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A
bstract

In this article, w
e exam

ine least-cost strate
gies for reachin

g the greenhouse gas em
ission

reductions 
specified 

b
y 

the 
K

yoto 
protocol 

fo
r 

three
 

C
anadian 

p
rovinces, 

O
nta

rio,
Q

uebec, and A
lbe

rta. W
e analyze four scen

arios, each
 specifyin

g a ce
rtain level of

cooperation (i.e. of trading of em
ission perm

its and of electricity) betw
een the provin

ces.
T

o effe
ct these analyzes, four M

A
R

K
A

L m
od

els (one fo
r ea

ch province and one for the
U

S
) are used in a m

ulti-regional fram
ew

o
rk that endo

genizes en
erg

y and p
erm

it exchan
ge

levels and prices. T
he U

S
 m

odel is included in the an
alysis in order to correctly sim

ulate
the im

portant natural gas m
arket betw

een C
anad

a and the U
S

A
. T

he results indicate that
both perm

it trading and electricity exchan
ges are ca

pable of  significantly redu
cing th

e
direct costs of abidin

g b
y the K

yoto proto
col. T

he pap
er also includes an an

alysis of the
the m

ain policy issues faced b
y the thre

e provinces w
hile plannin

g for a concerted effo
rt

to abate G
H

G
 em

issions

R
ésum

é

D
ans 

cet 
article, 

nous 
étudions 

des 
straté

gies 
optim

ales 
pour 

atteindre 
la 

cible 
de

réduction des gaz à effet de serre prescrite p
ar le P

rotocole d
e K

yoto, dans le cas de
 trois

provinces canadienn
es: O

ntario, Q
uéb

ec, et A
lberta. N

ous an
alysons quatre scé

n
arios,

chacun d
écrivant un nivea

u différent de coopé
ration entre le

s trois provinces (c’e
st à dire

d’échan
ges 

de 
p

erm
is 

d’ém
issions 

et/ou 
d’électricité). 

P
our 

cette 
re

cherche, 
quatre

m
odèles M

A
R

K
A

L ont été utilisé dans une cadre m
ulti-régional qui endo

génise les
quantités et les prix des échan

ges d
e perm

is, de gaz naturel, et d’électricité. Le m
odèle

des E
.U

. a été inclus de fa
çon à bien sim

uler le m
arché nord

-am
éricain du gaz naturel.

Les résultats indiquent que les é
chan

ges de pe
rm

is et les échan
ges d’électricité sont

capables d
e réduire les coûts de rédu

ction des G
E

S
 de fa

çon très significative. L’a
rticle

com
m

ente 
aussi 

les 
diverses 

politiques 
à 

considérer 
lo

rs 
de 

la 
planification 

d’une
im

plantation concerté
e des réductions d’ém

issions de G
E

S
.
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1. Introduction

C
anada, along w

ith m
ore than one hundred other nations, agreed to the K

yoto P
rotocol of

D
ecem

ber 1997 (U
N

F
C

C
C

, 1997). If the treaty is ratified, C
anada w

ill have to curb its
anthropogenic greenhouse gas em

issions (C
O

2 equivalent of six gases listed in A
nnex A

 of
the P

rotocol) so that its average annual em
ission over the 5 year period 2008-2012 w

ill not
exceed 94%

 of 1990 em
issions. In order to satisfy the protocol, C

anadian policy m
akers w

ill
need to answ

er m
any questions, such as: H

ow
 should reductions be allocated to various

provinces? S
hould all reductions be accom

plished w
ithin C

anada alone, or partly b
y Joint

M
itigation w

ith other countries? W
hat are the sectors and subsectors of the C

anadian
econom

y that w
ill be asked to effect reductions, and by w

hat am
ounts? W

hat is the cost of
abatem

ent? W
hat are the P

olicy instrum
ents (e.g. carbon tax, tradeable perm

its, regulations)
that should be chosen to induce the desired abatem

ent in each sector? T
hese questions are

difficult, and there is little tim
e to decide w

hat to do, since the present state of C
anadian

G
H

G
 em

issions (w
hich today exceed 1990 em

issions by 11%
) is no cause for optim

ism
.

In this and a com
panion article w

e attem
pt answ

ers at several of these questions, w
ith a

focus on the efficient allocation of em
ission reductions to a group o

f geo
graphical entities

(countries or p
rovinces), so as to rea

ch a com
m

on reduction target. T
he present pap

er
analyzes the m

erit of inter-p
rovincial Joint M

itigation (JM
), i.e. the collective attainm

ent
of a ce

rtain em
ission target b

y three
 C

anadian provinces, rathe
r than b

y ea
ch province

alone. W
e thus present the case fo

r a close coope
ration b

y C
anadian p

rovinces to a
chieve

significant 
savin

gs 
w

hile 
abiding 

b
y 

th
e 

international 
agreem

ent. 
T

he 
sister 

article
focuses on intern

ational Joint M
itigation.

T
he analysis is based on three advanced, detailed M

A
R

K
A

L bottom
-up m

odels of the
energy system

s of three C
anadian provinces (O

ntario, Q
uébec, and A

lberta). T
he Q

uébec
and O

ntario m
odels have been developed at G

E
R

A
D

 (G
roupe d’études et de recherche en

analyse des décisions) and the A
lberta m

odel at C
E

R
I (C

anadian E
nergy R

esearch Institute)
and A

R
C

 (A
lberta R

esearch C
ouncil), and recently harm

onized by the authors. T
he three

m
odels m

ay be m
erged into a m

ulti-region M
A

R
K

A
L, w

ith inter-regional trade variables
for any flow

 of energy or em
ission perm

its needed to correctly sim
ulate a particular

scenario. E
ach scenario exam

ines a particular type of cooperation betw
een the provinces,

m
aterialized by the trading of G

H
G

 em
ission perm

its and/or energy betw
een them

. B
y

com
paring scenarios that allow

 or disallow
 these tw

o types of cooperation, one is able to
com

pute the net advantage of cooperation.

W
e coin the phrase Joint M

itigation (JM
) to describe a situation w

here several players
decide to jointly attain the K

yoto (or any other) target, by effecting em
ission abatem

ent
w

herever it is m
ost cost-effective, rather than im

pose specific targets for each player. It is
clear that from

 a conceptual view
point, JM

 is equivalent to an em
ission perm

it trading
system

 lim
ited to that group of players. T

he phrase ‘perm
it trading’ w

ill therefore often be
used in this article, although it is not our intention to exam

ine the detailed im
plem

entation
aspects of such a system

1.

                                                
1 A

n excellent discussion of perm
it trading system

s is contained in chapter 11 of the S
econd A

ssessm
ent R

eport of the
W

orking G
roup III of the Intergovernm

ental P
anel on C

lim
ate C

hange (IP
C

C
, 1996).
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A
lthough the choice of the three provinces w

as partly dictated by the availability of detailed
M

A
R

K
A

L 
databases, 

there 
is 

no 
doubt 

that 
they 

represent 
three 

very 
contrasted

geographical regions of C
anada, and that they collectively represent very w

ell the country’s
energy 

and 
econom

ic 
diversity

2. 
T

ogether, 
the 

three 
provinces 

represent 
67%

 
of 

the
country’s population, 70%

 of its G
D

P
, and 73%

 of its G
H

G
 em

issions. W
e do expect that

m
ost of the insights gained from

 this research w
ould be extendable to the rest of the

C
anadian regions, w

ith som
e additional analysis. In this paper, w

e shall som
ew

hat abusively
use the term

 ‘C
anada’ for all results concerning the set of the three provinces.

