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Assessing the production of goods and services while minimizing the damage to the environment is a 

key component to advance sustainable development at national and global levels. The nonparametric 

estimation of lower and upper bounds on shadow prices of pollutants is undertaken to support the design 

of policies promoting environmental efficiency in the presence of asymmetry in adjusting productive and 

abatement capital capacity. This framework is applied to the pulp and paper sector of 39 countries for 

1996-2009, and finds that the USA, China and Ireland are the most environmentally inefficient countries 

in the pulp and paper sector. The adjustment costs associated with net investment and disinvestment are 

found to be asymmetric. For those nations where the shadow price of CO 2 is lower than the carbon tax, 

there is still an opportunity to abate emissions further. Results on complementarity or substitutability 

between pollutants are in general inconclusive. 
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. Introduction 

Ensuring environmental sustainability is a key aim of interna- 

ional initiatives to meet “the needs of the present without com- 

romising the ability of future generations to meet their own 

eeds” ( World Business Council for Sustainability, 20 0 0 ). Part of 

his challenge is to develop mechanisms to manage the negative 

mpacts of economic activity that can compromise environmen- 

al sustainability going forward. The environment can no longer 

e treated as a free input. A consequence of many manufactur- 

ng activities is the concomitant production of undesirable byprod- 

cts [emissions and pollutants] whose cost is not borne by those 

conomic agents responsible for their generation. The core of pro- 

uction decision making involves what to produce in terms of 

oth desirable and undesirable outputs, how much to produce, and 

ow to produce. While economic instruments such as marketable 

ermits and taxes have emerged as policy approaches to manage 

hese negative spillovers, a first step is estimating the value, or 

hadow price, for these non-marketed economic damages. The reg- 

latory environment encourages the installation of new capital to 
✩ The authors are grateful to Spiro Stefanou for his helpful comments on earlier 

ersions of this manuscript. 
∗ Corresponding author. 

E-mail address: mane.magalhaes@gmail.com (M. Magalhães) . 
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ddress the emissions and pollution abatement, and consequently, 

romote sustainable production. 

Environmental efficiency and shadow pricing of emissions are 

he aim of many of studies in recent decades. Environmental ef- 

ciency refers to the ability of firms, industries or economies to 

roduce goods and services while incurring less impact on the en- 

ironment, and has gained increasing attention due to concerns 

bout environmental quality and (economic and social) sustain- 

ble development at the global level ( Rødseth, 2014 ; Halkos and 

zeremes, 2014 ; Picazo-Tadeo et al., 2012 ; Färe et al., 2005 ; Färe et

l., 2006 ; Korhonen and Luptacik, 2004 ). 

The shadow price of emissions provides important information 

o implement environmental policies and is the aim of several the- 

retical and empirical studies ( Podinovski, 2019 ; Podinovski et al., 

016 ; Kuosmanen et al., 2010 ; Lee et al., 2002 ; Reig-Martinez et al.,

001 ). In particular, these shadow prices can serve as weights in 

he estimation of the environmental damage function used in the 

onstruction of eco-efficiency measures ( Picazo-Tadeo et al., 2011 ; 

ortelainen & Kuosmanen, 2007 ; Kuosmanen & Kortelainen, 2005 ). 

hou et al. (2014) present a review of the shadow price estima- 

ion of undesirable outputs in the literature, using parametric and 

on-parametric methods. 

A series of studies (e.g., Podinovski, 2019 ; Førsund, 2018 ; 

odinovski et al., 2016 ) discuss the non-uniqueness of the shadow 

rices at the extreme-efficient units (i.e., vertex points of the 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1 The time index t is suppressed, in this model and the primal and dual models 

that follow, for the sake of clearer exposition. 
rontier) when non-parametric production frontier methods are 

mployed. Podinovski (2019) applies the unifying approach in 

odinovski et al. (2016) to the case of undesirable outputs and 

how how to evaluate the one-sided directional derivatives of the 

irectional distance function at the extreme-efficient units. 

Environmental performance studies, in general, focus on static 

odels of production which neglect the effects of intertemporal 

radeoffs associated with the time interdependence of production 

nd investment decisions. In a manufacturing setting, the capital 

tock embodies the production technology’s potential to mitigate 

he undesirable byproducts. This investment in both productive 

nd abatement capital can be specific to the firm and is a sunk 

ost. Further, the evolving regulatory setting and consumer atti- 

udes toward firms’ impact on the environment can lead to de- 

and uncertainty for their products. The presence of irreversibility 

nd the potential for demand uncertainty suggest the “real option”

ontext for decision making ( Dixit & Pindyck, 1994 ; Nicolai, 2019 ). 

iersma (1991) and Bostian et al. (2016) are among the few stud- 

es that introduce dynamic aspects of production in addressing en- 

ironmental efficiency modelling. 

Transaction costs, inventories, production delays, among others, 

re factors of intertemporal dependence of production decisions 

hat are addressed in the dynamic efficiency literature. Fallah-Fini 

t al. (2014) offer an extensive review on non-parametric dynamic 

fficiency measurement. Among these time-dependent factors, sev- 

ral efficiency studies employ the adjustment cost framework for 

nvestment decision making which is associated with changes in 

he capital stock level ( Nemoto & Goto, 2003 ; Silva & Stefanou, 

0 03 , 20 07 ; Kao, 2013 ; Chen & van Dalen, 2010 ; Silva et al., 2015 ).

djustment costs are typically associated with the installation of 

ew capital, and may be viewed as output-reducing costs as re- 

ources from production are diverted to support investment. This 

eads to the core of the dynamic resource allocation problem in- 

olving the trade-off between current production and future pro- 

uction potential ( Lucas 1967 ; Treadway 1970 ; Rothschild 1971 ; 

ortensen 1973 ). 

This study constructs a production theoretic framework allow- 

ng for investment in both productive and pollution abatement 

apital that can address the implicit valuation of undesirable out- 

uts and identify the tradeoffs in emission reductions. Adjustment 

osts may reduce the impact of environmental policy. The higher 

he adjustment costs, the smaller the changes in productive and 

batement inputs from a change in emission taxes ( Xepapadeas, 

992 ). 

A case in point is the pulp and paper sector, which is a ma- 

or generator of emissions as a production byproduct. The emis- 

ions in this study are carbon dioxide (CO 2 ), nitrous oxide (N 2 O) 

nd sulfur oxides (SO x ). This sector serves as a compelling case to 

ddress environmental efficiency and shadow value pricing for reg- 

latory purposes. The fourth largest industrial emitter of GHG at 

he global level, this sector is energy- and raw materials-intensive 

nd characterized by considerable investment irreversibility due to 

ignificant sunk capital costs and demand uncertainty ( Maynard & 

hortle, 2001 ; Droege, 2013 ). Empirical studies focusing on envi- 

onmental issues and the shadow price of emissions in the pulp 

nd paper sector include Färe et al. (1989) , Färe et al. (1993) ,

hung et al. (1997) , Br ӓnnlund et al. (1998) , Hailu and Veeman

20 0 0 , 20 01 ), Gary et al. (2014) , Akpan et al. (2015) , and Elrod

nd Malik (2017) . These studies are conducted in a setting with no 

ntertemporal trade-offs and, in general, using plant- or industry- 

evel data in a particular country. 

The remainder of this study is organized as follows. The next 

ection presents the methodological framework measuring en- 

ironmental performance using the output-oriented directional 

istance function implemented by Data Envelopment Analysis 

DEA), and generating the shadow pricing of emissions, of invest- 
956 
ent/disinvestment, as well as the marginal rate of transformation 

etween emissions using the approach in Podinovski (2019) . This is 

ollowed by the description the data, then the empirical results and 

heir policy implications are discussed. The final section presents 

oncluding remarks. 

. Methodology 

Several studies consider abatement capital as a defensive ex- 

enditure, which can be distinguished from productive capital by 

ifferences in the costs associated with installation, training and 

earning, and other transactions costs ( Harford, 1976 ; Beavis, 1979 ; 

epapadeas, 1992 ). Building on the foundation of the adjustment- 

ost theory of the firm ( Lucas, 1967 ; Treadway, 1970 ; Rothschild, 

971 ), Silva and Stefanou (20 03 , 20 07 ) and Silva et al. (2015) de-

elop the DEA framework that can operationally incorporate a dy- 

amic production technology. When addressing both the desir- 

ble and undesirable outputs, the flexibility of a directional multi- 

utput distance function presents a viable framework to represent 

nvironmental inefficiency ( Chung et al, 1997 ; Silva et al, 2015 ). 

Studies addressing dynamic adjustment impose the total ir- 

eversibility of investment on the gross investment vector (also 

alled the vector of dynamic factors) I ∈ � 

F + , where F represents 

he number of quasi-fixed factors used by the firm. We relax this 

onstraint to allow 

˙ K = ( ˙ K 

+ , ˙ K 

−) where ˙ K = I − δK, δ is the depre- 

iation rate and K ∈ � 

F + is the capital stock vector. ˙ K 

+ is the vector

f net investment and 

˙ K 

− the vector of net disinvestment, which 

liminates total irreversibility and allows the possibility of asym- 

etric adjustment costs. 

