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2. Executive Summary 
 
 
Background 
Gaseous emissions from motor vehicles such as carbon monoxide (CO), carbon 
dioxide (CO2), nitrogen oxides (NOx), and unburned or partially burned hydrocarbons 
(CH) have significant detrimental effects on air quality especially in urban areas. 
Studies have linked poor air quality with a rise in respiratory diseases and other 
health problems. A number of approaches are being used to curb vehicle emissions, 
primarily by reducing vehicle usage and by the introduction of improved engines. To 
assess the effect of these emission reduction measures, it is necessary to have 
base-line measurements of real-world vehicle emissions, that is from in-service 
vehicles under normal operation.  
 
This is a problem which must be solved on a European level as all Member States 
are under obligation to report and reduce pollution levels from transport. Such 
information is also required for comparing the environmental impact of different 
modes of transport and within the framework of the Transport and Environment 
Reporting Mechanisms, as identified in the Competitive and Sustainable Growth 
Thematic Programme Task 2.2.2/2 Monitoring emissions from transport, including 
particulates. (Key action: Sustainable Mobility and Intermodality; Objective 2.2.2: 
Infrastructures and their interfaces with transport means and systems: Environment).  
 
There is also a need to assess the emissions from individual vehicles throughout 
their lifetime to ensure that vehicles which are designed to be low-emitters are 
properly maintained and do not degrade unacceptably with time. Most vehicles in 
Europe undergo periodic testing but it is highly desirable to test vehicles more 
frequently without causing unnecessary inconvenience to their drivers or 
unnecessary expense. (Task 2.2.2/3 In-service test procedures for road vehicle 
emissions).  Moreover, there are widely-held views with in the European vehicle 
inspection community that the emissions tests which are performed in a workshop as 
part of periodic inspection are not representative of on-road emissions performance, 
and therefore the tests may not be effectively dealing with polluting vehicles. 
 
To redress many of these problems ‘remote sensing’ has been identified as a 
potentially effective tool to provide a measurement of pollutant emissions under real-
time operating conditions. The REVEAL project was constructed to investigate the 
range of applications of remote sensing in this area, and the instrumentation 
necessary to support them.  
 
The REVEAL work programme 
The project has produced measurement protocols, comparative studies of different 
instruments, and validated emissions data. European studies of emissions 
measurements linked to parameters such as vehicle type, age and driving condition 
have been undertaken and are available for the use of both policy makers and  
researchers. The prospects for remote sensing instruments providing public 
information have also been investigated, with the aim of reinforcing individual 
motorist responsibility for their vehicle emissions. 
 
The project has used local scale modelling to understand the dynamics of dispersing 
exhaust plumes in the context of the operation of Remote Sensing Devices (RSDs), 
particularly on European roads where climatic conditions and street geometry are 
extremely variable. This has provided a foundation for RSD measurement protocols 
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and guidelines for use, leading to recommendations on the use of RSDs which may 
inform debate on harmonised test procedures. Instrument development activities 
have drawn on European expertise in spectrometer design, particularly in the novel 
application of optoelectronic techniques to produce a low cost, flexible multi-species 
instrument. However, the main innovation has been the integration of expertise in 
instrument development, emissions modelling, and validated measurement to 
produce technological solutions suitable for European conditions and measurement 
requirements. 
 
The REVEAL consortium 
Ten partners from seven EU countries form the REVEAL consortium: 
 
Collaborating on the instrument hardware: Golden River Traffic, a manufacturer of 
traffic telematics systems (systems integration), VTT Electronics (spectrometer 
design), Farside Technology, a manufacturer of embedded software systems, Eni 
Tecnologie (formerly CREA), the research centre of a petroleum fuel retailer and Sira 
Ltd, a research organisation specialising in intelligent instrumentation.  
 
To provide full understanding of the new instrumentation, its relationship with other 
testing methods, and its deployment and use: two national environmental 
laboratories (NCSRD and TNO), and the Environmental Sciences Department of the 
University of Hertfordshire.  
 
RWTÜV-Farhzeug and Bundesprüfanstalt für Kraftfahrzeuge represent European 
road inspectorates, giving the Consortium end user feed-back throughout the project, 
links to the CITA international vehicle inspection community, and ensuring the 
ongoing relevance and focus of the work. 
 
Objectives 
The REVEAL project was driven by the primary objective of producing a robust low 
cost instrument which measures gaseous pollutants in motor vehicle exhaust plumes 
with sufficient accuracy to be a useful tool for regulatory authorities and for 
environmental impact researchers.  
 
Supporting this goal were subsidiary objectives of developing application protocols, 
best practice in deployment of remote sensing devices, and useful information about 
emissions in various European locations through measurement campaigns 
undertaken using the REVEAL prototype instruments. 
 
A third further set of objectives related to validating the instrument’s performance 
against other measurement techniques so as to demonstrate its applicability and to 
prepare for its potential exploitation as a commercially available device. 
 
Description of results 
In all, four REVEAL instruments were constructed during the course of the project; 
the initial breadboard prototype, a 3-channel instrument for initial on-road trials and 
collecting plume data to develop processing algorithms (STREET 1), and two fully-
specified prototypes configured for operation at the roadside during the REVEAL 
measurement campaigns (STREET 2a and 2b).  
 
Extensive laboratory based and controlled condition testing was undertaken before 
the field trials commenced, demonstrating that the REVEAL instrumentation 
correlated will with conventional spectrometer systems such as FTIR (TEMET Gas 
Analyser), and correlated well with motor vehicle emissions measurement equipment 
associated with chassis dynomometers. 
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Extensive work was also undertaken resulting in the development of a robust 
algorithm for the interpretation of the optical data collected by the instrument and its 
transformation into meaningful results. 
 
During the four major field trials (held in UK, Netherlands, Greece and Italy) some 
60,000 vehicles in total were analysed and continuous operation through day and 
night cycles of up to 36 hours were undertaken.  
 
The main findings from evaluating the instrument performance were: 
• The field trial results show the promising potential of the method. It is possible to 

conclude that REVEAL is suitable to monitor overall “car fleet emissions”. This is 
relevant to measurement of  the impact of urban traffic management on car fleet 
emissions e.g. by increasing flow of stagnant urban traffic from 30 km/h to 40 
km/h. Individual vehicles measurements illustrate the wide range in emission 
factors at a time scale of a few seconds: this is the “normal” fluctuation of 
emissions at that time scale under “normal” driving conditions, and highlights the 
error introduced by vehicle operating conditions, and the necessity to minimise 
this through suitable choice of measurement location when vehicle assessment is 
the required application. 

 
• The results illustrate that REVEAL is especially relevant for monitoring the impact 

of (urban) traffic management on emissions and also to identify “gross polluters”. 
The method seems less suitable to establish quantitative measurement of 
individual vehicle emissions due to the relatively large fluctuations of vehicle 
emissions on the measurement scale of the RSD. 

 
• REVEAL can rank vehicles in order of increasing emissions. As expected from  

previous RSD publications, a small per cent of high emitters contributes a large 
share of the total vehicle emission. Therefore, vehicles belonging to the most 
polluting subset can be sorted out for further inspection and maintenance. 

 
• The present REVEAL prototypes are more suitable for gasoline- than for diesel- 

fuelled vehicles, because of the high resolving power of the CO measurement 
and of the poor resolution for smoke emissions. The latter is also due to the fact 
that dust and particulate matter from all sources, not only from the combustion in 
the engine, contribute to the measurement in the channel which is used to assess 
smoke emissions. Nonetheless assessment of NO emissions can be successfully 
undertaken but this is only one of the two key pollutants for diesel powered 
vehicles. 

 
• Location of the exhaust pipe along the side of the vehicle, and a vehicle floor 

higher than the beam height (e.g. HDVs, trailer trucks) may hinder a correct 
sampling of the plume, but if sufficient plume is measured in between such 
obscurations a valid measurement can be made. If needed to target special 
vehicles, the REVEAL positioning and the data acquisition software can be 
adapted to the features of the vehicles. On the other hand, provided the vehicle’s 
body does not mask the plume, neither the height nor the shape of the exhaust 
pipe affects the RSD measurements. 

 
• The application of REVEAL in public off-road locations such as petrol station 

forecourts is technically feasible and gives valuable qualitative results. For 
example, it can sort out the most polluting types of vehicles (motor scooters, 
motorcycles and diesel buses in the REVEAL trials), thereby enabling local 
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authorities to evaluate specific measures for traffic management. REVEAL 
correctly captures trends between emission and vehicle properties, e.g., the 
increase of CO and total HC emissions with vehicle age, the decrease of CO 
emission with increasing speed for gasoline cars, the increase of CO2 emission 
with vehicle size, or the correlation between CO and total HC and the 
independence of CO and NO.   