T
he choice of a very disaggregated equilibrium

-seeking m
odel such as M

A
R

K
A

L
3 has

several im
portant advantages for the exploration of G

H
G

 m
itigation strategies. F

irst, by its
very nature, M

A
R

K
A

L does not rule out any action that reduces em
issions in a cost efficient

m
anner. T

hus, the approach is often able to 
devise strategies (w

hile m
any other approaches

can only test abatem
ent strategies proposed by the user). T

his is an essential feature of
equilibrium

 m
odels, nor available in econom

etric or other sim
ulation approaches. T

he
second advantage arises from

 the detailed, technology-level nature of M
A

R
K

A
L, w

hich is
shared only by a few

 other bottom
-up m

odels. T
his allow

s the strategies to be described in a
realistic, credible fashion, since every single m

odel recom
m

endation can be explicitly traced
back to  tangible technological choices and/or behaviours in each subsector of the econom

y.

A
nother 

feature 
of 

our 
w

ork 
w

orth 
stressing, 

is 
that 

it 
dem

onstrates 
the 

tight
interdependence of em

ission control and energy trade, both w
ithin C

anada and w
ith the

U
S

A
. T

his is an im
portant topic for a country such as C

anada, w
here energy resources play

an im
portant and diverse econom

ic role.

F
inally, w

e shall m
ake som

e observations regarding the sharing of G
H

G
 m

itigation costs,
although this is not the m

ain goal of this research, m
ostly aim

ed at finding efficient
abatem

ent strategies.

In section 2, the m
ethodology is outlined, and the three m

odels are briefly described, as w
ell

as the scenarios. In section 3, w
e present and analyze the results obtained, and w

e conclude
in section 4.

                                                

2 In
 term

s o
f en

erg
y en

d
o

w
m

en
t, Q

u
eb

ec p
o

ssesses a large h
yd

ro
electric eco

n
o

m
ic p

o
ten

tial, A
lb

erta is rich
ly en

d
o

w
ed

in
 oil, n

atu
ral gas, an

d co
al, w

h
ereas O

n
tario

 h
as few

 p
rim

ary en
ergy so

u
rces.

3 T
h

e M
A

R
K

A
L m

o
d

el is d
escrib

ed in
 sectio

n 2
.
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2. M
ethodology: the M

A
R

K
A

L M
odeling system

2.1. G
eneral features

M
A

R
K

A
L m

od
els have existed since 1982 (F

ishbone and A
bilock, 1981

) and h
ave be

en
m

odified 
and 

considerably 
a

u
gm

ented 
since 

then 
(B

e
rger 

et 
a

l., 
1992, 

Loulou 
and

Lavign
e, 1996, Loulou and K

anudia, 1997). In this resea
rch, w

e have used the m
ost

advanced version of the m
od

el, developed and m
aintained at G

E
R

A
D

, in collaboration
w

ith the E
T

S
A

P
 consortium

 (E
nerg

y T
e

chnolog
y S

ystem
s A

nalysis P
ro

gram
, und

er the
ae

gis of the International E
nerg

y A
gen

cy). T
he authors are active m

em
bers o

f E
T

S
A

P
.

M
A

R
K

A
L is a d

etailed te
chnological bottom

-up m
odel

4 that com
putes a d

ynam
ic p

artial
equilibrium

5 on energ
y technolog

y m
a

rkets over an 8 period ho
rizon. E

ach period covers
5 ye

ars, so that the horizon consists of 40 yea
rs. In our stud

y, the p
eriods are centered at

ye
a

rs 1995, 2000, 2005, ..., 2030. T
h

e m
odel uses a d

etailed, explicit technological
description of a re

gion’s R
eferen

ce E
n

erg
y/E

nvironm
ent S

ystem
 (R

E
S

), i.e. a set of
activities that have en

ergy or environm
ental inputs and/or outputs. T

he R
E

S
 includes the

sources, transform
ation, transport, and end-uses of en

erg
y fo

rm
s, as w

ell as a set of
disaggre

gated econom
ic d

em
ands in all sectors and sub

-sectors o
f the e

conom
y. E

ach
technolog

y is described by its technical param
eters (m

ix of inputs and outputs, efficiency,
ph

ysical lifetim
e, availability d

ate, etc.), and b
y a set of econom

ic param
eters, su

ch as its
acquisition cost, annual fixed cost, variable costs, bounds on m

arket shares, etc. In
addition, each technology h

as a so-called ‘residual capacity’ at the beginning of the
horizon (1993 in our case), indicating the initially existing capacity and its future pro

file
of abandonm

ent. R
esidual capacities constitute an accurate and detailed description of the

R
E

S
 as it exists at the initial period.

T
he technolo

gies a
re inter-related b

y flow
s of 

energ
y 

carriers, 
m

ate
rials, 

and 
other

com
m

odities. A
m

ong these flow
s, atm

ospheric em
issions play a p

articular role, as the
y

are often the subject of scena
rios. In fa

ct, environm
ental considerations have led to a

significant increase of the te
chnolo

gical datab
ase, a

s m
an

y technolo
gies are sp

ecifically
devoted to em

ission abatem
ent. 
In

 fin
e, G

H
G

 em
ission redu

ction m
a

y b
e achieved via

energ
y 

and 
technolo

g
y 

replacem
ents, 

conservation 
m

easures, 
industrial 

process
sw

itching, and endo
genous reduction of e

conom
ic dem

ands, as explained in the next
para

graph. N
ote that the rem

oval and d
eep stora

ge of G
H

G
 is not m

odeled in our cu
rrent

databases, 
and 

neither 
are 

carbon 
sinks 

such 
as 

afforestation 
or 

enhan
ced 

fo
rest

m
ana

gem
ent.

In M
A

R
K

A
L, econom

ic d
em

ands (e.g. num
ber of a

pa
rtm

ents to heat, kilom
eters of urb

an
car travel, or tonnes of alum

inum
 to produce) are sp

ecified exogenously only for the b
ase

scenario. W
hen other scen

arios are run, the d
em

ands m
a

y be altered endo
genously b

y the

                                                

4 H
o

w
ever, co

n
trary to

 trad
ition

al botto
m

-u
p

 m
o

d
els, M

A
R

K
A

L a
ssu

m
es th

at eco
n

o
m

ic d
e

m
an

d
s are elastic to

 th
eir

o
w

n
 p

rices. T
h

is featu
re take

s M
A

R
K

A
L so

m
e d

istan
ce to

w
ard

 clo
sin

g th
e gap

 b
etw

een
 b

o
tto

m
-u

p
 an

d
 top

-d
o

w
n

m
o

d
els.

5 A
 d

yn
a

m
ic p

artial eq
u

ilib
riu

m
 en

su
res th

at th
e m

arket’s d
e

m
an

d
s are satisfied

 at each
 p

erio
d

 at certain
 p

rices
co

m
p

u
ted

 en
do

gen
o

u
sly. In

 M
A

R
K

A
L, th

e p
rices are eq

u
al to

 th
e m

argin
al valu

es o
f th

e en
erg

y an
d

 m
aterial fo

rm
s

p
resen

t in th
e m

o
d

el. H
o

w
ever, th

ese m
argin

al p
rices are n

o
t n

ecessarily th
o

se o
f a p

u
re d

eregu
lated

 m
arket, sin

ce th
e

m
o

d
el m

a
y w

ell in
clud

e m
an

y m
arket im

p
erfectio

n
s (su

ch
 as im

p
o

sed
 m

arket sh
are lim

its, taxes/su
b

sid
ies) th

at th
e

u
ser ch

o
o

ses to
 in

clu
d

e.
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m
odel, since the

y are elastic to their ow
n p

rices
6. A

s alread
y noted, this confers gre

ater
econom

ic scope to the m
od

el, and captures a great d
eal of the interaction betw

een the
energ

y system
 and the econom

y. 
7

A
 m

odel run is fully determ
ined b

y fou
r typ

es of data: the technolo
gical d

atabase, th
e

dem
and scen

ario, the prices of im
ported e

nerg
y form

s, and the environm
ental scen

ario.
W

e w
ill present the five scenarios fo

r this research at the end of this section.

