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1 Introduction

The climate change policy analvsis introduces new challenges 1o the energy mnodeling community.!
This is because an effective ('O, mitigation policy requires the establishment of price regimes by
a lew factors above our experience. This is necessary in order to restructure the energy economy,
which is now based on low price fossil fuels. and introduce. in the longer term. carbon-free energy
sources. The challenge for the energy modeling is to show how the shift towards non-carbon fuels
can be obtained and to identify efficient and simultaneously equitable policy options. Thus,
the models used in the past to analyze the energy systems, based for example on inelastic energy
demand approximations. are not anymore sufficient.

For this reason a family of models has been developed called Markal-Macro (MM ). The development
of MAI opens new options for the energy community, Now. not only that we have the flexibility to
adjust demands to price changes but we can also estimate the economic implications of environmen-
tal or supply constraints (e.g.. C'Os. NO,. nuclear availability. extensive use of renewables etc.).
The use of MARKAL-MACRO though, is associated with extra complexity and new challenges.
We should understand better the energy to economy relations and the demand/supply interactions
for using properly the model.

The project became feasible due to the pioneering work of Profs. A. Manne and C.-O. Wenne
(1992]. The contribution of G. Goldstein, [1991] integrating the software in his MUSS system and
his data-base support is also significant. My contribution to the MM project begins in 1992 and
it is related to the development of procedures that help to specify some model parameters. or
calibrate the model to some pre-specified sectorial demand projections for the reference case. The
development of the partial equilibrium version of Markal. and of the MM-trade is done together
with other project partieipants. Also. the early application of the model and its critical review has
helped to clarify the model ability to perform greenhouse policy studies.

We can claim now that: The model MARKAL-MACRO and its extensions, is appro-
priate to study partial and general equilibrium in the energy markets and the impli-
cations of the carbon dioxide mitigation policy. The main advantage of MM is the
explicit treatment of energy demand, supply and conversion technologies, including
emission control and conservation options, within a general equilibrium framework.

The famous gap between top-down and bottom up models is resolved and the economic m-
plications of environmental and supply policy constrains can be captured either in an aggregated
(Macro) or in a sectorial (Micro) level. The multi-regional trade version of the model allows to
study quoestions related to efficient and equitable allocation of cost and benefits associated with the
climate change issue. Finally. the stochastic version of the mnodel allows lo assess policies related
to uncertain and even catastrophic effects and define appropriate hedging strategies.

The report is divided in three parts:

b

e The first part gives an overview of the new model structure, it describes its macro economic
part and explains its calibration.

o The second part refers to the model application for Switzerland when analyzing the economic
implications of curbing ('O emissions or policies related to the introduction of a carbon tax,

"The report is the Swiss contribution to the IEA/OECD Energy Technology Systems Analysis Project (ETSAP),
Annex V called Energy options for sustainable development: Technological solutions, economic impacts
and emission reduction strategies, 1993-1995.
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including a hedging strategy.

o The last part is organized in form of Appendices and gives a mathematical description and
some potential extensions of the model. It describes also a sensitivity analysis done with

MARKALMACRO in 1092 [Kypreos. 1992).

2 The Basic Relations of the Model

Markal-Macro is actually a “model invention™ which defines the interactions between the economy
and the energy system under a set of environmental constraints. There are some new basic relations
introduced in the model on the top to the Markal equations to he described in the following chapter.
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Fig. 1: Overview of the MARKAL-MACRO submodel

The primary inputs capital, labor. and energy generate the economic output which is distributed to
consumption. investments and energy requiremnents and for satisfving the environmental limitations
(by restructuring the energy subsystem). The energy submodel is an explicit engineering model

that includes conservation options and technological change.
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2.1 The Basic Equations of the MACRO submodel

MARKAL-MACRQO defines the interactions between the economy and the energy system under a set
ol environmental constraints. There are some new constraints introduced in the MACRO submodel
on the top of the equations of MARKAL. necessary to drive the macroeconomic growth and to link
the economic activities to the energy systeni. The new variables and constraints are: consumption
C'.investments [, labor L. capital K. energy cost FC'. and the demands for energy services D,,.
Markal is a process oriented engineering model that desceribes all energy transformations from
primary sources to energy services. It uses as variables the resources of the energy system. the
installed capacity and investments on new technologies and the flow of energy through the different
technologies.  Exogenous model parameters are the fuel prices. the resource availability and the
potential economic growth. It follows a list of the most important MACRO constraints:

¢ The utility function UTIL:
The model maximizes a utility function which is defined as the integral of the discounted
logarithm of consunmiption. where 7 is the time preference rate for discounting utility.*
T
U= mCy-e="dt (1)

JO

The integral is approximated assuming T periods of time duration éf and a terminal condition
for the time period afterwards. Notice that » hecomes a function of time (7).

UTIL = mzrf\l 3 inC, 4 —2rinCr (2)
B t=l‘ll ! l_(l_r)él
while
b=t1-1
o= 1 (0 —re)™ (3)
k=0

s The production function PROD:
A constant elasticity of substitution (C'ES) function describes the “Gross Output™ Y. of the

economy. as function of the primary inputs. The aggregate production function (primal) of
the economy takes the form.

e L R e D Y I (4)

m

and links the primary input requirements of the economy capital K. and labor L. with the
intermediate inputs of demands D,,. (a and b, are scaling factors to be specified through
the calibration of the model). The CES production function allows substitution between the
pair capital-labor and the energy serviees when the relative prices change. The elasticity of
substitntion” is o = 1/(1 — p) '

“ I he issue of discounting is one of the most critical problems in the C'O2 debate since the expected damages will
tahe place in the second half of the next century and their present worth value is low. Discounting is less critical in
our model sinee we don’t specify optimal policy based on cost /henefit analysis.

It Z = f(r.y) i~ a production function and r.y are the factors of production then, the elasticity of substitution
. describes how to production factors substitute cach other. o is defined as the relative change of the ratio < to
the relative change of the marginal rate of substitution among these factors. The marginal rate of substitution now
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¢ The USE of output function:
The ~Gross Qutput™ is consumed (', or used for investments /. and for meeting the financial
requiretients of the energy sector EC. The energy cost LC. is estimated in MARKAL by an
explicit description of the energy sector including options to protect the environment. The
basic identity that defines the use of Gross Qutput Y is:

Yi=0+ L+ EC,

If the energy price increases. due to resource depletion or environmental constraints then.
energy is substituted by capital and labor (CES production function). while the output Y
and the demand for cuergy services are decreasing. This equation assumes that the gross
domestic produet is given as the snmmation of consumption and investments and thus the
net exports are balanced.?

¢ The capital formation function, CAP:
Depreciation of existing capital and new investments specify the accumulation of the produc-
tion factor capital as follows:

Ke= (1 =6k K +67/2-[(1 = 6k)7 - Iy + 1] (5)

&k is the annual depreciation factor. and 47 is the time length (i.e. vears) per period. Labor
is exogenous and it is expressed in effective units relative to the starting year.

¢ The terminal conditions, TC:
The equation is applied after the end of the time Lorizon to ensure that the rate of investments
provides for depreciation dr. and the net growth of capital gr:

Kyp-(gr+dr)< Iy {6)

e Non-linear market penetration penalty functions that help to avoid extreme penetration rates
of technologies.

Two are the basic constraints coupling MACRO to MARKAL. the demand for energy services and
the energy cost (See also Appendix A for Markal):

¢ The demand constraints:
They couple the MARKAL end-use devices 7, with the adjusted MACRO demand for energy
services DM': ddf are exogenous demand decoupling factors that could represent. among
others. annual rates of efficiency improvement

nm
ly ’ ~ddf At -
Z dll"'l Z DA]n” = Dl’lll L y (‘)
dvll:l
!
i~ R(r.y) = —::—," = -;—,"— c.g., the slope of the production function at the isoquant (for ¢z = 0.0). It can be shown

4
that if the production function is homogencous of degree one then, the outpul increases proportional to the increase

of the inputs and thus we have “constant returns to scale™. In the case of a constant elasticity of substitution (CES)

tion. as the one nsed i o o Ontafy) __Olnlafy) e anp = -
function, as the one nsed in MM, we have: o = BiwiiaTy) = Bin(ryr a1 1 will be shown that ¢ = 1/(1 = p)

"I'he Markal-Macro multi-regional model introdnces trade and treats exports-imports as endogenous niodel
variable.
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¢ The energy system cost: EC
The annualized energy system cost is expressed using the variables of MARKAL. Some terms
are shown below: the parameter se,, is the specific investment cost per unit of capacity while
erp is the annualized capital recovery factor per technology. If Y represents new capacity
investments and W the resource use then we have:

EC, = Z Y, scpecry annualized capital cost
r
+ ) pajre Wi resource cost
sjk
+ .... other costs like fuel, etc.

(8)

The advantage of MM is that the demand for energy services is an endogenous model variable
that appears in the production function. The dual equation of the production function, which
is estimated as a first order optimality condition for maximizing utility. defines the demand for
energy services as function of shadow prices and of the aggregate economic activity. The energy
supply function is estimated in Markal and defines the marginal cost of energy services. Deimand
and supply of energy services are balanced to clear the energy markets and define the equilibrium
price of energy. This equilibrium is satisfied as optimality condition in the model without the
need 1o use an iterative approach. ‘Thus. Markal-Macro is formulated as a non-linear mathematical
programming (MP) problem which is solved directly. It is a “lovk-ahead™ rather than a “recursive
dyvnamic™ madel.

2.2 Profit Maximization and Demand Functions

We first consider a simple version of the production function in order to derive the demand function
of Markal-Macro. In this simple version the production factors labor, capital and energy services
are represented by aggregate variables.

Assume that 17 represents the value added by capital and labor, E the energy input to the economy.
Y the economic output and . the price of a.

The model that maximizes utility maximizes also the profit function. The profit function equals
the value of production minus the production cost. The profit function to be maximized is:

T=Y+xP,-V+P —ExP, (9)
that subjects to the production constraint:
Y =[ax VP4 b EF)Mr (10)
Using the Lagrange function of the problem defined above:

A:7.—-}'*Py+V*Pu+E*Pe+,\*[Y—(a*V"+b*E")1/"] (11,

and setting all the partial derivatives to zero, we get:

P, = P, xaY/V)I=* (12)
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P.= P, +b(Y/E)~" (13)

or the equivalent relations defining the demand for energy and the economic activity as function of
their prices:
E=Y «(P/bP,)~1/1-n (14)

V=Y«(P[aP,) /=" (15)

These demand relations are implicitly imposed when solving for Markal-Macro maximizing the
utility function of the model. The elasticity of substitution can be estimated based on the relations
above: we have:

E Pe'(l]_l_l_

T=[P,,-b

1 _ _oIn(V/E) = -
and since 0 = G55, we get @ = 1/(1- p).

(16)

Other production functions:

Markal-Macro assumes a three factor function to describe the output Y, of the economy as function
of the primary inputs capital K, labor L, and energy services, D,,’s: the function takes the form;

Y, =[ax A7« Lf'“'a) + Z byt * D,’;,,]l/” (17)

The dual equation of this function relates the price of output Py, to the prices of capital Py, labor
Pyr. and the prices of energy services Pp:

Py =[a® % (P2 PV £ 3 (P )=o) (18)

The production function finally selected in Markal-Macro assumes a factor-augmenting coefficient
ddf that represents price independent technological progress like efficiency improvement.

Y = [ax Koy [rrtme) 4 Zb,,, * (cxpm=at o DMF (19)

m

The dual of this equation can estimated applving the Lagrange function. and the implicit demand
function hecomes:

Doy = eaxp™@m=2070 ¥ (Pt /b)) " (20)
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2.2.1 Benchmarking the production function

The sealing factors a and b, that appear in the production function (excluding the ddf factors)
need to be specilied for the starting vear.

Yo=lax K™« L7 43 by, D5, ]YT (21)

m

Assuming that the parameters a. the capital’s value share to the economic ontput and p (related
to the elasticity of substitution). are known, we proceed as follows:

e The demand coustants b,, are estimated applying the first order maximization condition for
profit. where the price for enery services equals the margiual cost of energy services (change
in the output per unit change of demand):

I),,, = ())/()Dm = bm * ()’/[)m)l—’1

¢ Then. if each by, is known. the coefficient « can be defined applying the production function
for the first vear where the labor index equals one:

YO =akhor 4 Zm mey’; y)’

Since the marginal price for energy services P,,. is not a known statistical information, we have first
1o solve the MARKAL model in order to get the shadow prices of energy services. These shadow
prices are the reference prices for the starting year that calibrate the model.

2.2.2 How MARKAL-MACRO works

The basic model advantage is that it solves for the partial and “general” equilibrium directly
without the need to iterate on marginal prices. The model defines the price for energy services
based on the implied demand function of MACRO and the supply functions of MARKAL.