 
Usefulness and applications 
The REVEAL prototypes have demonstrated their applicability in two general types of 
application scenario, identification of abnormally polluting vehicles (gross polluters) 
and supporting environmental impact assessment. A wider range of potential 
applications is envisaged, as determined by the needs of regulatory authorities and 
local authorities. 
 
In the context of identification of polluting vehicles, REVEAL has demonstrated the 
potential for separation of vehicles on the basis of characteristic emissions. Used as 
a roadside inspection tool, the REVEAL technology is capable of advising the 
inspectors by indicating which vehicles should be stopped and inspected. 
 
REVEAL was aimed to produce a low cost product that would be accessible in the 
European market. This has been achieved. In addition, deployment of REVEAL 
compared to other remote sensing devices has been improved through developing a 
calibration system which does not require periodic in-field recalibration using bottled 
gas mixtures. 
 
Indication on exploitation 
The REVEAL partners are currently in the process of commercialising REVEAL 
product; further information can be obtained through Golden River Traffic Ltd, 
Bicester, UK - a supplier of roadside equipment installed worldwide.  
 
It should be noted that the REVEAL project as scoped by contract 1999-RD.10657 is 
only a part of the bigger picture. Much further development and product engineering 
work can be undertaken, not only by the REVEAL partners but also by other 
commercial developers and suppliers of RSD technology. In this context the collected 
data both from field trials already undertaken and from future trials will continue to be 
analysed to improve the instrument and product(s). Where appropriate the REVEAL 
partners will continue to make this accessible to researchers and policy-makers. 
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3. Objectives of the project 
 
The work objectives of the REVEAL project can be summarised as: 
 
• Identification of appropriate spectroscopic/measurement and data handling 

approaches for emissions measurement in a range of user-driven applications for 
remote sensing 

 
• Provision of theoretical foundations for the remote optical measurement of 

emissions in order to obtain a predictive understand of the limits of performance 
of such devices 

 
• Design, Construction and testing of prototype instruments taking into account the 

requirements for low-cost solutions 
 
• Demonstration of proof of concept of the selected measurement strategies for the 

identified applications 
 
• Validation of performance of the instrumentation and determination of best 

practice in making emissions measurements 
 
 
Application Brief Description Users 
Roadside Targeting Identifying vehicles to pull over and 

apply statutory testing 
Local authorities, 
enforcement 

Gross Polluter ID Possible replacement or 
supplement for I&M emissions 
testing. Identified vehicles required 
to be repaired and retested 

Local authorities, 
enforcement 

Clean Certification US application at present – 
exempting vehicles from periodic 
inspection on the basis of known 
compliant emissions 

Local authorities, 
enforcement 

Impact Assessment Determination of effect of e.g. new 
road layout or traffic flow 
sequencing 

Local authorities, 
legislative, 
environmental 
research 

Program Evaluation Determination of the effectiveness 
of new legislation introduced to 
control transport emissions or 
improve air quality 

Local or national 
authorities, legislative, 
environmental 
research 

OBD Verification Identifying vehicles which should 
be indicating OBD alerts, so they 
can be pulled over and checked 

Local or national 
authorities, 
enforcement and 
legislative 

Research Fleet emission inventories with 
individual vehicle resolution, 
performance testing of new 
components/systems/fuels under 
in-service conditions 

environmental and 
vehicle technology 
research 

 
Table A – Overview of potential applications of RSDs  
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The range of applications identified in discussion with the potential user communities 
(legislative, enforcement, environmental research, vehicle technology research) is 
summarised in Table A. 
 
Development of remote sensing technologies for measurement of emissions from 
vehicles under in-service conditions allows the identification and ultimately removal of 
the small proportion of vehicles which constitute the majority contributors to road 
transport-based pollution. Existing policies of periodic inspection in Europe do little to 
support these aims as it is widely acknowledged that idle testing does not bear a 
useful relationship with in-service emissions, and there is not the political ability to 
support financially the expense of using chassis dynomometer based examinations. 
Remote sensing, once proved to be validated and cost effective, provides a suitable 
alternative. 
 
The aim of environmental emissions minimisation is based in the Air Quality 
Directive, and its daughter directives, which put in place stringent permissible levels 
of pollutants. National policies for reducing and controlling motor vehicle emissions 
form part of a collection of measures which are expected to have the combined effect 
of achieving the required air quality criteria. As such the requirement for being able to 
enforce motor vehicle emissions limits is only meaningful if those measurements are 
also required to correlate with the actual in-service emissions of such vehicles. 
 
The benefits of achieving validated technology to measure emissions from vehicles 
under actual operating conditions, and to assess the impact of emissions reducing 
strategies, technologies and legislation, are both economic and socio-environmental. 
The social and environmental benefits of emissions reduction can be seen in terms of 
quality of life and health of citizens, and in terms of ecological remediation  and 
sustainability.  The economic benefits of remote sensing technologies are perhaps 
less obvious, however the potential of replacing periodic emissions testing with a 
combination of on-board diagnostics and automated on-road emissions checks 
should be capable of generating significant cost savings. 
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4. Scientific and technical description of the results 
 
The core activities of REVEAL relate to the design, construction, testing and 
validation of remote sensing devices. This was not possible, however, without a 
significant programme of supporting research giving contextual information in order 
to inform the design decisions and to help design the testing processes.   
 
For example: 
• In the context of motor vehicles, it was necessary to undertake studies into the species which are 

emitted, the quantities of these species emitted under different conditions, and the variations which 
occur as a result of different failure modes of motor vehicles. It was also necessary to understand 
what happens to the exhaust plume in fluid dynamics terms once it leaves the tailpipe and begins to 
be dispersed.  

 
• In order to understand the deployment of remote sensing devices it is necessary to have an 

understanding of the variation of emissions with driving conditions, and the factors which affect 
measurement, such as ambient background levels of emitted species, and such as the range of 
time intervals between successive vehicles.  

 
Diagram B below illustrates the inter-relationship of the different disciplines and 
research areas in REVEAL.  This section of the report contains a summary of 
research activities and findings in each of these areas. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diagram B 
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Section 4.1 Supporting Studies 
 
4.1.1 Vehicle emissions and future trends 
Within the broad subject of the relationship between fuel, vehicle and emissions a 
number of topics of specific interest for the REVEAL project have been examined.  
 
4.1.1.1 Speciation of hydrocarbons in exhaust gases from passenger 
cars  
 
Motivation and approach 
In support of the design for the REVEAL infrared spectroscopic instrumentation, 
including the proper choice of the absorption wavelength and calibration gases for 
the hydrocarbon (HC) channel, there is a need to know the composition of HC in the 
exhaust plumes of different vehicles under different driving conditions. The speciation 
of hydrocarbons is of some interest because some of them, e.g. benzene, 1,3-
butadiene, are considered much more toxic than others. Moreover, each 
hydrocarbon has its own ozone-forming potential and some hydrocarbons are 
carcinogenic, e.g. benzene, and many polyaromatic hydrocarbons. Finally, for the 
specific purpose of the identification of high-emitting vehicles, some parameters 
derived from selected hydrocarbon species or classes may prove to be more 
sensitive to malfunctions than the simple concentration of total hydrocarbons. 
 
Activities 
Five cars of different age, fuel type, and state of maintenance were tested on a 
chassis dynomometer system (CREA Engine Test Rooms) according to the standard 
ECE and EUDC driving cycles, and to a specific cycle designed to be representative 
of urban driving conditions using typical commercial gasoline and diesel fuels. 
Exhaust gases resulting from different parts of the driving cycles were collected after 
a standard Constant Volume Sampling (CVS) system, in plastic bags for off-line 
analysis. C1–C8 HC speciation was carried out by a gas chromatograph equipped 
with a gas sampling loop and a flame ionization detector (FID). 
 
Main results and conclusions 
• The speciation of the hydrocarbon fraction in the exhaust plumes shows different 

combinations of hydrocarbon classes and species as a function of vehicle/fuel 
type and driving conditions 

 
• Under the likely driving conditions of the REVEAL application, hydrocarbon 

emissions are mostly affected by the presence/absence of the automotive 
catalyst and, if present, by its efficiency 

 
• For compliant vehicles, methane is by far the most abundant hydrocarbon 

compound, while for high emitting vehicles ethane and acetylene are as 
abundant or even more abundant than methane 

 
• Parameters based on the ethane and acetylene signals or the 

unsaturated/saturated hydrocarbon signals ratio could be considered as specific 
criteria for the identification of high emitters. 
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4.1.1.2 Analysis of some algorithms to convert intensity ratios into 
volume concentrations 
 
Motivation and approach 
One major problem in the spectroscopic remote measurement of vehicle emissions is 
the conversion of absorption intensity ratios between two species into absolute 
concentration values of single pollutants. This conversion is needed for the sake of 
comparison on a common basis, i.e., volume concentration, with other gas analyzers, 
which may be based on different techniques, and as an intermediate step to calculate 
emission factors in g/km. 
 