Let ˙ K ∈ � 

F , ˙ K 

+ ∈ � 

F + + , ˙ K 

− ∈ � 

F −− and F = F + ∪ F −, where F + 

s the number of quasi-fixed factors with net investments and 

 

− represents the number of quasi-fixed factors with net disin- 

estment. Let also x ∈ � 

N + be the variable input vector, y ∈ � 

M + 
he (good) output vector and E ∈ � 

B + the emissions vector. The 

djustment-cost production technology is represented by the fol- 

owing directional output distance function, 
�
 D O : � 

N + × � 

F + × � 

F + + × � 

F −+ × � 

M + × � 

B + × � 

M + × � 

B + → � , g = 

 g y , g E ) ∈ � 

M + × � 

B + , g � = 0 M+ B , defined as 

�
 D O (x, K, ˙ K 

+ , 
∣∣ ˙ K 

−∣∣, y, E; g y , g E ) 

= max { β ∈ � : (y + βg y , E − βg E ) ∈ P 
(
x, ˙ K 

+ , 
∣∣ ˙ K 

−∣∣ : K 

)}
, (1) 

here P (x, ˙ K 

+ , | ̇ K 

−| : K) is the output set. The properties of the di-

ectional output distance function in (1) and the regularity condi- 

ions of the output set are presented in Appendix A. 

Consider a data series { ( y j t , x 
j 
t , K 

j 
t , 

˙ K 

+ j 
t , ˙ K 

− j 
t , E 

j 
t ) , j = 1 , ..., J;

 = 1 , T } representing the observed behavior of each firm j at 

ime t . The DEA model corresponding to (1), given properties P.1- 

.7 of the output set in Appendix A and the previous data series, 

an be defined as 1 

ax 
β,z 

{ β : 
J ∑ 

j=1 

z j y j m 

≥ y i m 

+ βg y m , m = 1 , ..., M;
J ∑ 

j=1 

z j E j 
b 

= E i 
b 
− βg E b , b = 1 , ..., B ;

J ∑ 

j=1 

z j x j n ≤ x i n , n = 1 , ..., N;
J ∑ 

j=1 

z j ˙ K 

+ j 
f 

≥ ˙ K 

+ i 
f 

, f ∈ F + ;
J ∑ 

j=1 

z j 
∣∣ ˙ K 

− j 

f 

∣∣ ≥
∣∣ ˙ K 

−i 
f 

∣∣, 
f ∈ F −; z j ≥ 0 , j = 1 , ..., J 

}
;

(2) 

here z is the vector of intensity variables. This model provides 

imultaneously the maximum possible expansion of the good out- 

ut vector and the maximum possible contraction of emissions for 

ach observation i along the direction g , given x i , ˙ K 

+ i , ˙ K 

−i and 
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i . The optimal value of (2) provides a measure of environmen- 

al efficiency. The context of this problem maintains a technology 

here an increase in the good output can only be realized with 

n increase in emissions (the bad output). The marginal rate of 

ransformation between good and bad outputs can be positive or 

egative. 2 

The shadow prices of emissions and of invest- 

ent/disinvestment are generated following the approach pro- 

osed in Podinovski (2019) , which is an extension of the work by 

odinovski et al. (2016) . In order to generate the shadow prices of 

missions for firm i, consider the following directional response 

unction: 

¯ (γ ) = max 
{
β : ( X 

i , K 

i , ˙ K 

+ i , 
∣∣ ˙ K 

−i 
∣∣, Y i + βg y , E 

i 
b + γ g E ) 

∈ P ( X 

i , ˙ K 

+ i , 
∣∣ ˙ K 

−i 
∣∣ : K 

i ) 
}

(3) 

The function in (3) is a directional distance functions as in (1) 

efined by the direction g y , for all units ( X i , K 

i , | ̇ K 

si | , Y i , E i ) , s =+ ,-,

y the parameterized perturbation γ g E . The DEA model corre- 

ponding to (3) is as follows, for b´= 1,…B, and m´= 1,…,M: 

ax 
β,z 

{
β̄b ′ (γ ) : −

J ∑ 

j=1 

z j y j 
m 

′ + βg y m ′ ≤ −y i 
m 

′ ;
J ∑ 

j=1 

z j y j m 

≤ −y i m 

m � = m 

′ ; −
J ∑ 

j=1 

z j ˙ K 

+ j 
f 

≤ − ˙ K 

+ i 
f 

, f ∈ F + ;
J ∑ 

j=1 

z j 
∣∣ ˙ K 

− j 

f 

∣∣ ≤ −
∣∣ ˙ K 

−i 
f 

∣∣, f ∈ F −;
J ∑ 

j=1 

z j E j 
b ′ = E i 

b ′ + γ g E b ;
J ∑ 

j=1 

z j E j 
b 

= E i 
b 
; b � = b ′ ;

J ∑ 

j=1 

z j x j n ≤ x i n , 

 = 1 , ..., N; −βg y m ≤ y i 
m 

′ ; z j ≥ 0 , j = 1 , ..., J 
}
. 

(4) 

The directional vectors g y 
m ′ = g E b = 1 and the last but one con- 

traint in (4) is a non-negativity constraint. The non-negativity of 

he term y i 
m 

′ + βg y 
m 

′ does not follow from the first constraint in 

4) and is introduced in the last but one constraint ( Podinovski, 

019 ). Let �be the domain of the function βb ′ (γ ) , that is the set

f all values γ for which the optimization problem in (4) is fea- 

ible and has a finite optimal value. Given � is a closed interval 

nd βb ′ (γ ) is a continuous, concave and piecewise linear function 

Proposition 2 in Podinovski et al (2016) ), the function βb ′ (γ ) has 

 finite right-hand (left-hand) derivative at any γ that is not the 

ight (left) extreme point of �( Podinovski et al., (2016) ). 

Consider the dual to (4) with γ = 0: 

min 

y , λx , λE , λ+ , λ−

{
N ∑ 

n =1 

λx 
n x 

i 
n −

∑ 

f∈ F + 
λ+ 

f 
˙ K 

+ i 
f 

− ∑ 

f∈ F −
λ−

f 

∣∣ ˙ K 

−i 
f 

∣∣
+ 

B ∑ 

b=1 

λE 
b 
E i 

b 
−

M ∑ 

m =1 

λy 
m 

y i m 

: 1 − λy 
m 

′ = 0 ;
M ∑ 

m =1 

λy 
m 

y j m 

−
B ∑ 

b=1 

λE 
b 
E j 

b 
−

N ∑ 

n =1 

λx 
n x 

j 
n + 

∑ 

f∈ F + 
λ+ 

f 
˙ K 

+ j 
f 

+ 

∑ 

f∈ F −
λ−

f 

∣∣ ˙ K 

− j 

f 

∣∣
0 , j = 1 , ..., J; λx 

n , λ
y 
m 

, λ+ 
f 
, λ−

f 
≥ 0 , λE 

b 
f ree sign 

}
. 

(5) 

The dual variables λx 
n , λy 

m 

and λE 
b 

are the current value of 

he Lagrangian multipliers associated with the variable input con- 

traint, the output constraint and the emissions constraint in (4), 

espectively. Using the Envelope Theorem, λx 
n and - λy 

m 

are the 

hadow prices, respectively, of the variable input x i n and output 

 

i 
m 

, and λE 
b 

is the shadow price of emissions E i 
b 
. The dual variable
2 Murty et al (2012) critique the weak disposability of bad outputs for not neces- 

arily being consistent for technologies that permit no trade-off between the good 

nd bad outputs; specifically, when good output can be realized with zero bad out- 

ut. For example, Chambers et al (2014) focus on the overuse of an input creating 

 residual that creates a bad output as a by-product. 

b

P

i

s

957 
+ 
f 

( λ−
f 

) is the current value of the Lagrangian multiplier associ- 

ted with the constraint on net investment (disinvestment) of the 

uasi-fixed factor f ∈ F + ( f ∈ F −). Using the Envelope Theorem, - λ+ 
f 

nd - λ−
f 

are the shadow prices, respectively of ˙ K 

+ i 
f 

and | ̇ K 

−i 
f 

| , which 

re interpreted as the marginal adjustment cost of investment and 

isinvestment ( Ouellette & Yang, 2008 ; Silva et al., 2015 ). By intro-

ucing investment and disinvestment restrictions in (4), we allow 

or asymmetry by not imposing that the marginal adjustment cost 

f investment, - λ+ 
f 

, is equal to the marginal cost of disinvestment, 

λ−
f 

. 

The objective function in (5) can be interpreted as the current 

hadow variable profit. The algebraic sum of the first three com- 

onents corresponds to current shadow variable costs, with the 

ollowing components: the current shadow value of variable in- 

uts, 
∑ 

n 
λx 

n x 
i 
n , plus the current shadow value of net investment, 

∑ 

f∈ F + 
λ+ 

f 
˙ K 

+ i 
f 

and of net disinvestment, − ∑ 

f∈ F −
λ−

f 
| ̇ K 

−i 
f 

| . The last two 

omponents are, respectively the current shadow value of emis- 

ions, 
∑ 

b 

λE 
b 

E i 
b 
and the current shadow value of the good outputs, 

∑ 

m 

λy 
m 

y i m 

. 