Dm,l = 6:':[)-ddjm.At-(l-a) ¥ Yl * (Rn.t/bm)-a (22)
Simultaneously. the production function,

}, = [" * ]\-p-u * L[Ill(l—a) + me * (e:rpddfm-Af * Dm )p]l/p (23)

m

the basie USE identity, ¥ =C+ I+ EC  and the capital formation function

K, = (1 —&)* N,_, + I, obtain the feed-back between the energy system and the rest of the
economy. using capital and labor to substitute for energy. Labor is exogenous, the energy cost
(" is estimated in Markal while by maximizing of utility we specify the optimal share of output
between consumption and investments,
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2.3 Some final remarks

Marhal includes. on the top to the energy production sector. all end-use technologies and conserva-
tion options and allows 1o control carbon dioxide in the end-use markets to an extent not possible
in computable general equilibrium models.

This explicit description of the end-use technologies allows to model price eflects on demand which
20 hevond the effects of long term price elasticity and analyze "better™ the C'Q4 control cost. i.e..
to introduce back-stop technologies in the end-user’s markets.”

Markal-Maero is a modeling invention. The reason for that claim is that Markal stand-alone is a
sonrce of significant information used to calibrate MM. The shadow prices of Markal define the
reference prices for energy services and thus help to calibrate the model (specifications of @ and b,
) for the starting vear. \lso some other parameters are defined using Markal. These are the most
important parameters of the model. e.g.. the clasticity of substitution ESU B = a. which specifies
substitution between the pair {Kk. L) and the energy services, and the demand decoupling factors
DDE. This chapter explains how these parameters can he estimated.

2.3.1  Elasticity of substitution

The difliculty in estimating the parameter ESUDB is due to the fact that neither the energy service
nor its price is a statistical information. When the energy services contribute 1o a small fraction of
gross output. the elasticity of substitution (@). is equal to the own-price clasticity of energy services
{and not to the price elasticity of final demand). The demand for energy services (in relative terms)
t

is given by the equation:

E=Y.-P.7 (2:1)

m
W. Hogan and A. Maune have shown that in the production function of ETA-MACRQO the fuel
price clasticity is given by ¢p = —a /(1 = s) where o is the CES elasticity and s the value share
of energy 10 the economy. A similar relation is valid also for the MM production function. where
(p = —FESUB/(] = ses) refers to the price clasticity of energy services and scs to the value share
ol energy services to the overall output Y. The relation can be derived as follows:

Assume that the demand for energy services. in relative terms. is given as above then applving the
logarithm and based on the definition of price elasticity for energy services we have:

dnk Mny

D= ——— = =T

dlnp, dn P,

Thus. we see that if the economic output Y. was independent of the price for energy services
then. the elasticity of substitution will be equal to the price clasticity of energy services. This

(25)

""Better™ means that we can describe technical conservation options which reduce demand to levels beyond the
long term price clasticity. A price elasticity & = 0.4, for example, will reduce demand by 43%. if prices quadruples. At
that price range it is quite probable that goad insulated houses (like zero energy houses) become economic and thus
a demand reduction of 80% coald be obtained. Similarly. an electric car produces zero CO; emissions, if non-fossil
clectricity is used, at cost per kilometer which are probably twice or three times as high as for gasoline cars. A model
based upon the elasticity of substitution requires very high taxes to produce the same reduction in C'O; emissions.
In L'TA-MACRO. backstop technologies are introduced to capture the possibility to supply "unlimited energy”™ at
high but bounded cost and thus to "backstop™ prices of energy supplies. The same approach becomes possible in
MARKNAL for defining “backstop technologies™ to the carbon tax in the end-use markets, Either capital and labor
~ubstitution for encrgy or the "backstop™ technologies will bound the tax in a way that reflects reality better.

“Ihe form of the equation i~ quite similar to the final energy demand cquation that assumes a unitary income
clasticity and a price elasticity o.
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is approximately the case when energy contributes to a small fraction of gross output. From the
definition of price olasti('il,\' we have:

L ok _ P ok a0 oiny _ P oY _ P Y L WE _ P OE
= nr = pan while g = fefp = S gp e i = 5 Pogf:
since  srs = —r— substituting we get the relation:
a
(g = —3—— (26)
1 — ses

The oquation above is not quite helpful because it correlates two unknown elasticities to each other.
In order to derive a relation between the fuel price elasticity and the elasticity for energy services we
have 1o elaborate further on the function defining energy services. We can assume that the energy
services are defined by a homogeneous function of degree one (like the production function) with
final energy demand F and capital Z being the main inputs, e.g.. £ = g(F.Z) [Dantzing. 1981].
In such a case the function g. can be inverted for £ to define the demand function F = h(E. W),
i =Z/F.

The relation FF = h(E. W), allows to differentiate and define the partial derivative of final energy
nse in respect to fuel price, based cn the definition of elasticity:

dnlF  9F P oh (')H oh OF -

- m - ()Pj ¥ T Pj/r [ )” ()P |1:-romtnnt +0E c')P |W-constanl] or (2‘)
Py oh OF ah

(p = f Il =cronstant +(PJ/E * _) * (E/F* ) |M’-constanl (28)

3 ()P

The first component is the technological elasticity of substitution to be estimated using Markal
at constant demand for energy services. On the other hand. the second component is "bhehav-
ioral driven™ and refers to substitution effects due to price changes within the same technological
structure, Since the demand function £ = g(F.Z) is homogeneous of degree 1. and the ratio
W = £ = constant.  we have JF/OE = 9hJOE = F/E  aund defining: egp = (Pr/E+2E ) we
got:

€r = e+ CuF (29)

Now. we can define the relation between ¢z and the fuel price elasticity based on:

MHnE PE OF OF P~ OPp Pg JPr Pg

= —= 30
=9t = F or = or B G B = =0 Ghy y) (30)
Using the implicit price of energy services. P, = ﬂf—ﬂ (or ‘;[’; = £)
and the definition of the fucl share a. we have:
E-P.
fE=fF'3'F_]1:F =€epg/a (31)
Substituting for «pp; we get:
€F=€r+ - (32)
Finallv. the elasticity of substitution is:
1 — ses
o= —(—ﬂ——)'(fr—fur) (33)
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This relation allows to assess a feasibility range for the elasticity of substitution. The fuel price
olasticity can be estimated by cconometric analysis of the energy markets. Also. the technological
clasticity and the other constants are estimated within the modeling framework used. If the model
uses data that imply a high technological flexibility to substitute for energyv services then. ¢y, gets
a high value. But. at high technological substitution and constant fuel elasticity. the elasticity of
substitution becomes smaller. Thus in that case the model becomes less sensitive to price changes
and lowers the chance to double-count energy savings.

Estimating ESUB

Based on the relations discussed above an appropriate range of ESUB can be defined. The exact
value of ESUR is not easily estimated since the assumptions concerning the homogeneous function
of energy services are not always fulfilled. Markal assumes initial stocks of capacity and bounds
that distort the homogencous function. Also. the relations defined refer to a static representation of
the markets while in our modeling approach we use a dynainic multisectoral market representation.
Examining the Markal results in the reference cases and at different prices we specify the techno-
fogical elasticity of substitution to be between 0.1 to 0.2. The low estimate refers to cumulative
final demand change while the high value refers to the demand in the year 2030. (Markal is a
multiperiod and multisectoral model and that makes it difficult to estimate one elasticity based on
the aggregate definition ¢y, = %)

The procedure to estimate an aggregate cnergy price elasticity is based on econometric analysis
and time series that define prices. final energy use per fuel and the GDP of Switzerland. In order
to define the price and the income elasticities we assumed a demand relation similar to the one
used in Markal-Macro,

Fo=Y"% Py (31)

I, is the final demand and Py the aggregate energy price index. Ordinary least square analysis
has been performed using constructed time series on average energy prices. final energy demands
and the GDP. This analysis gives a very low price elasticity ¢, = —0.1 and an income elasticity
3 = 10.75. On the other hand. the short and long terin elasticities for Switzerland are mueh higher.
Finally. values of ¢; = —0.2 to — 0.1 have been adopted for Switzerland.

Assuming again that the fuel cost is 50 % of the end-use device costs. the elasticity of cnergy
services gets similar values to the price elasticities and varies between -0.2 to -0.4. [f again. the
value share of energy services to the total output is 0.15 then. the elasticity of substitution will be
in the range of 0.17 to 0.31. The value adopted for Switzerland was 0.2 for being in the conservative
side and not underestimating the carbon tax.

2.3.2 The demand decoupling factor, DDF

The DDF factor simulates technological progress in the energy sector but it can have different
interpretations.  The most common one is that represents cfficiency improvement independent
of price changes. Another interpretation is that adjusts for the non-unitary income elasticity of
demand. Finally, ddf can be related to the struetural changes in the economy and the life style
chianges. It follows an innovative interpretation of the ddf parameters.

In Mal the demand for energy services becomes an endogenous model variable. Generally, it is
not justified to generate disaggregated demand projections based on aggregate levels of economic
activity and an average clasticity of substitution. Omne has to differentiate hetween sectors of
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high or low demand growth that differ to the average economic growth. For this reason MM can
he calibrated to the time dependent projections of more sophisticated simulation models. This
calibration is obtained by defining time and sector dependent demand decoupling factors. In this
way. different scenarios can he simulated by defining different parameters per scenario. Energy
demand becomes a real model variable only under the 'O, constraint. The procedure for the
calibration is as follows:

In order to specify variable ddf factors per energy service and time step that mimic the results
of other demand simulation models. a production function is used where technological progress is
explicitly assumed. The fuuction takes the form.

Vo=[a KoL 4 Y by (eap™ A DyY)HT (35)

and links the primary input requirements of the economy. capital K, and labor L, to the energy
servicos. ;. The ddf's augment the production factor energy such that less energy is used for
the same ontput. The dual equation is derived from P; = 9Y/0D; and relates the price of energy
services to their demand:

D,y=cap™eat=ol oy (P Jb)" (36)
The relation is reformulated introducing a time period index k.

k=1t

Dyy=capl Y —ddfy-80-(1=a)]- Y- (P /b)) (37)

where 8¢ is the time step per period. If all the parameters and variables of the equation above
are known. then the ddf,. can be specified applying the relation to each time period. Now. using
the MARKAL estimmates of shadow prices per demand P;,. the assumed economic growth and
the demand projections of the simulation models, D;, (e.g.. the exogenous demand constraints of
MARKAL). we can define ddf; ; as follows:

ddf; = 0.0 for the first period
and for b = 2.3..1
Foo = Din/(Yi- P7)
ddf, I(Fix/Fix-r)- (p=1)/(8-p) (38)
(39)

The procedure has been used for Switzerland and other countries. The user must start with Markal
and estimate the shadow prices for energy services and iterate with MM for the correct estimate of
the economic ontput.

In conclusion: One of the main problems in using MM is to avoid double-counting of energy con-
servation. For that purpose. the model user should start with the proper estimate of the elasticity
ol substitution. The adopted value for ESUB must be consistant with the database and the known
price elasticity of energy demand. Then. if more sophisticated demand projections are available for
the reference case. time dependent ddf factors can be introduced that simulate these projections.
This preliminary analysis is a prerequisite in order to have consistant estimates of marginal CO,
control cost,
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3 Economic Implications of Environmental Policy

3.1 Scope of the study 0

The greenhouse effeet s one of the most eritical issnes in environmental poliey. The UN frame-
work Convention on Climate Change. article 2. states that: The ultimate objective of the
Convention .... is to achieve, ... stabilization of greenhouse gas conceantrations in the

atmosphere at a level that would prevent dangerous anthropogenic interference with
the climate system.

At present. the global carbon dioxide emissions increase at a rate of approximately 1% per

annn.  Other greenhouse gases (GHGs) show also similar trends while their atmospheric con-
centration increases, This produces a global warming since more heat is trapped by the carth’s
atmosphere. 1PCC models [IPC(C-90] indicate that even a stabilization of emissions to present
levels produces a linear increase in ('Qy concentrations. In other words. a stabilization of ('O,
concentrations is ouly possible if the GHG emission rate is reduced. Global warming will be
stabilized hetween 1.57C to 1°C" higher than present temperatures as long as the global GUG emis-
sions are reduced at a rate of approximately 1% per vear. This decrease of emissions will stabilize
GHG concentrations to levels of 50% more than the pre-industrial concentrations. This was also
the recommendation of the Toronto Conference in 1988 [UN. 1988]. Thus. in order to fulfill the
ultimate objective of the C'onvention on Climate Change and to “prevent dangerous anthropogenic
interference with the climate system™ we have to reduce ('O, emissions by 50% in the next century.
Most of the natural scientists and the environmentalists see 1o reason to argue about these goals.
On the other hand. most of the cconomists argue about timing. thie measures and the level of
carbon tax necessary to address the problem. They claim that the world economy itself is a very
sensitive and complex system and that unwise and unrealistic policy could damage the economy in
an irreversible way. Also. the optimal policy. i.e. a policy that takes into account the control costs
and the benefits to avoid damages is not justifving high levels of carbon taxes. This is an ongoing
debate.
The interpretation of this Convention in terms of goals. appropriate measures and timing needs
further elaboration. On the other hand. one can assume that a uniform and unilateral ('O, emission
reduction by 50% for all countries is a first option to start with analysis and define the economic
implications of ('O control. The next step is to search for more efficient policies and differentiate
among countries with different control costs and energy systems.