As a support for the development of the REVEAL instrument, two patents  
- US Patent 5,498,872 , March 12, 1996, “Apparatus for Remote Analysis of Vehicle Emissions”, by 

D. H. Stedman, G. Bishop and S. McLaren, assigned to Colorado Seminary, Denver, Colorado 
- US Patent 5,831,267, November 3, 1998, “Method and Apparatus for Remote Measurement of 

Exhaust Gas”, by M. D. Jack, J. C. Peterson, d. R. Nelson and M. N. Gray, assigned to Envirotest 
Systems Corp., Sunnyvale, California 

that suggest some options for such transformation have been analyzed. The 
assumptions therein and the developed relationship between pollutants species have 
been verified on the basis of data obtained in the engine test rooms at CREA. 
 
Activities 
Two gasoline and two diesel cars with and without catalyst were tested on a chassis 
dynomometer system as described in previously. Regulated pollutants were 
monitored every second in diluted exhaust gas by a set of analyzers based on IR 
(CO, CO2), chemiluminescence (NOx) and FID (THC). 
 
The analysis of the equations derived in the patents have been carried out on three 
levels: 
1. Linear correlation between CO, HC or NOx with CO2 
2. Constant value of CO2 volume concentration 
3. Fitting of calculated results with experimental data  

 
Main results and conclusions 
• The equations proposed by the considered patents can be conveniently used, 

with expected errors less than 10% relative to experimental values, under 
conditions at constant air/fuel ratio. These conditions are best met by catalyzed 
gasoline cars driven at constant speed. 

 
• In diesel cycle engines the air/fuel ratio has a large variance as it is directly 

affected whenever the gas pedal is pressed. Therefore, diesel vehicles are not 
conveniently described by these equations. 
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4.1.1.3 Influence of fuel properties on regulated emissions 
  
Motivation and approach 
A general knowledge of the state-of-the-art and prospective trend of vehicle 
emissions and how they are affected by fuel and vehicle technologies was a 
prerequisite for the development of the REVEAL remote sensing device, as it is 
intended as a new tool to control vehicle pollution. 
 
To tackle this task, a literature survey on the relationship between fuel, vehicle and 
emissions has been carried out. Then, on the basis of data from the European 
Program on Emissions, Fuel and Engine Technology (EPEFE), the emission 
variability due to different fuel grades and qualities, different vehicle types, and some 
expected emission trends based on fuel quality trends and proposed legislation, were 
assessed. 
 
Activities 
The current fuel qualities determined by the periodic Concawe fuel survey  were used 
as input data in the EPEFE regression equations in order to assess the emission 
variability associated with each single fuel parameter. The variability was calculated 
as spread relative to the mean value by entering the maximum and minimum values 
for the considered parameter while maintaining average values for the other 
parameters. The same EPEFE regression equations, based on a fleet of Euro III 
vehicles, were also used to predict emissions levels of future fuel quality as already 
settled by EU Directive 98/70/EC for year 2005 (Euro IV fuel) and according to the 
proposed fuel sulphur level of 10 ppm. 
 
Results and conclusions 
• The emission variability due to fuel is significant but very much lower than that 

due to the vehicle 
 
• Future emission trends will be mainly driven by legislation and vehicle 

technology. 
 
• Fuel quality will be important as an enabling condition for new 

engine/aftertreatment technologies. 
 
 

Final Technical Report (Public) 12 Copyright © Sira Ltd 2003 



REVEAL – Remote Measurement of Vehicle Emissions at Low Cost 
Growth – 1999 – 10657 

Section 4.1.2  A General Distribution for Vehicle Spacing 
 
Motivation and approach 
The sampling parameters of the REVEAL roadside remote sensing instrument must 
be optimised in order to ensure the maximum quantity of high quality data can be 
obtained. Trade-offs between processing speed and measurement algorithm 
accuracy and complexity  become significant factors if the minimum time in which the 
remote sensing instrument can respond become comparable with the minimum 
spacing between vehicles.  To determine the optimum operating conditions therefore, 
some knowledge of general traffic distribution is required.  
 
 
Activities 
Statistical analysis of the time between the rear of one vehicle and the front of the 
next (referred to here as the “gap”) passing a sensor was undertaken. Historical 
source traffic data was examined  for different times of day at four European sites 
having different road and traffic conditions. Sample data from ∼100 vehicles was 
provided at each location.  
 
Results and Conclusions 
• A distribution for the time spacing of vehicles for four sites in Europe has been 

estimated, showing that the modal gap is 2 seconds, and another frequently 
occurring gap is at 10 seconds.  

 
• Since the estimated mixing length of a typical exhaust plume is of order 1000m 

(from CFD models), this suggests that measurements made by the remote 
sensor will almost always be limited by the next car passing in front of the sensor.  

 
• To measure plumes from the largest possible number of vehicles, the sensor 

probably needs to complete its sampling < 1s after the car has passed it. 
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Section 4.1.3 Exhaust gas dispersion modelling of moving 
vehicles 
 
Remote sensing instruments may be used to make measurements of emission levels 
from individual vehicles under real driving conditions. In designing REVEAL, a CFD 
modelling approach has been used to study the effects of the parameters involved on 
the characteristics of the exhaust plume. 
 
Motivation and approach 
Analysis of the spatial and temporal characteristics of the exhaust plume is 
necessary in order to understand several operational parameters of the REVEAL 
instrument: 
• The optimum spatial volume in which to perform the optical sampling of the 

exhaust plume 
• The decay/dispersion times which affect how quickly the optical sampling must 

take place, and how long after sampling it is necessary to wait before background 
levels of emitted species are again established 

• The effect of vehicle speed on the above effects 
• The effect of local geometry (buildings, tunnel walls, trees etc.) on the above 

effects 
• The effect of interfering parameters such as wind speed, and the effect of other 

vehicles both passing and following. 
 
Activities 
The analysis was performed using the ADREA-HF code in open space, street 
canyons and tunnel environments, with input parameters being the vehicle speed 
and wind speed. The calculations were performed in a moving co-ordinate system 
with the vehicle and site geometry fully resolved. Typical values for gas flow rates 
and exit temperature were selected. 
 
Results and Conclusions 
• The effect of the exhaust gases leaving the tailpipe with a velocity induced by the 

gas pressure is negligable, the spatio-temporal characteristics being very similar 
to characteristics calculated for a gas source without momentum or buoyancy.  A 
secondary implication is that if the vehicle is considered to be travelling in the 
direction of the x-axis, under conditions of constant emission rate the net 
transport in the x-direction is zero and the gas can be considered as dispersing in 
the y-z plane only.  

 
• The effect of the presence of the vehicle body is significant. Close to the vehicle 

the gases are entrained, slowing the rate of dispersion. Further away the exhaust 
disperses more rapidly due to the extra induced circulation and turbulence. There 
is therefore an optimum measurement period immediately after the vehicle has 
passed. 

 
• The effect of vehicle speed is significant in all wind directions, exhaust plume 

dispersion increasing with vehicle speed. 
 
• The effects of crosswinds, headwinds and tailwinds are also significant, moving 

the ‘core’ of the plume and therefore the optimum sampling position. It is 
desirable that the dispersing plume does not extend beyond the limits of the 
sampling beam during the sampling interval; the CFD models suggest a 
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separation of spectrometer and retroreflector no less than 5m is necessary. The 
effect decreases with increasing vehicle speed. 

 
• Similarly the models indicate that the most concentrated part of the plume occurs 

close to the road surface, so the measurement beam should be located as low as 
possible without incurring problems from road-spray or road debris, or 
obscuration by road camber.  

 
• No significant differences are seen between the tunnel and open-road cases, and 

small differences are observed for street canyons compared to open road 
conditions, except under crosswind conditions when concentration gradients 
become established and the background levels are thereby  affected and become 
non-uniform. This becomes a factor in selecting measurement locations and in 
interpreting results. 
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Section 4.2 Requirements Analysis 
 

Requirements analysis was undertaken across a range of European stakeholders, in 
industry, and in regulatory authorities. The CITA community of motor vehicle 
inspectorates was heavily involved in providing feedback, as were the REVEAL 
project participant organisations, a number of whom are CITA members. Feedback 
was also received from DG-TREN.  
 
Key Requirements Statements and Target Specifications 
The principal requirement is for rugged, proven (validated) instrumentation, at an 
appropriate cost for the organisations who will deploy it, and bearing in mind the 
numbers of instruments that will be needed to provide effective programmes. A €70k 
target selling price might be compared favourably with other ‘high tech’ roadside 
equipment such as speed cameras. 