Following Podinovski (2019) , the left-hand directional derivative 
¯ ′ 
b ′ −(0) is the optimal value of the following maximization pro- 

ram: 

¯ ′ 
b ′ −(0) = max 

{
λE 

b ′ : 1 − λy 

m ′ = 0 ;
N ∑ 

n =1 

λx 
n x 

i 
n −

∑ 

f∈ F + 
λ+ 

f 
˙ K + i 
f 

− ∑ 

f∈ F −
λ−

f 

∣∣∣ ˙ K −i 
f 

∣∣∣ + 

B ∑ 

b=1 

λE 
b 
E i 

b 
−

M ∑ 

m =1 

λy 
m y 

i 
m = β̄(0) ;

M ∑ 

m =1 

λy 
m y 

j 
m −

B ∑ 

b=1 

λE 
b 
E j 

b 
−

N ∑ 

n =1 

λx 
n x 

j 
n + 

∑ 

f∈ F + 
λ+ 

f 
˙ K + j 
f 

+ 

∑ 

f∈ F −
λ−

f 

∣∣∣ ˙ K − j 

f 

∣∣∣ ≤ 0 , 

j = 1 , ..., J; λx 
n , λ

y 
m , λ

+ 
f 
, λ−

f 
≥ 0 , λE 

b 
f ree sign } . 

(6) 

The right-hand directional derivative β̄ ′ 
b ′ + (0) is found as the 

ptimal value of the following minimization program: 

¯ ′ 
b ′ + (0) = min 

{
λE 

b ′ : 1 − λy 

m ′ = 0 ;
N ∑ 

n =1 

λx 
n x 

i 
n −

∑ 

f∈ F + 
λ+ 

f 
˙ K + i 
f 

− ∑ 

f∈ F −
λ−

f 

∣∣∣ ˙ K −i 
f 

∣∣∣ + 

B ∑ 

b=1 

λE 
b 
E i 

b 
−

M ∑ 

m =1 

λy 
m y 

i 
m = β̄(0) ;

M ∑ 

m =1 

λy 
m y 

j 
m −

B ∑ 

b=1 

λE 
b 
E j 

b 
−

N ∑ 

n =1 

λx 
n x 

j 
n + 

∑ 

f∈ F + 
λ+ 

f 
˙ K +j 

f 
+ 

∑ 

f∈ F −
λ−

f 

∣∣∣ ˙ K − j 

f 
≤ 0 , j=1 , ..., J;

∣∣∣
λx 

n , λ
y 
m , λ

+ 
f 
, λ−

f 
≥ 0 , λE 

b 
f ree sign 

} 
. 

(7) 

β̄ ′ 
b ′ −(0) ( ̄β ′ 

b ′ + (0) ) in (6) ((7)) is the left-hand (right-hand) 

hadow price of emissions b ́and β̄(0) is the value of the objec- 

ive function in (5). Both β̄ ′ 
b ′ −(0) and β̄ ′ 

b ′ + (0) are evaluated on 

he production frontier. For inefficient observations (i.e., β̄(0) > 0 ), 

he left- and the right-hand shadow prices are evaluated at the 

rojection of the observation on the production frontier in the di- 

ection of maximization of the good output y m 

′ , as required by 

he first constraint in (6) and (7) ( Podinovski (2019) , Podinovski 

t al (2016) ). If γ = 0 is the left (right) extreme point of �, then

he optimal value program (6) ((7)) is unbounded (Theorem 1 in 

odinovski (2019) ). Given that β̄(γ ) is a continuous, concave and 

iecewise linear function, if γ = 0 is an interior point of �, then 

¯ ′ 
b ′ + (0) ≤ β̄ ′ 

b ′ −(0) ( Podinovski, 2019 ; Podinovski et al., 2016 ). 

The one-sided marginal rate of transformation between two 

ad outputs is also estimated using the approach proposed in 

odinovski (2019) . Please see Appendix B. The shadow prices of 

nvestment/disinvestment are generated in a similar way as the 

hadow prices of emissions. Please see Appendix C. 
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Table 1 

Descriptive statistics of environmental efficiency for each country. 

Country Average Std. Dev. Minimum Maximum 

Australia 0.099 0.121 0.000 0.296 

Austria 0.000 0.000 0.000 0.000 

Belgium 0.000 0.000 0.000 0.000 

Brazil 0.000 0.000 0.000 0.000 

Bulgaria 0.161 0.180 0.000 0.470 

Canada 0.019 0.071 0.000 0.265 

China 0.756 0.542 0.000 1.693 

Cyprus 0.000 0.000 0.000 0.000 

Czech Republic 0.013 0.014 0.000 0.041 

Denmark 0.375 0.220 0.000 0.675 

Estonia 0.000 0.000 0.000 0.000 

Finland 0.119 0.112 0.000 0.274 

France 0.000 0.000 0.000 0.000 

Germany 0.000 0.000 0.000 0.000 

Great Britain 0.329 0.355 0.000 0.947 

Greece 0.149 0.129 0.000 0.424 

Hungary 0.000 0.000 0.000 0.000 

India 0.000 0.000 0.000 0.000 

Indonesia 0.289 0.103 0.118 0.429 

Ireland 0.703 0.167 0.338 0.931 

Italy 0.000 0.000 0.000 0.000 

Japan 0.000 0.000 0.000 0.000 

Latvia 0.062 0.068 0.000 0.176 

Lithuania 0.012 0.031 0.000 0.094 

Luxembourg 0.001 0.002 0.000 0.007 

Malta 0.000 0.000 0.000 0.000 

Mexico 0.000 0.000 0.000 0.000 

Netherlands 0.063 0.066 0.000 0.149 

Poland 0.000 0.000 0.000 0.000 

Portugal 0.000 0.000 0.000 0.000 

Romania 0.183 0.144 0.019 0.438 

Russia 0.000 0.000 0.000 0.000 

Slovakia 0.000 0.000 0.000 0.000 

Slovenia 0.018 0.029 0.000 0.097 

South Korea 0.000 0.000 0.000 0.000 

Spain 0.000 0.000 0.000 0.000 

Sweden 0.000 0.000 0.000 0.000 

Turkey 0.002 0.003 0.000 0.008 

USA 5.639 3.598 0.000 10.384 
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w

. Data 

Our primary data source is the publicly accessible World Input- 

utput Database (WIOD), based on national accounts and devel- 

ped within the Seventh Framework Program of the European 

ommission (see Timmer et al. (2015) for additional details). In ad- 

ition to bilateral trade data, the WIOD also includes data on labor 

nd capital inputs (the Social Economic Accounts), and pollution 

ndicators (the Environmental Accounts) at the industry level. 

The WIOD covers 39 countries, including all 27 European Union 

ountries and 12 other major countries (Australia, Brazil, Canada, 

hina, India, Indonesia, Japan, Mexico, Russia, South Korea, Turkey 

nd the USA) in the time period 1995-2009. 3 This database has the 

dvantage of using a set of harmonized procedures ensuring inter- 

ational comparability and includes sectoral price deflators provid- 

ng important information about the heterogeneity of the sectors. 

The pulp and paper sector comprises pulp, paper, paper prod- 

cts, printing and publishing products. The industry output used 

s gross output (GO) which is expressed in millions of each coun- 

ry’s currency. The variable input used is labor (millions of to- 

al hours worked) and energy that consists of fuel (diesel, gaso- 

ine and oil) (terajoules). 4 Capital is the quasi-fixed factor, mea- 

ured in millions of each country’s currency. The annual net in- 

estment/disinvestment is computed by the difference of the cap- 

tal stocks between two adjacent years. 5 In our sample, both net 

nvestment and disinvestment over time is observed for nearly ev- 

ry country. China is the notable exception, recording net invest- 

ent in all years, except in 2006. Regulatory pressure has led some 

estern countries’ mills to shut-down ( ETSAP, 2015 , page 5). 6 

With non-negligible industry-level price differences across 

ountries, capital and output are converted to international dol- 

ars using the industry purchasing parity power (PPP) exchange 

ates. The industry PPP exchange rates are obtained from Inklaar 

nd Timmer (2014) and are defined in 2005 prices. Price indices 

or each period relative to the USA with the industry PPP exchange 

ates are computed to express the GO and capital at 2005 interna- 

ional dollars. 

The emissions associated with the pulp and paper manufac- 

uring industry can be attributed to ( i ) the combustion of on-site 

uels, and ( ii ) non-energy-related emissions sources, such as CO 2 

missions from the lime kiln chemical reactions ( EPA, 2010 ). The 

ndesirable outputs, CO 2 , N 2 O and SO x , are measured in tons, ex- 

ept CO 2 emissions which are expressed in kilotons. Given the data 

et does not include information on productive capital and abate- 

ent capital, the DEA model cannot distinguish between adjust- 

ent costs underlying investment in productive capital and the 

nes underlying investment in abatement capital. 