The scope of the study is to examire the economic implication of fulfilling the UN frame-
work Convention on Climate Change by assuming different reduction levels of ('O, emissions in
Switzerland. relative to the emissions of the vear 1990. The study continuous with the examination
of more cfficient means of environmental policy like compensation payments for investients that
mitigate global warming and the international trade of ('O, emission rights. and concludes with a
stochastic analysis to define “minimum regret™ policy for Switzerland.

‘The improvement of the ambient air quality in Switzerland can be obtained by reducing the
annnal emissions of SO+ and N O . as proposed by the " Clean Air Concept™ of the Swiss administra-
tion [LRK-1988]. This is introduced in all scenarios analyzed and the study identifies the synergies
of a combined policy against the global warming and the improvement of the local ambient air
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quality.

3.2 Main Assumptions

The study on the ("O4 control cost is based on the scenario approach. A scenario is a set of consistent
assumptions describing the underlying social. political and economic developments in the country as
well as the necessary policy framework to implement the assumed development. Different scenarios
are described using the model Markal-Macro.” The value of ESUB for Switzerland is assumed to
be 0.2. This is justified due to the low level of substitution for energy that has taken place in the
conntry and the low price elasticity of demand.

e Socioeconomic parameters.

The assessment of the socioeconomic development i.e., population. Gross Domestic Product
(GDP) growth. industrial production, building stock development and car ownership, as
specified by the St. Gallen Centre for Future Research, has been used in this study [SGZZ,
1990]. The assumed population growth (0,3 %/a) combined with moderate productivity
growth. allows an economic development of 1.55 %/a, up to the vear 2000 which is then
reduced to 1.28%. Therefore, the potential GDP increase is 70%. These assumptions refer to
an ecconomic environment under a nuclear moratorium.

¢ Energy demand.

The socioeconomic parameters together with an assessment of the evolution of the specific
energy consumption have been used by a sectorial demand simulation model SMEDE [S.
Kypreos. 1990] to define the euergy demaund constraints for Markal. This data correspond
to the expectations on economic growth and structural changes in Switzerland. Finally, the
shadow prices for energy services of Markal are used to define the so-called DDF factors for
Markal-Macro and to calibrate the model such that the same disaggregated demand of energy
services is estimated in both models. Energy demand becomes a real model variable under
the ('O constraint and allows to study the economic implications of CO4 control policy.
Finally. the explicit assumptions on technological change made in the demand simulation
model SMEDE and in the data base of Markal result to a stabilization of final energy demand
for the price development of the reference case.

¢ The end-user’s price for oil and gas are exogenous and it is assumed to double in the next 15
vears and from then on to remain constant up to the year 2030.

o It is important to distinguish between the marginal productivity of capital ¢, and the rate of

time preference r used in discounting of the utility across different generations. The relation
between these two rates for the logarithmic form of utility function used is: e =g+r
where g is the growth rate of the economy.
The study assumes a real capital productivity e, = 5%, while g is an endogenous model
variable that depends on potential growth and on the cost of the energy system including
environmental control. The average economic growth assumed under a nuclear moratorium
is given above and in Table 1 which is a summary of the main assumptions.

"Most of the data, price assumptions and demand projections are based on the work of EGES [1998]. Work is
progress for updating the database of the madel.
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Table 1: Main scenario assumptions

indicator units 1990 | 2030
population million 672 | 7.3
GDP relative to 1990 l. 1.7
GDP Billion SFr 90 314, | 534,
industry & construction | GDP fraction 0.35 | 0.35
energy/industrial GDP | relative to 90 l. 0.7
commercial sector GDP fraction 0.61 | 0.63
1990 | 2025
freight 10 tkin 18. | 20,
car ownership cars/ 1000 cap 447 | 535
share of car transport percent a7 .76
car-km 10%km 45, | 50.
energy/car-km relative to 90 l. T
heated surface m=/cap 63.3 | 82
useful energy/ surface relative to 90 L. 0.79
oil price (dollars/barrel) 18 36

3.3 Scenarios and Emissions

All the assumptions discussed before. define the expected energy demand for the present energy
and environmental policy and the expected price development. This demand projection is asso-
ciated with a nuclear "Moratorium™ (MQO) imposed by public vote in 1990. It is assumed that
the total installed nuclear capacity will remain in the level of 3. GWe to 3.25 GWe independently
of the aging of nuclear reactors. This becomes feasible by extending the life of existing plants.
Another scenario called “Nuclear Available™ (NA). is introduced for testing the GDP differential
and the carbon-tax differentials due to the nuclear av: !ability. It has been assumed that new
nuclear power stations will be made operational after tha year 2010 while their capacity is uncon-
strained. Similarly. the oil and gas imports are unconstrained for all scenarios analvzed in the study.

Sustainability constraints on environmental quality are imposed to avoid emissions causing local.,
regional and global pollution problems. hnposing appropriate bounds on annual emission levels we
are able to satisfv policy goals on environmental quality as adopted by the Swiss "clean air act”
and to contribute to the global climatic sustainability as proposed by the ”Intergovernmental Panel
on Climate Change™.

In the reference case the emissions of 'O, are not constrained at all. while in all cases the emissions
of SO» and NO, where constrained to levels which represent the "clean air concept” proposed by
the Swiss Government.

Different scenarios on the CO, constraint are defined based on gradually increased limits on
('OQ» emissions. The MO and NA cases are estimated first without imposing a constraint on CO,.
Then. different cases are analvzed with the optimization model at different levels of C' O, control,
starting with a stabilization of emissions and ending with a reduction rate of 50% in the year 2030.
The reduction rates refer to the emissions relative to the year 1990.

It is of importance to notice that the SO, constraint becomes nonbinding and the marginal cost
related to the NO, constraint is strongly reduced by imposing severe CO, constraints. Thus, we
can conclude that the required structural clhanges of the Swiss energy system necessary to fulfill
the ('limate Convention improve the local and regional ambient air quality at no extra costs.
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4 Main Results

This chapter presents a summary of the Markal-Macro results for the ”Moratorium” and the "Nu-
clear Available”™ cases. This summary gives the primary and final energy, the electricity generation,
the marginal control costs and the economic implications in terms of GDP losses. Finally, the
contribution to (' reduction by technology and due changes in energy prices and the economic
output is presented and discussed.

4.1 Primary Energy

Primary energy consumption increases between 34% (C'Oa-unconstrained) and 16.4% ('O con-
strained case).in the N\ case. In the MO unconstrained case, the primary energy increases by 18%
and remains constant in the 50% 'O, reduction case. Total primary energy requirements (TPER)
are given in Table 2 and for the different scenarios.

The level of primary energy use for the unconstrained reference development is in principle

exogenous to MM. This depends on the level of technical innovation assumed in the demand sim-
ulation model and the doubling of consumer’s prices in the final energy markets. On the other
hand. the difference in primary energy use between the NA and the MO cases is endogenous and
depends on the difference in their marginal costs of energy services. The high production cost
of solar electricity in relation to nuclear electricity augments the marginal costs of demands and
makes explicit conservation measures attractive. The high marginal cost of demands in the MO
case reduces the equilibrium level of demand.
The marginal costs of energy demand are even higher when a carbon constraint is introduced.
This is due to substitution of fossil fuels by non-fossil alternatives. The high marginal costs reduce
demand for energy services (ESUB=0.2) while the explicit conservation options in the end-use
markets become more competitive.

Table 2: Primary energy in 2030 (PJ/yr)

case / ('O, reduction | base | 0% | 20% || 30% | 10% | 50%
Nuclear available 348 | 1353 1 1326 || 1268 | 1224 || 1175
Moratorium 11921 1165 [ 1126 (| 1116 | 1053 || 1000

4.2 Shares of Fossil, Nuclear and Renewable Energy

The imposed ('O, emission constraint results into significant changes in the structure of energy
supplies: inter-fossil fuel switching (which has taken place in the base case and between the years
1990 and 2030) is important only at moderate levels of C'O» reduction. Fossil fuel use is substituted
by mainly nuclear energy and renewables. in the NA case and at high levels of ('O, reduction. Two
offects take place in the NA constrained case: the carbon tax increases the fossil fuel cost of end-
use technologies and thus electricity substitutes for fossil fuels. while the low generation cost for
clectricity makes conservation options in the electricity markets less competitive. The net effect is
a higher use of electricity to substitute for fossil fuels and a higher production of electricity from
non-fossil fuels,

The nuclear energy gains 26 percentage points (pp) relative to 1990, versus 2 pp losses in the con-
tribution of renewables and 214 pp loss by fossil fuels. The inter-fossil fuel shares for the year 2030
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and at -30% ('O, reduction are quite the same in both cases. Table 3 gives the shares of fossil
fuels. reurwables and nuclear energy as well as the inter-fossil fuel shares.

Table 3: Shares of Primary Energy (2030)

Fuel base MO | -20% MO { -30% MO || base NA | -20% NA || -30% NA
nuclear 212 256 258 AR86 152 TR
renewables A7l 273 326 JAT 152 162
fossil DRT AT2 16 A8H 396 360

fossil fuel distribution (2030)

oil AT .92 524 159 D43 BB
gas A27 62 D06 A21 27 A2
coal 56 018 .02 120 .030 .020

I'ig. 2 illustrates the primary energy use for the unconstrained and the 30% 'O, reduction cases.
Segments in the bars (bottom to top) correspond to coal, wood, oil, gas, nuclear energy and
renewables.
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Fig. 2: Primary energy use per scenario
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4.3 Final Energy

The final energy consumption increases less than the primnary energy. This is due to the use of
fossil fuel equivalent to account for nuclear and solar electricity. The nuclear availability case
assumes a higher demand level than in the Moratorium case. The difference is due to the fact
that conservation measures become less attractive (competitive) in the nuclear availability cases.
In the NA case and when a 30% reduction of C'O, emissions is imposed, demand is stabilized to
the levels of 1990. while in the MO case final energy decreases by 4%. The M-M results are similar.
but lower, to the Markal stand-alone results. This is due to the fact that in M-M the increased
marginal costs of energy services under the C'O4 constraint, lowers demand by an equivalent price
clasticity of 0.2. Another difference in the results refers to the estimated fuel shares. Since gas is
not anymore bounded, the share of liquid fuels decrcases to approximately 32%. Liquid fuels are
loosing 32 pp relative to the 1990’s share, gas captures L5 pp and electricity 13 pp.

Table 4: Final Energy in 2030 (PJ/yr)
(779 PJ tn 1990)

case base | 0% | 20% | 30%
Moratorium 846 | 826 | 786 746

Nuclear available | 893 | 893 | 838 | 778

4.4 Electricity Production

In the Moratorium reference case. the new production is covered by different fossil fuels (coal for
industrial cogeneration. gas and oil) and hyvdropower. The contribution of renewables and nuclear
energy is less important. In the C"O» reduction cases solar, hydro and wind substitute for fossil
fuels with the exception of small cogeneration systems for services and residential buildings. The
potential of hydro-power. solar tower (in the Apls), wind and photovoltaics is ruther optimistic. Sig-
nificant is also the extra contribution of nuclear energy under the conditions of nuclear moratorium.

In the nuclear available case, electricity is now generated by nuclear energy instead of solar
eleetricity and hydro. while conservation options become less attractive (non-competitive). The
nuclear installed capacity is increased to 6.9 GWe by the year 2030, from 3.1 GWe in 1990. which
means almost a new nuclear reactor every six vears, beginning with the vear 2010. Table 5 illustrates
the situation.