T
he 

‘en
gine’ 

used 
to 

com
pute 

the 
p

artial 
equilibrium

 
is 

Linear 
P

ro
gram

m
ing. 

T
h

e
objective function m

inim
ized is the sum

 of direct costs (investm
ent, O

&
M

, variable
costs, taxes/subsidies) and of the loss of consum

er surplus resulting from
 any chan

ge in
the dem

and levels com
p

ared to the b
ase case. T

h
e physical, lo

gical, finan
cial, and policy

conditions 
of 

the 
R

E
S

 
are 

rep
resented 

b
y 

constraints 
in 

the 
L.P

. 
(equ

alities 
and

inequalities). A
 typical M

A
R

K
A

L m
odel m

a
y h

ave from
 5,000 to m

ore than 12,000
constraints, dependin

g to the level o
f detail and the num

ber of pe
riods.

M
A

R
K

A
L h

as tw
o additional cap

abilities w
hich give it m

uch flexibility, nam
ely the

handling of un
certain events (K

anudia and Loulou, 1998, Loulou and K
anudia, 1997

),
and the m

ulti-re
gional fea

ture (Loulou et al., 1996). In this stud
y, w

e h
ave not m

odeled
uncertainties. O

n the other hand, the m
ulti-re

gional feature pla
ys a central role in our

scenarios: 
it 

allow
s 

several 
M

A
R

K
A

L 
m

odels 
representing 

different 
regions 

to 
be

m
erged into a sin

gle m
odel, w

ith a sin
gle joint objective function to m

inim
ize, and w

ith
special exchan

ge variables representing th
e tradin

g of various com
m

odities betw
een th

e
re

gions.

2.2. T
he three provincial M

A
R

K
A

L m
odels: a brief description

T
he 

detailed 
descriptions 

of 
the 

datab
ases 

have 
app

eared 
in 

previous 
sep

arate
publications. F

igu
re 1 is a synthetic vie

w
 of the O

nta
rio R

efe
rence E

ne
rg

y S
ystem

 (R
E

S
),

indicating the level of disa
ggre

gation in ea
ch subsector, via th

e num
ber of technolo

gies
used to describe it. T

he oth
er tw

o m
odels are of quite com

p
arable size and detail, w

ith
how

ever som
ew

hat less end
-use detail in the A

lberta India m
od

el. A
ll three m

odels are
nevertheless m

uch m
o

re detailed than the global m
odels used fo

r international m
itigation

in the extant literature.

It is w
orth stressing h

ere som
e technolo

gical assum
ptions built in the databases. In

gen
eral, it m

a
y be said that the m

odels have very com
p

arable sets of technolo
gies,

w
heneve

r these te
chnologies are not geo

graph
y-spe

cific (su
ch as h

ydro
electricity, w

ind
or solar potential, etc.). F

or instan
ce, n

atural gas fuel cells, transpo
rtation vehicles, or

electric b
aseboa

rd space heaters a
re m

odelled identically in all system
s. H

ow
ever, the

re is
one im

portant exception to this, concernin
g nucle

ar ele
ctricity gene

ration, w
hich has b

een
frozen until 2020 in all three provinces, for reasons w

hich are so
cio-political m

ore than
technical. T

his assum
ption is especially im

portant for th
e O

ntario and A
lberta energ

y

                                                

6 S
in

ce th
e p

rice o
f a p

articu
lar d

em
an

d
 is also

 end
o

gen
ou

sly d
eterm

in
ed

 in
 th

e m
o

d
el, a sp

ecial m
ath

em
atical d

evice is
u

sed
 to im

p
lem

en
t th

e p
rice-d

em
an

d
 relation

sh
ip

, see Lo
u

lou
 and

 Lavign
e (1

9
96

) fo
r d

etails.

7 see Lo
u

lo
u

 an
d

 Lavign
e, 1

99
6

, fo
r a m

o
re su

b
stantial discu

ssio
n o

f th
is p

o
in

t.
 In th

is p
ro

ject, w
e h

ave a
ctu

ally
d

isactivated
 th

e elastic d
em

an
d

 featu
re, so

 as to
 ob

tain
 a p

u
rely tech

n
o

lo
gical resp

o
n

se fro
m

 th
e vario

u
s R

E
S

’s to te
en

viro
n

m
en

tal co
n

strain
ts .
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system
, as w

e shall see in the sequel. In a variant scena
rio, w

e have brie
fly investigated

the im
pact of allow

in
g nucle

ar en
erg

y in 2010 in A
lberta.

E
n

erg
y

P
ro

cessin
g

E
n

d
-u

se
T

ech
no

lo
g

ies
D

e
m

an
d

S
eg

m
en

ts
S

up
p

ly

In
du

stria
l

(124 )

R
eside

n
tial

( 106)

C
om

m
e

rcia
l

( 77)

T
ransp

ort
( 69)

N
o

n-E
n

e
rgy

( 4)

C
onve

rsion
( 36)

O
il R

e
fin

in
g

( 23)

O
the

r P
rocessing

( 62)

Im
p

orts
( 10)

D
o

m
e

stic
( 6)

F
igure 1. A

 typical M
A

R
K

A
L R

eference E
nergy S

ystem
 (O

ntario)

2.3. T
he S

cenarios

S
cenarios are built around tw

o sets of 
assum

ptions. O
ne set 

pertains 
to 

the 
future

econom
ic outlook and the other to the carbon m

itigation level and tradin
g strategies.

E
conom

ic scenario

T
hroughout this research, w

e h
ave use

d a sin
gle scen

ario fo
r econom

ic d
em

ands and
w

orld energ
y p

rices. T
h

e underlyin
g assum

ption is that the C
anadian G

D
P

 gro
w

s at a
m

oderate rate until 2020, and then slow
s dow

n. T
he rates vary across the three provinces,

w
ith Q

uebec h
aving th

e low
est grow

th rate, but rem
ain w

ithin the 2 to 2.4%
 bracket until

2020, and w
ithin the 1.7-2.0 bra

cket after that date. O
f cou

rse, e
ach d

em
and se

gm
ent has

its ow
n specific grow

th patte
rn in the scen

ario. R
esidential and h

eavy industrial dem
ands

gro
w

 rathe
r m

ore slow
ly than ro

ad and air transportation, com
m

ercial, a
nd light industry

dem
and se

gm
ents. T

he prices of crude oil and gas converge in 2005, and on a
ve

ra
ge

gro
w

 at 1%
 /yr. until 2010, and then stagn

ate at their 2010 levels, w
hich are equivalent to

U
S

$20 per barrel. T
hese assum

ptions follow
 the C

anadian G
overnm

ent central fo
recasts

contained in the En
e

rg
y O

u
tlo

o
k to

 2
0

2
0

 (N
a

tu
ra

l R
e

so
u

rce
s C

a
n

a
d

a
, A

p
ril 1

9
9

7
).

F
ive E

m
ission and T

rade S
cenarios

F
ive contrasted scen

arios a
re studied, e

ach representing a particular com
bination of

conditions on three elem
ents: the G

H
G

 em
ission reduction target (i.e. unrstricted or

K
yoto+

 target), th
e am

ount of  new
 electricity trade allow

ed betw
e

en the re
gions (i.e.

betw
een Q

u
ébe

c and O
nta

rio), and the level of co
-operation on G

H
G

 m
itigation allow

ed
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betw
een the three p

rovinces. T
h

e five scenarios a
re d

escribed in T
able 1, but befo

re, w
e

describe w
h

at is the K
yoto+

 target.

