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Monterrey Metropolitan Area (MMA)

According to the 1999 official emissions 
inventory…

92% CO92% CO

39% VOCs60% NOx 69% of the x 69% of the 
gaseous 

emissions

3% SOx12% NH3
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VOC   k

Volatile Organic Compounds (VOCs)

VOCs can provoke:

Health 
Memory loss
R i t  diHealth 

Problems
Respiratory diseases
Cancerigens

In addition:

VOCs and NO + sunlight O3 + SOAVOCs and NOx  sunlight O3  SOA

Few studies outside Mexico City have been conducted to 

characterize the emissions of local sources.

3



What is the aim of this tunnel study?

Characterize VOC emissions from mobile sources in the 

MMA using as experimental set-up a road tunnel.

M t  M t lit  A  M t  M t lit  A  The Túnel de la Loma LargaThe Túnel de la Loma Larga
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(MMA)

Monterrey Metropolitan Area 
(MMA)

The Túnel de la Loma Larga
(TLL)

The Túnel de la Loma Larga
(TLL)



Tunnel studies around the world

Baltimore, USA

Zürich, Switzerland

Baltimore, USA

Taipei, Taiwan

Monterrey   Mexico
Los Angeles, USA

Monterrey,  Mexico
San Antonio, Texas
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The Loma LargaTunnel (LLT)

San Pedro 
Garza García

San Pedro 
Garza GarcíaBore

Time 
period

Traffic 
density

Day 1
Monday
06/22/09

Day 2
Tuesday
06/23/09

Day 3
Wednes.
06/24/09

Day 4
Thursday 
06/25/09

Day 5
Monday
06/29/09

Day 6
Tuesday 
06/30/09

SidewalkSidewalk
period density

Monterrey 7 a 9 hrs High √ √ √

MonterreyMonterrey

– San Pedro 
(Bore 1) 11 a 13 hrs Moderate √ √ √

San Pedro – 10 a 12 hrs Moderate √ √ √

Sampling siteSampling site

Monterrey 
(Bore 2) 18 a 20 hrs High √ √ √
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Measurement Description
At each sampling locationAt each sampling location

NOx measurements
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CO Measurements

0 09

NOx levels were used as surrogate for CO concentrations
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VOC Measurements
6 L SUMMA® Stainless-steel canisters, mass-flow controllers (2 hrs), ( )

No. Compound No. Compound

1 Benzene 9 2,4-ethyltoluene

Aromatics
No. Compound No. Compound

1 Ethane 15 Cyclohexane

Aliphatics

2 Toluene 10 1,3,5-trimethylbenzene
3 Ethylbenzene 11 2-ethyltoluene
4 m,p -xylene 12 1,2,4-trimethylbenzene
5 Styrene 13 1,2,3-trimethylbenzene
6 o -xylene 14 1 3-diethylbenzene

2 Propane 16 2,3-dimethylpentane
3 Isobutane 17 3-methylhexane
4 Butane 18 2,2,4-trimethylpentane
5 t -2-butane 19 Heptane

C l h l l h

N C d N C d
Olefins

6 o xylene 14 1,3 diethylbenzene
7 Cumene 15 1,4-diethylbenzene
8 Propylbenzene

6 Cyclopentane 20 Methylcyclohexane
7 Isopentane 21 2,3,4-trimethylpentane
8 Pentane 22 2-methylheptane
9 2,2-dimethylbutane 23 3-metihyheptane

2 3 di ih b O No. Compound No. Compound

1 Ethene 7 t -2-pentene
2 Propylene 8 1-pentene
3 Acetylene 9 cis -2-pentene
4 1 b t 10 I

10 2,3-dimetihybutane 24 Octane
11 2-methylpentane 25 Nonane
12 3-methylpentane 26 Decane
13 Hexane 27 Undecane
14 Methylcyclopentane/2 4-Dimethylpentane 4 1-butene 10 Isoprene

5 cis -2-butene 11 1-hexene
6 1,3-butadiene

High Resolution GC MS for 53 compounds (TO 15); 

14 Methylcyclopentane/2,4 Dimethylpentane

Chemical analysis:

9

High Resolution GC-MS for 53 compounds (TO-15); 
TNMOC by GC-FID (TO-12)



Devices on site
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Emission Factor Estimation

( )VCVC iikeek −

Where:

( )
LN

VCVC
EF iikeek

k ⋅
= ,,

Where:

Ck = Concentration of pollutant k at the exit, e, and inlet, 

 li  i  i, sampling points. 

V = Air volumetric flow.

N = Total  number of vehicles that traverse during the 

sampling period.

11
L = Distance between two sampling stations. 



More about EFs…

C ⎟
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Δ+Δ+Δ
Δ
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'

Where:Where:

ΔCk = Concentration difference of the species k between the two sampling 

points.p

ΔCCO2, ΔCCO and ΔCTNMOC = The carbon-equivalent concentration differences 

of CO2, CO and Total Non-Methane Organic Compounds.

wc = Carbon mass fraction in the fuel.