Table 5: Electricity production by technology in the year 2030 (PJ/yr)

technology 1990 [ MO base | MO -30% | NA base NA -30%
hydro 110 132 135 120 118
nuclear IE! 92 92 157 196
wind and solar - 27 4T - -
fossil 3 G 7 23 -
total 187 289 283 300 314

4.5 Carbon Tax and Economic Implications

This paragraph gives the marginal costs due to ("Os control. The estimated marginal costs are
proper estimates of the carbon tax required to meet the imposed constraints because the model
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reflects the feed-backs of the energy system to economic growth and the price effects on demand.
Table 6 gives the marginal cost. the GDP reduction per scenario and the annualized energy system
cost index relative to 1990,

Table 6: Marginal ('O, Control Cost (SFr/ton)

Moratorium (rounded values)

case MO 2000 | 2010 | 2020 2030
Stabilization - b 30 50

20% CO, - 60 175 265
30 % CO. - 135 | 270 385
50 % CO4 - 250 | 483 1210

Nuclear Available (rounded values)

case NA 2000 | 2010 { 2020 2030
Stabilization - - - -

20 % C'0. - 50 120 190
30 % 'Oy - 120 | 200 400
50 % CO. - 220 | 520 1210

GDP Relative to 1990

case 2000 | 2010 | 2020 2030
MO base 115} 132 | 1.53 177
MO -30% C'O- | 1.15 | 1.31 | 1.50 1.74
MO -50%C'0, | 1.14 | 130 | 1.47 1.69
NA base 1.15 | 132 | 1.53 137
NA -30% 1.15 | 131 | 1.51 L.75
NA -50% 115 | 1.31 | 148 1.70

Annualized Energy Cost (2030) Relative to 1990

MO base | MO -30% | MO -50% | NA base | NA -30% | NA -50%
1.58 L7 1.4 1.58 148 147

Comparing the nuclear moratorium versus the nuclear availability cases we can summarize the
conclusions as follows:

In both cases. the energy system cost is reduced when applying the ('O, constraint. This result is
the net outconme of two effects working in the opposite direction:

First. capital intensive technologies substitute for fossil fuels and increase the annualized cost. On
the other hand. the reduced energy demand lowers the fuel cost. Since the price effects in the MO
case are stronger, than in the NA case, energy demand and fuel cost is lower in the MO constraint
€ases,
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The carbon constraint makes the unit cost of energy expensive. as illustrated by the level of the

estimated marginal costs. The marginal cost differentials between the MO and the NA cases are
only important at low reduction levels. Actually, in the NA stabilization case the 'O, constraint
is non-binding. This means that under the nuclear availability ('O, emissions can be stabilized
without imposing carbon taxes. The study though. assumes a doubling of energy prices and a high
degree of technical innovation for the reference development.
Finally. the GDP reduction varies between 1.7% GDP loss in the 30% reduction case. and -1.5%
GDP loss in the 50 % reduction case. Another interesting index is to define the GDP per capita
lor the cases with and without 'O+ control. The index is 76.1 kSfr in the unconstrained cases and
it is reduced to 72.7 kSfr. at 50% emission reduction, starting from 16.7 kSFr in 1990. In other
words. a 50 % reduction of 'Oy emissions is associated with annual GDP losses of 3.1 kSFr per
capita. This level is probably approaching the limits on the Swiss willingness to pay for protecting
the environment. More cost efficient and effective policies must be proposed than a unilateral
reduction of emissions by 30%.

4.6 ('O, Reduction by Technology and Price Effects

One of the most interesting guestions of this analysis is to evaluate the contributions of different
technologios or set of technologies to ('O, control versus the price effects on demand and the
reduction of economic activity.

Using an adjusted to the model definition of ('O, emission balance introduced by Prof. Kaya.
we get the components of ("0Oa reduction that compare two scenarios. This is illustrated in the
following figures and table 7. Notice that the term change in “efficiency™ means changes in the
average efficiency that transfers primary energy use to demand for energy services. The use of
primary fossil equivalents to account for nuclear and solar systems asks for a careful interpretation
of the term “efficiency™,

Table 7: ('O, Reduction by Technology and Price Effects in Mt/yr
Comparison between baseline emissions and -50% reduction in 2030

component Moratorium Nuclear available
change of economic output 1.3 1.

price changes of demand 2.3 1.75
changes in “efficiency™ 1.7 0.6

share of nuclear energy 2.7 11.7

share of rencewals (incl. wood) 17.5 7.2
inter-fossil fuel switeh 0.7 0.0

tetal reduction 26.2 22,2

As seen in the subsequent figures. in the MO cases. niost of the reduction is due to the contribution
of renewables and mainly solar energy. In the nuclear availability case nuclear energy. followed by
renewables have the highest contribution.

Inter-fossil fuel switeh has a strong contribution between tlie starting yvear 1990 and the vear 2030.
in the reference development. It is not important at all for the constrained scenarios. The nuclear
unconstrained development assumes -1 Mt less entissions by the year 2030.
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Time dependence of ('O» reduction; Cases Moratorium and NA
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5 Asking for Efficient Policies

J>xamining the results shown before and putting them in an international perspective [T. Kram,
1993] we conclude that Switzerland has high ('O, control costs. This is because of the high efficiency
in energy use and the ahsence of coal as primary fuel for electricity generation. The high control
costs imply high carbon taxes and low public acceptance for environmental policy. In order to
study possibilities of more eflicient environmental policies than a uniform percentage reduction,
some other aptions are further quantified as:

o Trade-offs between ('O4 and other GHGs:
llere. instead of analyzing the control costs of CO2 alone all other greenhouse gases are
considered and the trade-offs are estimated.

e A tax-compensation approach:
Here. taxes are imposed on the national level while the tax revenue is used to compensate for
investiients on C'0, mitigation options.

¢ Trade on carbon rights:
Transfer payments across nations are introduced to purchase emission rights, and to capitalize
on the structural cost differences among nations and to identify cost efficient strategies in
mitigating CO..

The first policy increases our flexibility by mitigating all different GHGs. The last two policies are
in principle methods to finance technological change in the national and international level for CO,
mitigation while penalizing the use of fossil fuels by the introduction of a tax-rate proportional
to their carbon content, Both policies can be quantified by formulating non-linear mmathematical
programming models where many countries or world regions arc involved. These large scale models
can only be solved by decomposition methods. The results presented below are multinational results
of Markal used alone and not of Markal-Macro. This is due to the fact that the decomposition
algorithm used to study international trade for non-lincar problems is not established yet. Apart
of this limitation, the conclusions discussed lere are of general validity.

5.1 Trade-offs between CO, and other GHGs

The equivalence between the different GHGs is defined based on their global warming potential
(GWP). With the flexibility to trade-off emission reduction between different GHGs, Switzerland
could more effectively contribute to climate stabilization. At marginal costs of 150 SFr per ton
('0., cquivalent, Switzerland could reduce the major greenhouse gases by 30% from their 1990
level. Most of this reduction is due to CFCs and only 25% is due to CO..

5.2 A Tax-Compensation Approach

Another promising efficient option is to combine a carbon tax with compensation payments to
technologies that mitigate GHGs. An effort has been undertaken to reformulate the optimization
model Markal for that purpose. The model selects the most appropriate technologies for receiving
compensation payments. defines the amount of capital investments to be compensated and redis-
tributes the tax revenue. These technologies are conservation options, renewable technologies and
end-use devices that substitute for fossil fuels ar CO, abatement technologies.
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A budget constraint is introduced in Markal that distributes the tax revenne among the can-
didate techuologies 10 receive compensation. The compensation is a fixed {raction of the initial
investients to technologies that mitigate ('Qy. A variable fraction has been also proposed bnt
the problem hecomes non-linear and very difficult to solve. The most eflicient compensation level
of initial investments that reduces the ('O, emissions at maximun. is a function of the imposed
tax. Therefore. in order 1o specify the appropriate tax and the fractional reduction of itial in-
vestiients. a parametric analysis is performed. as described in [S. Kypreos. 1993]. Fig. 1 compares
the emission profiles with a pure tax and under a tax compensation scheme, The results refer to
the Moratoriam case. The “hase™ case refers 1o the results without tax. The $ 200/ton (' refers to
a pure tax poliev. while the last case refers 1o a tax-compensation policy. Some basic conclusions

Emission profiles for pure fax vs. a tax compensalior policy

M tons CO2

$200/ton
$200/ ton C & supsidies

Fig. 4: Emission profiles for pure tax versus tax-compensation

can be derived out of this analysis: ,

The lower the imposed tax-rate the more important it is to introduce compensation payments and
to etthance the efficient use of tax revenues, At $ 200 per ton of carbon. Switzerland slightly reduces
the emissions relative to the 1990°s level, The introducion of a tax-compensation policy will reduce
emissions by 16%. Finally. a tax rate of 300 dollars per ton of carbon (or 120 S¥r per ton CO.)
combined with compensation payments is sufficient for reducing emissions by 20% below the 1990’s

level,
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5.3 International Cooperation

The strong differences in the strueture of the energy systems across the OECD countries and
between QECD aund third world countries enhances the possibility to gain from trading emission
permits and asks for international cooperation. [t would be more effective for the group of countries
with high marginal control costs to purchase emission permits from the group of countries with low
marginal cost. instead ol investing, in their own national border for mitigating ('O, emissions. The
trade of emissions will lielp 1o obtain the same absolute emission reduction on the global level. but
at considerably reduced costs. since the most cost efficient measures will be selected,

Typical examples of studies that estimate the benefits of trade js the work of A. Manne and Th.
Rutherford. 1993 and the OECD study that applies the GREEN [O. Martins. 1992] model. Recent
work of the Energy Modelling Forum study 1L, gives some more examples on the benefits of trade.
But. the aggregate nature of the world regions excludes a detailed treatment of energy, environ-
ment and the economy. National models. on the other hand. are more detailed and represent the
arganization level lor people that allows to make decisions and apply policy. Integration of national
models allows to assess the benefits of trade in details but increases the size of the overall model.
Au example of such an analysis is presented by Q. Bahn. He uses decomposition methods for large
scale inear models of different QECD countries. In this example Switzerland. the Netherlands and
Belgium are cooperating in order to reduce their present emissions by 20% in the vear 2030. The
method used. the results obtained and the main conclusions are explained in [O. Bahn. 1993] and
thev are illustrated in Iig. 5

This figure shows that Switzerland will gain the most when participating in such a cooperation.
The optimal strategy reduces the tax level below 100 dollars per ton-C (40 SFr per ton 'Q2) with-
out introducing compensation schemes.

Further reduction of tax rates are expected by applying a policy of emission trade in the inter-
national level combined with tax-compensation payments on the national level. The quantification
of such policies needs the use of non-linear programming. Also. the analysis of macroeconomic
implications and the feedbacks between environmental policy and economic growth need the use of
non-lincar approaches. 1t will be of interest for the international community to try to investigate
such options using a set of simplified general equilibrium submodels for the OECD and the main
third world countries with an explicit treatment of the energy sector. and define the benefits of
trade,
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Undiscounted marginal coste of C02 reduction

$US 90/ ton CO2

Fig. 5: The benefits of CO, trade; Marginal CO, control cost profiles for countries
under cooperation versus unilateral control strategies, Switzerland, the country with
the highest marginal cost assumes the highest benefit.
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6 Stochastic Analysis

Uncertainty is the essence of the climate change issue. The main source of uncertainty is
associated with the physies ol the climate change. and consequently with the policy implications
concerning the level and the rate of ('O4 emission reduction or the acceptable equilibrium C'Q.
coneentration in the atmosphere. Such a situation makes it difficult to conclude on policy but.
uncertainty should not he a synonym of paralysis.®

fn the previous chapter. we have been assessing uncertain or conflicting issues by defining dif-
ferent scenaries, Each scenario corresponds to a given exogenous set of assumptions concerning
the level of introduction of the uncertain parameters. For example. peoples disagree concerning
the importance and the safety of nuelear energy. Thus. a nuclear available scenario and a nuclear
moratorium are analyzed separately in order to define the implications of these alternative choices.
Lach scenario or state of the world s=1....5. corresponds to a given selection (assumption) con-
cerning the value of the exogenous variables for which uncertainty applies. For instance. ('O,
emissions may not be restricted in the forthcoming decades. or may have to be stabilized or even
reduced stguificantly. say by 2030. Thus. a business-as-usual (BAU) scenario. a stabilization sce-
natio and a reduction scenario can be defined to analyze the implications of these alternative
environmental policies. These S=3 scenarios. that have to he analyzed separately, can be described
as shown in Fig. 6. (when the time horizon is 1990-2030).
Notice that for cach scenario s=1....5, all uncertainties must bhe resolved before taking decision.
Sieh a method requires to puess (learn) the state of the world before taking action (learn-then-
act approach). Moreover. it does not deliver a single set of recommendations (results), but as
iuch as the number of scenarios studied. Results are then presented for different assumptions on
cconomic growth and fuel prices and for different environiental policies.
[n the scenario approach. the best we can do is to identify and select robust technologies (i.e.. tech-
nologies that contribute to all or most of the scenarios analvzed) as key teclnologies for making
investments in the energy sector or for R&D support.

6.1 Mathematics and Terminology

lustead of the deterministic scenario analysis a stochastic approach can be used where the ex-
pected cost or the expected utility are taken into account as criterion of decision making.
Assuming that the unknown and uncertain “nature”™ will be revealed at a time point in the future
we can define our policy now by making decisions that take future uncertainty in to account. This
improves our flexibility and defines a more balanced approach a kind of insurance against risk. i.e..
a hedging approach. Further more. risk aversion can be taken also into constderation when

*There are other uncertainties related to the policy analysis for energy and the environment, like:

The population development and the economic growth;

e The contribution of auclear energy since the public opinion is divided:
o Security of energy supply. fuel prices and demand;

e Conscrvation options and the rate of technical innovation;

¢ [conomics of scale and the learning curve for new technologies.

