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Air Pollution

Air pollution is a major concern in

I the protection of human health,
I the protection of ecosystem,
I the climate change (GWP).
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Air Pollution
High complexity phenomena

I Interaction of various pollutants (anthropogenic or biogenic)
I Interaction with local meteorology
I Non-linear relations in space and time (multiscale)

Generally described by complex physical models

I 3-D chemical transport models CTMs (Eulerian or
Lagrangian)

I Topography, emissions and meteorology input data
I High resolution

Very demanding in computing time and data processing
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Air Quality Regulation
International/regional/national legislation provides target values
and long-term objectives.

Example: Directive on Ambient Air Quality and cleaner air for
Europe(08/50/EC):

I Ozone (O3)
I CO, NO2, SO2, PM10
I PM2,5

The need for an integrated tool for air pollution

I to support local/national authorities
I to assess the effects of mitigation policies
I to find cost-efficient air quality policies
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Air Quality Integrated Models
Name Emission model Air quality model Reference

Global

Global Health Impacts MESSAGE TM5 Rao et al. (2012)

Regional

MERG MARKAL SCA James et al. (1985)
RAINS PRIMES EMEP Alcamo and Hordijk (1990)
ASAM EMEP/CASM RAINS ApSimon et al. (1994)
SAMI EMS-95/Mobile5b URM-1ATM,. . . Odman et al. (2002)
EC4MACS GAINS TM5,EMEP,. . . EC4MACS (2007)
SIMCA CEP/SMOKE CMAQ Borge et al. (2008)
GAMES POEM-PM TCAM Carnevale et al. (2008)
MINNI RAINS-Italy FARM D’Elia et al. (2009)
Mexico2050 E3MG p-TOMCAT Barker et al. (2010)
GAINS GAINS EMEP Amann et al. (2011)
RIAT GAINS NNET(TCAM) Carnevale et al. (2012)

Urban

GENEVA MARKAL-lite TAPOM-lite Carlson et al. (2004)
BRUTAL iMOVE ADMS-Urban,. . . Oxley et al. (2009)
LEAQ ETEM TAPOM-lite Zachary et al. (2011)

Review of integrated models for Air pollution, including emission and AQ
models (Aleluia Reis, 2012). Models running in optimization mode.
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Objective
In this study, we present a framework to couple

I an energy model which computes precursors emissions (NOx
and NMVOC) and

I an fast air quality model
I transports air pollutants
I represents photo-chemical reaction of ozone production

Cost-effectiveness analysis:
I Minimization of the energy sector cost,
I while respecting air quality standards.
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Luxembourg context

Source: ACT, Luxembourg

I Domain: ≈ 50km × 80km
I Urban/National scale

I Population: 500’000
I Commuters: 150’000
I Highest GDP per capita

in EU
I Low excise tax for oil

(tank tourism)

I Moderate levels of NOx
and Ozone concentration.
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The LEAQ framework

ETEM Luxembourg
energy model

OBOE optimizer

AUSTAL2000-AYLTP
air quality model

Emission AllocatorAQ indicator
Energy
cost

Emissions
abatements

Annual emissions

Emissions
strengths

The Luxembourg Energy Air Quality LEAQ model
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ETEM Luxembourg
ETEM Luxembourg (Drouet, 2011) is a bottom-up energy model.
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ETEM characteristics
The Energy Techno-Economic Model ETEM (Drouet and Thénié,
2008) has been developed to assess urban sustainable policies.

I Dynamic linear optimization model;
I Partial equilibrium;
I Driven by the demands in energy services (exogenous);
I Perfect foresight & perfect information on the time-horizon;
I Bottom-up approach (technology rich);
I Detailed description of the energy system: supply, conversion,

transformation, final demands;
I Similar to the MARKAL/TIMES family of models;
I Open-source, written in GNU MathProg.

December 13, 2012 Implementation of a Full Air Quality Model in an Integrated Assessment Model 11



ETEM Luxembourg
I Time Horizon: 2005–2030
I Base years: 2005–2010
I Period duration: 1 year

2005 2010 2015 2020 2025 2030

calibrated
years

decision years

I Existing and future generation of technologies (700)
I Energy carriers (Fossil fuels, electricity and renewables)
I GHG (CO2, CH4, N2O)
I Air pollutants (NOx, VOC)
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Energy services
Sector Energy services Unit

Agriculture Energy services in Agriculture PJ

Commercial Commercial, Institutional buildings PJ

Industry Chemicals PJ
Iron and Steel PJ
Non metal mineral products PJ
Other industries PJ

Residential residential cooking PJ
residential lighting PJ
residential other energy services PJ
residential space heating PJ
residential water heating PJ