Summary statistics of the variables by country are presented in 

ppendix D, Table D. The USA and China are the major pulp and 

aper producing countries in the world ( ETSAP, 2015 ). In this sam- 
3 Taiwan cannot be considered due to lack of information on some variables. 
4 According to IEA (2008) , approximately two-thirds of energy consumption is 

uel, while the remaining third is electricity, either from the grid or produced on 

ite. Unlike other industrial sectors, the pulp and paper sector also produces energy 

rom biomass residues. 
5 The data set does not include information on gross expenditures on capital and 

ross retirements of capital that would allow to computing a measure of invest- 

ent/disinvestment. As a result, the time period of the analysis is 1996-2009. 
6 Foreign direct investment where a parent company builds a subsidiary opera- 

ion in a foreign country, known as greenfield investment, is not common, particu- 

arly in Western countries. Investors in Europe and North America tend to increase 

ost-efficiency and competitiveness at the existing mills. For example, no greenfield 

nvestment has occurred over the final decade for the large pulp producing coun- 

ries such as USA, Canada, Finland and Sweden. However, greenfield investment has 

aken place in countries such as Brazil and China ( ETSAP, 2015 , page 6). 
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le, the two nations alone account for 51% of the value of the gross 

utput. 

. Empirical results 

The direction vector defined for the DEA model in (2), used 

o compute environmental efficiency, is g y = 1 , g ′ E = ( 1 , 1 , 1 ) , im-

lying equal “weights” for the good output and emissions with all 

ountries being evaluated in the same direction ( Färe et al., 2008 ). 

iven the choice of the directional vector, the DEA model in (2) is 

dditive and the distance to the production-environmental frontier 

ould be dependent of the measurement units, the magnitude of 

he variables, and the choice of direction. In order to address these 

easurement issues, each input factor and output is normalized by 

ts mean. 

Table 1 presents the summary statistics of the inefficiency 

cores for each country, generated by the adjustment-cost DEA 

odel in (2). 7 USA, China, and Ireland are the most environmen- 

ally inefficient countries in the pulp and paper sector ( Table 1 ). 

he USA environmental inefficiency score is approximately seven 

imes China’s inefficiency score and eight times the environmen- 

al inefficiency score of Ireland. Besides USA and China, the other 

ignificant pulp and paper producers in our sample are Japan, 

ermany, Great Britain, France, Canada, India, Brazil, South Ko- 

ea, Sweden, Russia, and Finland. Among this group, most coun- 
7 Summary statistics of the inefficiency scores for each year are presented in Ta- 

le E.1 in Appendix E. 
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Table 2 

The potential average changes in emissions and gross output for each country if inefficiency 

is eliminated. 

Country CO 2 (kilotons) N 2 O(tons) SO X (tons) GO(million PPP US$) 

Australia 519.922 26.636 2316.5095 4131.730 

Austria 0.000 0.000 0.000 0.000 

Belgium 0.000 0.000 0.000 0.000 

Brazil 0.000 0.000 0.000 0.000 

Bulgaria 846.191 43.351 3770.342 6724.540 

Canada 99.840 5.115 444.853 793.412 

China 7220.128 369.833 32165.420 57368.174 

Cyprus 0.377 0.019 1.679 2.994 

Czech Republic 69.700 3.571 310.558 553.891 

Denmark 1979.469 101.409 8819.847 15730.514 

Estonia 0.000 0.000 0.000 0.000 

Finland 628.427 32.195 2800.058 4994.004 

France 1.130 0.058 5.036 8.982 

Germany 0.000 0.000 0.000 0.000 

Great Britain 1735.332 88.902 7732.055 13790.398 

Greece 783.650 40.147 3491.679 6227.535 

Hungary 0.000 0.000 0.000 0.000 

India 0.000 0.000 0.000 0.000 

Indonesia 1522.843 78.016 6785.273 12101.777 

Ireland 3850.434 197.260 17156.230 30598.754 

Italy 0.000 0.000 0.000 0.000 

Japan 0.000 0.000 0.000 0.000 

Latvia 328.530 16.831 1463.819 2610.774 

Lithuania 62.918 3.223 380.342 499.999 

Luxembourg 6.405 0.328 28.538 50.900 

Malta 0.000 0.000 0.000 0.000 

Mexico 1.130 0.058 5.036 8.982 

Netherlands 330.791 16.947 1473.891 2628.739 

Poland 0.000 0.000 0.000 0.000 

Portugal 0.000 0.000 0.000 0.000 

Romania 964.115 49.392 4295.773 7661.665 

Russia 0.000 0.000 0.000 0.000 

Slovakia 0.000 0.000 0.000 0.000 

Slovenia 94.942 4.864 423.030 754.490 

South Korea 0.000 0.000 0.000 0.000 

Spain 0.000 0.000 0.000 0.000 

Sweden 0.000 0.000 0.000 0.000 

Turkey 8.665 0.444 38.610 68.862 

USA 29740.266 1523.609 132512.600 236340.947 

TOTAL 50795.205 2602.206 226321.200 403652.062 
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9 Summary statistics of the left- and right-hand side of the shadow prices of 

emissions are presented in Tables E.2-E.7 in Appendix E. Several + ∞ (- ∞ ) are re- 
ries (i.e., Brazil, France, Germany, India, Japan, Russia, South Korea 

nd Sweden) are environmentally efficient in each year, and the 

emaining countries – Canada, Finland and Great Britain – are, on 

verage, environmentally inefficient. 

Table 2 presents the potential gains to GO and reductions in 

missions on average for each country, if inefficiency was elimi- 

ated. The USA could expand GO by 236,341 million PPP US$ per 

ear and decrease CO 2 by 29,740.3 kilotons, N 2 O by 1,523.6 tons 

nd SO X by 132,512.6 tons per year. 8 The annual average decrease 

n CO 2 , N 2 O and SO X in the USA represent approximately 58.6% 

f the sum of the annual reduction of each emission that could 

e achieved if all countries in the sample were fully efficient. As 

he second most environmentally inefficient country, Table 2 in- 

icates that China could increase GO by 57,368.2 million PPP US$ 

er year and simultaneously, decrease CO 2 , N 2 O and SO X by, re- 

pectively 7,220.1 kilotons, 369.8 tons and 32,165.4 tons per year. 

he annual average decrease of CO 2 , N 2 O and SO X in China repre-

ent approximately 14.21% of the sum of the annual reductions for 

hese activities across all countries. Taken together, the annual re- 
8 The pulp and paper manufacturing process is highly energy intensive. Natural 

as, fuel oil, purchased electricity, coal and biomass-based materials are the pri- 

ary energy-related emissions sources from USA pulp and paper mills. The first 

our energy sources contributed to an estimated 80% or more of the industry’s en- 

rgy related emissions in 2002. Therefore, a main option to reduce emissions is to 

mprove energy efficiency that can lead to reduced fuel consumption or reduced 

lectricity demand ( EPA, 2010 ). 
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uction of each type of emission in the USA and China combined 

epresent 72.8% of the total sum of emission reduction in the sam- 

le, indicating the contribution of these two countries is crucial for 

 reduction in emissions at the global level. 

Given that β̄ ′ 
b ′ + (0) ≤ β̄ ′ 

b ′ −(0) ( Podinovski, 2019 ), Table 3 

resents the lower and upper bounds on the shadow price of 

ollutants for each country. 9 The upper bound on shadow prices 

i.e., left-hand side shadow prices) of CO 2 and SO x are on average 

ositive for the majority of the countries with a defined price, 

eaning that an increase in CO 2 (SO x ) emissions generates an 

ncrease in GO, holding the inputs and SO x and N 2 O (CO 2 and 

 2 O) emissions constant. In contrast, the lower bound on shadow 

rices (i.e., right-hand side shadow prices) of CO 2 and SO x are on 

verage negative for the majority of the countries with a defined 

rice. 10 A negative shadow price implies that a reduction in CO 
orted in Tables E.2, E.4 and E.6 (Tables E.3, E.5 and E.7), indicating that the op- 

imal value of the maximization problem in (6) (minimization problem in (7)) is 

nbounded for some countries. 
10 Analyzing the right- and left-hand shadow prices of CO 2 and SO x for all coun- 

ries in all years - which are not reported in the paper due to lack of space -, one 

an verify that they coincide in several cases. For example, for China, right- and 

eft-hand shadow prices of CO 2 (SO x ) are equal in 1997-2004 and 20 08-20 09 (in 

996, 2001 and 2003). For USA right- and left-hand shadow prices of CO 2 (SO x ) are 

qual in 1996 and 20 05, 20 07 and 20 08 (in 1996 and 2005). The equality between 

he right- and left-hand shadow prices indicates that the projection of the observa- 
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Table 3 

Lower and upper bounds on the shadow price of bad outputs for each country, US$/ton (PPP 2005). 