RSDs for vehicle emissions analysis must be capable of deployment in a wide variety 
of locations in order to maximise their usefulness. This means locations for emissions 
surveys need to reflect the needs of the survey, for example looking at emissions 
contributions to localised pollution hot-spots, rather than reflecting the needs, or 
rather limitations, of the technology.  
 
Proposed order of priority for species detection: 
 
Priority: Species: 
1 (highest) NOx (or NO if total NOx cannot be measured) 
2 CO 
3 HC (unburned/partially burned hydrocarbons) 
4 Benzene 
5 Particulates 
6 Ammonia, sulphur dioxide 

 
A remote sensing instrument for identifying vehicles outside the legislative limits must 
identify accurately identify vehicles with emissions of: 

NOx > 1000ppm: cut-point for gross polluters being 1% 
CO > 0.3%: cut-off point for gross polluters being 5% 
HC > 100ppm: cut-off point for gross polluters being 1500ppm 

 
The measurement of particulate species is much more challenging, insofar as the 
chemical composition is undefined and variable. It is not possible to measure 
particulates on the basis of characteristic light  absorptions, like the gaseous species. 
The best that has been done to date is measurement of the broadband optical 
attenuation i.e. the ‘darkness’ of the exhaust plume. Such measurements are not 
discriminated from the contributions made by road dust etc. carried into the beam by 
the passage of the vehicle. If capable of measuring particulates, a remote sensing 
instrument should be capable of detecting in the 0.025 – 1 g/km range for PM10. 
 
It should be noted that the degree of optical obscuration at a reference frequency is 
also typically used to compensate remote sensing devices for the effects of 
dust/optical drift/aerosols/rain etc. in the beampath. After such compensation, 
readings of pollutant concentrations are corrected, but the accuracy of the 
measurement is degraded as the degree of optical obscuration increases.  
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The instrument should be able to discriminate each target pollutant species at the 
lowest level required, while subjected to all other species in the exhaust plume at 
their average concentrations. Primarily this means that the above specifications for 
measuring CO, NOx, HC and benzene must be achieved while maintaining immunity 
from cross interference by carbon dioxide (at up to 16%) and water vapour (at up to 
20%). 
 
The equipment should be sufficiently flexible in its deployment that it can be used to 
analyse light-duty vehicles or heavy-duty vehicles. It may be acceptable to adjust the 
positioning of the instrument to suit monitoring of one class or the other if it is not 
possible to address both simultaneously. Setup time should be as short as possible, 
with the minimum number of modules to transport and connect. Setup should cause 
little disruption to traffic as possible. Warm-up time once the system is set up should 
be not more than 10 minutes. 
 
The system must be capable of operating in throughout the temperature range -10°C 
to +40°C. 
 
Calibration should be required as little as possible. If traffic needs to be stopped 
during calibration this should not be for more than 10 minutes depending on the site 
location. If traffic can remain free-flowing then longer calibration times would be 
acceptable. Automatic calibration, for example using a reference gas cell inside the 
instrument, would be highly desirable. 

A European RSD product should be compliant with the necessary regulations for use 
in roadside and forecourt locations: 
• CE Marking, including Low Voltage Directive 
• EN50293 Electromagnetic Compatibility – Road Traffic Signal Systems Product 

Standard 
• TR2130 – Environmental Tests for Motorway Communications Equipment and 

Portable and Permanent Road Traffic Control Equipment 
• EN60079 – Electrical apparatus for explosive gas atmospheres (is used in a 

zoned area) 
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Section 4.3  

Developments in optical instrumentation, including gas 
correlation filters for speciation and developments in 
modelling  

Modelling 
Spectroscopic techniques have attracted much interest in recent years, because they 
provide very versatile tools for trace gas monitoring. The spectroscopic methods can 
be separated in two categories: narrow band (laser-based) and broadband light 
sources. Especially laser-based have profited from the development of tuneable 
lasers. Both methods are anyhow based on the interaction process between radiation 
and matter. This interaction process can again be divided to two subcategories, 
namely scattering and absorption. The sensitivity achieved with scattering processes 
(Raman and laser induced fluorescence) is poor, but selectivity can be excellent 
(Raman). Due to the poor sensitivity, instruments based on scattering processes are 
not suitable for remote measurement of vehicle exhausts. Absorption processes can 
be divided in several sub-categories either by based on technology (Fourier 
Transform Infrared (FTIR), Non Dispersive Infrared (NDIR); Dispersive infrared, e.g. 
grating spectrometer; etc.) or by wavelength range, where absorption process is 
applied (Ultraviolet, UV; Near Infrared, NIR; .Infrared, IR): Figure 1 illustrates various 
technological possibilities to implement absorption measurement (NOTE: this list is 
not comprehensive).  
 
The quantitative identification of exhaust constituents is limited by the spectral 
resolution and by the minimum detectable absorption, i.e., by the sensitivity of the 
particular technique. A spectral resolution is of primary concern for the proper 
identification of species, i.e., for detection selectivity (cross interference detection). 
 

MEASURING PRINCIPLE

SCANNING SCANNING PARALLEL NON-SCANNING PARALLEL

FIXED
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FULL
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Figure 1 Techniques for implementing absorption measurement. 

 
 
UV absorption measurement is limited to few species (NO, NO2, SO2 and NH3), 
which are interesting for remote measurement of vehicle emissions. Unfortunately 
the absorption bands of these species are overlapping on the wavelength range of 
200-230 nm, which significantly reduces the selectivity of the measurement. The 
combined use of UV and IR absorption measurement has been patented [e.g. Bishop, 
G. A. and Stedman, D. H. (1993) Apparatus for remote measurement of vehicle emissions, US patent 
5,210,702].  
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The USF HITRAN-PC [Rothman, L. S., et. al. (1998) The HITRAN Molecular Spectroscopic 
Database and HAWKS (HITRAN Atmospheric Workstation): 1996 Edition. JQSRT 60, 665-710] has 
been used to obtain the absorption coefficients of the various pollutants and other 
atmospheric gases and vapours. A spectral library Quantitative Infrared Database of 
Infrared Analysis Inc. (http://www.infrared-analysis.com/) was used as spectral 
source of hydrocarbons, which have only limited availability in HITRAN96. The 
Infrared Analysis library spectra have been measured with an FTIR instrument at a 
resolution of 0.5 cm-1 and components were diluted in N2 at room temperature and 
normal pressure (1 atm). Baseline correction was done to the spectra before using 
them in the simulations.  
 
Transmitted IR intensity through a gas can be expressed using the following 
equation, 
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where M  is the spectral radial excitance from the source 
λ  is the wavelength 
T0  is the transmission of optics 
A0  is the area of the optics, which is limiting the throughput 
Ω0  is the solid angle of the optics, which is limiting the throughput 
l  is the pathlength 
α  is the absorption coefficient  
pg/patm  is the partial pressure of pollutant gas g (=concentration) 
ε(λ)  is the emissivity of the source. 

 
For the purposes of remote sensing, only the absorption due to the vehicle plume 
should be considered, while the absorption of the background atmosphere should be 
subtracted. If a light beam passes sequentially through two different volumes 
containing same gas (air and exhaust), it can be shown that: 
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where  l1  is the pathlength of background pollutant gas g 
 l2 is the pathlength of exhaust pollutant gas g 

 α  is the absorption coefficient of pollutant gas g 
 pg1/patm  is the partial pressure of background pollutant gas g 
 pg2/patm  is the partial pressure of exhaust pollutant gas g 

 
Or in other words the absorption of the two volumes can be added when calculating 
the combined absorption. Similarly this equation can be extended to cover cases 
where all gases absorb simultaneously (normal case), then also the absorption 
coefficient α is individual for each absorbing species (number of species k). 
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The “standard” urban air and exhaust plume models used in the modelling have been 
derived from various sources. Some values are taken directly from literature but the 
majority of values used have been derived from a variety of actual measurements. 
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NO and NO2 values for urban air are estimated from TRAPOS street canyon data. 
These models are rather crude but are needed as a basis for simulation.  
 
The RSD measurement is performed over a street or road and so it is a "long" path 
measurement. Under certain conditions the background levels of some of these 
gases becomes very important, as the number of molecules on the total 
measurement path may be higher or similar to the number of molecules from the 
vehicle exhaust in measurement path. Modelled maximum values of concentration-
pathlength product based on this data are given in Table 1. In this model the exhaust 
at the observation point is supposed to be diluted to 1/100 of the original value 
(validated by CFD predictions) and plume diameter increases to 0.5 m during 
dispersion. A retro-reflector, situated on the other side of the road, is used to direct 
the sensing beam back to the instrument, maximum distance being 10 m. Matlab and 
MathCAD were used in simulation and modelling. 
 
Although the concentrations of all these components are much higher in the 
exhaust, the maximum attenuation of ambient air is of the same magnitude for 
NO, CO and HC, because of the longer pathlength. For CO2 and H2O the 
background attenuation is clearly dominating, especially for water vapour, which 
can have a wide range of concentrations in the specified ambient temperature 
range -10...+40 oC. 
 
