periods, but start selling them in the late periods when price of permits 

increases.  This case is illustrated on Figure 7 in Appendix 4.  The diagram reveals 

that the Kurse effect (capital growth below the NTQ level) starts at the instance 

when emission level starts falling, i.e.  when country starts acting as a seller in relative 

terms with respect to the previous period emission level, not in absolute terms with 

respect to its initial permit endowment. 

                                                 
16 Bulgaria, Estonia, Romania and Ukraine. 
17 Namely Croatia and Hungary. 
18 Greece and Slovenia. 
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Running simulation with higher values of the technological progress parameter 

does not yield qualitatively different results: the sets of quota selling and quota 

buying countries remain unchanged; quota market volumes grow faster as well as the 

permits price does; capital decumulation in quota selling countries start earlier, but 

still stays above the pure depreciation rate. 

As simulation suggests, quota buyers are characterized by higher values of 

shadow prices of pollution.  Shadow price of pollution at the equilibrium is equal to 

the marginal abatement cost of pollution, i.e.  an opportunity cost of pollution 

abatement.  By now, it should be clear that countries with higher shadow prices of 

pollution buy permits, because an opportunity cost of abatement for them is 

considerably higher than for the quota sellers. 

When a quota seller faces favorable prices for emission permits, it shrinks the 

amount of capital used in the economic production (in the framework of Copeland 

and Taylor, 2005 that would be an equivalent of shifting capital to abatement from 

economic production).  As a result, capital accumulation rate slows down.  As the 

market price rises, incentives to abate increase and capital stock in the economic 

production starts shrinking. 

5.  CONCLUSIONS 

This paper has shown that an international tradable emission quota system may 

hamper the development of a quota selling country.  I test and simulate the model 

against two benchmarks: business as usual and simple cap system.  I discover that 

while quota buyers' economic output is increasing above the output growth rate 

under a simple cap system, but below business-as-usual output, an economic output 

of the quota seller will decrease over time.  I also identify that capital accumulation in 

the quota buying economy is more intensive as compared to a simple cap system 

environment.  At the same time, capital accumulation shows a substantial slowdown 

(and may even be reversed) in the quota selling economies.  Such behaviour may 

threaten economic welfare of future generations when the treaty comes to an end. 
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The phenomenon I called the Kurse is surprisingly similar to the Dutch 

Disease19, a term coined by The Economist (1997).  Despite being similar in terms of 

the effect on the national economy, the Kurse has a different mechanism: permit 

sellers substitute revenues from economic production for the revenues from the 

permit trade. 

It should be apparent that the described international pollution permit trade 

systems are not purely illustrative.  The model itself as well as the simulation exercise 

closely mimics conditions of the Kyoto Protocol, specifically the emission trading 

between Annex B countries.  Transitional of Central and Eastern Europe are 

expected to be sellers of pollution permits under the conditions of the Protocol.  It is 

a common perception that by allowing these countries to sell permits under Kyoto 

Protocol, economic development in them will be promoted.  My study shows, 

however, that international pollution permit trade may hamper the development of 

permit selling economies. 

On a positive note, I must emphasize that my study modeled a shortsighted 

behaviour when pollution permit revenues are allowed to be consumed.  If the treaty 

participants are forced to spend their revenues on improving their abatement 

technology efficiencies, it may be the case that the detrimental effect of the quota 

trades is avoided.  Alternatively, the national governments may be required to bank 

the trade revenues for the benefits of the future generations. 

                                                 
19 Dutch Disease is a phenomenon which happens when a country rich in natural resources 
experiences an appreciation of its currency leading to a declining demand for its exports and, 
consequently, a fall of competitive sector production. 
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APPENDIX 1 

Proofs 

Proposition 1.  For the TEQ buyer, quota trade will imply accumulation of 

capital and output growth above the NTQ level, but below BAU level. 

Proof: (17) implies that for any quota buyer 

NTQTEQ ZqZZ >+=  and ( ) ( )TEQTEQ
K

NTQNTQ
K ZKZK ,, φφ =  . 

Since NTQTEQ ZZ > and 0>ZKφ  

( ) ( )NTQTEQ
K

TEQTEQ
K ZKZK ,, φφ >  and corollary ( ) ( )NTQTEQ

K
NTQNTQ

K ZKZK ,, φφ > , 

which implies that 

NTQB
t

TEQB
t KK >  

and consequently  

NTQB
t

TEQB
t YY > .  

The second part of the statement ( ), BAUB
t

TEQB
t

BAUB
t

TEQB
t YYKK <<  is easy to 

prove by noting that BAUBTEQB KK 11 <  and BAUBTEQB YY 11 <  and using mathematical 

induction to prove that BAUB
t

TEQB
t KK < and BAUB

t
TEQB

t YY <    Q.E.D. 