T
h

e
 K

yo
to

+
  ta

rg
e

t:.  consists of the K
yoto P

rotocol target for 2010 (i.e. 96%
 of the 1990

em
ission level in C

anada), extrapolated to 80%
 o

f 1990 em
issions in 2035. E

m
ission

levels at interm
ediate p

eriods betw
e

en 2010 and 2035 are inte
rpolated linea

rly.

 T
able 1: T

he F
ive S

cenarios

S
cenario

D
escription

B
ase C

ase
N

o G
H

G
 em

ission constraints.
G

as tradin
g allow

ed w
ithin N

orth A
m

erica.
K

yoto-N
C

E
ach province reach

es its K
yoto+

 target individually (no perm
it tradin

g).
E

lectricity trade lim
ited to current level.

G
as tradin

g allow
ed in N

o
rth A

m
erica

K
yoto-G

Joint M
itigation b

y the three provinces to reach Joint K
yoto

+
 target.

E
lectricity trade lim

ited to current level.
G

as tradin
g allow

ed in N
o

rth A
m

erica.
K

yoto-E
E

ach province reach
es its K

yoto+
 target individually (no perm

it tradin
g).

E
lectricity tradin

g allow
ed b

etw
e

en Q
uéb

ec-O
ntario.

G
as tradin

g allow
ed in N

o
rth A

m
erica.

K
yoto-G

+
E

Joint M
itigation b

y the three provinces to reach Joint K
yoto

+
 target.

E
lectricity trade allow

ed betw
een Q

u
ébe

c-O
nta

rio.
G

as tradin
g allow

ed in N
o

rth A
m

erica.
N

ote : T
he

 G
H

G
 re

d
uctio

n in the
 p

e
rio

d
 2

0
0

8
-2

01
2

 m
e

n
tio

ne
d

 in the
 K

yo
to

 P
ro

to
co

l, ha
s b

e
e

n m
o

d
e

le
d

 a
s

fo
llo

w
s: the

 M
A

R
K

A
L m

o
d

e
l e

m
issio

n
s a

cco
un

t o
nly fo

r the
 e

ne
rg

y se
cto

r’s e
m

issio
ns, w

h
ich

re
p

re
se

nt  7
7

%
 o

f to
ta

l a
nthro

p
o

ge
n

ic G
H

G
 e

m
issio

n
s in C

a
na

d
a

. T
he

re
fo

re
, the

 C
a

na
d

ia
n re

d
uctio

n
ta

rge
t ha

s b
e

e
n se

t a
t 6

%
 *(1

/0
.7

7
) =

 7
.8

%
 

o
f th

e
 e

n
e

rg
y se

cto
r’s 1

9
9

0
 e

m
issio

n
s

. A
fte

r 2
0

1
2

, it ha
s

b
een assu

m
e

d
 that the red

uctio
n e

ffo
rt w

o
u

ld
 no

t cease, b
ut rather than ad

d
itio

na
l red

uctio
ns w

o
uld

 b
e

im
p

o
se

d
 re

a
chin

g 2
0

%
 o

f 1
9

9
0

 le
ve

ls in 2
0

3
5

.

C
o

m
m

e
n

ts

• 
In all scena

rios, gas trad
e rem

ains endo
genous in our m

odels, not only b
etw

e
en

C
anadian provinces, but also betw

e
en U

S
A

 and C
ana

da. T
his m

eans that the four
M

A
R

K
A

L m
od

els (the 3 C
anadian p

rovinces and the U
S

 m
odel) a

re run as a sin
gle

m
ulti-region m

odel w
ith endo

genous gas trad
e variables defined for each tim

e period.
• 

T
he B

a
se

 C
a

se scenario does not im
pose an

y G
H

G
 em

ission constraint. H
ow

eve
r,

since each energ
y system

 is optim
ized over the horizon, som

e ‘no regret’ G
H

G
abatem

ent does take place, relative to an unknow
n ‘business-as-usu

al’ case.
• 

K
yo

to
-G 

assum
es 

joint 
m

itigation 
b

y 
the 

th
ree 

p
rovinces, 

i.e. 
there 

are 
now

endogenous em
ission perm

it tradin
g variables for each p

rovince, at each tim
e period.

• 
K

yo
to

-E assum
es no perm

it tradin
g, but allow

s electricity trad
e expansion betw

een
Q

uébec and O
ntario, b

y m
e

ans of end
o

genous capacity and flow
 variables betw

e
en

the tw
o provinces.

• 
K

yo
to

-G
+

E allow
s both perm

it trading and expanded electricity trade, b
y m

eans of
appropriate endo

genous va
riables.

• 
P

e
rm

it a
n

d
 E

n
e

rg
y P

ricin
g

: the p
rices at w

hich perm
its and energ

y are sold are not
directly relevant for the determ

ination of the globally optim
al strateg

y, since w
hen

several m
odels are jointly optim

ized, the revenue and p
a

ym
ents can

cel out. H
ow

ever,

P
a

g
e
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a price is quite essential in com
puting the allocation of the ben

efits of trad
e. In

 the
results presented in section 3, traded p

erm
its and energ

y are priced at their m
argin

al
value 8. S

uch a pricing schem
e is com

patible w
ith conventional perfectly com

petitive
m

arket econom
ics 9, although it could be unre

alistic w
hen m

arket im
perfe

ctions are
present (fo

r exam
ple if the m

arket for perm
its is oligopolistic).

• 
E

n
e

rg
y tra

d
in

g
: as already m

entioned, in all scenarios, it is assum
ed that natural gas

trading w
ithin C

anad
a and b

etw
een C

an
ada and the U

S
 is allow

ed, and endogenously
determ

ined b
y the m

odel. T
he reason for this is that the N

orth A
m

erican gas m
arket is

m
ature and fully integrated. S

uch is not the case of 
e
le

ctricity tra
d

in
g, w

hich requires
for its future developm

ent significant policy decisions, as w
ell as investm

ents in new
transm

ission lines. In the B
ase C

ase, the K
yoto-N

C
, and the K

yoto-G
 scena

rios, no
electricity trad

e expansion is allow
ed be

yond the cu
rrently existing line cap

acity
(w

hich is m
oderately sm

all). In the other tw
o scenarios, unlim

ited investm
ent in new

transm
ission capacity betw

een Q
u

ébec and O
ntario is endo

genous to the m
odel. Just

like em
ission perm

its, electricity and gas are priced at their respective m
arginal

values w
hen com

puting the net trade revenu
es of the trad

e pa
rtners.

3. R
esults and A

nalysis (a
ll co

sts a
re

 in
 C 95$

, a
n

d
 d

isco
u

n
tin

g
 is e

ffe
cte

d
 to

 ye
a

r 1
9

9
5

)

3.1. N
et total discounted costs

T
he K

yoto+
  target is reached at total discounted direct costs show

n in T
able 1 (fo

r ea
ch

province, and total). T
h

e se
cond part of th

e table show
s the savin

gs accrued in the
cooperation scenarios, relative to N

C
. R

ecall that the direct costs incurred by e
ach

province include the acquisition and operation costs of all technolo
gies, the costs of

extracting and im
portin

g prim
ary energ

y form
s, including th

e pa
ym

ents e
ffected for

perm
its and/or energ

y traded (priced at their m
arginal cost, as discussed in section 2).

T
hese costs are decreased b

y all revenu
es accrued from

 selling energ
y form

s and p
erm

its,
also priced at m

a
rginal value.

In T
able 1, w

e show
 w

ithin brackets the percenta
ge

s of provincial G
D

P
 these costs

represent. T
he costs a

re significant, except for Q
uéb

ec. A
lso significant are th

e savin
gs

accru
ed from

 various levels of cooperation, except for A
lbe

rta, w
he

re coop
eration has

little im
pact on the cost of abatem

ent. O
verall, w

ith the full coop
eration scenario (K

yoto
-

G
+

E
), costs a

re reduced b
y about one fourth, to reach 0.45%

 of G
D

P
, as opposed to 0.6%

in the N
C

 scenario. In absolute term
s, the trading of em

issions am
ong th

e three regions,
and of ele

ctricity betw
e

en Q
uéb

ec and O
ntario, results in overall substantial savings o

f
$21 B

illion.