Country CO 2 SO x N 2 O 

Lower bound Upper bound Lower bound Upper bound Lower bound Upper bound 

Australia -5.434 10.520 -1.043 -0.385 6.688 1.044 (a) 

Austria - ∞ 3.270 - ∞ + ∞ - ∞ + ∞ 

Belgium - ∞ -0.570 -0.779 + ∞ 13.922 + ∞ 

Brazil 4.842 7.328 -0.300 -0.007 -19.464 -11.150 

Bulgaria - ∞ + ∞ - ∞ + ∞ - ∞ + ∞ 

Canada - ∞ + ∞ - ∞ + ∞ - ∞ + ∞ 

China -0.121 2.069 -0.634 -0.176 -2.731 9.395 

Cyprus - ∞ -4.292 - ∞ + ∞ - ∞ + ∞ 

Czech Republic -3.517 8.557 -0.659 0.638 3.844 + ∞ 

Denmark 9.405 + ∞ 0.000 + ∞ - ∞ + ∞ 

Estonia 3.851 4.078 -1.291 -1.141 -22.723 0.524 

Finland - ∞ 1.663 - ∞ + ∞ - ∞ + ∞ 

France -5.495 5.173 -0.461 1.120 -12.391 3.945 

Germany -8.295 8.469 -0.325 4.414 -1.058 11.719 

Great Britain -7.513 6.320 -0.666 5.518 -23.640 29.101 

Greece - ∞ + ∞ - ∞ + ∞ - ∞ -8.257 

Hungary 1.018 + ∞ -2.243 0.358 - ∞ + ∞ 

Indonesia -3.938 7.415 -1.641 6.936 3.318 + ∞ 

India -2.467 6.316 -0.439 0.762 -10.455 -27.312 (b) 

Ireland -16.09 + ∞ -3.975 + ∞ - ∞ + ∞ 

Italy - ∞ + ∞ -0.469 + ∞ - ∞ + ∞ 

Japan 3.755 7.794 2.536 7.408 - ∞ 12.065 

Latvia -8.363 10.327 0.097 9.906 -14.786 -14.786 

Lithuania 0.149 14.342 0.807 6.426 - ∞ + ∞ 

Luxembourg - ∞ 17.126 - ∞ 4.518 22.076 + ∞ 

Malta 4.386 + ∞ - ∞ + ∞ - ∞ + ∞ 

Mexico 1.145 9.071 -1.171 -0.604 0.760 -4.564 (c) 

Netherlands - ∞ 10.445 - ∞ + ∞ - ∞ + ∞ 

Poland -0.867 4.890 -0.472 0.044 -15.555 -11.362 

Portugal - ∞ + ∞ - ∞ + ∞ - ∞ + ∞ 

Romania - ∞ + ∞ - ∞ + ∞ -18.342 + ∞ 

Russia 2.348 6.989 3.414 10.197 -24.169 -3.865 

Slovakia - ∞ -1.223 - ∞ -0.534 - ∞ + ∞ 

Slovenia - ∞ -6.035 - ∞ + ∞ - ∞ + ∞ 

South Korea - ∞ 2.894 - ∞ + ∞ -10.259 + ∞ 

Spain -10.215 3.087 -1.073 0.793 -12.432 -26.747 

Sweden - ∞ + ∞ - ∞ + ∞ - ∞ 5.282 

Turkey -2.382 2.670 -1.167 0.995 -12.887 + ∞ 

USA -6.897 0.656 -1.085 -0.041 -0.974 10.638 

Table 4 

Wilcoxon signed ranks tests on the right- and left-hand shadow prices of CO 2 ( n = 133) a . 

Two-tailed test Lower tailed-test Upper-tailed test 

H o : E( ̄β ′ 
C O 2 + ) = 0 

H 1 : E( ̄β ′ 
C O 2 + ) � = 0 

H o : E( ̄β ′ 
C O 2 + ) ≥ 0 

H 1 : E( ̄β ′ 
C O 2 + ) < 0 

H o : E( ̄β ′ 
C O 2 + ) ≤ 0 

H 1 : E( ̄β ′ 
C O 2 + ) > 0 

p-value = 0.00031 p-value = 0.000155 p-value = 0.999845 

H o : E( ̄β ′ 
C O 2 −) = 0 

H 1 : E( ̄β ′ 
C O 2 −) � = 0 

H o : E( ̄β ′ 
C O 2 −) ≥ 0 

H 1 : E( ̄β ′ 
C O 2 −) < 0 

H o : E( ̄β ′ 
C O 2 −) ≤ 0 

H 1 : E( ̄β ′ 
C O 2 −) > 0 

p-value = 0.00006 p-value = 0.99997 p-value = 0.00003 

a Precluding the values of infinity and the ties results in 133 observations. 
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SO x ) emissions implies an increase in GO, while keeping constant 

he inputs and SO x and N 2 O (CO 2 and N 2 O) emissions. For N 2 O,

he upper and lower bounds on the shadow price are, on average, 

egative for the majority of the countries with a defined price. 11 

Excluding the cases of + ∞ and - ∞ , the signs of the average

left- and right-hand side) shadow prices of bad outputs are cor- 

oborated by the Wilcoxon signed ranks tests on the right- and 

eft-hand shadow prices ( Tables 4–6 ). In this study, shadow prices 

f bad outputs are found to be positive or negative across coun- 
ions occur at the relative interiors of some facets of the production frontier where 

he one sided derivatives are equal to each other. 
11 Considering the right- and left-hand shadow prices of N 2 O for all countries in 

ll years, one concludes that they are equal in several cases. For example, for China, 

ight- and left-hand shadow prices are equal in 1999, 2001 and 2003. For USA right- 

nd left-hand shadow prices are equal in 1996 and 2005. 
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ries. A positive shadow price of a bad output means that reducing 

ts emission level implies an economic cost for the industry (i.e., 

 decrease in the GO, holding the inputs and other emissions con- 

tant). A negative price of a bad output means that a reduction 

n its emission level is accompanied by an increase in GO, while 

eeping the inputs and other emissions constant, implying an eco- 

omic benefit for the industry. 

It may seem paradoxical negative shadow prices of bad outputs. 

et, there may be technical possibilities of decreasing the bad out- 

ut and increasing the good output. Murty (2010) and Murty et 

l (2012) consider the case of a production technology with an 

utput as a source of emission, where a reduction in the emis- 

ion level has a positive effect on intended production. Ray et al 

2018) acknowledge the possibility of a detrimental effect of the 

ad output on the productivity of the neutral input (e.g., labor). In 
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Table 5 

Wilcoxon signed ranks tests on the right- and left-hand shadow prices of N 2 O ( n = 126) a . 

Two-tailed test Lower tailed-test Upper-tailed test 

H o : E( ̄β ′ 
N 2 O + ) = 0 

H 1 : E( ̄β ′ 
N 2 O + ) � = 0 

H o : E( ̄β ′ 
N 2 O + ) ≥ 0 

H 1 : E( ̄β ′ 
N 2 O + ) < 0 

H o : E( ̄β ′ 
N 2 O + ) ≤ 0 

H 1 : E( ̄β ′ 
N 2 O + ) > 0 

p-value = 0.01157 p-value = 0.005785 p-value = 0.99438 

H o : E( ̄β ′ 
N 2 O −) = 0 

H 1 : E( ̄β ′ 
N 2 O −) � = 0 

H o : E( ̄β ′ 
N 2 O −) ≥ 0 

H 1 : E( ̄β ′ 
N 2 O −) < 0 

H o : E( ̄β ′ 
N 2 O −) ≤ 0 

H 1 : E( ̄β ′ 
N 2 O −) > 0 

p-value = 0.04497 p-value = 0.022485 p-value = 0.978565 

a Precluding the values of infinity and the ties results in 126 observations. 

Table 6 

Wilcoxon signed ranks tests on the right- and left-hand shadow prices of SO x ( n = 146) a . 

Two-tailed test Lower tailed-test Upper-tailed test 

H o : E( ̄β ′ 
S O x + ) = 0 

H 1 : E( ̄β ′ 
S O x + ) � = 0 

H o : E( ̄β ′ 
S O x + ) ≥ 0 

H 1 : E( ̄β ′ 
S O x + ) < 0 

H o : E( ̄β ′ 
S O x + ) ≤ 0 

H 1 : E( ̄β ′ 
S O x + ) > 0 

p-value = 0.0001 p-value = 0.00005 p-value = 0.99995 

H o : E( ̄β ′ 
S O x −) = 0 

H 1 : E( ̄β ′ 
S O x −) � = 0 

H o : E( ̄β ′ 
S O x −) ≥ 0 

H 1 : E( ̄β ′ 
S O x −) < 0 

H o : E( ̄β ′ 
S O x −) ≤ 0 

H 1 : E( ̄β ′ 
S O x −) > 0 

p-value = 0.00006 p-value = 0.99997 p-value = 0.00003 

a Precluding the values of infinity and the ties results in 146 observations. 

Fig. 1. Time trend of the shadow prices of CO 2 . 
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hat case, pollution reduction may cause the productivity of the re- 

ources used in the production of the good output to improve sig- 

ificantly so that the good output increases even as the bad output 

s reduced. Furthermore, according to Moya and Pavel (2018) , there 

s scope to reduce GHG emissions in the pulp and paper industry 

nd increase production through energy efficiency improvements 

nd by switching sources of energy. 

Figs. 1 , 2 and 3 show the time trend of the shadow prices of

ad outputs. The time trend of the left-hand shadow prices of CO 2 

nd SO x are similar ( Figs. 1 and 2 ). The left-hand shadow price of

O 2 (SO x ) shows a declining trend over time, indicating that the 

oss in GO due to a decrease in CO 2 (SO x ) emissions is decreas-

ng over time, holding inputs and SO x (CO 2 ) and N 2 O emissions 

onstant. In contrast, the right-hand side of the CO 2 shadow price 

uctuates over time until 2006, showing an increasing trend af- 

er 2006 and becoming positive in the last two years ( Fig. 1 ); the

ight-hand side shadow price of SO x fluctuates over time during 

he sample period ( Fig. 2 ). Similarly, the left- and the right-hand 

ide of shadow prices of N 2 O fluctuate over time ( Fig. 3 ). 