A comprehensive method that takes all these uncerlainties into account and concludes on policy decisions is very
helpiul, to my opinion. in establishing a political compromise based on scientific knowledge.
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Figure 6: Three cases for the scenario-by-scenario analysis are defined to study
different ('O, reduction policies

making investments in the energy sector.

Suppose that we can define again S=3 alternative C'O» reduction policies (no reduction, stabi-
lization and reduction to be reached by 2030) to define three states of the world (scenarios). And
suppose that we can associate to each scenario s = 1,...5, a probability P,. We assume further-
more that all uncertainty related to the climate change issue will be revealed by the year 2010, so
as to know by that date which environmental policy to follow. The decision variables describing
these policies can be grouped into two categories: ,, the decisions to be determined prior to the
vear 2010 (that is before the resolution of uncertainty), and z,,, those to be defined afterwards
depending of the state of the world s that finally occurs. The problem described before corresponds
to a two-stage stochastic problem, which can be illustrated by the decision tree of Fig. T:

Notice that contrary to the previous approach, uncertainty does not need to be resolved before
starting to take decisions (act-then-learn approach). The decisions belonging to the first stage
are indeed taken before uncertainty is resolved. Notice also that these decisions are common to
the S scenarios. They constitute the hedging strategy. This strategy is defined by minimizing the
expected costs (with MARKAL) or maximizing the expected utility (with MM) of all the different
states of the world. Let P, to denote the probability of state-of-nature s. The two-stage stochastic
formulation of MARKAL can be as follows, based on the expected system cost E(Z):

Min E(Z) = -2+ Pio-cl-aa, sit.

Agrxy < b
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Figure 7: Decision tree for the two-stage stochastic problem

/l] T+ fl'_! cTa, S b. {3 = 1., S)
(40)

where the constraints are derived from the deterministic (i.e. without uncertainty) formulation of
MARKAL. to insure the feasibility of decisions and to link first stage decisions (z,) with second
stage decisions (xs,). This simple formulation, where uncertainty appears only on the right-hand-
side b,. corresponds to the decision tree of Figure 7 describing alternative C'O, emission reduction
policies. Similarly. a stochastic two-stage MM can be formulated based on the expected utility
function. IJ(17):

Max E(U)

InC'(-”L'l)-i-ZPs 'I"C'(:L.Q.s) s.t.

GO Iy
Gy -2+ Ga- v,

dy
d, (s=1,...,9)

(41)
Such formulations can be extended to do multi-stage analyses, when all uncertainties are not

resolved at the same time. Finally, the multi-objective function of the stochastic model with risk
aversion is formulated as:

Min  E(Z)=cl 2, + ZP,-C{,-@,,H-\/ZP,-(c{-z1+c;,-zg,,—1«:(2))2
Ao'.’h S l)o
Ao+ Ayrzg, <00 (8=1,...,5)

(42)

where A is a parameter of the multiobjective function that forces solutions with low cost variance
(and thus reduces risk)., E(Z) is the expected cost as estimated in the two-stage stochastic Markal



The Markal-Macro Modol 31

problem. The GAMS version of MARKAL has been simplified and formulated as a two stage
problem for the Netherlands., The first studies with the Swiss stochastic model are based on the
Duteli version of Markal. But, the model modifications undertaken in the Netherlands are not
appropriate for Switzerland. This is due to the treatment of the electricity sector that excludes the
load profile. Therefore the original version of the model had to be re-established.

6.2 Hedging strategy with MARKAL

As previously mentioned. the scenario-hy-scenaric analysis does not provide policy makers with a
single set of recommendations. such as a unique tax level. to address the climate change issue. The
following figure 8 describe the main results obtained based on the deterministic analysis,

Marginal CO, Control Cost

800
600 SFrRonco,

-50% C02
Nuclear ™. 02

Available -20% C02

€02 Stabilization 400

-50% CCO2 200

Nuclear -30% CO2

Moratorium 20%C02
CQ2 Stabilization :

Fig. 8: Deterministic model. Marginal cost estimates per scenario,
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A variety of taxes are estimated that depends on the nuclear availability, the level and the rate
of reduction. ‘To overcome this drawback. we use a stochastic programming approach to design a
strategy to hedge for elimate change”. A stochastic version of MM being not vet available. we use
a two-stage stochastic version of MARKAL. This version has been adapted from Swiss MARKAL
(Kypreos. 1990) based on experiments made with the SP/OSL library (King. 1993). We consider
three states of the world (SW1. SW2 and SW3. respectively) related to ('Os emission reduction:
haseline (no reduction). stabilization. and a cumuolative 20% reduction between 2000 and 2030
(relative to constant 1990 emissions). The last case corresponds to an annual trend of emission
reduction of 30Y% relative 10 1990. The assumed probabilities for the three states of the world are
259 50% and 25% respectively, We assume furthermore that the uncertainty related to the climate
change issue will be revealed by the vear 2010. This problem can be described by the decision tree
of Figure 7. where the vears 1990-95 can be viewed as a calibration period for the model. Three
deterministic seenarios have also heen considered with the same time-cumulated C'0Q. reduction
targets as deseribed above: no reduction. cumulative stabilization and 20% reduction (relative to
1990. between 2000 and 2030). The global impact of the decisions taken in the energy system can
he evaluated by considering the total emissions of ('O, over time. see Figure 9.

Notice that in Figure 9, ('O emissions lor the stochastic case are reported with solid lines
and with dashed lines for 1he deterministic ones. Let us now detail the solution of the stochas-
tic programming model. The hedging strategy between 2000 and 2005 consists in reducing (0.
emissions down 1o a level lving between the deterministic stabilization and reduction cases. This is
to anticipate possible future reduction and to minimize the costs of adaptation to the state of the
world SWi that finally takes place. After 2010. if no reduction is required (when SW1 oceurs). C'O.
emissions increase steadily up to the level of the deterministic baseline case, If a cumulative stabi-
lization turns out to be necessary (SW2). ('O emissions are however allowed to increase slightly
relative to the deteriministic stabilization case. because of early reductions made between 2000 and
2005, Finally. if a 20% reduction has to be reached to prevent drastic climate change (SW3). C0-
emissions are reduced a little more than in the deterministic reduction case. to compensate for the
extra emissions of 2000-2005. Another valuable source of information is given by the marginal costs
of ('O4 reduction. They correspond to taxes to be imposed on ('O, emissions to reach the different
specified targets (stabilization or reduction). as defined in the pricing and standard approach of
Baumol and Qates (1971). Table 8 reports on the undiscounted marginal costs of reduction.

Table 8: Undiscounted marginal costs of ("0,
emission reduction (SFr / t ('0.)

Year | hedging | stabilization | SW2 | 20% reduction | SW3
2000 [ 38 23 101

2005 | 49 30 129

2010 38 34 165 182
2015 49 43 210 233
2020 62 57 2068 297
2025 7Y 70 343 484
2030 101 90 437 484

For the vears 2000 and 2005, the stochastic programming approach computes only one set of

“Most of the results described here are given in the report, O, Bahn, E. Fragniére, S, Kypreos, 1996
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marginal costs (column labeled hedging). It corresponds to a tax to be imposed on C'O» emissions
to hedge for climate change. This tax is low and casily acceptable {around 9 to 11 cents per liter
of gasoline). Tts introduction corresponds to a least regret strategy. which balance present regret
of imposing premature and costly emission rednction with future regret of neglected reduction in
the past. After the vear 2010, when uncertainty about the climate change issue is resolved. taxes
are either removed (when SWI occurs). or adjusted to meet the ('O, reduction targets (SW2 and
SW3).

6.3 Conclusions

The first priority. in the carbon dioxide debate. is to establish a clear and acceptable scientific proof
(experimental evidence) concerning the global warming effect and its correlation to the increased
concentrations of the greenhouse gases. This is of primary importance because some leading indus-
trialized countries argue that the scientific evidence is not given. In such a situation. they are not
vet prepared to initialize expensive policy actions for (‘O- mitigation,

Svstem analysis aud integral assessments of the physics. the economics and the technological
aspects of the problem are a prerequisite for understanding and structuring the debate on climate
sustainability.  This report is an effort to document some quantitative results on the possibility
to introduce policies against ('O4. 1t concludes that even for an industrialized country with very
officient energy system associated with high carbon taxes. enough options are available to drastically
reduce carbon taxes and effectively contribute to a sustainable environment.

First. the conclusious hased on the deterministic results are discussed and then the results of the
stochastic analysis:

6.3.1 Deterministic analysis

The studyv enhances the conclusion that a combination of policies like carbon taxes in the national
level and compensation payvments for ('O, control measures together with a system of international
emission rights is a policy that moderates economic implications while satisfving sustainability
conditions. How are these conclusions justified?

The results of Markal-Macro for Switzerland indicate that even a uniform percentage reduction
of cmissions by 50%. relative to the 1990°s emissions, is feasible from the technical point of view.
The economic losses though. due to the restructuring of the Swiss energy svstem is a considerable
fraction of the expected growth. Thus. instead of a T7% increase of economic output by the year
2030. relative to the vear 1990. a net growth of 70% is estimated.

The equivalent per capita losses are approximately 3.4 kSFr or \1.5 % of the per capita GDP level.
This is probably. from the political point of view. bevond any acceptance. The associated carbon
taxes are also very high. The high costs ask for more cfficient policies in the national level and
cooperation in the international level,

Introducing compensation payments and with the flexibility to trade-off emission reductions among
different GHGs. Switzerland can reduce the tax level to a significant extend. This policy on the
national level. combined with tradeable emission permits in the international level will further
reduce the tax level. (See also. B. Biieler and S. Kypreos. 1996).
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6.3.2 Stochastic analysis

Global climate change is an uncertain threat. but a very serious one. The different options to pre-
vent this change from happening can be very costlyv. MARKAL and MARKAL-MACRO modeling
frameworks offer significant insights concerning the economic and engincering dinensions of the
climate change issue. In agreement with other studies, we believe that one of the best short term
strategies is to buy greenhouse insurance, starting with “no-regrets”!” options (Manne and Richels.
1992). 1o remove subsidies and distortions of the energy markets and to introduce voluntary mea-
sures. as proposed by the WEC Conference in Tokyo. in 1995.

Simultancously. technological options that represent long term alternatives to fossil fuels have
to he supported. developed and demonstrated. This R & D policy is the best insurance against
global warming. The level of carbon tax and the outcome of cost-benefit debate is directly related
to the technological progress in these alternative systems. Making, for example, solar electricity
cost eflective reduces the carbon tax and helps to make C'O» mitigation policy more acceptable.

A complementary to “no-regrets” policy would be to introduce low level and reversible taxes
(i.c.. the “minimum regrets” option as estimated by the stochastic programming approach). With
this. we could gain time to resolve uncertainty, and to select and proceed with better technical
choices. since alternative technologies will become available. In the longer term, if the threats are
coufirmed. efficient policy shall be based on international cooperation. Otherwise. if the climate
change threats are not confirmed, the low level taxes can be canceled without regretting the loss
ol premature commitments to costly abatement strategies.

19" No-regrets™ measures are those whose benefit, such as reduced energy cost and reduced emissions of local and
regional poliutants equal or exceed their cost to society. excluding the benefits of climate change mitigation.
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Figure 9: C'O. emission paths for stochastic and deterministic cases
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7 Appendix A; The MARKAL Stand-alone Model

7.1  Summary

This Appendix gives a detailed mathematical formulation of the energy allocation model MARKAL.
The model is applied to study the problem of energy supply for Switzerland under different policy
constraints. MMARKAL!'" is a time-phased L.P model which is structured around a representation
of the Reference Energy System (RES) of a country. The variables of the model characterize the
various cenergy forms from the primary production to the end-use devices. the sources of energy
supply to the energy system aud the installed capacities of the different technologies.
The following Fig. App-1. represents, in a schematic way. the energy flows of the model. The model
oquations deseribe the balance of energy carriers, the capacity build-up, the load management for
electricity. and the use of resources.
The objective function of the model refers to the discounted cnergy system cost for the time horizon
of the analysis. Other objective functions could be specified describing the oil imports. the use of
renewables and the atmospheric emissions. Multi-objective analysis is a usual technique applied
10 define the trade-off between different objectives. The introduction of a carbon tax on fossil
fnels is disenssed at the end of the chapter. that allows to specify control of ('O, emissions 1o a
desired policy level. One could state that the model balances the energy, materials, and
emissions as well as the capital and labor associated with the operation and expansion
of the energy system based upon a multi objective decision making approach. This
normative approach defines optimal use of resources and respects the environmental
concerns. Linking MARKAL with a macroeconomic growth model we can estimate
the economic implications of different policies related to energy and the environment.
The model distinguishes among technologies and the systemn sources of supply.
The sources of supply cover all possibilities by which energy can enter or leave the system. This
includes imports. exports and mining. Another possibility exists whicl allows to stockpile a resource
in one period to be used in a subsequent period.
Technologies are divided to three groups:

¢ Processes: which convert one or more energy inputs to difflerent energy outputs.
o Conversion svstems: for electricity generation and/or heat.