Table 1.  Concentration-pathlength products for maximum component 
concentrations in exhaust plume and ambient air. The exhaust is supposed to be 
diluted to 1/100 of the original value, when plume diameter is 0.5 m. Length of 
the measurement beam is 2 x 10 m.  
Components Exhaust plume 

(1 m, 1/100) 
Ambient background 

(20 m) 
Nitric oxide (NO) 30  ppm-m 15  ppm-m 
Carbon monoxide (CO) 500  ppm-m 400  ppm-m 
Hydrocarbons (HC) 15  ppm-m 4  ppm-m 
Carbon dioxide (CO2) 1500  ppm-m 2  %-m 
Water vapour (H2O) 2000  ppm-m 150  %-m 
 
Target requirements for gross polluter detection are presented on Table 2. 
Modelling results were verified to these requirements, when selection of the 
technique was made. Modelling results were verified with laboratory 
measurements. In this experimental set-up the Breadboard REVEAL system 
was separated and the source head (IR source, control electronics, chopper and 
optics) and detector head (beamsplitters, filters, detector, control electronics and 
focusing optics) were in the opposite sides of a temperature controlled gas 
cuvette. For NO measurements a gas humidifier was used and a calibrated 
Temet FTIR was configured at the outlet port. This humidifier comprised a water 
bottle in a temperature controlled water path. Gas is flowed through this water 
and in the outlet we have a saturated vapour. Changing the temperature of 
water (also vapour) can vary the absolute water content. 
 
Table 2 Target requirements for gross polluter detection 

Species  Range Target Accuracy Gross Polluter Limit 
CO 0.01-10% 0.3 % 5% 
HC 1-2000 ppm 100 ppm 1500 ppm 
NOx 0.01-5 g/km 0.15 g/km  3000 ppm 
CO2 0-16% 0.65 % - 
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Simulation, Modelling and Verification 
IR filters for CO and CO2 measurements were chosen near the absorption 
maximums, and an IR filter for the reference channel selected to be outside the 
absorption regions. The bandwidth of the CO filter was chosen to be 1.2 % of centre 
wavelength in order to minimize mutual interferences in the measurement. The 
bandwidth of the CO2 filter was chosen to be less than 1.0 % (preferably 0.6%) of 
centre wavelength in order to minimize the differences in responsivity between 
various gases due to temperature variation. Gas absorption bands tend to decrease 
from the centre and increase from the edges. Now the selected measurement 
wavelength for CO2 measures actually the fundamental absorption band of isotope 
13CO2, which is slightly overlapping with the more common isotope 12CO2. Now it 

sees the maximum of 13CO2 and the edge of absorption of 12CO2 and the 
temperature coefficient of the responsivity is positive, if the measurement bandwidth 
is too broad.  Response and cross-sensitivity values at different background levels 
are given in Tables 3 and 4. Both components have high ambient background, which 
causes nonlinearity in the exhaust measurement response. Cross-sensitivity is given 
also for water vapour, which gives the highest contribution of other interfering 
components. 
 
Table 3  Response and cross-sensitivity values of the two-channel CO sensor at 
different level of CO background. Optical pathlength is 15 m. 

Cross-sensitivity (ppm/%) CO background 
(ppm-m) 

CO response 
(ppm/ppm-m) H2O CO2 N2O 

 0 238 1.1 1.1 1.1* 
 400 114 2.4 2.3 2.3* 

    *  ppm/ppm 
 
Table 4 Response and cross-sensitivity values of the two-channel CO2 sensor at 
different levels of CO2 background. Optical pathlength is 15 m. 

Cross-sensitivity (ppm/%) CO2 background 
(%-m) 

CO2 response 
(%/%-m) H2O CO N2O 

0.68 22.5 31 170 7.6* 
2.0 14.2 49 270 12* 

    *  ppm/ppm 
 
Errors in CO and CO2 readings caused by the interfering component are given in 
Tables 5 and 6, respectively. Maximum concentrations for the plume components 
are used as well as maximum background concentration for the component to be 
measured. This corresponds to the worst case situation.  
 
Table 5. Maximum errors in CO reading caused by the interfering components. 
Cross-sensitivity values correspond to the maximum CO background. 

Interfering 
component 

Maximum 
concentration 

Cross-
sensitivity 

Error in CO 
reading 

H2O 20 % 2.4 ppm/% 48 ppm 
CO2 15 % 2.3 ppm/% 35 ppm 
N2O 10 ppm 2.3 ppm/ppm 23 ppm 
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Table 6.  Maximum errors in CO2 reading caused by the interfering component. 
Cross-sensitivity values correspond to the maximum CO2 background. 

Interfering 
component 

Maximum 
concentration 

Cross-
sensitivity 

Error in CO2 
reading 

H2O 20 % 49 ppm/% 980 ppm 
CO 5 % 270 ppm/% 1350 ppm 
N2O 10 ppm 12 ppm/ppm 120 ppm 

 
Estimates for N2O concentrations in exhaust plume are varied, and here a value of 10 
ppm is used for the maximum concentration. Error in CO reading caused by each 
interfering component is below 0.1 % of the gross polluter limit of CO (5 %) and that in 
CO2 reading below 1 % of the maximum concentration of CO2 (15 %). 
  
Increased gas pressure causes increase in width of the narrow rotational lines. 
Pressure coefficients of CO and CO2 responses at their filter channels are both ca. 
0.10 %/mbar, when calculated with HITRAN 96 at 1 atm. So, compensation for 
pressure changes is high in the measurement of component ratios (e.g. CO/CO2). 
 
An IR filter with almost as narrow bandwidth (1.8 %) was chosen for NO 
measurement. This selected wavelength represents a compromise between 
responsivity and water vapour cross interference. The main problem in NO 
measurement is the high interference of water vapour in the exhaust plume, 
which luckily decreases with increasing ambient water vapour background, when 
the strongest water bands start to saturate (Table 7). This project has developed 
a new type of auxiliary filter1 (Fabry-Perot (FP) or gas-correlation filter (GCF), 
which spectral simulations indicate cross-sensitivity values lower than 1/10 of 
those with the single filter. Gas concentration is calculated from the following 
equation  

  
r
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  Im intensity at measurement channel 
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 when ccell=0. 

 
The NO response is nearly linear in the specified concentration range and only 
slightly dependent on water background. FP technology gives higher responsivity, 
but the technological implementation is significantly more demanding. The error 
arising from the exhaust water vapour (0-15%, dry exhaust vs. wet) could be as large 
as 113 ppm with very low humidity and cool conditions. This error is less than 4% 
from gross polluter limit. 
 
Table 7 Response and cross-sensitivity values of the GCF based NO sensor at 
different levels of H2O background. Optical pathlength is 15 m. 

H2O background 
(%-m) 

NO response 
(ppm/ppm-m) 

Cross-sensitivity / H2O (ppm/%) 

1 93.8 -7.5 
5 94.3 -6.7 

20 95 -3.5 
 
                                                 
1 Patent application PCT/FI02/00283 
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The spectral region commonly used for hydrocarbon measurements is the C-H 
stretching region between 3200-2800 cm-1, aliphatic groups situated below 3000 cm-1 
and e.g. olefinic and aromatic groups mainly above that. Actually, this region is not 
specific for hydrocarbons, but all organic compounds give some contribution to the 
measurement. Propane or hexane is used as a calibration standard in hydrocarbon 
measurements. The main interfering component here is water vapour, although only 
outskirts of the strong band, centred at 3800 cm-1, reach the hydrocarbon absorption 
region.  
 
Again novel GCF technology was deployed in REVEAL. In table 8 are the 
responsivities and cross sensitivities for hydrocarbon measurements of the GCF 
methane technique and in table 9 the change in responsivities with varying GCF 
thickness. 

 
Table 8.  Responsivities of propane, methane and water vapour with GCF 
technology. (IR Filter has HPBW 1.8%. Methane GCF thickness 10 mm). 
Responsivity ppm/ppm-m 
or ppm/H2O-%-m 

Filter Filter and GCF 

Methane 79.05 7.39 
Propane 936.3 933.7 
Water vapour 0.0996 0.1006 

 
Table 9.  Change of responsivities with methane GCF thickness. 

 Methane Cross sensitivity 
d/mm ppm/ppm-m Propane 

ppm/ppm-m 
Water vapour 

ppm/%-m 
20 74.1 0.053 -0.15 
10 71.6 0.036 -0.13 

5 67.3 0.039 -0.11 
2 55.2 0.050 -0.09 

 
When equation 2 has been applied to these modelling results and combined with 
application requirements it shows that it is possible to measure CO, CO2, HC and NO 
with required photometric accuracy. In Table 10 is presented the required signal-to-
noise ratios for each species and the optical power reserve available (this reserve is 
required while the implementation is not optimal). For NO the values are given at 5 %-
m water vapour background (appr. 10 m pathlength, 10°C and RH40%).  
 