Tables 7 and 8 report the Spearman rank correlation coefficient 

ests ( Conover, 1999 ) on the right- and left-hand shadow prices 
961 
f each pollutant, in absolute value, and the ratio of its emission 

evel and GO. The purpose of these statistical tests is to investigate 

ow the shadow prices of each pollutant changes with its emis- 

ion level per one million of US$ (PPP 2005) of GO. Results for 

O 2 and SO x are similar: larger (smaller) values of the right- and 

eft-hand shadow prices of CO 2 (SO x ), in absolute value, tend to 

e associated with smaller (larger) values of the ratio of CO 2 (SO x ) 

missions to GO. These results indicate that the marginal cost (or 

enefit) of reducing any of these emissions increases as the ratio 

f the emission level per one million of US$ (PPP 2005) of GO de- 

reases. Results on N 2 O are quite different for the right- and left- 

and shadow prices. The right-hand shadow price of N 2 O, in ab- 

olute value, and the ratio N 2 O/GO are mutually independent. In 

ontrast, there is a tendency for smaller values of the left-hand 

hadow price of N 2 O, in absolute value, to be paired with larger 

alues of the ratio of N 2 O emissions to GO. Thus, the marginal 

enefit of reducing the N 2 O emissions increases as the ratio of the 

mission level per one million of US$ (PPP 2005) of GO decreases. 

OECD (2016) estimates the price of CO 2 emissions (or a CO 2 tax) 

ased on taxes on energy and emissions trading systems and the 

hare of emissions priced by these instruments. The data are com- 
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Fig. 2. Time trend of the shadow prices of SO x . 

Fig. 3. Time trend of the shadow prices of N 2 O. 

Table 7 

The Spearman rank correlation coefficient tests on the right-hand shadow price of each bad output and the ratio of the emission level and GO 

Two-tailed test Lower-tailed test Upper-tailed test 

CO 2 

H o : | ̄β ′ 
C O 2 + | and CO 2 /GO are mutually 

independent 

H 1 : (a), or (b) ∗

p-value = 0.0759 

H o : | ̄β ′ 
C O 2 + | and CO 2 /GO are mutually 

independent 

H 1 : (a) 

p-value = 0.03795 

H o : | ̄β ′ 
C O 2 + | and CO 2 /GO are mutually 

independent 

H 1 : (b) 

p-value = 0.96205 

N 2 O 

H o : | ̄β ′ 
N 2 O + | and N 2 O/GO are mutually 

independent 

H 1 : (a), or (b) ∗

p-value = 0.99601 

H o : | ̄β ′ 
N 2 O + | and N 2 O/GO are mutually 

independent 

H 1 : (a) 

p-value = 0.498005 

H o : | ̄β ′ 
N 2 O + | and N 2 O/GO are mutually 

independent 

H 1 : (b) 

p-value = 0.501995 

SO X 

H o : | ̄β ′ 
S O x + | and SO X /GO are mutually 

independent 

H 1 : (a), or (b) ∗

p-value = 0.00145 

H o : | ̄β ′ 
S O x + | and SO X /GO are mutually 

independent 

H 1 : (a) 

p-value = 0.000725 

H o : | ̄β ′ 
S O x + | and SO X /GO are mutually 

independent 

H 1 : (b) 

p-value = 0.999725 

(a) There is a tendency for the smaller (larger) values of the shadow price of the bad output to be paired with the larger (smaller) values of Emission 

level/GO. (b) There is a tendency for larger values of the shadow price of the bad output and Emission level/GO to be paired together. 

962 
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Table 8 

The Spearman rank correlation coefficient tests on the left-hand shadow price of each bad output and the ratio of the emission level and GO. 

Two-tailed test Lower-tailed test Upper-tailed test 

CO 2 

H o : | ̄β ′ 
C O 2 −| and CO 2 /GO are mutually 

independent 

H 1 : (a), or (b) ∗

p-value = 0.00069 

H o : | ̄β ′ 
C O 2 −| and CO 2 /GO are mutually 

independent 

H 1 : (a) 

p-value = 0.000345 

H o : | ̄β ′ 
C O 2 −| and CO 2 /GO are mutually 

independent 

H 1 : (b) 

p-value = 0.999655 

N 2 O 

H o : | ̄β ′ 
N 2 O −| and N 2 O/GO are mutually 

independent 

H 1 : (a), or (b) ∗

p-value = 0.04942 

H o : | ̄β ′ 
N 2 O −| and N 2 O/GO are mutually 

independent 

H 1 : (a) 

p-value = 0.02471 

H o : | ̄β ′ 
N 2 O −| and N 2 O/GO are mutually 

independent 

H 1 : (b) 

p-value = 0.247978 

SO X 

H o : | ̄β ′ 
S O x −| and SO X /GO are mutually 

independent 

H 1 : (a), or (b) ∗

p-value = 0.00006 

H o : | ̄β ′ 
S O x −| and SO X /GO are mutually 

independent 

H 1 : (a) 

p-value = 0.00003 

H o : | ̄β ′ 
S O x −| and SO X /GO are mutually 

independent 

H 1 : (b) 

p-value = 0.99997 

(a) There is a tendency for the smaller (larger) values of the shadow price of the bad output to be paired with the larger (smaller) values of Emission 

level/GO. (b) There is a tendency for larger values of the shadow price of the bad output and Emission level/GO to be paired together. 

Fig. 4. Upper and lower bounds on the shadow price of CO 2 and the CO 2 tax. 
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uted by sector and country in the year of 2016. 12 Given that some 

ountries do not have an emission trading system, the price of CO 2 

missions are computed from taxes on energy for 20 countries and 

onverted into US$/ton (PPP 2005). 13 Though the prices of CO 2 (or 

O2 taxes) are outside our sample period and not available for all 

ountries in our sample, we attempt to illustrate the expected be- 

avior of the pulp and paper sector in some countries by com- 

aring these prices with the shadow prices of CO2 in Table 3. 14 

ig. 4 presents the OECD CO 2 tax and defined upper and lower 

ounds on the shadow prices of CO 2 . 
15 Analyzing the CO 2 taxes in 

ig. 4 , one verifies that France, Germany, Great Britain, Japan and 

pain are the countries with the highest price of CO 2 emissions (or 

O 2 tax). In contrast, China, Czech Republic, Estonia, Mexico and 

SA are the countries with the lowest price of CO 2 emissions. 

Focusing on cases with defined and positive upper bounds on 

he shadow price of CO 2 and comparing with the CO 2 tax, we ver- 

fy in Fig. 4 that the upper bound is lower than the CO 2 tax for the
12 Unfortunately, similar information was not found for N 2 O and SO X emissions. 
13 Table E.14 in Appendix E report the OECD price of CO 2 . 
14 The CO 2 tax was not used as an environmental policy instrument in many coun- 

ries over 1996-2009 ( FCCC, 2014 ). 
15 Countries with a range for the shadow prices of CO 2 equal to [- ∞ , + ∞ ] (e.g., 

anada, Greece, Italy, Portugal, Sweden) are not represented in Figure 4 . Also, cases 

f undefined upper or lower bounds on the shadow price of CO 2 are not repre- 

ented in Figure 4 (e.g., the upper bound of the CO 2 shadow price of Denmark 

s + ∞ ; the lower bound for The Netherlands is - ∞ ). 

o

i

i

C

G

a

r
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ajority of the countries (e.g., Australia, France, Germany, Great 

ritain, Japan, Turkey, USA). 16 Thus, the marginal cost of reducing 

missions is less than the CO 2 tax. The reaction of the pulp and 

aper sector to the difference between the marginal cost of abate- 

ent and the CO 2 tax depends on the marginal cost function. If 

he marginal cost of CO 2 abatement is increasing and strictly con- 

ex ( Ambec & Coria, 2013 ), the pulp and paper sector for those 

ountries has incentives to decrease CO 2 emissions (i.e., to increase 

he abatement of CO 2 ). 
17 

There are, however, four countries where the upper bound on 

he shadow price of CO 2 is greater than the CO 2 tax: China, Czech 

epublic, Estonia and Mexico ( Fig. 4 ). 18 Thus, the marginal cost of 

educing CO 2 emissions would be greater than the CO 2 tax. If the 

arginal cost of CO 2 abatement is increasing and strictly convex, 

he pulp and paper sector for those countries has incentives to in- 

rease (i.e., reduce abatement) CO 2 emissions. 

Table 9 presents lower and upper bounds on the marginal 

ate of transformation between pollutants, based on, respectively, 

he right- and left-hand marginal rates of transformation between 

ad outputs. 19 Results are, in general, inconclusive with respect to 

hether pollutants are substitutes or complements since the lower 

ound is negative and the upper bound is positive. This issue needs 

urther investigation probably at a more disaggregated level (e.g., 

lant level), given its importance for policy design and implemen- 

ation. 