                                                
8 T

h
e m

argin
al syste

m
 valu

e (o
r sh

ad
o

w
 p

rice) o
f a co

m
m

o
d

ity is read
ily o

b
tain

ed
 as th

e o
ptm

ial d
u

al valu
e o

f th
e

b
alan

ce co
n

strain
t o

f th
at co

m
m

o
d

ity in
 th

e M
A

R
K

A
L eq

u
ilib

riu
m

 so
lu

tio
n

9 T
o

 b
e exact, sh

ad
o

w
 p

rices can
 also

 reflect so
m

e m
arket im

p
erfectio

n
s, if th

ese h
ave b

een
 in

clu
d

ed
 in

 th
e M

A
R

K
A

L
m

o
d

els. E
xa

m
p

les are: taxes, su
b

sid
ies, regu

lato
ry co

n
strain

ts, etc., w
h

ich
, if in

co
rp

o
rated in a M

A
R

K
A

L d
ata b

ase,
w

ill a
ffect th

e valu
es o

f th
e sh

ad
o

w
 p

rices.
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T
able 1. T

otal discounted system
 cost over the m

odel’s horizon
#

Q
uébec

O
ntario

A
lberta

C
anada

Increm
ental C

osts O
ver B

ase (C 95$B
illion, and percent of G

D
P

)
K

yoto-N
C

3.6
(0.1%

)
63.5
(0.8%

)
20.7
(0.8%

)
87.8
(0.6%

)
K

yoto-G
0.24
(0.01%

)
56.0
(0.6%

)
20.4
(0.8%

)
76.7
(0.52%

)
K

yoto-E
-0.8
(-0,03%

)
49.4
(0.5%

)
20.6
(0.8%

)
69.1
(0.47%

)
K

yoto-G
+

E
-1.8
(-0.06)

48.7
(0.5%

)
20.0
(0.8%

)
66.9
(0.45%

)
S

avings O
ver N

o C
ooperation S

cenario (C
95$B

illion)
K

yoto-G
3.4

7.5
0.3

11.1
K

yoto-E
4.4

14.1
0.1

18.7
K

yoto-G
+

E
5.4

14.8
0.7

20.9
#

 D
ivide b

y 22 to obtain an equivalent annu
al cost

C
ost breakdow

n

It is instructive to exam
ine the com

ponents of the costs show
n in table 1, espe

cially as
concerns 

th
e 

revenues 
and 

p
a

ym
ents 

for 
energ

y 
and 

G
H

G
 

p
erm

its 
traded 

by 
the

provinces. T
his is done in table 2, and b

riefly com
m

ented no
w

.

T
able 2. C

ost breakdow
n (B

$): all figures are relative to the B
ase C

ase
T

echnology
C

ost
P

aym
ents 

for
G

H
G

P
aym

ents 
for

E
LC

P
aym

ents 
for

N
atG

as
T

O
T

A
L

C
O

S
T

Q
uebec

B
ase C

ase
0.0

0,0
0,0

0,0
0,0

K
yoto: N

C
5.0

0,0
0,0

-1,3
3,6

C
--K

G
-

14.0
-11,1

0,0
-2,6

0,2
C

--K
-E

34.0
0,0

-36,7
2,1

-0,8
C

--K
G

E
35.0

-0,2
-38,7

2,1
-1,8

O
ntario

B
ase C

ase
0.0

0,0
0,0

0,0
0,0

K
yoto: N

C
70.0

0,0
0,0

-6,8
63,5

C
--K

G
-

43.0
15,0

0,0
-2,1

56,0
C

--K
-E

25.0
0,0

36,7
-12,0

49,4
C

—
K

G
E

16.0
3,4

38,7
-9,4

48,7

A
lberta

B
ase C

ase
0.0

0,0
0,0

0,0
0,0

K
yoto: N

C
17.0

0,0
0,0

4,0
20,7

C
--K

G
-

23.0
-4,0

0,0
1,2

20,4
C

--K
-E

17.0
0,0

0,0
4,1

20,6
C

—
K

G
E

22.0
-3,2

0,0
1,3

20,0

F
or Q

u
ebec, it is quite clear that electricity sales, w

h
en allow

ed, are o
f cru

cial im
portance

to reduce its ab
atem

ent cost to zero (or even m
ake it ne

gative). H
o

w
eve

r, these revenu
es

are fo
r a la

rge pa
rt offset b

y increased pa
ym

ents for natural ga
s. G

H
G

 revenu
e is large

P
a

g
e

 1
0

only in the G
 scenario, and alm

ost nil in the G
-E

 scen
ario, since in that case electricity is

a better com
m

odity to trade than G
H

G
 p

erm
its.

F
or 

O
ntario, 

the 
situation 

for 
gas 

pa
ym

ents 
is 

reversed: 
its 

gas 
p

a
ym

ents 
drop

considerably w
h

en electricity trade w
ith Q

u
ebec is op

ened. G
H

G
 perm

it pa
ym

ents are
also greatly de

cre
ased w

h
en ele

ctricity is traded.

F
or A

lbe
rta, the cost of de

creased gas sales (to O
ntario and Q

u
ebe

c) occurs m
ostly in N

C
and E

 scen
arios. T

he reason differs in these tw
o cases: in N

C
, gas is less desirable in

O
ntario and Q

u
ebec, b

ecause it is not the best w
a

y to seve
rely abate em

issions. In th
e E

scenario, Q
u

ebe
c’s ele

ctricity partially displaces ga
s in O

ntario. C
onversely, w

hen G
H

G
perm

its are exchan
ged, 

gas becom
es attractive in O

ntario, since local 
ab

atem
ent 

is
lessened. N

ote that these decre
ases in gas revenues are alm

ost perfe
ctly com

pensated b
y

gas sales to other clients (notably th
e U

S
A

), as w
itnessed b

y the alm
ost constant total cost

in A
lberta.

T
he E

quity issue: a brief com
m

ent

A
 glim

pse on the equity issue m
a

y b
e gained b

y exam
ining the costs per capita incu

rred
b

y e
ach provin

ce, as show
n in table 3. A

lberta has the highest ab
atem

ent cost pe
r capita,

follow
ed b

y O
ntario, and lastly b

y Q
u

ébec, w
hose costs per capita are quite sm

all, or
even ne

gative, due to electricity revenues. It is there
fore appa

rent that the pricin
g o

f
perm

its at m
arginal cost does not b

y itself rem
ed

y the inequalities in G
H

G
 cost abatem

ent
across provinces. T

his is so because the pe
rm

it allocation (endow
m

ent) assum
ed in our

schem
e (prop

ortional to 1990 em
ission levels) is fundam

entally inequitable w
h

en equity
is taken to m

ean equal cost per capita. O
ther, m

o
re equitable p

erm
it allocations w

ould
have to account for the populations of the provinces, and for th

eir particula
r en

erg
y

situations 1
0.  It is w

o
rth repeatin

g here that the perm
it allocation has no bearing on the

e
fficie

n
t abatem

ent strategies found b
y our m

od
el, w

henever perm
it trading is allow

ed.

T
o illustrate the m

agnitude o
f the costs: in the full cooperation scen

ario, every O
ntarian

incurs a net ab
atem

ent cost of $4970, equivalent to annual p
a

ym
ents of $225 pe

r yea
r for

forty ye
ars (w

hen discounted at 5%
). T

o give an ide
a of the relative m

a
gnitude of su

ch a
cost, the avera

ge O
ntario revenue p

er capita w
as about $29,000 p

er ye
ar in 1996, and the

per capita expenditures for ga
rden supplies b

y an avera
ge C

an
adian w

as $150 in 1997. In
A

lberta, the annu
al cost per capita is $303 (i.e. 6670/22) in the full cooperation scena

rio,
a rather larger sum

 than O
ntario.