Transport Air Transport - Energy use PJ
Water Navigation PJ
Road Transport - Buses Mpkm
Road Transport - Cars Mpkm
Road Transport - Commuters Mpkm
Road Transport - Light commercial trucks Mtkm
Road Transport - Motorcycles Mpkm
Road Transport - Tank tourism Mvkm
Road Transport - Trucks Mtkm
Rail transport - Goods Mtkm
Rail transport - Persons Mpkm
Road transport - Consumption abroad PJ
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ETEM Luxembourg
Category (Source) Sector NOx [t] VOC [t]

Energy Sector (ETEM) Energy production 1 435 36
Road Transport 10 260 1 408
Rail Transport 278 26
Residential Buildings 748 368
Comm./Instit. Buildings 390 145
Industry 2 263 24

Biogenic (AUTH) Biogenic — 9 053

Non-energy (EMEP) Production processes 200 1 148
Extraction/distribution — 339
Solvent use 1 3 761
Agriculture 258 505

NOx and VOC emissions above Luxembourg in 2006
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ETEM formulation

min
x
{c′x | Ax = b,x ≥ 0}

I Minimization of the total discounted energy cost while
satisfying the demands in energy services and the structural
constraints;

I Decision variables x:
I Activity of technologies,
I Investments in new technology capacities,
I Import/exports of commodities (fuels, electricity);
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ETEM formulation
ETEM as a function of emission limits.

γ(ê) = min
x
{r′x | Ax = b,m′x = e, e ≤ ê,x ≥ 0}

I Emission levels are obtained from the technology activities
and emission coefficients.

I ê are annual sector emissions.

We ensure, by construction,
I the minimization has an optimal solution,
I at least one of the constraints e ≤ ê is binding at the optimal

solution.
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Emission Allocation
Time scheduling
Time profile functions
hµ(t)

I Residential
I Transport
I Service
I Industry
I Production
I Biogenic

Main source: GENEMIS
database
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Emission Allocation
Downscaling
Spatial allocation functions
fµ(s)

I Roads
I Rails
I Buildings residential
I Buildings services
I Industry
I Non-energy
I Biogenic

Sources: OBS land-cover, EMEP
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Emission Allocation

eq(t, s) = λ
∑
µ∈ξ

hµ(t)× fµ(s)× êq,µ,

where
I ê = êq,µ: annual sectoral emissions (t · yr−1).
I eq(t, s): emissions strengths (g · s−1).

Normalizing conditions:∫
s
fµ(s)ds = 1, ∀µ ∈ ξ,

∫ T

0
hµ(t)dt = 1, ∀µ ∈ ξ.
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AUSTAL2000-AYLTP
The air quality model is based on AUSTAL2000, an atmospheric
dispersion model for simulating the dispersion of air pollutants in
the ambient atmosphere (Janicke, 2000).
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AUSTAL2000-AYLTP

I Lagrangian model (Markovian "random-walk")
I Advection and diffusion of pollutants
I Fast photo-chemical module (AYLTP)
I Look-up table of reaction rates
I outputs: O3, NOx and VOC concentrations

eq(t, s)→ (c(s, t), σs(s, t)) (1)
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Air Quality Indicators

Accumulated Ozone exposure over a Threshold (AOT):
a measure of the ozone concentration exceedances over a certain
threshold measured during the day (from 8:00 to 20:00)

E [AOTi ] = 1
|S | · |t2 − t1|

∫
S

∫ t2

t1
max(0, (c(s, t)− i)) dtds,

U [AOTi ] = 1
|S | · |t2 − t1|

∫
S

∫ t2

t1
max(0, (c(s, t)+1.96σc(s, t)−i)) dtds.

U [AOTi ] is 95% upper limit of the confidence interval
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Air Quality Indicators
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LEAQ meta-model

min
ê
{γ(ê) : p(ê)− p̂ ≤ 0} , (2)

where
I ê: pollutant’s annual emission bounds,
I γ(ê): energy system cost,
I p(ê): air quality indicator on ozone,
I p̂: air quality indicator target,
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Oracle-Based Optimization
The oracle based optimization engine OBOE is a cutting plane
method which solves problem of the form:

min
x
{f (x)|x ∈ U},

where
I f is a convex function,
I U is a convex set.

Babonneau et al. (2006), Proximal-ACCPM: a versatile oracle based
optimization method, Computational and Management Science
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OBOE
At each iteration, OBOE draws the problem using

I either an optimality cut to define a linear support of f , or
I or feasibility cut(s) to define an outer space of U .

x

Feasibility set C

Feasibility cut

Optimality cut

f (x)
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OBOE definitions
Oracle

Proximal-ACCPM 69

illustrates how powerful is Lagrangian relaxation to generate lower bounds
for the optimal value of this combinatorial problem. These bounds are further
used in an enumerative scheme which computes an optimal integer solution.
In the same subsection we present the new concept of semi-Lagrangian relax-
ation, recently introduced in (Beltran et al., 2004). There, it is shown that
using semi-Lagrangian relaxation permits us to solve to optimality the original
combinatorial problem without resorting to an enumerative scheme.