¢ Demand devices: which compete to satisfy the end-user’s energy markets.

7.2 Indexes, variables and equations

It follows a mathematical description of the model equations through a set of indexes, variables
and parameters. The exact description given in Fishbone. 1983. The purpose of the description
given here is to define the most important characteristics of the model without getting lost into

"TMARKAL has been mainly developed at BNL, USA and KFA-Jiilich, in Germany for the IEA Energy Technology
System Analysis Project. The specification of the model equations and its data base is the outcome of many technical
meetings among the project participants. The participants have discussed, modified and tested the model in a series
of studics. The first Swiss version of MARKAL has been implemented under the VAX-VMS operating system. A
data base with technology description and the demand simulation model SMEDE, both developed a1 PSI, generate
the input data for MARKAL. The newest version of the model is running under the Markal User's Support System
(MUSS) on PCs and it has been developed at BNL.
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Fig. App-1. Energy flows in MARKAL

details. The option of stockpiling energy fuels with period -to- period flow lags (for example fabrica-
tion/reprocessing of nuclear fuel) is not described here. We don’t describe also storage systems and
processes with variable outputs. The important model improvements related to regionalization, ma-
terial flows and the introduction of demand device specific load characteristics is not described here.

7.2.1 Indexes
o ¢ = |....T is the period index, (usually periods of five years are assumed);

o / = I.... H is the vear division index: (summer-day, summer-night, winter-day, winter-night,
interimediate-day, intermediate-night).
Accordingly. the time duration of each division of the year is given by the parameter 6, i.e.
duration of winter-day= 1/2 x 2/3. of winter-night=1/2 x 1/3, etc.

o Technology indexes:

p = l.... Pis the technology index for processes;

¢ = ..., E'is the index for electricity production technologies other than combined power and
heat systems with pass-out or back pressure turbines;

v =1...,N is the index for combined power and heat systems with pass-out turbines;

v' =1,..,N'"is the index for combined power and heat systems with back-pressure turbines;
€ =1...,0 is the index for heat production technologies;

d =1....Dis the index for demand devices;

d™ = 1..., D™ refers to all devices existing in market m ;
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r= l.... R is the index for all technologies included in the model,
and we have the relation R=P+E+N+N' 4+0 4+ D;

o m = 1....Mis the index for the different demand categories;
o j = l.....J is the index of energy carriers;

e s = [....5is the index for the system energy sources i.e. imports, exports, mining and
stockpiling of energy carrier;

o I = l.... A is the index representing the steps of the linear cost-supply function of energy
SOHICes:

o ! = |....[ is the index of the different emissions accounted in the model.

7.2.2 Model variables

o (‘apacity variables (stock):
Y., added capacity (investments) at time period i, technology r,

Z. total installed capacity at time period ¢, technology r,

o Activity variables (flow):
X,: Annual production of process p, at time period {.
E.,  Electricity production of plant €, period t time division h.
M, 'Maintenance’ of plant ¢, period ¢ time division A
Ifer, Heat production of heating plant 6. period (¢ time division A.

H.,,, Heat production of pass-out (POT) plant v, period {, time division h.

e Sources of energy supply:
Annual energy flow of energy carrier j, related to source s, step £ of the

supply-price curve of energy carrier j. period t. The user defines in the
Wik dictionary file a combination of these indexes which are appropriate to
represent the specific situation of a country.
The heat production of back-pressure turbines is represented as a fraction of the electricity
production variable. since it exists a constant relation between electricity and heat produc-
tion. The electricity production of Pass-QOut Turbine (POT) plants, on the othe: hand, is
represented by a complex relation invented to reduce the number of constraints required to
define such systems:

ENdl = Emedel 4 ] % heyy % (1= m,)/m, (43)

The parameters and the justification of this expression will be explained later on.
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7.2.3 Description of equations

e Capacity transfer constraint: These inter period constraints ensure that
the total installed capacity of a technology in a periuod equals the residual capac-
ity and the sum of investments done in the previous periods and within the life
time of a technology. Vi.r

t
Zu=Cut 9. Y (d44)

m=t-I.+41
[ represents the technical and economic life time of technology r.

the parameter ., represents residual capacity at time period /. technology r, that contributes
to the system cost by ouly its O& M costs,

¢ Demand balance: .
The model is driven by a set of exogenous constraints defining the development of energy
demand DM, as function of time.'* This constraint ensures that for each demand
category m and for each time step /,the sum of installed capacity of devices
competing in that market, exceeds or equals demand DJ/,,,.

D™
Z u.«'dm,nZ({mf 2 [)A[",( (45)
dm=1

The index d" refers to all devices supplying energy in market m ie. ¥d™m € {1.... D"}
The parameter wym,, defines the fraction of energy output of demand device d™ which satisfies
demand category m. Usually the fraction is equal to 1. but some times a device could satisfy
two different demands, 13

o Fuel balance other than electricity and heat:
The sum of imports, mining and production of an energy carrier should be equal

or exceed its consumption. The equation is valid for each time step f and for each cnergy
carrier J.

T hese constraints are defined either by using the engineering simulation model SMEDE or the MACRO submodel
in the MARKAL-MACRO model. The demand for the t1ansportation sector is given as 10" e hiele » kan and it is
transferred to energy use by the efficiency of the vehicle expressed as km/GJ. Other demands are defined as PJ/year
of useful energy.

"This constraint should have been an equality. A usual technique to reduce convergence time is to define it as a
non-cquality, and let the optimization procedure to reduce the extra (slack) capacity to zero.
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Sk Wijke x Iy net production of fuel § by source s, step &

+ 22, Yoo+ 115 % 2, production by process p

+ Z,,,, Eogn #1r; % 34 by-product j of conversion plant ¢

> 3, X * Bpja consumption by process p

+ 2wkt Wikt ® Baj g consumption of fuel j by mining fuel jj, step kk
+ 3o eh Lent * Beje % tr; consumption by electrical plant ¢ or v or ¢/

+ 2 on * 30y * Hone consumption by heating plant 8

+ 2 un Hunidpjihe (1 — my)/m,  consumption by pass-out plant v
+ 2 d Zat] e * By consumption by demand device d

tr, is the transmission/distribution efficiency of energy carrier j
from source to consumption.

Tpit is the fractional process output to fuel j
per unit of process activity.

Yejt is the by-product output fuel j
relative to electricity output.

Bpjt is the fractional input of fuel j per unit of process activity.

Beje is the fractional input of fuel j per unit of electricity production.
Buje is the fractional input of fuel 7 per unit of electricity production.
Bait is the fractional input of fuel j per unit of demand capacity.
Beyaji is the fractional input of fuel j for mining fuel jj

Nt is the efficiency of demand device d.

Important is to remember that. even for coupled production plants the fractional inputs 3.
are defined relatively to the electricity output.

¢ Electricity balance:
Vh.t . j=electricity
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o Wejke 11 % Ay electricity imports minus exports, step &
+2 Eaextr production by plant €

+ 2 Evne x 1 production by plant v/

+ 2, * Xp Yy kAT production by process p

+ Y Evne + Hypthe,y(1 — my)/m,)tr  production of pass-out plant »

DI N NTE AW consumption of electricity by process p
+ 5 am AmaBamjigmm Lamy [ gme consunmplion by demand devices d
Ir; is the transmission/distribution efficiency of energy carrier j
Ak defines the load fraction of demand ¢ in time division h.
Ak defines the load fraction of source s in time division h.
tr means the transmission/distribution efficiency of electricity.
oy, is the duration of time division h.

o The district heat balance is similar to the electricity balance:
District heat balance: Vh.! j € dist. heat

So Hon production by heating plant 8
+ 5, Hone + 11, production of pass-out plant v
+ 3 Epng x trjfr, production of back-pressure plant o/

2D nde Ambidam jegmom [Tae * Zgmy  consumption by demand devices.

Amn  defines the head load fraction of demand m in the time division h,
tr,  means the transmission/distribution efficiency of district heat,
r,o defines the electricity to heat ratio for the back-pressure turbine.

¢ Load management constraints; Peaking constraint: !4

This constraint ensures that enough capacity exists to meet peaking requirements
at the time division with the greatest load.

"'T'he peaking constraint should also include the contribution of imports and exports. It would have been more
appropriate to include another peaking constraint and force the peaking plants to satisfy the peaking fraction of
clectricity consumption. This needs to define for each demand device consuming electricity the portion of demand
that corresponds to the peaking load.

The model includes a "base load™ constraint where a fraction (95%) of the night electricity is produced by base load
plants. The heating sector assumes similar to electricity peaking constraints.
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fr+ Z. Zchf t l’f:l Ir* Zl- E('M *]’f(' > Znu["“ ’\mb * H/I"'rl * Wymy, * Zd"'r + Z ,\' + ,d
(L+RM) " (I+RM)xb, = (1)ay * 63 e
(46)
Parameters pf, and pf. define the fraction of installed capacity which can be allocated to
load (renewables have a coeflicient less than one), The second term is optional and refers to
peaking plants ¢ which are taken into account by their production and not by their capac-
itv. The factor (1 4+ RM) refers to reserved capacity necessary to meet the electric load at
the time of highest demand. The factor increases the average load estimated by the model
(right-hand-side of equation). in order 1o compensate for peak and reserve margin.
As indicated in Fig. App-2 we have:

_ UINSTALLED  CAPACITY
I+ A = AVERAGE DAY LOAD

‘ Maitenance and forced A
L outage Resenve
ELECTRIC y margih (RM)
to0 e}
A Instalted
capacity
Avbrage
day
P load
-
DAYTIME (hr)
LOAD.QPR

Fig. App-2: Load curve for the day of highest load and the RM factor as defined in
Markal

e Plant utilization:

This constraint ensures that the plant maintenance is less than or equal to the
plant unavailability minus forced outage.

The model has the option to allocate maintenance M, to seasons of low demand.

The user has either to define explicitly the seasonal availability of electricity production i.e.
ey as it is the case for photovoltaic plants, or to define an average annual availability o,
and the fraction of plant unavailability due to forced outage (o.).
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In that case the model allocates maintenance to seasons, V¢, #, according to:

Y M S Za*(1—ag)*(1-0,) (47)

h

¢ Seasonal Plant availability (production):

This constraint ensures for each plant, that the electricity production in each
time division is less or equal to the available capacity minus scheduled mainte-
nance.
If availability is given by time division, i.e. by a.,. then:
Em € Zo* by + agpe (48)
Otherwise. il availability is given annually. i.e. e, then:
Eepe + Moy #68 S Zeg b ¥ o x[1 = (1 =) * 0] (49)
In the case of pass-out plants we have, respectively:
Evht + Huht * hcuh/mu S Ztt * 6'1 * Qepy (50)
or.
Euhr + Iluht * hcvh/7nu + Nlum * 6h S Zut * 6h ¥ Qg ¥ [1 - (1 - auh) * oc] (51)
Similar equations i.e. Xp¢ < Zy¢ * oy are valid for processes.

¢ Bouunds on technology implementation and resource use: The user could specify
bounds according to the following constraints:

< by (52)
Zrt S b:'l (53)
Zn < Zr,r-l * Gre=1+ by (54)

The first two equations refer to direct bounds on investments and capacity, respectively, and
the third one refers to bounds on technology implementation rate. This equation allows to
simulate technology implementation growth, if a technology is competitive, in order to reach
a pre specified upper bound B, in N P periods, starting from an installed capacity of b, and
an average growth ¢g. The initial technology penetration is:

b= B, xg/[(1+ g)VP* - 1] (55)

The cumulative resource bound is formulated as an inter period constraint:

Z I/V.aljk < Rja (56)
tk
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¢ Group constraints:
{ he user has the flexibility to introduce any relation between the model variables in order to
define specific futures of the system not already included in the basic structural equations of
the model.

Z Loy * ey + Z Ny xap + .+ Z Egxaq <, (57)
r r ¢

A typical example for Switzerland is the electricity use for heating systems which is restricted
oither by law or due to the existing capacity of the distribution network.

7.3 Emission and material balances

The material and emission balance constraints are quite similar to the energy balances. A set of
non-hinding, (accounting) equations balance the cmissions related to the construction. operation
and the final disposal of the different technologies included in the Reference Energy System of a
countiv. Only the direct emissions are considered. The accounting of indirect emissions is quite
possible but it needs extra information related to the 1/0 balances of a country.

The approach to balanee emissions is simple: some coefficients. included in the data-base. describe
the amount of emissions released per unit of energy use associated with a technologyv. The user
has also the option to include the emissions related to new investments and to the imports/exports
of fuels. Similar to emission balances. material balances can also be introduced that specifv the
trausformation of materials through the investinents. operation, or the final disposal of existing
capacity, (See O, Berger 1990).

AL it is needed is to specily in the technology data-base of the model the material requirements
per unit of activity (investments, production and final disposal). and to include the pollutants or
materials in the appropriate set definition of the model.