Proposition 2.  For the TEQ seller, quota trade will imply accumulation of 

capital and output growth below the NTQ level. 

Proof: (17) implies that for any quota seller 

NTQTEQ ZqZZ <−=  and ( ) ( )TEQTEQ
K

NTQNTQ
K ZKZK ,, φφ = . 

Since NTQTEQ ZZ < and 0>ZKφ  

( ) ( )NTQTEQ
K

TEQTEQ
K ZKZK ,, φφ <  and corollary ( ) ( )NTQTEQ

K
NTQNTQ

K ZKZK ,, φφ < , 

which implies that 

NTQS
t

TEQS
t KK <  

and consequently  

NTQS
t

TEQS
t YY < .   Q.E.D. 
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APPENDIX 2   

Fundamentals of the efficiency and productivity analysis of polluting technologies (following Färe and 
Primont, 1995 and Färe, Grosskopf, Noh, and Weber, 2005) 

Let a vector of N inputs be denoted by ( )Nxx ,...,1=x ; a vector of M desirable 

outputs by ( )Myy ,...,1=y and a vector of K undesirable outputs by ( )Kzz ,...,1=z .  

The technology set is then defined as 

( ){ }KNMT +++ ℜ∈ℜ∈ℜ∈≡ zxyzyx  and given  produced becan :,, . 

For each input vector x , let ( )xP  be a set of the feasible (producible) 

combinations of desirable and undesirable outputs 

( ) ( ) ( ){ }TP ∈= zyxzyx ,,:, . 

This defines an output correspondence, which maps each x  in N
+ℜ  to an output 

set, ( ) KMP +
+ℜ⊆x .  Obviously, ( ) T∈zyx ,,  if and only if ( ) ( )xzy P∈, . 

I say that the polluting technology set T is regular if the following regularity 

assumptions are satisfied: 

A1.  Doing nothing is possible.  ( ) ( )x00 PKM ∈,  for all x  in N
+ℜ . 

A2.  Strong disposability of desirable outputs.  For all ( )zyx ,, in KMN ++
+ℜ , if 

( ) ( )xzy P∈,  and yy ≤′  then ( ) ( )xzy P∈′, . 

A3.  Strong disposability of inputs.  For all ( )zyx ,, in KMN ++
+ℜ , if ( ) ( )xzy P∈,  

and xx ′≤ then ( ) ( )xzy ′∈ P, . 

A4.  Scarcity.  For all x  in N
+ℜ , ( )xP  is a bounded set. 

A5.  Output closedness.  For all x  in N
+ℜ , ( )xP  is a closed set. 

A6.  No free lunch.  If ( ) ( )NP 0zy ∈,  then ( ) ( )KM 00zy ,, = . 

A7.  Output convexity.  ( )xP  is convex for all x  in N
+ℜ . 
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While technically undesirable products are technological outputs, their 

properties more closely resemble those of the inputs.  A rational decision making unit 

(DMU) would want to produce the highest possible economic output while keeping 

x  and z  constant.  Alternatively, a DMU would want to produce the smallest 

possible undesirable output keeping y  and x  unchanged or produce a given amount 

of y  and z with the smallest possible investment of capital. 

In spirit of this, the output distance function (ODF) is defined as 

( )
⎭
⎬
⎫

⎩
⎨
⎧

∈⎟
⎠
⎞

⎜
⎝
⎛= TDO zyxzyx ,,:inf,,

θ
θ . 

In other words, the ODF score indicates the biggest technologically feasible 

radial expansion of the economic output given the levels of inputs and undesirable 

outputs. 

Similarly, the input distance function (IDF) is defined as 

( )
⎭
⎬
⎫

⎩
⎨
⎧

∈⎟
⎠
⎞

⎜
⎝
⎛= TDI λλ

λ zyxzyx ,,:sup,,  

The IDF score displays the biggest technologically feasible proportional radial 

contraction of inputs and undesirable outputs keeping the economic outputs 

unchanged. 

Both ODF and IDF are complete characterizations of regular technologies and 

are the most common instruments for estimating production frontiers in the 

efficiency and productivity analysis literature. 
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APPENDIX 3  

Smooth homogeneous bootstrap and bootstrap statistical inference (adapted from Simar and Wilson, 
1998, 2007) 

Smooth homogeneous bootstrap algorithm 

Let us denote a set of estimated parameters in (26) 

{ }3213213210 ˆ,ˆ,ˆ,ˆ,ˆ,ˆ,ˆ,ˆ,ˆ,ˆˆ γγγβββαααα=Ξ .  These parameters along with the observed 

vectors of economic output, Y, capital, K, and emissions, Z, determine a set of 

estimates of technical efficiencies (IDF scores) for I  individual DMUs { }Iλλ ˆ,...,ˆˆ
1=Λ .  

