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From a single MARKAL model to an integrated
collaborative modelling framework

2



One national/regional MARKAL model

Computes partial supply-demand equilibrium in the energy sector, under global
emission constraints.

MARKAL

Medium-scale LP in the deterministic case; Large-scale LP in the stochastic pro-
gramming case.
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N (15) national/regional MARKAL models

Computes global supply-demand equilibrium in the energy sector, under global
emission constraints.
Challenge: Coupling through energy and goods trading (i); coupling with macro-
economic module (ii)

MARKAL MARKAL MARKAL · · · MARKAL

(i) Medium to large-scale LP in the deterministic case; Large to huge-scale LP in
the stochastic programming case. (ii) Large scale NLP-MARKAL-MACRO
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Modern LP solvers permit a direct frontal approach

MARYSE LABRIET, RICHARD LOULOU, AMIT KANUDIA Global Energy and CO2
Emission Scenarios: Analysis with a 15- Region World MARKAL Model in A.
Haurie and L. Viguier eds. The coupling of climate and economic dynamics ,
Kluwer-Springer, to appear 2005.
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A fully-fledged global energy-environment modelling framework

MARKAL MARKAL MARKAL · · · MARKAL
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Challenge: Integrate Climate and Damage into a larger LP or implement ”Com-
munity based modelling”. Move from single criterion optimization to Nash equilib-
rium solution.
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Example of the enlarged LP approach.

MARYSE LABRIET AND RICHARD LOULOU Coupling climate damages and GHG
abatement costs in a linear programming framework Environmental Modeling
and Assessment , 2003.

Method: Identify Damage as a linear function of cumulative emissions. Then,
include the damage cost in the payoff of each region.

Limits:

• The linear structure of the damage functions induces trivial and “drastic” Nash
equilibrium solutions.

• The linear structure of the damage functions is inherited from several simplis-
tic damage functions.
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An alternative; use an Oracle Based Optimization Engine (OBOE)

Optimality and feasibility cuts

Challenge: Build Oracles. An Oracle replies to a query point by sending a value
and a gradient.
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An early success of OBOE techniques in the MARKAL modelling field!

Coupling several MARKAL/EFOM models together

BAHN O., HAURIE A., KYPREOS S. AND VIAL J.-P., Advanced mathematical pro-
gramming modeling to assess the benefits of international CO2 abatement coop-
eration, Environmental Modeling and Assessment , Vol. 3 (1998), pp. 107-116.

Method: Define a Master programme that manages the emissions limits in differ-
ent countries; build the oracle from the local MARKAL/EFOM models.

Implementation Limits:

• Practically none. Duality in LP provides easily the desired gradient informa-
tion

• The approach is slower than a direct frontal approach; it permits, though,
a mixing of models having different structures; no need to produce a single
code for the whole multi-regional model.
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Coupling models coming from different “Worlds”

• A techno-economic model has a slow time scale and a low spatial resolution.

• An air pollution model has a fast time scale and a high spatial resolution.

• Does it make sense to “couple” them?.
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Coupling MARKAL with a Photochemical Air Quality Model

HAURIE A., J. KÜBLER, A. CLAPPIER AND H. VAN DEN BERGH , A Metamodel-
ing Approach for Integrated Assessment of Air Quality Policies, Environmental
Modeling and Assessment , Vol. 9 (2004), pp. 1-12.

Method: Use the air quality model to define a damage function; use statistical
analysis (Regression) to identify a linear approximation of this damage function;
include it as an additional constraint in the MARKAL models.

D.A. CARLSON, A. HAURIE, J.-P. VIAL AND D. S. ZACHARY, Large Scale Con-
vex Optimization Methods for Air Quality Policy Assessment, automatica , Vol. 40
(2004), pp. 385-395.

Method: Use OBOE to couple the air quality model to the MARKAL models. The
oracle manages the implicitly defined damage function.
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In a compact way we shall refer to the E3 model as the linear program

min
x

〈c, x〉 (1)

s.t.

Ax = a (2)

x ≥ 0 (3)

We identify, in the E3 model, different groups of economic activities
that share a common feature in terms of the spatio-temporal distribution of their
total emissions.