                                                
1

0 C
o

n
trary to

 oth
er eco

no
m

ic en
d

o
w

m
en

ts (e.g. en
erg

y re
so

u
rces), em

issio
n

 p
erm

it en
d

o
w

m
en

t d
o

es n
ot d

erive fro
m

n
atu

ral con
d

ition
s, bu

t fro
m

 a co
n

ven
tion

al so
cietal agree

m
en

t. T
h

ere
fo

re, th
e allo

cation
 o

f p
erm

its is really a so
cio

-
p

o
litical issu

e w
h

ich
 m

a
y o

n
ly b

e reso
lved

 via n
ego

tiatio
n

s. T
w

o
 extre

m
e vie

w
s o

f eq
u

ity can
 b

e op
p

o
sed

: th
e first

vie
w

 reco
m

m
en

d
s eq

u
a

l a
ba

te
m

e
n

t co
st p

e
r ca

p
ita

, an
d is ob

vio
u

sly largely vio
lated

 (in
 favo

r o
f Q

u
eb

ec) in
 ou

r
scen

ario
s. A

n
o

th
er reco

m
m

en
d

s 
e
q

u
a

l e
m

issio
n

 p
e
rm

its p
e
r ca

pita
, an

d, altho
u

gh no
t evalu

ated
 h

ere, w
o

u
ld

 attrib
ute

m
u

ch
 less p

erm
its to

 A
lb

erta th
an

 ou
r p

resen
t sch

em
e, an

d
 m

o
re to

 O
n

tario an
d Q

u
eb

ec. T
h

erefo
re, th

is seco
n

d eq
uity

p
rin

cip
le, if im

p
le

m
en

ted
, w

o
u

ld
 w

o
rsen

 A
lb

erta’s p
o

sitio
n

 as con
cern

s th
e ab

atem
en

t co
st p

er cap
ita.
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T
able 3: D

iscounted direct m
itigation costs per capita #

Q
uébec

O
ntario

A
lberta

A
verage

Increm
ental cost over B

ase (C 95$/capita)
K

yoto-N
C

520
6480

6900
4460

K
yoto-G

35
5710

6800
3890

K
yoto-E

-120
5040

6870
3510

K
yoto-G

+
E

-260
4970

6670
3400

# D
ivide b

y 22 to obtain an equivalent annual pa
ym

ent over 40 ye
ars.

3.2. M
arginal m

itigation costs (table 4)

Interpretin
g m

arginal costs is alw
a

ys a com
plex exercise, but provides a privileged view

of the techno-econom
ics of th

e system
 bein

g studied.

Lookin
g at the re

gions individually, Q
u

ebec h
as the low

est m
argin

al costs of G
H

G
abatem

ent in the N
C

 scenario, signalin
g that Q

uebe
c’s h

yd
ro ele

ctricity is able to repla
ce

other fuels (m
ainly gas and heatin

g oil) in a relatively econom
ical fashion. In A

lberta,
m

argin
al costs are high in 2010 and afte

r 2020. In 2010, this is due to the difficulty of
abiding 

b
y 

K
yoto 

w
hile 

sim
ultaneously 

continuin
g 

to 
extract 

(and 
sell) 

its 
natural

resources, as w
ill be discussed in later subsections. In later periods, the high m

arginal
cost reflects A

lberta’s difficulty in recon
ciling its ab

atem
ent w

ith a rather high econom
ic

gro
w

th. B
oth A

lbe
rta and O

ntario do have som
e low

 cost options to replace their co
al

gen
erated electricity, but these options are insufficient to reach the K

yo
to

+
 target, and

m
ore 

expensive 
substitutions 

are 
selected 

in 
end

-use 
sectors, 

reflected 
in 

the 
high

m
argin

al costs. N
ote that the tw

o provin
ces have high m

arginal cost even thou
gh nucle

ar
electricity be

com
es available in 2020, albeit at a rather high produ

ction cost.

Q
uébec h

as som
e but not m

an
y substitution options on the supply side, since its prim

ary
energ

y com
position alre

ad
y has very low

 carbon intensity (due to the h
ydro dom

inated
electricity 

production). 
Initially, 

ab
atem

ent 
is 

very 
cheap 

because 
electricity 

from
available capacity surplus replaces oil and gas for residential and com

m
ercial heatin

g
(and 

som
ew

hat 
in 

transpo
rt). 

T
he 

cost 
incre

ases 
m

oderately 
later 

on, 
w

hen 
this

substitution forces fresh investm
ent in sm

all hyd
ro cap

acity. T
he h

yd
roelectric resou

rce
also allow

s Q
uebe

c to abate its em
issions be

yond the K
yo

to+
 target, and th

ere
fore to sell

em
ission perm

its to the other tw
o provinces in the G

 scenario. O
f course, w

hen p
erm

it
trading is allow

ed, all provincial shado
w

 prices equalize in table 4, but at a level w
hich is

rather high, show
in

g that the ab
atem

ent target is indeed ch
allen

ging for C
ana

da.
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T
able 4: M

arginal C
osts of G

H
G

 A
batem

ent ($/T
onne of C

O2 -E
quivalent)

2010
2015

2020
2025

2030
N

o C
ooperation

Q
uebec

21
5

46
117

168
O

ntario
100

413
151

171
475

A
lberta

163
138

88
137

195
E

lectricity E
xchange

Q
uebec

73
83

129
144

442
O

ntario
74

99
132

152
449

A
lberta

165
138

87
139

197
G

H
G

 perm
it E

xchange
C

anada
106

136
99

130
317

F
ull C

ooperation
C

anada
95

110
94

141
352

3.3. P
erm

it and E
nergy T

rading

P
erm

it trading
W

ithout electricity trading, O
ntario bu

ys an average of 13.6 m
illion tonnes of G

H
G

perm
its annually, 4.1 from

 A
lberta and 9.5 from

 Q
uébec (F

igure 2
). A

llow
ing electricity

m
arkedly m

odifies the G
H

G
 perm

it tradin
g (F

igure 3
): O

ntario now
 bu

ys only 3.4 m
illion

tonnes of G
H

G
 on average pe

r yea
r, m

ostly from
 A

lberta. Q
u

ébe
c neither buys no

r sells
significant am

ounts of G
H

G
 pe

rm
its (this is so because Q

u
ebec’s electricity is a b

etter
option for O

ntario than bu
yin

g G
H

G
 p

erm
its from

 Q
uéb

ec). N
ote that A

lbe
rta is a net

seller of perm
its on average, but that it bu

ys perm
its in 2010, in both scenarios. T

his
refle

cts the difficulty for that provin
ce to abide b

y th
e 2010 em

ission constraint and at the
sam

e tim
e to continue to extract and sell its natural resou

rces, an activity w
hich em

its
m

uch C
O

2.

In the case w
hen both G

H
G

 and electricity a
re trade

d, the situation is quite interesting:
Q

uebec and O
ntario bo

th
 se

ll perm
its to A

lberta in 2010, but 
b

o
th

 b
u

y perm
its from

A
lberta a

fter 2015. T
his is so because Q

u
ebec, h

avin
g sold m

uch h
yd

ro ele
ctricity to

O
ntario, now

 has lim
ited abatem

ent options, and prefers to bu
y som

e perm
its from

A
lberta.