ρg = Density of gasoline.
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Experimental Field Conditions

Gasoline Vehicles

Diesel TrucksDiesel Trucks

Diesel Buses

Motorcyclesy
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Main Species EFs 

Species 
   Tunnel   

LLT T i ia Chung- G b i tb F t M H c T cp LLT Taipeia g
Cheng a Gubristb Fort McHenryc Tuscarorac

CO2 182.7 ± 44.0    175.63 ± 0.9 145.00 ± 7.5
CO 4.83 ± 2.90 3.64 ± 0.26 6.25 4.18 ± 0.38 3.95 ± 0.34 3.04 ± 0.30 

NO 0 11 0 07 0 9 0 18 1 02 1 05 0 09 0 50 0 06 0 24 0 16

a Hwa et al. (2002). b Legreid et al. (2007). c Pierson et al. (1996).

NOx 0.11 ± 0.07 0.9 ± 0.18 1.02 1.05 ± 0.09 0.50 ± 0.06 0.24 ± 0.16
TNMOC 1.16 ± 0.05 0.44 ± 0.06 1.51 0.46 ± 0.04 0.39 ± 0.06 0.18 ± 0.04 

Slope Effect 

Uphill vs  Downhill

Slope Effect 

Uphill vs  DownhillUphill vs. Downhill

CO2: 190 g/km-veh vs. 175  g/km-veh

Uphill vs. Downhill

CO2: 190 g/km-veh vs. 175  g/km-veh
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TNMOC: 1.5  g/km-veh vs.  0.8  g/km-vehTNMOC: 1.5  g/km-veh vs.  0.8  g/km-veh



Main Species EFs... 

    Tunnel    

Species LLT Callahan 
(Boston)a

Lincoln 
(NY)a 

Deck Park 
(Phoenix)a 

Sepulveda 
(LA)a 

Fort 
McHenryb Tuscarorab

CO2 2,159 ± 57     2,263 2,269 
CO 111.3 ± 29 45 39 45 56 56 48 

NOx 4.7 ± 2.1 9.2 10 8.4 7.3 4.9 3.9
TNMOC 19.8 ± 13.8 4.5 5.2 6.1 5.3 7.8 2.9 

Average Fuel Consumption = 12.3±2.3 km/LAverage Fuel Consumption = 12.3±2.3 km/L
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C i  f EF    diff  h i

Main Species EFs… 

Comparison of EFs : two different techniques.

Remote sensing4,a

Species 
 

LLT 
Remote sensing

  Automobiles Pick-ups SUVs 
CO  4.83 ± 2.90  3.5 7.7 1.9 
NO 0 11 ± 0 07 0 46 0 77 0 21NOx  0.11 ± 0.07 0.46 0.77 0.21
HCb  1.16 ± 0.05  0.5 0.9 0.2 

CO:Whithin the range values 

NOx: Half the value

CO:Whithin the range values 

NOx: Half the valuex

HC: Twice the value

x

HC: Twice the value
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Chemical Profile

12%

10 6%

8%

10%
10.6%

7.3% 7.6%

4%

6% 5.9%5.6%

0%

2%
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Main Species EFs… 

Ethene/Acetylene ratio for the different sampling periods.

Day Groupa Time period Ethene/Acetylene Ratio
Monday, June 22  B1H 7:00-9:00 1.12 
Tuesday, June 23  B1H 7:00-9:00 1.17 

Wednesday, June 24  B1H 7:00-9:00 1.53 
Monday June 22 B1M 11:00 13:00 2 01Monday, June 22  B1M 11:00-13:00 2.01
Tuesday, June 23  B1M 11:00-13:00 1.71 

Wednesday, June 24  B1M 11:00-13:00 2.22 
Thursday, June 25  B2M 10:00-12:00 2.43y,
Tuesday, June 30  B2M 10:00-12:00 1.32 
Thursday, June 25  B2H 18:00-20:00 1.19 
Tuesday, June 30  B2H 17:00-19:00 2.38 

Range from 1.1 to 2.4 Working Catalytic Converter
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VOCs EFs (mg/km-veh)

Tunnel Tunnel Tunnel Tunnel
Compound

Tunnel
Tuscarora

Tunnel
Fort McHenry

Tunnel
Taipei

Tunnel
Gubrist LLT 

Ethene 14.50 ± 1.1 22.06 ± 2.1 26.23 ± 4.9 24.14 ± 6.1 32.38 ± 1.5
Acetylene 3.94 ± 1.5 7.56 ± 1.3 11.56 ± 3.0 12.83 ± 3.2 19.54 ± 0.5