Table 10 Optical power at detector for each species and estimated SNR. 
 Optical power 

@ detector 
SNR (1σ)  @ 10 ms 

(diluted) 
RESERVE (2 σ)

CO 2.96E-6 W 7.42E+4 22.6 
CO2 3.08E-6 W 7.71E+4 13.1 
HC 6.44E-6 W 1.61E+5 45.2 
NO (5 %-m BG) 
GCF 5mm (100% ) 

 
3.14E-6 W 

 
4.43E+4 

 
1.59 

REF 3.44E-6 W 8.62E+4  
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Design 
Due to the fact that exhaust is diluting very rapidly it is extremely important to 
measure each gas almost simultaneously and through the same path. Tuneable 
Diode Laser (TDL) technology gives a very high selectivity and sensitivity (nearly 20x 
better responsivity compared to filter instrument). Recent development of IR lasers 
has given improved sensitivity and selectivity for IR instruments and nowadays also 
nitrogen oxides can be measured in the IR region. However, laser based instrument 
are either not suitable for unmanned roadside applications (liquid nitrogen cooled 
PbS lasers) or they are just evolving (quantum cascade lasers), commonly they are 
rather expensive, and cheaper techniques are a requirement in this project. Also the 
wavelength stability of TDLs is not very well published. We have concentrated in 
modelling and in implementation on fundamental IR absorption wavelength bands. 
Mainly due to the high absorption coefficients, (e.g., first harmonic absorption band of 
CO has two orders of magnitude lower absorption coefficient and the second 
harmonic four orders of magnitude lower). From instrument point of view this would 
require four orders of magnitude lower noise and four orders of magnitude better 
stability to achieve fundamental wavelength band instrument performance. Even 
though this would be compensated with NIR-TDL technology (20x better 
responsivity) it would require three orders of magnitude "better" instrument. Also the 
availability of NIR-TDLs is very limited. As can be seen from Table 10 even in the 
fundamental absorption is required signal-to-noise ratios (SNR) above 1000. In NIR 
region this would mean then 1*106 SNR (or 1 ppm stability), which is quite 
impossible to achieve with low cost electronics. FTIR technology is too slow and the 
throughput advantage of FTIR is lost, because the telescope optics is limiting the 
throughput NOT the spectroscopic instrument. Grating spectrometer and IR detector 
array technology is a promising alternative, but currently the availability of detector 
arrays is poor and they are expensive. By combining these modelling results, 
knowledge of various technologies and application requirements the multiple detector 
and beamsplitting NDIR is currently the best choice for this application. 
 
In figure 3 is presented the selected optical measurement principle (wavelength 
separation) and beamsplitters.  
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Figure 3 - Optical measurement principle. 
 
Long path optics (LPO) 
Major design parameters for the long path optics were: 

• efficiency (throughput) 
• cost 
• robustness (vibration, dirt, temperature,..) 
• ease of alignment. 

 
First an efficient solution was designed and built (Street 1, spherical end mirror). In 
this solution source image is imaged with the large spherical mirror back on top of the 
detector, which ends up very efficient system. Detector and source are off axis and 
therefore beamsplitter (lossy) is not needed. Unfortunately this design is highly 
sensitive to angular misalignment of the spherical mirror (in practice the alignment of 
the STREET 1 instrument was therefore rather difficult). Next step was to apply a 
cube corner design to long path optics. Cube corner design is well known to be not 
sensitive to angular misalignment. This was realized so that outgoing and incoming 
beams are angularly separated as well, and then use of a beamsplitter can be 
avoided. The optical system shown in Figure 4 and the spherical mirror design were 
compared n the tolerance analysis. The system sensitivity to the angular 
misalignment of the end mirror was studied. Tolerance analysis was done by using 
Advanced System Analysis Program, ASAP, by Breault Research Organization, Inc. 
In Figures 5a and 5b are presented the angular sensitivity to back reflector rotation. 
Also these simulations showed that it is possible to vary the measurement pathlength 
about ±50cm, which is not possible with the spherical mirror. This eases the roadside 
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set-up significantly. Also the measurement path can be varied further if the large 
collecting ellipsoid is changed and the passive end window distance is changed too. 
These simulations showed that cube corner solutions is feasible for this application.  
 
ASAP designs were converted to 3D models and the mechanical design was done 
with IronCAD. This design was again verified with TracePro, which is a optical 3D 
simulation software. The major LPO parameters are presented in Table 12. Majority 
of the optics is protected from dirt, only the large ellipsoid mirror and the large flat 
mirror are exposed in the STREET2 design and these are further protected in the 
envisaged commercial product. These mirrors were left unprotected in the research 
prototypes because large IR windows are very expensive and fragile. Optics were 
aligned with laser based alignment tool which was also developed in this project.. 
 
Table 12 Major parameters of Long Path Optics 
Source  temperature 
            emissivity 
            size  

1100 K 
0.8 
3 mm*3 mm 

Optics f/# 
 main mirror 

3.8 
ellipsoid (180 mm * 160 mm, f1 575 mm, f2 7150 mm 

 detector 1 mm * 1 mm 
 

 
Figure 4. Cube corner based long path optics. 
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Figure 5a Normalised intensity received by the 
detector as the function of different angular 
misalignments of the spherical end mirror around 
X- and Y-axis. The contour encircles the area 
where the intensity is at least half of its maximum 
value. 

Figure 5b Normalised intensity received by the 
detector as the function of different angular 
misalignments of the corner cube end mirror 
around X- and Y-axis. The contour encircles the 
area where the intensity is70% or  half of its 
maximum value. 

 
Electronics 
All sensitive electronics and optoelectronics are stabilized; thermal source 
temperature is measured and controlled, detector temperatures is measured and 
controlled; also chopper frequency and amplitude are measured and controlled, this  
ensures a stable operation even in harsh conditions. Source and optical 
characteristics are given in Table 12. 
 
Signal detection is based on matched digital signal filtering [Känsäkoski, M., Voutilainen, O. and 
Seppänen, T., (1998), Journal of Near Infrared Spectroscopy 6, 97–104].  
 
Main advantages of this technique are: 
• programmable 
• easy to design, test and implement  
• do not suffer from drift, and so are extremely stable with respect to both time and 

temperature 
• are versatile in their ability to process signals in a variety of ways 
 
Also digital filters can easily be modified without affecting the hardware. An analog 
filter can only be modified by redesigning the filter circuit.  
 

Performance summary 
Performance of a filter based infrared sensor system has been evaluated as 
applied to measurement of CO, CO2 and NO concentrations of exhaust plume. 
All sensors have two channels: a measurement channel and a reference 
channel, the reference channel being common to CO, and CO2  High selectivity 
was aimed when specifying the filter for the measurement channel of each 
sensor, and selectivity of the NO sensor was further improved with auxiliary Gas 
Correlation Filters (GCF). Interference in all these sensors comes from the side 
of H2O (vapour); in CO and CO2 sensors also from N2O, and CO and CO2 have 
some mutual interference in the measurement.  
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High response gives high sensitivity for the sensor, but can also lead to non-
linearity of the response, if concentration-pathlength product is high, as is the 
case with CO and CO2 sensors. The non-linearity error can be corrected with 
squared absorbance or non-linear calibration equation (3rd order polynomial fit 
give reasonably good results). More accurate results could be received with two 
different calibration equations one for low concentrations and another for high 
concentrations. This would improve especially the zero point accuracy of the 
measurement.  
 
Furthermore, temperature and pressure of the exhaust plume affect the 
responses of the measured components. Pressure coefficients of gas responses 
are small (ca. 0.1 %/mbar) and quite similar for all gases, which gives further 
compensation in the measurement of concentration ratios, but temperature 
coefficients of CO and NO responses are rather high (-0.4...-0.5 %/oC) and, 
because of high stability of the CO2 response, corresponding compensation is 
not obtained. As the plume disperses, the concentration ratio increases with 
decreasing temperature, and a calibration point may be found close to the end of 
the recording, where plume temperature approaches ambient temperature. 
Temperature compensation has been increased by decreasing the CO2 filter 
HPBW, which should be less than 1%, to achieve required performance with 
varying plume temperature.  
 
An additional advantage of the two-channel sensor system is that it 
compensates for scattering caused by particles and small water droplets (fog) of 
the exhaust plume, and it is therefore possible to use the reference channel, 
which is quite transparent for the gas and vapour components, as a rough 
estimate for particle concentration (opacity). As already shown, two channels are 
necessary in measurement of ambient background of CO and CO2 and in 
compensation of water background in NO measurement. The STREET2 version 
of REVEAL was designed to be able to measure total hydrocarbons, methane 
and non-methane hydrocarbons. This is possible with the gas filter correlation 
(GFC) technique, where methane is used as correlating gas.  
 