E
lectricity trading

W
henever electricity tradin

g is allow
ed, it takes place at a significant level, irrespective

of w
hether o

r not perm
it tradin

g is allow
ed (figure 4

). O
n average, Q

uéb
ec sells around

200 P
J of electricity ea

ch ye
ar to O

ntario, w
ith a pe

ak of 230 P
J in 2030. T

his m
eans an

additional installed h
ydro capa

city o
f 12 G

igaw
atts in 2030, an am

ount w
ell w

ithin
Q

uébec’s h
ydro potential. N

ote that w
e have not constrained th

e trade cap
acity betw

e
en

the tw
o provinces, and he

nce the am
ount of trade is govern

ed solely b
y the techno-

econom
ics of the supplyin

g and bu
yin

g pa
rtners

1
1.

                                                
1

1 In
 th

e co
m

p
an

io
n article on

 internation
al jo

in
t m

iitgatio
n

, electricity sale to
 th

e U
S

A
 co

m
p

ete w
ith

 th
ose to O

n
tario,

raisin
g th

e h
yd

ro
 in

vestm
en

ts in
 Q

u
éb

ec to
 high

er levels.
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N
atural gas trading

N
atural 

G
as 

is 
an 

im
portant 

com
m

odity 
in 

the 
A

lbe
rtan 

e
conom

y. 
T

h
rou

ghout 
the

scenarios an
alyzed, gas exports to O

ntario and Q
uéb

ec flu
ctuate (figu

re 5 show
s exports

to O
ntario, the largest client), reachin

g their low
est levels in the K

yoto-E
 and E

+
G

 cases.
T

his is so m
ostly because Q

u
ébe

c’s ele
ctricity partially replaces n

atural gas in O
ntario, as

a m
ore thorou

gh m
eans of ab

ating G
H

G
 em

issions there. In spite of these fluctuations, an
im

portant 
finding 

is 
that 

cum
ulative 

gas 
extraction 

in 
A

lberta 
rem

ains 
rem

arkably
constant across all scenarios, w

ith less sales w
ithin C

anada bein
g com

pensated b
y m

ore
sales to the U

S
A

. T
his point is discussed in m

ore detail in the subsection on the A
lberta

energ
y results (see also F

igure 15
)
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3.4. E
nergy technology im

pacts on the three provinces

F
igu

res 6 to 17 show
 the m

ain energ
y te

chnolo
g

y results in selected subsectors of ea
ch

province. In som
e cases, w

e show
 the full trajectories, and in others (m

ainly prim
a

ry
energ

y or electricity generation com
position), w

e exhibit the avera
ges com

puted over th
e

2010-2030 period, for 
each scen

ario, as w
ell as the 1990 snapshot for 

com
parison

purposes. W
e briefly com

m
ent the m

ost significant sw
itches in w

h
at follow

s.

Q
uébec (figures 6 to 9)

A
m

ong the three provin
ces, Q

uéb
ec m

e
ets the K

yoto protocol the m
ost easily becau

se
w

ith its m
oderate grow

th and sufficient h
ydro resources, the province em

its only 6
%

above the 1990 level, on an avera
ge, in the base case (figure 6

). H
en

ce it has a sm
aller

abatem
ent e

ffort to perform
. T

his abatem
ent is done via conservation m

easures (b
e

yond
those effe

cted in the B
ase C

ase as 
n
o
 re

g
re

t m
easures), fu

rther use o
f h

ydro electricity in
all end-use se

ctors (fig. 8 and 9
), extending also to transportation (w

he
re h

ybrid electric-
gasoline cars conquer p

art of the m
arket even in the base case). F

u
rtherm

ore, land
availability allow

s fu
el crops to produ

ce eth
anol and m

ethanol (from
 sw

itchgrass an
d

w
ood), w

hich displace even m
ore gasoline and diesel fu

els (fig. 7, 9).

In o
rder to export electricity to O

ntario, Q
uéb

ec builds significant additional cap
acity

over the base case: 4 G
W

 of large h
yd

ro, 3.5 G
W

 of sm
all h

yd
ro and 5 G

W
 of w

ind, b
y

2010-2015.
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O
ntario (figures 10 to 13)

O
ntario is the obverse case o

f Q
uéb

ec: its econom
ic grow

th rate is highe
r than Q

uéb
ec’s,

its new
 h

ydro potential is sm
all, and its nuclear is assum

ed frozen until 2020
1

2. T
hese

reasons m
ake th

at O
ntario’s avera

ge annu
al em

issions in the base case a
re 43%

 above the
1990 level. H

ence its abatem
ent effort is conside

rable, and so is its cost. T
o alleviate this,

O
ntario bu

ys enou
gh perm

its in the tw
o G

-trade scenarios to m
aintain its em

issions close
to 1990 level. T

herefore, O
ntario stills effects the vast m

ajority o
f its em

ission reduction
in its ow

n system
, and purch

ases a relatively sm
all am

ount of perm
its.

In the K
yoto-N

C
 scen

ario (the m
ost severe

), the m
ajor ne

w
 ene

rg
y technologies in the

electricity gen
eration se

ctor are the gas fuel cell (+
6 G

W
) and nuclear (+

8 G
W

 in late
periods), w

hich replace co
al plants. C

onventional gas plants are not selected in the N
C

scenario, but app
ear in the th

ree cooperation scenarios, since less local G
H

G
 ab

atem
ent is

required then. In the tw
o perm

it exchange scen
arios, fuel cell and nuclear lose ground.

W
hen electricy im

ports from
 Q

u
ébec are on (E

 and G
+

E
 scenarios), nu

clea
r cap

acity is
further reduced (14 G

W
), as w

ell as fuel cells and gas plants. Interestin
gly, th

e electricity
exchange w

ith Q
uebec is m

ore effective than perm
it trading to reduce nu

clea
r in O

ntario.

A
ll these energ

y technolo
g

y sw
itches are refle

cted and com
plem

ented in the end
-use

sectors: in the residential se
ctor, N

C
 induces som

e du
al ene

rg
y space heating system

s
such as W

ood+
E

lectricity, as w
ell as m

ore electric b
asebo

ard he
ating. T

h
ese te

chnologies
are less present w

h
en JM

 is allow
ed. In the transportation sector, alcohols and a sm

all
am

ount of electricity pa
rtly repla

ce petroleum
 fuels, but less than in the Q

uéb
ec ca

se.
A

gain, these substitutions are partially reversed under cooperation scenarios.

                                                
1

2 H
o

w
ever, even

 w
h

en
 n

u
clear is allo

w
ed

 earlier, it do
es n

o
t ap

p
ear in th

e b
ase case, alth

ou
gh

 it d
o

es in K
yo

to
 cases.
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A
lberta (figures 15 to 18)

In the b
ase case, avera

ge a
nnual G

H
G

 em
issions in A

lberta are 22%
 above the 1990

level. T
he

y tend to stabilize after a quick grow
th till ye

ar 2005, w
hich is driven b

y fossil
energ

y exports, as show
n in figure 15. T

he initial rise persists across all scenarios, and
even w

ith K
yoto, the avera

ge em
issions over the next thirty ye

ars a
re ve

ry close to the
1990 level. A

lberta seem
s to respect K

yoto just b
y substituting 

co
al 

w
ith 

gas 
and

renew
able sources in electricity generation (and b

y sm
all shifts of gas extraction from

later periods to e
arlier p

eriods, as discussed b
elow

). In later pe
riods, nuclea

r pla
ys a

significant role. W
ithout cooperation, coal contributes less than 10%

 in the post 2010
period, w

hich is a big redu
ction from

 its 90%
 share

 in the base case. G
iven the option to

export perm
its, it reduces the average em

issions b
y anoth

er 3%
, m

ainly b
y w

iping o
ut the

rem
aining coal based electricity gene

ration w
ith sm

all increases in h
yd

ro, w
ind, nucle

ar
and gas based po

w
er.