Thus, if yi = (yiα)α∈A denotes the total emissions of pollutant i due
to the economic sectors α ∈ A, the emission rates may then be expressed as
E

g
i (yi) = E

g
i (·, ·;yi) and Ei(yi) = Ei(·, ·;yi).
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If we let Y = (yi)i∈I we may view the air quality indices as func-
tions of the emission output from these sectors (i.e., Y → P ∗

i (Eg(Y), E(Y)) )
(∗ = max or AOT) .

Πi(k,Y) =
∑

ω∈Ωk

mωP ∗
iω(Eg(Y), E(Y)) (4)

in which Ωk denotes the set of critical episodes that have occurred in period k,
mω are some suitably defined weights, and Piω(·, ·)∗ denotes the air quality index
used for the weather episode ω. In this way, for each period k we introduce the
inequality constraints

Πi(k,Yk) ≤ Πik max i ∈ I. (5)
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Incorporating these constraints into the above model we define the following opti-
mization problem:

min
x

〈c, x〉 (6)

subject to

Ax = a (7)

ukx ≤ Yk k = 0,1,2, . . . , K − 1 (8)

Πi(k,Yk) ≤ Πik max i ∈ I, k = 0,1,2, . . . , K − 1 (9)

x ≥ 0 (10)
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The problem (6)-(10) can be reformulated as a reduced order mathematical pro-
gramming problem involving uniquely the emission variables Y.

We define the function h(Y) as the optimum of the following linear program

h(Y) = min
x
〈c, x〉 (11)

s.t.

Ax = a (12)

ukx ≤ Yk k = 0,1,2, . . . , K − 1 (13)

in which

Y = (Yk)k=0,1,...,K−1.
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When the pollution emission levels are fixed, one can compute the pollution in-
dices via the photochemical model. The values Yk. k = 0,1,2, . . . , K − 1

are the inputs into the air quality model which yields the air quality performance
measure Πi(k,Yk). Then, Eqs. (6-10) can be rewritten as

min
Y

h(Y) (14)

s.t.

Πi(k,Yk) ≤ Πi,max i ∈ I k = 0,1, . . . , K − 1. (15)

This is a mathematical programming problem where both the objective function
h(Y) and the air quality indicators, Πi(k,Yk), are implicitly defined through so-
lutions of a techno-economic model and a photochemical air pollution model re-
spectively.
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It can be shown that the reduced order optimization problem (15)
is a convex programming problem, when the air pollution dynamics reduces to a
linear PDE. In that case the problem can be solved by (ACCPM).

For a proposed Y vector, values and gradients for h(Y) and Πi(k,Yk) can be
obtained. In the case of the function h(Y), the gradient information is obtained
through duality in linear programming, whereas, for the function Πi(k,Yk) func-
tion one has to use sensitivity analysis for the distributed parameter system.
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As the air chemistry description actually involves nonlinear functions, we have
implemented a technique of successive local linearization of the air pollution dy-
namic equations.

In a particular simulation based on data describing the Geneva (Switzerland) re-
gion, a solution to the reduced order optimization problem is obtained through
ACCPM, with 30 calls to the oracles (24 feasibility cuts and 6 optimality cuts were
performed).

A feasibility cut (call to the air quality oracle) takes 30 minutes computing time
(SUN Ultra-80, Ultrasparc driver) whereas an optimality cut (call to the techno-
economic model) takes 10 seconds.
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This application demonstrates the possibilities offered by OBOE
when one tackles IAMs where part of the modeling is a large-scale simulator of
complex physics and chemistry processes. Since ACCPM keeps the number of
oracle calls to a small or moderate size it permits the use of these simulators in the
design of some oracles and therefore it realizes the coupling that is the essence
of IAMs.
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Presently an implementation is being realized for an IAM of climate change poli-
cies combining DICE99 or MERGE and an intermediate complexity GCM (C-
GOLDSTEIN). The experiment is successful for GOLDICE and it confirms the
potential of OBOE. Implementation with MERGE is under development.
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How GOLDICE works?
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Coupling several TIMES models with climate and pollution transport models

An interesting “grand coupling” could be between the 15-region TIMES and C-
GOLDSTEIN. Re-do the Labriet-Loulou study with damages computed from the
climate response. Use OBOE extension to the solution of variational inequalities
to compute Nash equilibrium solutions.
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alain.haurie@hec.unige.ch or www.ordecsys.com
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