2 4 ± 0 8 0 1 ± 1 2 17 46 ± 1 8Propane 2.4 ± 0.8 0.15 ± 1.2 17.46 ± 1.8
Isobutane 4.57 ± 0.9 1.71 ± 1.0 10.32. ± 5.4
Isopentane 14.50 ± 3.6 32.06 ± 2.5 12.5 ± 4.1 18.22 ± 7.3 47.47 ± 9.5
Pentane 5.44 ± 1.4 9.69 ± 0.9 9.52 ± 3.1 6.16 ± 4.5 25.77 ± 3.4
H 2 38 ± 0 7 4 75 ± 0 4 4 18 ± 1 6 1 73 ± 0 6 8 51 ± 5 0Hexane 2.38 ± 0.7 4.75 ± 0.4 4.18 ± 1.6 1.73 ± 0.6 8.51 ± 5.0
Methylcyclopentane 0.00 ± 0.1 3.56 ± 0.4 0.36 ± 0.1 4.11 ± 1.7
Benzene 9.25 ± 0.9 14.88 ± 1.1 12.21 ± 3.3 10.38 ± 2.3 15.92 ± 2.0

2-Methylhexane 1.75 ± 0.6 3.63 ± 0.4 6.82 ± 2.5y
3-Methylhexane 1.50 ± 0.4 4.94 ± 0.9 2.94 ± 0.4 4.28 ± 1.9
2,2,4-Trimethyl pentane 3.88 ± 0.7 11.63 ± 0.9 0.29 ± 0.2 13.37 ± 5.0
Heptane 1.46 ± 0.2 0.93 ± 0.4 2.78 ± 4.4
2,3,4-Trimethyl pentane 1.31 ± 0.3 4.19 ± 0.3 2.81 ± 1.8y p
Toluene 14.31 ± 2.3 28.69 ± 2.6 29.02 ± 5.0 16.02 ± 4.8 42.93 ± 3.9
Ethylbenzene 2.81 ± 0.6 7.06 ± 1.4 5.88 ± 1.6 3.6 ± 0.9 5.36 ± 2.3
m,p-Xylene 10.56 ± 2.2 24.00 ± 4.9 8.95 ± 2.4 10.78 ± 3.0 14.50 ± 3.5
o-Xylene 4.06 ± 0.9 8.81 ± 1.6 7.88 ± 2.1 4.77 ± 0.6 5.93 ± 1.6
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Mexico city tunnel  Vs. LLT

14

16

18

LLT Chapultepec
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LLT Chapultepec

6

8

10

12

%
 m

ol

8

10

12

%
 m

ol

0

2

4

6

…

2

4

6

A
ce
ty
le
ne

 +
 …

Pr
op

yl
en

e

Pr
op

an
e

Is
ob

ut
an

e

1‐
bu

te
ne

3‐
bu

ta
di
en

e

Bu
ta
ne

ns
‐2
‐b
ut
en

e

ci
s‐
2‐
bu

te
ne

Is
op

en
ta
ne

1‐
pe

nt
en

e

Pe
nt
an

e

Is
op

re
ne

t‐
2‐
pe

nt
en

e

s‐
2‐
pe

nt
en

o

et
hy
lb
ut
an

e

yc
lo
pe

nt
an

e

et
ih
yb
ut
an

e

th
yl
pe

nt
an

e

th
yl
pe

nt
an

e

1‐
he

xe
ne

H
ex
an

e

yc
lo
pe

nt
an

e

th
yl
pe

nt
an

e

Be
nz
en

e0

oh
ex
an

e
yl
he

xa
ne

pe
nt
an

e
yl
he

xa
ne

pe
nt
an

e
H
ep

ta
ne

oh
ex
an

e
pe

nt
an

e
To
lu
en

e
he

pt
an

e
he

pt
an

e
O
ct
an

e
be

nz
en

e
p‐
xy
le
ne

St
yr
en

e
o‐
xy
le
ne

N
on

an
e

Cu
m
en

e
be

nz
en

e
lt
ol
ue

ne
lt
ol
ue

ne
be

nz
en

e
lt
ol
ue

ne
be

nz
en

e
D
ec
an

e
be

nz
en

e
be

nz
en

e
be

nz
en

e
nd

ec
an

e

Et
he

ne
+  1,
3

tr
a c ci

2,
2‐
di
m
e

Cy

2,
3‐
di
m
e

2‐
m
et

3‐
m
et

M
et
hy
lc
y

2,
4‐
di
m
et

Cy
cl
o

2‐
m
et
hy

2,
3‐
di
m
et
hy
lp

3‐
m
et
hy

2,
4‐
tr
im

et
hy
lp H

M
et
hy
lc
yc
lo

3,
4‐
tr
im

et
hy
lp

2‐
m
et
hy
l

3‐
m
et
ih
y

Et
hy
lb

m
,p o

Pr
op

yl
b

3‐
et
hy

4‐
et
hy

3,
5‐
tr
im

et
hy
lb

2‐
et
hy

2,
4‐
tr
im

et
hy
lb

2,
3‐
tr
im

et
hy
lb

1,
3‐
di
et
hy
lb

1,
4‐
di
et
hy
lb U
n

20

2

2,
2

2,
3

1,
3

1,
2

1,
2



Conclusions…
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