F
or A

lbe
rta, the good new

s is that energ
y exports, w

hich account fo
r about 70%

 o
f the

extraction and a significant part o
f A

lberta’s econom
ic activity, rem

ain unaffected in all
scenarios (this is not surprising, as an equilibrium

 m
odel based on cost m

inim
ization w

ill
m

ake every attem
pt to avoid the large opportunity cost resulting from

 lost sales, even if
this m

eans to sell at slightly low
er prices a com

m
odity w

hich is less in dem
and). T

h
e

avera
ge annu

al exports of natural gas in the post-2010 p
eriod are 3-4%

 highe
r in the no

cooperation K
yoto case as com

pared to the base case. T
his is so because O

ntario dem
and

for gas is high
est w

hen no relief is com
in

g from
 p

erm
it or electricity pu

rchases b
y that

province. C
onversely, p

erm
it sharin

g scenarios brin
g A

lberta en
erg

y exports close to the
base 

case 
traje

ctory 
a

fter 
2010. 

T
h

ese 
post-2010 

va
riations 

are 
appropriately

com
pensated be

fore ye
a

r 2010, and the total extraction over th
e entire ho

rizon rem
ains
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constant in all scenarios (figure 15
). It turns out that the gas reserves, rather than the

em
ission 

restrictions, 
gove

rn 
total 

gas 
exports, 

although 
em

ission 
restrictions 

do
influence the p

recise p
rofile of extraction (figure 15

). F
igure16 show

s in m
ore detail

(B
ase C

ase only) the extraction of natural gas from
 different locations, w

hich are grouped
in increasin

g order of cost. N
G

L rep
resents n

atural gas liquids, the only sou
rce w

ith a
sm

all rem
aining reserve a

fter ye
ar 2030. T

h
e undiscovered, m

ore expensive sources of
gas are not chosen b

y the m
odel in an

y scena
rio.

0

5
0

1
0

0

1
5

0

2
0

0

2
5

01
9

9
0

1
9

9
5

2
0

0
0

2
0

0
5

2
0

1
0

2
0

1
5

2
0

2
0

2
0

2
5

2
0

3
0

Y
e

ar

Million Tons Per Year (CO2 Eq.)

B
a

se
 C

a
se

K
yo

to
-N

C
K

yo
to

-G
K

yo
to

-E
K

yo
to

-G
+

E

F
igure 15 A

nnual G
H

G
 E

m
ission for A

lberta

P
a

g
e

 2
4

0

1000

2000

3000

4000

5000

6000

7000

8000

90001990
1995

2000
2005

2010
2015

2020
2025

2030

Y
ear

Petajoules per Year

B
ase C

ase
K

yoto-N
C

K
yoto-G

K
yoto-E

K
yoto-G

+
E

A
verage

0

1000

2000

3000

4000

5000

6000

7000

80001990
1995

2000
2005

2010
2015

2020
2025

2030

Y
ear

Petajoules per Year

N
G

L

G
as 5

G
as 4

G
as 3

G
as 2

G
as 1

G
as 0

F
igure 17 C

om
position of N

atural G
as E

xtraction in A
lberta (B

ase C
ase)

F
igure 16 T

otal G
as E

xtraction in A
lberta



P
a

g
e

 2
5

0 50

100

150

200

250

1990
B

ase C
ase

(2010-2030)
K

yoto-N
C

(2010-2030)
K

yoto-G
   (2010-

2030)
K

yoto-E
   

(2010-2030)
K

yoto-G
+E

(2010-2030)

F
uel C

ell
N

uclear
W

ind
G

as
H

ydro
C

oal

F
igure 18 A

ggregate E
lectricity G

eneration in A
lberta

 4. C
onclusion

T
he m

ajor findin
g of this research is that C

anada w
ould greatly ben

efit from
 internal

perm
it trading and enh

anced h
yd

roelectricity d
evelopm

ent and tradin
g, in order to reach

the K
yoto ta

rget e
fficiently. T

he collective cost savin
gs of th

ese tw
o m

easu
res w

ould
reduce total direct cost by one fourth. W

e have also identified the precise te
chno-

econom
ic de

cisions that w
ould insure that the K

yoto target is reach
ed at m

inim
um

 direct
cost. T

hese involve significant en
erg

y sw
itch

es, but no sudden revolution in the business-
as-usual ene

rg
y technolog

y m
ixes in each provin

ce. N
u

clear h
as been p

ostponed until
2020 in this stud

y, and thus pla
ys only a b

elated role. H
ow

ever, it could reduce abatem
ent

costs significantly if its penetration w
ere allow

ed earlier. G
as continues to play a m

ajor
role in C

anada, either throu
gh conventional technolo

gies, or throu
gh gas fuel cells for

electricity gen
eration, in the later p

eriods. O
il consum

ption decreases in the transport
sector, w

he
re alcohol and ele

ctric vehicles pen
etrate the m

arkets in a pro
gressive fash

ion
after 2010.

O
ne of the stron

g features of this rese
arch is that it m

odels the N
orth A

m
erican gas and

electricity m
arkets in a cre

dible m
anner. M

an
y past bottom

-up studies have assum
ed

exogenous gas and electricity supply sources, w
ith accordin

gly dim
inished realism

.

T
his stud

y has taken th
e long-term

 view
, even though the K

yoto proto
col’s deadline is

only 12 ye
ars ah

ead. W
e believe this is essential, and that short-term

 de
cisions are inde

ed
partly d

ependent on the lon
g te

rm
 objectives pursue

d. T
o accom

m
odate this, w

e h
ave

extended the K
yoto target to 2030, via additional m

itigation am
ounts. W

e fully intend to
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follow
 up on this issue, by explicitly introdu

cing un
ce

rtainty in the d
efinition of the long

term
 reduction target (i.e. de

fining several possible targets), and constructing a h
ed

gin
g

strateg
y (rather than p

erfect foresight strategies), via th
e S

tochastic P
ro

gram
m

in
g feature

of M
A

R
K

A
L. T

his w
ill be an im

portant sequel to this article.

T
he results obtained w

ould be som
e

w
hat alte

red (and the overa
ll cost som

ew
hat reduced)

if positive dem
and elasticities w

ere chosen in m
ost secto

rs. H
ow

ever, this analysis has on
purpose 

frozen 
dem

ands 
at 

their 
base 

case 
levels, 

in 
ord

er 
to 

cle
arly 

identify 
the

technological 
solutions 

for 
m

itigatin
g 

em
issions. 

F
urther 

econom
ic 

analysis 
of 

the
strate

gies elabo
rated in this rese

arch could and should be p
erform

ed, using econom
ic

sim
ulation m

odels. In th
at w

a
y, spe

cific indire
ct effects on va

rious sectors and on trade
w

ould be m
ade m

ore explicit. T
hese effects m

a
y be positive or n

e
gative.

T
his article did not set to fully explore the all im

portant issue of p
erm

it allocation, w
hich

is an equity rather than an e
fficien

cy question. H
ow

ever, the rem
arks m

ad
e he

re tra
ce the

w
a

y to evaluate perm
it sharin

g fo
rm

ulas if and w
hen the

y are proposed b
y the policy

m
akers.

A
 natural extension of this resea

rch w
ould be to includ

e the other C
an

adian re
gions, and

this w
ill be done in the future as other M

A
R

K
A

L m
odels are developed. H

ow
ever, the set

of provinces selected h
ere represents enou

gh of th
e diversity (as w

ell as of total econom
ic

activity and G
H

G
 em

issions), to constitute a represe
ntative portion of the country.

A
s discussed in the introduction, the im

pact of International Joint M
itigation is being

investigated in a com
panion stud

y, w
hose results w

ould of course alter the conclusions
reach

ed 
he

re. 
T

he
refo

re, 
the 

tw
o 

studies 
to

gethe
r 

w
ill 

provide 
a 

com
plete 

set 
of

contingent strategies coverin
g the tw

o m
ain possibilities regardin

g Joint M
itigation.
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