The ambient background of water vapour is still an interfering factor in the 
suggested measurement system, although the effects of the plume water remain 
limited. High water background can give error in determination of CO and CO2 
backgrounds, NO response is dependent on water background, and 
transmittance of the NO channel decreases rapidly towards the high end of the 
H2O concentration range (40oC, RH100%). In order to compensate for these 
effects, it is suggested that H2O background ought to be determined by using 
standard measurement methods for ambient temperature and relative humidity. 
In extreme conditions, however, the optical pathlength has to be reduced from 
the specified maximum value (20 m).  
 
Future research should concentrate on the applications development and also more 
detailed studies of TDL technologies, which has made progress during this project. 
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Section 4.4 Software and Electronics 
 
ARCHITECTURE 
 
The Reveal RSD Prototype 
 
The architecture (main functions and interfaces) of the REVEAL system is 
summarised in the following diagram.  
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The “real world” inputs consist of up to seven (1.75 kHz) analogue channels which 
bring raw optical absorbance data from the detectors into the RSD’s Measurement 
Module. The RSD can be configured to use fewer of the channels, depending on the 
application.  
 
There is also an analogue input from an internal CO2 cell which measures the 
ambient CO2 level. This data is handled directly by a slow analogue input channel in 
the application processor (AP). 
 
The Reveal RSD in a typical Roadside Application 
 
The Reveal remote sensing device (RSD) prototype has been deployed in a number 
of roadside trials. However, in the prototype testing programme it has not been 
necessary to fully integrate the device with the range of external equipment that 
would be required in a full production system. The following diagram shows how the 
RSD would fit into a gross polluter detection application. 
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Here, the Engineer’s Terminal (ET) is relegated to occasional use and is absent for 
most of the time. Instead, we have an Automated Number Plate Reader (ANPR) unit, 
and a vehicle counter classifier whose input data are sent to the Control and Decision 
Module (CDM), which also receives the vehicle exhaust gas concentrations from the 
RSD. The CDM will classify the data for the vehicle, and, for example, in a gross 
polluter detection application it would signal a remote terminal if it were necessary to 
examine the vehicle at the roadside. 
 
DESIGN OF THE RSD CONTROL UNIT (RSDCU) 
 
The approach to the design of the RSDCU was very much influenced by the need to 
minimise cost while at the same time meeting the performance requirement of 
handling at least one vehicle per second. Additionally, we did not want to waste 
budget on reinventing the wheel so it was a simple decision to use commercial off-
the-shelf (COTS) hardware and system software. This approach also enabled us to 
make the RSD fit closely with existing technology, such as the preferred ANPR unit 
whose specification includes: 
 

• Application processor, DSP Design PC104 compatible TP400 processor 
• QNX Real Time Operating System 
• Ethernet TCP/IP supporting GR’s in-house packet protocol 

 
We therefore decided to use these major components, particularly because the 
ANPR application is a computationally demanding image processing and networking 
application, which is also true of the Reveal RSD. 
 
In terms of hardware this left us with the challenge of building a PC104-compatible 
measurement module. 
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RSDCU ELECTRONICS 
 
Measurement Module (MM) Requirements 
 
Work on the optics and low-level signal processing confirmed that a digital filter 
would be applied to each input channel, typically with 64 coefficients per channel. 
Such a computational requirement would best be met by having dedicated front-end 
processing in the MM. Thus a field programmable gate array (FPGA) was specified 
for the MM. This opened the way to solving another important requirement: the need 
for two different versions of the MM: 
 

• MM-DAQ, for real time data acquisition from the RSD optics.  
• MM-SD, a version that generates synthetic data in real time as if it comes 

from the optics, this is essential for software development and integration in 
the laboratory where a stream of vehicles would not be welcome. 

 
Measurement Module Design 
 
Following a previous development by VTT Automation, the REVEAL project was able 
to adopt the basis of a suitable design in an FPGA-based IO card in PC-104 format 
(Remix). The Remix card was therefore adapted to meet the Reveal requirements 
and two FPGA programs were developed for the MM-DAQ and MM-SD respectively. 
 
RSDCU Hardware Assembly 
 
The main components in the RSDCU are 
therefore: 
 

• Two PC104 cards in a “sandwich” – the 
TP400 processor and the Remix card 

• An off-the-shelf mounting and connector 
board 

• Power supply 
 
The internal components are pictured right. 
 
TP400 Processor 
 
This module has been used by in comparable 
applications and performs well in roadside 
situations. Its main features are: 
 

• 300 MHz Geode (X86 compatible) processor 
• 32 MB RAM 
• 64 MB flash memory “disk” 
• Various interfaces including Ethernet, serial, SVGA, keyboard 
• Analogue inputs (4), including one connected to a temperature sensor 
• Digital IO 
• Watchdog timer 

 
The RSD application made use of most of these facilities. 
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RSD Prototype front panel 
 
 
The main features of the RSDCU front panel are: 
 

• Chopper output line for the optics 
• 24V output to the optics 
• Eight analogue input channels (7 gas channels into the Remix, the 8th from 

the CO2 cell directly into one of the TP400’s own analogue inputs) 
• Various connectors for debugging 
• Ethernet RJ connector 

 
 
Hence the RSDCU prototype hardware is compact and 
simple and fits easily within a 2U high rack mounted box. 
Indeed we anticipate that the production version could 
be laid out in a standard 1U high rack mountable format. 
The prototype is pictured right in situ with the optics. 
 
 
 
 
 
 
 
RSDCU EMBEDDED SOFTWARE 
 
Choice of Real Time Operating System 
 
We selected the QNX RTOS for the following reasons: 
 

• Each process runs in its own memory protected 
space, which obviates the need for special kernel programming for device 
drivers 

• It is a well-established POSIX-compliant product 
• The consortium had previous experience in using it in an ANPR unit and it 

enabled us to use existing facilities for programming flash memory cards 
(“disks”) and to reuse the watchdog timer driver software 

• It uses GNU tools in a very effective low-cost development environment 
• Its multi-threading features suit the RSD application very well 

 
Apart from some problems that we were able to circumvent, we have not regretted 
this decision. 
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RSD Embedded Application Software 
 
Overview 
 
An overview of the main threads is shown below. The design approach was dictated 
by the following requirements: 
 

• Real time throughput arising from the continuous input of 7 x 12 bit analogue 
input values into the RAM buffer within the Remix Measurement Module at 
1.75 kHz 

• The need to detect different states of the vehicle exhaust measurement such 
as beam blocked, beam unblocked as and when each new data point arrived 
for each optical channel 

• The fact that the processing power demanded by the concentration 
calculation algorithm was unknown until three months before the end of the 
project 

• The demands of the Ethernet/TCPIP interface between the RSD and the ET 
where at least one time series packet of up to 40 kBytes is transmitted every 
second. Each time series consisting of up to one second of data points. 

• The (eventual) requirement that the RSD should operate unattended, 
although the prototype has always run with someone nearby 

 
User Interfaces 
 
The RSD operates two user interfaces: 
 

• A low level telnet interface that uses two Telnet connections 
o An RSD operator control window that enables the user to select live or 

simulated input from the Measurement Module 
o A read only window that is used to display detailed results such as 

concentration values 
• A high level user interface that uses Golden River Traffic’s pre-existing 

Engineers Terminal (ET) GUI 
 
It is possible to use a keyboard and monitor instead of telnet. 
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Software Implementation 
 
The RSD software comprises 26 threads organised across four memory protected 
processes. Early concerns about throughput led us to combine some functions into a 
single process so that data could be shared in the interests of reducing the 
processing time. 
 
The released prototype contains 11000 lines of C, including approximately 2000 lines 
of comments. 
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RSD ENGINEERS TERMINAL (ET) 
 
The RSD ET application is a member of a family of ET applications developed by 
Golden River Traffic for diverse road traffic applications. The REVEAL ET software 
framework has adopted the same look and feel as other applications. 
 
The Engineer's Terminal allows the RSD to be configured on-site. It also allows the 
status and operation of the unit to be monitored, and various diagnostic routines to 
be run. Connection between the ET and the RSD is via a local network TCP/IP. 
 