There are however a few exceptions in Table 9 that allow infer- 

nces on the choice of policy instruments to regulate emissions. 

esults in Table 9 indicate that N 2 O and CO 2 are complements 

n Denmark and substitutes in Romania and Turkey. SO x and CO 2 

re complements (substitutes) in Bulgaria, Hungary, Indonesia, Slo- 

akia, Slovenia and Turkey (Denmark, Latvia, Lithuania and The 

etherlands). N 2 O and SO x are complements (substitutes) in Bul- 

aria, Hungary and Indonesia (Denmark). Following Ambec and Co- 

ia (2013) , a mixed policy instrument (i.e., taxes are used to con- 

rol the emissions of one pollutant and an emission norm or non- 
16 As mentioned before, the upper bound (lower bound) on shadow price CO 2 is 

n average positive (negative) for the majority of the countries with a defined price. 
17 Ambec and Coria (2013) assume that the marginal cost of abatement is increas- 

ng and strictly convex. The assumption of an increasing marginal cost abatement 

s consistent with results on Tables 7 and 8 . From those tables, the shadow price of 

O 2 is decreasing with the level of emissions per one million of US$ (PPP 2005) of 

O implying it is likely increasing with the abatement level. 
18 In the case of Estonia and Mexico, both lower and upper bounds are positive 

nd greater than the CO 2 tax. 
19 Tables E.15-E.20, in Appendix E, presents the summary statistics of left- and 

ight-hand marginal rates of transformation between two bad outputs. 
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Table 9 

Lower and upper bounds on the marginal rate of transformation (MRT) between bad outputs for each country. 

Country MRT of N 2 O for CO 2 (kilotons/tons) MRT of SO x for CO 2 (kilotons/tons) MRT of N 2 O for SO x (tons/tons) 

Lower bound Upper bound Lower bound Upper bound Lower bound Upper bound 

Australia -6.573 + ∞ - ∞ 0.088 - ∞ 0.084 

Austria -9.808 3.294 -0.022 0.310 -0.011 0.103 

Belgium -2.579 3.160 -0.019 0.074 -0.299 0.022 

Brazil -4.697 2.418 -0.038 0.087 -0.021 0.259 

Bulgaria -6.527 4.969 0.058 0.372 0.001 0.236 

Canada -3.627 3.538 -0.006 0.091 -0.004 0.082 

China -16.737 1.837 -0.100 0.111 -0.078 0.043 

Cyprus -7.685 2.096 -0.016 0.111 -0.084 0.029 

Czech Republic -30.118 1.867 -0.172 0.166 -0.027 0.035 

Denmark 3.543 46.675 -19.743 -1.320 -0.111 -0.120 

Estonia -15.595 3.918 -0.020 3.319 -0.054 0.143 

Finland -4.728 6.624 -0.156 0.089 -0.326 0.103 

France -1.505 1.026 -0.069 0.022 -0.060 0.018 

Germany -5.423 0.742 -0.079 0.047 -0.082 0.034 

Great Britain -7.402 9.330 -1.565 1.097 -0.148 0.041 

Greece -3.416 8.533 -0.254 0.142 -0.016 0.070 

Hungary -26.125 4.762 0.009 0.273 0.002 0.008 

Indonesia -4.097 2.707 0.018 0.221 -0.005 0.008 

India -23.738 8.251 -0.138 0.162 -0.018 0.006 

Ireland - ∞ + ∞ - ∞ 0.522 - ∞ + ∞ 

Italy -8.367 + ∞ - ∞ -0.451 - ∞ 0.005 

Japan -1.321 5.405 -0.349 0.008 -0.132 0.005 

Latvia -9.700 11.279 -0.668 -0.046 -0.025 0.129 

Lithuania -1.014 13.774 -0.544 -0.416 -0.009 0.046 

Luxembourg - ∞ 5.645 - ∞ 0.515 -0.340 0.220 

Malta - ∞ + ∞ - ∞ 0.305 - ∞ + ∞ 

Mexico -26.495 5.685 -0.280 0.695 -0.014 0.007 

Netherlands - ∞ 9.475 - ∞ -1.032 - ∞ 0.037 

Poland -5.113 4.437 -0.001 0.175 -0.002 0.041 

Portugal -10.930 8.635 -0.018 0.195 -0.043 0.217 

Romania - ∞ -10.338 -0.163 0.520 -0.028 0.156 

Russia -11.306 13.358 -1.198 0.094 -0.235 0.134 

Slovakia -1.970 2.598 0.089 0.207 -0.048 0.095 

Slovenia -0.402 3.530 0.039 0.070 -0.066 0.015 

South Korea -10.980 4.662 -0.186 0.310 -0.025 0.016 

Spain -25.122 7.378 -0.385 0.314 -0.018 0.054 

Sweden -1.096 + ∞ - ∞ 0.068 -0.042 0.061 

Turkey - ∞ -18.002 0.008 0.290 -0.025 0.069 

USA -3.045 1.397 -0.063 0.059 -0.081 0.036 
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20 The summary statistics of the left- and right-hand side shadow prices of net 

investment (disinvestment) for each country, generated by the dual model (C.3) 

((C.4)) in Appendix C, are presented, respectively, in Tables E.21 and E.22 (Tables 

E.23 and E.24) in Appendix E. 
radable quota aims to reduce the emissions of the other pollu- 

ant) can be a good option in Denmark (Bulgaria, Hungary, Indone- 

ia, Slovakia, Slovenia and Turkey) to control N 2 O and CO 2 (SO x 

nd CO 2 ) emissions. Moreover, the regulator can improve welfare 

y using a mixed policy with a tax on one pollutant and a quota

n the other pollutant, with a penalty for exceeding the quota that 

ust be proportional to the deviation from the quota itself ( Ambec 

 Coria, 2013 ). 

In the case of SO x and CO 2 (N 2 O and CO 2 ), which are substi-

utes in Denmark, Latvia, Lithuania and The Netherlands (Romania 

nd Tukey), Ambec and Coria (2013) suggest either a tax or a quota 

n these cases. Furthermore, Ambec and Coria (2013) argue that in 

he case of a tax, the tax rate should reflect the social benefit from 

educing pollution and the damage of uncontrolled pollution. 

Achieving environmental and economic aims simultaneously is 

n important challenge. Besides policy measures, other factors (e.g., 

echnological factors, corporate responsibility) have probably an 

mportant role in explaining the environmental performance of the 

ulp and paper sector of these countries. A reasonable range of 

roduction technologies have the potential to reduce emissions 

ut available mitigation options are often not fully used due to 

he presence of barriers like limited access to capital, lack of 

anagement attention and/or insufficient availability of knowledge 

e.g., Fleiter et al., 2012 ). More recently, companies report their 

orporate responsibility activities and the concept of sustainabil- 

ty has undergone a major change in industries where compa- 

ies are integrating sustainability into their business concepts (e.g., 
964 
chönsleben et al., 2019). Differences in social corporate responsi- 

ility across companies and countries are probably another factor 

o be taken into account when explaining differences in environ- 

ental performance. 

Using the average shadow prices of net investment (disinvest- 

ent) and the fact that ˆ β+ ′ 
f ′ + (0) ≤ ˆ β+ ′ 

f ′ −(0) ( ̂  β−′ 
f ′ + (0) ≤ ˆ β−′ 

f ′ −(0) ), 

pper and lower bounds on the shadow price of net investment 

disinvestment) are presented in Table 10. 20 The range of the 

hadow prices of net investment and disinvestment for some coun- 

ries (e.g., Austria, Finland, Italy, Greece, Netherlands, Sweden) is (- 

 , 0], which is not informative on the marginal cost of adjustment 

f these activities. Nevertheless, the ranges of the shadow price 

f investment and disinvestment for the majority of the countries 

e.g., China, Japan, USA, Denmark, France, Germany) are narrower, 

roviding some information on the marginal cost of adjustment 

nderlying investment and disinvestment activities. For China, the 

anges of the shadow price of investment and disinvestment are 

isjoint and, respectively, [-11.376, -6.089] and [-3.094,0]. In this 

ase, the marginal cost of investment is higher than the marginal 

ost of disinvestment, which is an indication of asymmetric ad- 

ustment costs. For the other countries (e.g., USA), the ranges for 

he shadow prices of investment and disinvestment are different 
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Table 10 

Upper and lower bounds on the shadow price of net investment and disinvestment (mil- 

lions US$ PPP 2005). 