Our last application deals with air quality control in urban regions and the
coupling of modules in Integrated Assessment Models (IAM). The economic
activity creates pollutant emissions that are spatially distributed. Geographic
and climate models translate those primary pollutant emissions into ozone
concentrations which determine air quality. The objective of the study is to
find an optimal adjustment of the economic activity that results in accept-
able ozone concentrations. The modeling approach consists in coupling two
models, a techno-economic model and a climate model, to properly handle the
interaction between the economic activity and the air quality. From a method-
ological point of view, this approach is original as it allows the coupling of
two models that have totally different natures.

2 Oracle Based Optimisation

Oracle based optimisation deals with the convex programming problem

min{f(u) = f1(u) + f2(u) | u ∈ U ⊂ Rn}, (1)

where f1 is a convex function, f2 is a twice differentiable convex function and
U is a convex set. We assume that f1(u) and U are revealed by a first order
oracle while f2(u) is accessed through a second order oracle in an explicit way.
By oracle, we mean a black-box procedure which at any query point u returns
the information described in Definitions 1 and 2 below.

Definition 1. A first-order oracle for problem (1) is a black box procedure
with the following property. When queried at u, the oracle returns 1 or 2.

1. u 6∈ U and (a, c) is such that aTu′ − c ≤ 0, ∀u′ ∈ U (feasibility cut). In
that case, we set f1(u) = +∞.

2. u ∈ U and (a, c) is such that aTu′ − c ≤ f1(u
′), ∀u′ ∈ U (optimality cut).

In general, a ∈ ∂f1(u), c = aTu−f1(u), but this is not necessarily so. The
cut may have no intersection with the epigraph set (i.e., may be situated
strictly below that set).

Definition 2. A second-order oracle for problem (1) is a black-box procedure
with the following property. When queried at u, the oracle returns the function
value and the first and second derivatives of f2(u).

(Babonneau, 2006)

Localization set
The generated cuts define a Localization set L. The analytic
center of L is the next query point.
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Optimality cut
ETEM energy model

γ(ê) = min
x
{r′x | Ax = b,m′x ≤ ê,x ≥ 0},

Function value c
The optimal cost value γ(ê).

Gradient values a
The optimal dual values
associated with the constraints
m′x ≤ ê. x

Feasibility set C

Feasibility cut

Optimality cut

f (x)
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Feasibility cuts
Emission allocation + AUSTAL2000-AYLTP

p(ê) ≤ p̂

Function value c
The gap = p(ê)− p̂

Gradient values a
Approximate by finite
difference:

∇p(ê) =
(
∂p(ê)
∂êq,µ

)
≈ p(ê + ε)− p(ê)

ε
x

Feasibility set C

Feasibility cut

Optimality cut

f (x)
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OBOE algorithm

OBOE

start

Pollutant’s emissionsproposes

Air quality indicator ≤ threshold?no

Total Energy Cost

yes

Pollutant’s emissions

Total Energy Cost

optimal +ε

gradient
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Meteorology
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AOT-indicator response surface with stable meteo:
I Low wind speed, constant wind, high air temperature.
I Smoother and closer to convexity.
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Air quality policy

I NOx and VOC emissions are interdependent in the energy
model.

I The Domain is rather NOx sensitive than VOC sensitive.
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Study Case
To find optimal air pollution emission levels from Luxembourg

I to comply with drastic air quality limits after 2020
I by simulating a three-day episode (16th to 19th of July)
I with unfavorable meteorological conditions

Coupling var. AQI Domain

Test 1 National NOx AOT1 Luxembourg
Test 2 Sectoral NOx AOT1 Luxembourg
Test 3 National NOx DAVG, AOT40, AOT80 Greater Region
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Results — Performance
Time performance

I ETEM (GAMS version): 3min
I AQ model: 5min to 10min
I One iteration: 9min to 15min

Number of iterations
Run Mean # iter. (Max) Mean Resolution time

Test 1 15.75 (27) 2h20
Test 2 23 (44) 3h30
Test 3 16 (51) 4h00
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Results — Test 1

Annual NOx emissions

Optimal emissions vs AOT1-indicator
Threshold (μg m-3)

Relative cost vs AOT1-indicator
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Results - Test 2
Sector NOx emissions
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Results — Test 3

Daily average AOT40
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Results — Test 3
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Conclusions
I We have implemented an air quality model in the LEAQ

model, in an optimization framework,
I The convexity requirement imposes non realistic

meteorological scenario,
I Luxembourg energy policies are limited to control air quality

I Dependent on neighborhood countries policies,
I Transport sector is more responsive than others energy sectors,
I End of pipe measures rather than cleaner technologies,
I Non-energy sectors have an high influence on ozone level.

I Perspectives in other contexts:
I Other city (Thessaloniki)
I Annual AQ indicator: SOMO, PM concentrations
I Regional, Global scale
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Thank you for your attention !
Contact:

I laurent.drouet@cmcc.it
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