Anvhow. the best utilization of the emission and material accounting constraints is obtained by
including in the RES abatement options and alternative technologies for material use or recycling
(D. Gielen. I*. Oken. 1993). This allows to formulate environmental policy goals on pollutants
and obtain material recyeling by including these balance constraints as partial objectives in the
multi-objective decision making ramework of thie model.

Emission balance:

The emissions for pollutant i, are estimated based on all model variables e.g. capacity, investments
and activity variables. and their specific emission coefficients. It is the responsibility of the model
nser to define the input coefficients such that double counting of pollutants is not possible. The
annual emissions for each time step t and for each pollutant ¢ are:
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L,y = total emissions by time step ¢ and pollutant ¢

Lujk Weike % 80) % Cjige net emissions of pollutant :, of fuel j by source s, step k
+ 2, X * G activity by process p times emissions ¢ per unit of activity
+ 5 Eone * Get emissions by electrical plant € or v or ¢/

+ 3 on ¥Goe * Hopy emissions by heating plant 8

+ 50 HoneCopihe,y (1= my)/m,  emissions by pass-out plant v

+ 34 Zde] Nae * Canr emissions by demand device d
+ 5 Y # e emissions /. per unit of investments * investments on technology &

7.4 The objective functions of the model

The most commonly used function is the function price, 2, which is the discounted sum of three
functions, the investment cost ;. the annual cost A, and the salvage cost S;. This function is the
most complex relation defined in the model.

e Investment cost
I=) Y,y xsc (58)

The parameter sc,, is the specific investment cost per unit of capacity.

e Annual cost

Ar = D P * Wi
sjk
37
+ Z delij o * By jjjoee * Wi
s.ji.g.k

+ Z Zye * fomy
+ Y Zay * (Bje * delgiy + var) [ nay
dj

+ Z Xpo * {Bpje * delyje + vpy)
P
+ Z E(hl * (ﬂtjt * de’q'( + vcl)

chj

+ Y Hone * (Boje * delyjs + vgy)

Ohj
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+ Z Eyny * (ﬂujt * (leluj! + vut)

vhy

+ Z Hypy + heyy # (1 - TTI,,)/’ITI,, * (ﬁujt * deluj! + vut)

vhj

(59)

The parameters are:
Psjke: the price of fuel j. source s, step k, time step 1.

dcl,j: the delivery cost of fuel j, to technology r, time step ¢.
Jom,: the fixed o&m cost of technology r, time step .
AN the variable o&m cost of technology r, time step .

The specific cost. the fixed o&m cost and the variable o&m cost for electric plants or district
heating plants. include the transmission and distribution cost of the grid.
These grid-costs are explicitly defined in the data base of the model.

¢ Salvage cost
The understanding of salvage cost is associated with the concept of annualized capital recovery
factor. C'R;. This factor represents the amount of money needed per annum to cover fixed
capital chargesi.e.. interest and amortization of an initial expenditure (investment) and within
a given number of years. i.e. [.
The MARKAL [function "investments” I, charges for each new capacity Y;, installed in period
t. the full initial investment cost Y}, * sc,;. This is equivalent of charging to the system cost at
period ¢ the present worth value of fixed capital charges, CR,;, for all subsequent years until
the life of investments [, expires.
The situation becomes complex when the time horizon of analysis expires before reaching
the end of the life time of investments. These extra charges for the period after the end of
the time horizon, are the ’salvage costs’ and they should be subtracted from thke system
costs. In the following, the salvage formula is estimated following the amortization of an
initial debt, year by year. If Sy is the initial investment. d the interest rate, C R, the capital
recovery factor in / years, and S, the remaining debt at the end of n'* year, then we have:

51 = So*x(l+d)—CRi*5, (60)
SQ = [So*(l+(l)—CR]*So]*(1+(1)—CR1*S() (61)
k=n-1
Sa = Sox(l+d)"—CRi*So ) (1+d)* (62)
k=0
k=l-1
Si = Sox(1+d) —CRi+S Y (1+d)f (63)
k=0

Since at the end of the horizon, $; = 0.0, the last equation can be solved for the CR; i.e.

CRi=(1+d) +d/[(1+d) - 1] (61)
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7.5

In the case that n represents the end of the time horizon then the term S, is the salvage cost
and it must be subtracted. Prior to subtraction, the salvage cost must he discounted back to
the vear when the investments were made. The definite formula is as follows:

Se =Y Yowsce wdfy +[1 = (14d)7orr=tHe=T=01/[] (1 4 ¢)7¥rrl] (65)
rt

Where. ypp are the vears per period (usually five). df; is the discounting factor. i.e. df; =
(1 4 d)yvrr=tT=t41 "and 1, is the economic life time of technology. This formulation is very
complex. A more elegant solution is obtained in MARKAL-MACRO, In this model only the
annualized capital recovery costs ('Il; of new investments are considered year by year and
thus the salvage cost becomes meaningless !

The objective function price. 2

The function "price™ is the discounted sum. to the beginning of the time horizon. of the
three functions discussed hefore. There is a difference in discounting the anaual cost and the
investinent costs. The annual costs are first discounted to the beginning of a period. by the
factor dfy. and then to the beginning of time horizon, by df;. We also assutne that investinents
take place at the beginning of a period. \We have the relations :

k=ypp-1
dfy = Z (1+ (l)"" (66)
k=0
dfy = (14 d)-yer=tt=1) (67)
Z = zll*dfl—Z'S'l*df!'l'z/‘lt*dfo*dft (68)
t t ¢

Multi objective analysis

The model defines other objectives. like:
J

*

Security S. which is the cumulative sum of weighted fossil fnel nse. The most simple version
of "Security” is the cumulative oil use.

Renewables K. which is the cumulative use of renewable resources.

Environment £. which is the cumulative emissions of different pollutants i.e. NO, or CO.,
ete,

Qslope represents a family of functions which is a linear combination of two objectives.

A typical example of ‘Qslope’ is the function:

Q=Z4+7+S (69)
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One could perform parametric analysis minimizing Q at different values of «. i.e, the slope of Q.
A\ value 77 of the slope could be found. in the feasible space of (Z, S). which defines a desirable
Security” level. §7.

It can be shown that the minimization of Q at 7", gives the same results as the minimization
of Z. when an increased oil price schedule is assumed. according to:

])‘:])t-{-ﬁ'*(l-i-([){ (70)

(f represents the yvear and not the period). The price increase 7° x (1 + d)', could be interpreted as
the necessary oil tax able to obtain a “security level” S*. at optimal energy system costs.!®

A similar application is possible in the C'O, control problem. which allow to specify the carbon
tax necessary to fulfill. at optimum. a given cumulative reduction of 'O, emissions.

Qco, = 2+ 7 *Eco, (74)
The €04 emissions. (excluding C'Q» abatement systems) could be estimated as:

fco, =) Fuxq (75)

1]

Where. F,, is the primary fossil fuel use and ¢, is the corresponding specific emission coefficient in
kg('0O.,](i ).

In a similar way to “security’. the carbon tax necessary to obtain a reduction of emissions to a
desired level. could be defined out of the slope 7= which corresponds to the given policy goal. i.c.

E = Epponra. the carbon tax is:

Po=put+a x(1+d) *¢

The procedure to estimate the appropriate coefficient ©° is obvious: A parametric analysis
niust be done. performing a set of optimizations. with different price schedules until the cumulative
reduetion of ('O, emissions satisfies the policy goal. The selected value of the parameter 7™ de-
pends upon the structure of the energy system, the technological options available and the policy
constraints imposed i.e. the availability of the nuclear energy, etc.

""The optimization problems of @ and 2 are quite similar. They have exactly the same constraints and similar
objective functions. The only diffetence appears in the specification of their annualized cost of resource use.
Assuming that Z,.« defines the common part of the objective functions, then we have:

Q=Zresl+zpskﬂ*”'sk]r *dft+7r*zvvsk1l (71)
skjt skpe
or,
Q= zresl+Z(psk;l +7r/df!)*”f.-kﬂ * df; (72)
skyt

Therefore @ = 2 at
Pekyt = Pokye + 7% (1 +d)' (73)



The Markal-Macro Model s 49

7.6 The pass-out turbines

The pass-out turhine (POT) produces heat by “passing steam out™ of the low stage turbine to a
heat exchanger and thus to a district heating network. The POT could operate following the load
demand for heat and thus reducing part of the electricity production. MARKAL allows to optimize
the mode of operation of POT plants according to the load changes. The electricity production
takes values within the shaded part of the following Fig.App-3. and under three constraints:

o Below tine (). since the maximum feasible quantity of superheated steam passing through
the high pressure stage is limited.

e Above line (). which limits the heat production. since enough steam should pass the low
stage of the turbine to cool the rotor.

e Left to line (C'). limited by the size of the heat exchanger.

Heat producton

potapr

Fig. App-3: Area of possible operation of pass-out turbines

Using the following definitions e = AE,or/ Har i.0., the slope of line (A), and m = AE,,../ Epar,
the maximum fractional losses of electricity, and assuming that condition (') is not limiting. we
can estimate that the electricity production should be above line (B) (first constraint). and below
line (A). i.e.. within the shaded part of the figure.

E > Hx(1-m)/m=*he (76)
E < Ep—H*he (77)

Introducing now a new variable for electricity. E' = E —~ H (1 — m)/m * he, we get the relation
L’ > 0.0, which is always satisfied in L.P problems, and the known availability constraint.

E'+ H«hefm < E, (78)
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8 Appendix B; Sensitivity Analysis

8.1 Scenarios analyzed with the US data base

Due to the uncertainty associated with the specification of the basic model parameters a sensitivity
analvsis is performed. changing the values of ESUB. and AEEI'® Some conservation options are
also introduced as end-use technologies in the residential sector. It follows a list of scenatios studied
while the main results are presented and discussed below. The work described here has been accom-
plished during my visit at the Brookhaven National Lab.. USA in 1992. The aualvzed scenarios arc:

HGDP @ The basic reference case using the available data for MM, the so-called US demo
case. The parameters used are, ESUB=0.5 and AELEI=0.0

HALF @ This case is as the previous one but the AEEI=0.5% per vear

HESU @ This case is as the previous one. e.g.. AEEI=0.5% / vear. but ESUB=0.3

INCON @ This case corresponds to HGDP with one exception. A very efficient but expensive
conservation technology is introduced in the residential space heat sector R1. This technology
i~ competitive only due to the ('O, constraint and no competitive in the unconstrained case.

Matrix of cases analyzed

name ESUB | AEEI | Conservation Potential
HGDP. CO2 unhounded 0.5 0.0 low

HGDP. -20 % CO2 0.5 0.0 low

HAEE. CO2 unbounded |- 0.3 0.005 low

HAEL. -20 % CO2 0.5 0.005 low

HESU. CO2 unbounded 0.3 0.005 low

HESU. -20 % Q2 0.3 0.005 low

HCON. €02 unbounded 0.5 0.0 high in R1
HCON. =20 % (02 0.5 0.0 high in R1

The 20 percent reduction of ('O, emissions refers to the 1990 level of emissions.

8.1.1 Autonomous efficiency improvement, AEE]

There follows a short description of the results with some conclusions:

Y 1n the vear 1992 the term AAEI was used instead of DDF.
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Sensitivity analysis on AEEI

AEEl =00 | AEEl  =0.5% /year

demand level for residential heat (R1)

1990 2020 | 1990 2020
Unconstr. 4.5 K. 1.5 8.0
-20% CO2 4.5 6. 4.5 6.3

marginal cost of residential heat demand $/GJ

1990 2020 | 1990 2020
Unconstr. 9.8 [2.1 9.5 10.8
20% CO2 9.1 16.6 9.1 I7.

Total demands in Exajoules

1990 2020 | 1990 2020
Unconstr.  60.67 10R.9 | 60.67 104.74
20% CO2  60.67 83.19 | 60.67 81.732

GDP in Trillion dollars

1990 2020 | 1990 2020
Unconstr. 3.542 7.081 | 3.542 7.328
-20% CO2 3.542 6.822 | 3.542 7.068

marginal cost C-tax dollar/ton C

2020 2020
327 327.8

The AEEI factor allows to study different scenarios by taking into account exogenous, indepen-
dent of prices trends in energy efficiency. An annual improvement of efficiency by 0.5 percent has
significant influence to the overall results.

The relation dgee;y = dy * e7%***!, when applied for AEEI=0.005 and thirty years, should have
reduced useful demands by 14%, if everything else was constant. The actual reduction of demands
is only 4%. The difference between the expected and the estimated demands is explained due to
the induced higher economic growth and the changes in the marginal cost of demands.