Since a regular kernel estimate does not take into account the condition that Λ̂  is 

bounded at 1, with any nonzero bandwidth, a regular kernel estimator suffers from 

bias in the neighborhood of λ=1.  Silverman (1986) proposed to solve this problem by 

reflecting the values of Λ̂  by constructing a reflected matrix { }Λ−Λ= ˆ2,ˆ iL , which 

consists of the original vector Λ̂  and its values reflected around the unity.  Note that 

as suggested by Simar and Wilson (2007), I ignore spurious values equal to 1, which 

provides with the spurious mass greater than 1/I at the boundary value in the discrete 

density to be smoothed.  These values are merely an artefact of the deterministic 

efficiency analysis and may be excluded for the purpose of selecting a bandwidth.   

Step 1.  Calculate bandwidth, h, according to the SilvermanÊs adaptive rule 

( ) 2.0

349.1
,min06.1 −

⎭
⎬
⎫

⎩
⎨
⎧= NLiqrh Lσ ,       

where Lσ  is standard error of L; and ( )Liqr  is its interquartile range. 

Step 2.  Draw a random sample { }**
1

* ,..., Iββ=Β  with replacements from Λ̂ . 

Step 3.  Calculate { }**
1

* ~,...,~~
Iλλ=Λ  as 

( )⎩
⎨
⎧

+−
≥++

=
otherwise2

1 if~
**

****
*

ii

iiii
i h

hh
εβ

εβεβ
λ       
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where *
iε  is a random deviate drawn from a standard normal distribution, i.e.  

( )1,0~* Niε . 

Step 4.  As typical when kernel estimators are used, the variance of the bootstrap 

generated sequence must be corrected by calculating { }**
1

* ,..., Iλλ=Λ  
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where 2ˆλσ  is a sample deviation of Λ̂ ; *β  is a sample mean of *Β .    

Step 5a.  (SW approach)  Perturb the original data { }KZY ,,  to create a bootstrap 

sample { }*** ,, bbb KZY  as 
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Step 5a projects each observation to its estimated efficient peer using the 

estimate of the efficiency measure and then projects it off the frontier using a random 

efficiency score drawn from the smooth kernel density estimate of the score 

distribution. 

Step 5b.  (Cautious alternative)  Sample the original data { }KZY ,,  with 

replacements to create a nonsmoothed bootstrap sample { }KZY ~,~,~
 ; use it to create a 

smoothed bootstrap sample as { }*** ,, bbb KZY  
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Step 5b projects each observation in the nonsmoothed bootstrap sample to its 

estimated efficient peer using the estimate of the efficiency measure for this data 

point and then projects it off the frontier using a random efficiency score drawn from 

the smooth kernel density estimate of the score distribution.     
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Step 6.  Run estimator (27) using the perturbed sample { }*** ,, bbb KZY  to obtain 

bootstrap estimators of the parameters *Ξ̂  of (26). 

SHB statistical inference 

The SHB procedure generates a set of B bootstrap estimates of the parameters 

of (26) { }**
1

ˆ,...,ˆˆ
B

BS ΞΞ=Ξ .  Then bootstrap estimated bias of *Ξ̂ , ( )*Ξ̂Bias  is 
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1
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As usual in the bootstrap literature, I assume that the relationship between the 

original sample (pseudopopulation) and the bootstrap sample mimics the relationship 

between the true population and the original sample.  Therefore, ( ) ( )Ξ=Ξ ˆˆ * BiasBias , 

which results bias corrected values of Ξ̂ , BCΞ̂   

( ) ∑
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1
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Upper bound, ( )BCUB Ξ̂ , and lower bound, ( )BCLB Ξ̂ , of the biased corrected 

estimatesÊ 95% confidence intervals are computed by finding the respective bounds 

of *Ξ̂ .  Let *ˆ
GΞ  be a (BxI)  matrix consisting of all bootstrap estimated *ˆ

bΞ , Bb ,...,1= .  

Further, let  *ˆ
RΞ  be a (BxI) matrix obtained from *ˆ

GΞ  by ranking elements in each 

column from the highest to the lowest.  Then, the upper bound, *ˆ
UBΞ  is the 

(0.025B)th row of *ˆ
RΞ , while the lower bound, *ˆ

LBΞ  is the (0.975B)th row of *ˆ
RΞ .  

Therefore, 
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APPENDIX 4 
Dynamics of economic output and capital stock for TEQ buyers, sellers and 

early buyers/late sellers 
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Figure 5.  Buyer's (Germany) output (a), capital (c) and emission (e) dynamics and the corresponding growth rates (b, d and f respectively). 
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Figure 6.  Seller's (Latvia) output (a), capital (c) and emission (e) dynamics and the corresponding growth rates (b, d and f respectively). 
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Figure 7.  Early buyer/late seller's (Slovenia) output (a), capital (c) and emission (e) dynamics and the corresponding growth rates (b, d and f respectively). 

 