Country Net investment Net disinvestment 

Lower bound Upper bound Lower bound Upper bound 

Australia -26.376 -9.033 -24.362 -2.109 

Austria - ∞ 0.000 - ∞ 0.000 

Belgium - ∞ 0.000 0.000 0.000 

Brazil -9.699 0.000 -11.194 -1.778 

Bulgaria - ∞ -1.452 - ∞ 0.000 

Canada - ∞ 0.000 - ∞ 0.000 

China -11.376 -6.089 -3.094 0.000 

Cyprus - ∞ 0.000 - ∞ -1.055 

Czech Republic -30.476 -6.612 -31.096 -2.847 

Denmark -16.370 0.000 -29.022 -0.005 

Estonia -5.909 -5.616 -7.954 -1.416 

Finland - ∞ 0.000 - ∞ 0.000 

France -28.382 -1.585 -31.985 -0.005 

Germany -28.741 -9.076 -31.216 -2.392 

Great Britain -29.138 -5.477 -20.031 -0.298 

Greece - ∞ 0.000 - ∞ 0.000 

Hungary - ∞ 0.000 -54.481 0.000 

India -18.962 -3.633 -22.961 -1.396 

Indonesia -29.474 -2.349 -26.553 -0.315 

Ireland -31.625 0.000 -24.035 0.000 

Italy - ∞ 0.000 - ∞ 0.000 

Japan -12.822 -1.329 -20.387 -2.520 

Latvia -26.159 -3.481 -37.511 -1.853 

Lithuania -21.223 -2.187 -28.265 -0.313 

Luxembourg -16.490 0.000 -35.68 0.000 

Malta - ∞ 0.000 -54.792 0.000 

Mexico -14.039 -3.215 -18.446 -2.226 

Netherlands - ∞ 0.000 - ∞ 0.000 

Poland -18.973 -8.036 -20.373 -1.384 

Portugal - ∞ 0.000 - ∞ 0.000 

Romania - ∞ 0.000 - ∞ 0.000 

Russia -16.218 -3.018 -16.053 -2.157 

Slovakia - ∞ 0.000 - ∞ 0.000 

Slovenia - ∞ -2.628 - ∞ 0.000 

South Korea - ∞ 0.000 - ∞ -0.068 

Spain -17.569 -6.164 -22.326 -5.732 

Sweden - ∞ 0.000 - ∞ 0.000 

Turkey -6.389 -0.514 -6.574 -1.537 

USA -22.441 -8.493 -21.608 -2.024 

Table 11 

Wilcoxon signed ranks test on the right- and left-hand shadow prices of net investment and disinvestment 

( n = 261) a . 

Two-tailed test Lower-tailed test Upper-tailed test 

H o : E( ̂  β−′ 
+ ) = E( ̂  β+ ′ 

+ ) 
H 1 : E( ̂  β−′ 

+ ) � = E( ̂  β+ ′ 
+ ) 

H o : E( ̂  β−′ 
+ ) ≥ E( ̂  β+ ′ 

+ ) 
H 1 : E( ̂  β−′ 

+ ) < E( ̂  β+ ′ 
+ ) 

H o : E( ̂  β−′ 
+ ) ≤ E( ̂  β+ ′ 

+ ) 
H 1 : E( ̂  β−′ 

+ ) > E( ̂  β+ ′ 
+ ) 

p-value = 0.0389 p-value = 0.9805 p-value = 0.0195 

H o : E( ̂  β−′ 
− ) = E( ̂  β+ ′ 

− ) 

H 1 : E( ̂  β−′ 
− ) � = E( ̂  β+ ′ 

− ) 

H o : E( ̂  β−′ 
− ) ≥ E( ̂  β+ ′ 

− ) 

H 1 : E( ̂  β−′ 
− ) < E( ̂  β+ ′ 

− ) 

H o : E( ̂  β−′ 
− ) ≤ E( ̂  β+ ′ 

− ) 

H 1 : E( ̂  β−′ 
− ) > E( ̂  β+ ′ 

− ) 

p-value = 0.0389 p-value = 0.9805 p-value = 0.0195 

a Precluding the values of infinity and the ties results in 261 observations. 
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21 Explorations of non-convex adjustment aim to investigate the prospect of asym- 

metry in adjustment as a motivation for lumpy investment, where expansions can 

occur at a different rate than contractions. Oude Lansink and Stefanou (1997) take a 

dynamic dual modeling perspective and find the presence of adjustment asymmetry 

at the farm-level, and Palm and Pfann (1998) explore the asymmetry of adjustment 
ut not disjoint, requiring further investigation whether adjust- 

ent costs are symmetric or asymmetric. 

Table 11 reports the Wilcoxon signed ranks tests ( Conover, 

999 ) on the right-hand shadow prices of investment and disin- 

estment and also on the left-hand shadow prices of investment 

nd disinvestment to assess whether adjustment costs are sym- 

etric or asymmetric. Results indicate that adjustment costs are 

symmetric since the average shadow price of investment is sta- 

istically significantly different from the average shadow price of 

isinvestment at the 4% significance level. Moreover, the average 

hadow price of disinvestment tends to be greater (or, in absolute 

alue, less) than the average shadow price of investment at the 2% 

ignificance level. This indicates that marginal cost of investment 

s greater than the marginal cost of disinvestment and thus, the 

a

965 
peed of adjustment in this industry to expand the scale of the 

peration is lower than the speed of adjustment to scale it back. 21 

his result is consistent with irreversibility and the “real option”

ffect. In the presence of irreversibility and substantial demand 

hocks, disinvestments are delayed because firms try to avoid the 

nvestment costs they have to bear in favorable times and keep 
t a macro level focusing on in U.K. manufacturing. 
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he option value of maintaining capital investments ( Kühn & Van 

eenen, 2009 , p. 400). 

The pulp and paper sector is characterized by considerable ir- 

eversibility of investments due to the combination of large sunk 

osts and substantial demand shocks. With highly industry-specific 

nvestments in the pulp and paper sector, disinvestments can occur 

nly by scrapping a plant, which in turn also involves hazardous 

aterials removal costs and no recovery of benefits ( Kühn & Van 

eenen, 2009 , p. 400). As a result, we expect lumpiness of in- 

estments and periods of inactivity (zero investment) at the plant 

evel. 22 

. Concluding remarks 

Promoting sustainable development at the national and global 

evels necessarily entails assessing the ability to produce goods 

nd services while minimizing the damage to the environment. 

he construction of effective policy to promote environmental ef- 

ciency can use the shadow prices of bad outputs to incentivize 

missions reductions. This cross-country investigation of the pulp 

nd paper sector yields lower and upper bounds on these shadow 

rices in the presence of asymmetric capital adjustment. With the 

ombustion of fossil fuels (coal, natural gas, and oil) among the 

ain sources of each type of these emissions, CO 2 , N 2 O and SO X 

re considered in this study. 

The empirical results on environmental inefficiency indicate 

hat USA, China, and Ireland are the most environmentally inef- 

cient countries in the pulp and paper sector. Among the signifi- 

ant pulp and paper producers in the world in this sample, all are 

nvironmentally inefficient, on average. The notable exceptions are 

razil, France, Germany, India, Japan, Russia, South Korea and Swe- 

en which are environmentally efficient in each year over 1996- 

009. Moreover, the results highlight the potential of the USA and 

hina to reduce emissions. The annual reduction of each type of 

mission in both countries represents, on average, 72.8% of the to- 

al sum of each emission reduction in the sample. 

Analysis of the shadow prices of net investment and disinvest- 

ent suggest that the pulp and paper sector is characterized by 

symmetric capital adjustment. In particular, the shadow price of 

et investment is, in absolute value, greater than the shadow price 

f net disinvestment implying capital irreversibility and the pres- 

nce of a “real option” effect. In the presence of sunk costs and 

emand uncertainty, disinvestments are delayed and firms keep 

he option value of maintaining capital investments ( Kühn & Van 

eenen, 2009 , p. 400). 

Lower and upper bounds on the shadow prices of CO 2 , N 2 O 

nd SO X are computed. Shadow prices of pollutants are found to 

e either positive or negative. A positive shadow price of a pollu- 

ant indicates that reducing its emission level implies an economic 

ost for the industry (i.e., a decrease in the GO, holding the in- 

uts and other emissions constant). Negative prices of a pollutant 

eans that a reduction in its emission level is accompanied by an 

ncrease in GO, while keeping the inputs and other emissions con- 

tant, implying an economic benefit for the industry. 

Based on the price of CO 2 emissions (or CO 2 taxes) computed 

y OECD (2016) , the USA and China have the lowest carbon tax 

mong the largest producers of pulp and paper in the world. The 

pper bound on the shadow price of CO 2 is lower than the CO 2 

ax for the majority of the countries (e.g., (e.g., Australia, France, 

ermany, Great Britain, Japan, Turkey, USA). There are a few cases 

here the upper bound is greater than the CO 2 tax: China, Czech 

epublic, Estonia and Mexico. If the marginal cost of reducing CO 
2 

22 Observations of inactivity and investment bursts at the plant level are found in 

ielsen and Schiantarelli (2003) for the Norwegian manufacturing and in Cooper 

nd Haltiwanger (2006) for the USA manufacturing. 

E

E
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missions is increasing and strictly convex, the pulp and paper sec- 

or in the former (latter) group of countries has incentives to de- 

rease (increase) CO 2 emissions. 

Results on the left- and hand-side marginal rate of transforma- 

ion are, in general, inconclusive with respect to whether emissions 

re substitutes or complements since the lower bound is negative 

nd the upper bound is positive. This issue needs further investiga- 

ion probably at a more disaggregated level (e.g., plant level), given 

ts importance for policy design and implementation. Complemen- 

arity or substitutability between abatement efforts is fundamental 

o the choice of policies ( Ambec and Coria (2013) . 

Besides policy measures, other factors (e.g., technological fac- 

ors, corporate responsibility) have an important role in explain- 

ng the environmental performance of the pulp and paper sec- 

or of these countries. Differences in social corporate responsibility 

cross companies and countries are probably another factor to be 

aken into account when explaining differences in environmental 

erformance. A reasonable range of production technologies have 

he potential to reduce emissions but available mitigation options 

re often not fully used due to the presence of barriers like limited 

ccess to capital. 
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