The AEEI factor “makes energy inexpensive” in the sense that the "Gross OQutput” needs less
energy to be produced. The induced economic growth due to efficiency improvement (at no extra
costs) is 3.5 percent by the year 2020. This GDP growth shifts demand to a higher level than
the estimated value, when all other model variables would have been constant. The GDP-shifted
demand remains anyhow lower than the equilibrium demand at AEEI=0.0. This demand reduction
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i~ associated with lower (or equal} marginal costs per unit of demand. (a lower demand could be
satisfied by either the same marginal technology or by the next less expensive one). Due to the
reduced price of demands the equilibrium value of demand is again increasing. Finally. equilibrium
is obtained at 4 percent less demand than in the case with AEEI=0.0.

This behavior is illustrated in the following figure.

Demand curves
Supply curve S1
Marginal ? PRy
Cost D2
P

149

Demand Q

The equilibrium point A moves to C. It should have been atB
if all other model variables were constant.

ESUB.QPR

Fig. B1: ” Autonomous efficiency improvement” and difference between partial and
general equilibrium results

8.1.2 Elasticity of substitution

The next parameter modified is the elasticity of substitution. The definition of ESUB is: @
OB ESUB=0.5. 19

t change in the relative ratio hetween value added (capital-labor pair)
and energy, needs a 2% change in the relative price ratio (denominator). For ESUB=0.30. 1%

change in the nominator needs a relative price ratio change of 3.33%. (Therefore. reducing ESUB
we make more diflicult 10 substitute energy by capital and labor)
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Sensitivity analysis on ESUB
ESUB has been reduced to 0.3 from 0.5

ESUB=0.5 ALEI=0.5% | ESUB=0.3 AEEI=0.5%

Total demands in Exajoules

1990 2020 1990 2020
Unconstr. 60.67 104.74 - 60.67 17, .02
-20% 02 60.67 81.73 60.67 81.42

GDP in Trillion dollars

1990 2020 1990 2020
Unconstr. 3.542 7.328 3.542 7.316
-20% CO2 3.542 7.068 3.542 6.958
GDP loss by 2020 3.5 % 4.9%

marginal cost C-tax dollar/ton C

2020 2020
327.8 442.6

Examining the results we realize that the CO, control cost is sensitive to ESUB while energy
demand and GDP change at a lower rate. One conclusion is important. the level of tax is a
function of ESUB and thus the value of the elasticity of substitution to be adopted in the analysis
needs a good justification.

A reduced value in ESUB means that it is more difficult to substitute for energy by using capital
and labor. This explains the reduced growthi. The question is how the higher carbon taxes, in the
('02 constrained cases. can be explained?

This reaction of the model is illustrated in Fig. B2. D1 is the demand curve at o = 0.5. The
equilibrinm point is at P). Introducing a carbon constraint, the cost of supplying energy increases
and the equilibrium moves to . i.e.. at lower demand and higher price. The tax corresponding to
this sitnation is 77. With a lower elasticity of substitution. the demand curve D2, becomes more
steep. the equilibrium point moves to P3 and the tax increases. Energy use increases.
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‘ D2, ESUB=0.3
§2=51+ CO2 cost
P D1
P3
81
1
»
Q

P1: Equilibrium without CO2 control
P2: Equitibrium with CO2 control, ESUB=0.5
P3: Equillibrium with CO2 control and ESUB=0.3

Fig. B2: Carbon tax response when reducing the elasticity of substitution. Shifts in

the demand function due to a lower elasticity of substitution, need higher taxes i.e.,

T, > T\, to stabilize emissions. Simultaneously, the r:odel reduces GDP and increases
energy use.
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8.1.3 High conservation potential

Base case vs a higher conservation potential in R1

marginal cost of residential heat demand $/GJ

1990 2020 | 1990 2020
Unconstr. 9.8 12.1 9.8 12.1
20% CO2 9.1 16.6 9.7 11.3

demand for residential heat

1990 2020 | 1990 2020
Unconstr. 4.5 R, 4.9 R.0
20% C02 45 6.4 4.5 6.9

GDP in Trillion dollars

1990 2020 | 1990 2020
Unconstr.  3.542 7.081 | 3.542 7.081
20% CO2  3.542 6.822 ] 3.542 6.832

marginal cost C-tax dollar/ton C

2020 2020
327 3141

A new technology is introduced in the space heating sector R1 which conserves energy at high cost,

a kind of “backstop™ technology for carbon taxes in the end-use markets. The cost of conservation
for R1 was defined such that it becomes economic only under the C'O, constraint. Thus, the
unconstrained cases are the same. Now. in the constrained cases the marginal cost of R1 decreases
due 1o the new conservation technology. the demand increases due to the reduced marginal cost
of R1 and finally. GDP increases because a cost effective technology is introduced. This behavior
explains the ability of MM to capture feed-backs between the energy system, demand variation
and economic implications in an integrated framework. It takes sometime to understand the model
results but then vou admit that this behavior is reasonable.
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2=51+ CO2 control cost

A o

S3
Marginal
Cost
Pb st
Pc Cc
Pa //
r Qc-Qb
—
Demand Q
A : Equilibrium at CO2 unconstraint case
B: Equillibrium with -20% CO2
C: Equillibrium with conservation options CONSERGPR

Fig. B3: Changes in equilibriuin demand under CO2 control and conservation
options. Efficient conservation options reduce taxes, increase energy service and the
economic output.

The figure explains how a new conservation option changes the equilibrium point under the
('O, constraint. The first supply curve (S1) corresponds to the results obtained in the base case.
The second supply curve (52) corresponds to the supply cost of ('O, control. The S3 curve includes
conservation options (HCON case). The introduction of the CO, constraint in the reference case
increases the marginal costs of supply from 12.1 $/GJ to 16.6 $/GJ. This is either due to the need
to substitute for fossil fuels that generate electricity or to use new and expensive end-use devices.
The high marginal cost reduces demand in a significant way. Now, introducing a conservation
technology we can satisly demand at lower cost. Thus, the marginal cost is reduced to § 14.3 /GJ.
Simultaneously demand goes to 6.9 from 6.4 Exajoules, (the Rebound effect).

8.2 Conclusions on sensitivity

Changes in the demand and supply function of the model have been introduced and the model
belhavior is illustrated. The sensitivity analysis done explains how the modified coefficients of the
model (AEEand ESUB) influence the results and the estimated carbon tax. The conservation op-
tions explicitly introduced in MARKAL-MACRO define a new supply curve with significant changes
in the equilibrium point between demand and supply and reduces the carbon tax. Therefore, it is
of primary importance to properly define the model coefficients and the options for conservation.
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9 Appendix C; Partial equilibrium
9.1 Introduction

Fuvironmental policy introduces severe constraints in the energy systems of a country. There is a
need for consistent calculations that properly represent and capture the feed-backs between energy
demand and supply and between the energy svstem and the overall economy. This Annex formu-
lates an algorithm as a non-linear optimization problem (NLP) that establishes partial equilibrium
between energy demand and supply and clears the energy markets.

Econometric simulation models project energy demand as function of economic activity. fuel prices,
tochnical innovation and policy actions. Linking this econometric models with engineering bottom-
up models via an endogenous specification of the energy intensities we can estimate demands for
cnergy services as function of prices. income and other exogenous variables.

Finally. linking the demand projections with an energy supply model we can merge together models
based on a technological representation of the energy system with models describing the consumer’s
hehiavior and define the equilibrium fuel prices in the energy markets. The algorithm solves for equi-

ENGINEERING

ECONOMETRIC | SO EERING e ENERGY

SUBMODEL Fingl_, SR ALl OCATION
Demand Demand

(Price, income,etc)| ™= | Buildings MODEL

Energy Industries
Intensity Transportation

% % Efficiencies

Shadow prices

The overall synthesis is obtained by maximizing the producers

and consumers surpluses
surplus

Fig. C1: The flow of information across the submodels

librium using optimization methods and guarantics consistency between the different submodels.
Figure C'1 gives an overview of the proposed link.!”

""Prol. R. Loulou (1994) has re-initiated the issue in 1994, presenting a lincarized version of the algorithm for
partial equilibrium based on PIES. Afterwards and independent of my proposal. Denise Van Regemorter of the Center
for Economic Studies KULcuven, Belgium. developed the partial equilibrium approach similar to the one proposed
in this report and introduced the programming changes in MARKAL.



The Markal-Macro Model A8

9.2 The PIES algorithm

The PIES™ algorithm defines the partial equilibrium between energy demand and energy supply as
an optimization problem. The basic idea is that the equilibrium point (F..(Q,) which is defined as
the interception of the demand and supply curve can also be defined as the point that maximizes
the producers and consumers surpluses. The following Figure explains this idea in an intuitive way.
The surface S, (the integral below the demand curve) minus the surface Sy (the integral below
the supply carve) gets its maximmum when the variable Q (starting from Q,) becomes Q.. This is
equivalent to the statement:

DEMAND CURVE SUPPLY CURVE
\ Pd={(Q) Ps=f2(Q)
P rice
| B
Pe ,
S(q)=J(,Pd (9)-Ps(q)}dq=A-B

r”

I The maximization of S(q) identifies

the equilibrium point (Qe,Pe)
L

Qa Qe Q uantity

The PIES algorithm defines equilibrium between demand and supply
by maximizing the consumers and producers surpluses S(q).

Fig. C2: The PIES algorithm

Q e
Mar 2Q)= [ Piadg= [ Piardg= Max (S2=Sg)= Z(Q.) (79)
Qa Q.

Pilq) and P(q) are the inverse demand and supply functions. Obviously. differentiating relative
to quantity . and applying the maximization condition we get Py = P, = P,

[t follows an example that demonstrates the relation given above when the demand and supply
functions are analytically defined.  Assuming that energy demand increases with income Y and
decreases with price . and that a and @ are the income and price elasticities of demand. the
funetion can be written as:

Qi=Y"*P;° (80)

T he st publication that vefers ta this algorithm is due to W, W, Hogan From the year 1975 and discusses the

partial equilibrium in the level of final energy use.
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The supply function is assumed to be an increasing function with price.

Q, =aP) (81)

The inverse demand and supply functions are:

Py = (Qq/Y°)Y7
P, = (Qs/“)lh

In such a representation of the encergy markets the equilibrium point is defined as the point where
Py = P, = P.. This equation defines the equilibrium demand as:

yer/to+y)

Q.= (82)

aclte+y)
Usually complex energy systems and the supply cost functions are described with the help of a
lincar programming (LP) model like MARKAL. In such a case we can easily extent MARKAL and
formulate the partial equilibrium problem making the following observations:

e The surface below the supply function P,. given for a demand category and a time step.
corresponds to the objective function Z of MARKAL which is called PRICE. The objective
function Z is the discounted system cost over all time periods that satisfies a prespecified set
of energy services or demands.

The marginal cost per demand category equals to the increase in the system cost per unit
increase of demand. Thus, the margi- 21 cost per unit of demand (price) integrated over the
corresponding range of demand (quantity) defines the surface below the supply curve.

If P, = 0Z/0q isthe shadow price of demand,
the surface below supply is: Z/ P, dqg = Z/ g—jdqi =AZ (A objective function)

(83)

e The demand function can either be an explicit analytical function to be integrated directly.
or a linearization of the demand function is necessary (see R. Loulou 1994).

Therefore. the partial equilibrium problem can be defined, using the standard abbreviations of the
MARKAL model, as follows:

¢ 9 q
Mar  Z(q) / Py(q)dq - / P,(q)dg = / Pi(q)dg = cirzi(g)+ D ¢; % z5(qa)
qa e 9a j j
s,
Br-q¢ = 0 qis the vector of demand variables
Az > b the usual MARKAL constraints

(84)
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Il the demand function is the one given above ie.. D/Dy = (P/Py)~° then the surface below the
demand curve is defined directly by integration. for ¢ = 1/(1 — p) we have:

S(q) =

Qp T+ (g" —qf) (85)
and the NLIP problem solving for partial equilibrium can be formulated as follows (excluding the
constant terms):

Mar Z(q) = nl/is*z Qp'_l qi”'——ch*a:J-
J

Br—¢qg = 10
Ax > b
(86)

The nyrs represents the vears per period while the shadow prices P, , are given in discounted values.
In other words, the old objective function Z. of MARKAL called "PRICE™ Las to be changed to
a new function called "SURPLUS™ defined as the integral of the demmand function minus the old
“"PRICE ™ function. The demands ¢; become now variables in the GAMS formulation.

Thus. the proeedure for solving the partial equilibrium problem could be as follows:

¢ Define first a set of demands for energy services in MARKALL, solve the inelastic MARKAL
problent e.g.. with fixed demands, and specify the first equilibrium point ( Py ., Qo) for each
time period and demand category.

e Then. assuming as starting point of integration. Q, = 1/2 % Q. i.c., the half of the value
estimated in the first MARKAL solution. and P, = P, .(1/2)7°. integrate and solve for partial
cquilibrium using the new objective function "SURPLUS™.

This procedure will satisfy the maximization condition for the consumers and producers surpluses
and it will solve for partial equilibrium.

The advantages of using a partial equilibrium MARKAL, relative to the MARKAL-MACRO model
is that the model user will be able to define different price and income elasticities per sector and
energy services,
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