The Engineers Terminal is designed to run on a Windows 98 / Windows 2000 and 
Windows XP platform. The screen resolution will be fixed to 800*600 so that the 
display will be easily visible on a Laptop screen. A network card and a mouse are 
also required. The Engineers Terminal uses a series of menus to guide the user 
through the various set-up parameters that are needed to configure the RSD . New 
profiles are created with default parameters, this speeds up site configuration as only 
a few parameters will need to be changed for a specific site. 
The Outstation profiles can be saved to the local PC and then re-loaded to the 
Engineers Terminal onsite, ready for downloading to the RSD 
Each menu that contains configuration data uses a grid for data input. The left side of 
the grid shows the name of the parameter that can be changed and the right side 
allows the user to either select a new value or to enter a value from the keyboard. 
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In addition the ET Software allows data from the RSD to be logged and saved on a 
PC 
 

 
 
PROCESSING OF THE RAW DATA ACQUIRED BY THE RSDCU 
 
Data Acquisition by the Measurement Module (MM) 
 
MM-SD Synthetic Test Data 
 
This is used when the RSD is being developed and tested in the laboratory. On 
starting the RSD the embedded software’s MM handler downloads the MM-SD FPGA 
program and a set of digital filter coefficients into the Remix MM card. It also 
downloads a file of recorded live data into the RAM in the MM. This RAM has 
capacity for 16K points for eight optical channels. Thus the MM-SD is rather limited in 
that it contains approximately nine seconds of live data. The FPGA loops through the 
RAM continuously, which is sufficient for test purposes. 
 
MM-DAQ Real Time Live Data Acquisition 
 
Here, a different FPGA file is downloaded along with a set of filter coefficients suited 
to the live data. These coefficients are produced off-line in the laboratory during 
manufacture and test and are stored in the RSD for future use. The MM then reads 
live data from its analogue channels, filters it, and stores it in the RAM at a rate of 
1.75 kHz. The MM handler then acquires the data from the RAM via IO register 
operations.  
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Time Series Processing 
 
The exhpro thread acquires each data point from the MM handler and processes it 
on the fly in order to ascertain the state of the vehicle exhaust, that is to say, whether 
the beam is blocked or unblocked, whether the point is in the pre-background or in 
the actual plume, and so on. Experience has shown that it is necessary to 
parameterise this part of the processing. These and other parameters are in a file 
config.ini that is loaded from flash disk when the RSD starts up.  
 
When a complete time series has been acquired, that is when a predetermined 
number of unblocked points have occurred since the last blocked point the exhpro 
thread sends the series to the algorithm client, which invokes the algorithm server. 
 
PERFORMANCE OF THE PROTOTYPE RSDCU 
 
Throughput 
 
Measurements on the live RSD have shown that the concentration calculations are 
completed within 100 mSec for each vehicle for time series of up to 2000 points. On 
the other hand, we have found a bottleneck in the system in that the Ethernet (10 
Mbs) TCP/IP connection with the ET PC cannot handle a burst of large time series. 
The fundamental cause of this seems to be the time taken by the PC to write the time 
series files to disk. We have therefore introduced the following improvements to the 
efficiency of the RSD and the ET: 
 

• The RSD sends a subset of the time series to the ET 
• Only representative a representative selection of pre-vehicle background 

points and beam block points are sent, but every exhaust plume point is sent. 
• The ET’s file handling has been improved 

 
In the longer term, an upgrade to 100 Mbs Ethernet would be valuable. 
 
Robustness and Unattended Operation 
 
The prototype RSD has fully functional system software which has been 
demonstrated to run for more than 36 hours continuous operation. This is research 
software written to a high standard, but is still some way from the performance 
demanded for a product capable of unattended roadside applications. To make the 
transition from prototype through production engineering, the embedded software 
can be described as needing: 
 

• Development of production quality design documentation. 
• The present version of the RSD contains prototype source code that it has 

undergone many changes during the project, this needs bringing up to 
production quality (for example, it is not lint free) 

• Improvement with regard to its network failure recovery 
• Full implementation of its failure detection, internal temperature and tamper 

monitoring, and error logging facilities 
• Improved remote networking, including a version that can be browsed via the 

Web 
• Integration with the other elements of a future roadside system including the 

Control and Decision module, camera and the ANPR unit 
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Future hardware 
 
A fully integrated unmanned pollution monitoring system would require the REVEAL 
unit integrating with other traffic systems. Image capturing and ANPR (Automatic 
Number Plate Recognition) are ideal candidates. 
 
A good first step would be to integrate a colour camera and capturing system. By 
situating a colour context camera focused on the vehicle as it leaves the REVEAL 
beam. The RSD already has a trigger that could be used for the camera which would 
guarantee the trigger point to be constant between associated equipment. 
 
This could be implemented in one of two ways. A separate processing system with a 
frame grabber and mass storage device, triggered from the RSD. Or simple addition 
of a frame grabber to the RSD. This would be dependent on the bandwidth left over 
from the RSD application. Further bandwidth could be found simply by fitting a faster 
PC104 processor card. 
 
A camera such as a PIP P362 would be positioned to get a context view of the 
vehicle as it left the IR beam. The frame capturing system would be triggered by 
every vehicle that traverses the RSD’s beam. The RSD then processes the gas data 
and determines whether or not to store or delete the frame. 
 
The stored image could be stored and retrieved along with the pollution data. In an 
enforcement site the stored image could be sent to a PDA further down the road. 
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Section 4.5 Processing REVEAL Data 
 
4.5.1: Introduction 
 
This section reports work on the conversion of the optical signals which leave the 
REVEAL detectors (as a voltage) to emissions information. This processing scheme 
is illustrated as below: 
 
 

 

Detector
outputs

(V)

Conc.path
length

(ppm.m)

Calibration

Set of curves depends
on ambient CO2 level

and on optical
throughput

Independent
CO2 ambient

sensor

Relative
emission

(ppm)

Absolute
emission
(g/km)

 

Conversion of Raw Data to ppm.m - Overview 
 
The detector signals are digitised and digitally filtered as described in Section 4.4 
before the processing algorithms described in this section are applied. Initial work 
focussed on the exact solution of the spectroscopic model, using an inverse retrieval 
method. This was dismissed as overly computationally heavy (could only have been 
applied in an off-line mode) and impractical. Subsequent processing concepts 
including principal component analysis (PCA) were also investigated but this did not 
work well and also required more processing power than the present design which is 
described in Section 4.5.2. The algorithms were developed from an investigation of 
the properties of REVEAL raw data which had been collected in a series of 
controlled-conditions trials in  the UK and in Apeldoorn, Netherlands.  The processing 
algorithms have been programmed and demonstrated to be effective for all channels, 
and have subsequently been implemented in embedded software and demonstrated 
to operate within the real-time constraints of the REVEAL system. 
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Validation of the Processing Algorithm 
 
The algorithm code has gone through three implementations: 
 

• Experimental model written in Matlab 
• Off-line version written in C/C++  
• Real time embedded version written in C  

 
The off-line version was tested using live data acquired during early trials at the 
airfield location and Apeldoorn. The same data was then loaded into the RSD and 
downloaded into the Measurement Module (the MM-SD FPGA version) and used to 
test the real time implementation. Results from the real time embedded version were 
then compared with those from the off-line version. 
 
The Real Time Version of the Algorithm 
 
The off-line version of the algorithm is designed to read raw data from a data file 
where the REVEAL system has stored it, perform the feature extraction and calculate 
the results. All operations are performed in floating point. 
 
The real time implementation version has the following major differences: 
 

• It is multi-threaded with an algorithm client running in the RSD data 
acquisition process, which sends a buffer containing a complete set of raw 
data to the algorithm server in a separate server process 

• The server process uses integer data wherever possible and sends a packet 
of results to the client on completion 

• Various performance checks and timeouts are included so that the server 
times out if it takes too long to process a particular time series. 

 
 
Conversion of ppm.m data into relative and absolute emissions 
data 
 
Once the REVEAL processing algorithm has been applied to generate data in ppm.m 
for each vehicle, it is necessary to perform a second level of transformation. 
Essentially this is the application domain transform which turns intermediate 
measurement data into meaningful results. In order to both compare pre-existing 
approaches and to investigate possible new ones, a number of application transform 
approaches were tried. These are described in Section 4.5.3  
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4.5.2: Description of the Processing Algorithm 
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An example of a REVEAL raw data trace is illustrated above. The abscissa is a time 
axis and the ordinate is detector signal in volt – higher signal values indicate more 
infrared light reaching the detector. Before time=1159, the vehicle is blocking the 
measurement beam. After this time the vehicle progressively clears through the 
beam, and the Reference channel recovers to its ‘unblocked’ condition. The other 
channels are attenuated by the exhaust gases present, which decay back to the 
background condition as the plume disperses, this process being essentially 
complete by time=2124. The processing algorithm must separate out the vehicle 
from the plume (the vehicle does not leave the measurement beam instantly but the 
back profile of the vehicle clears across the beam diameter progressively), then 
convert the voltages into gas concentrations. 
 
This would be reasonably easy if real exhaust data capture behaved like the example 
above, but this was obtained under near-ideal conditions from a vehicle showing high 
emissions and with very little in the way of turbulent dispersion phenomena. 
Moreover the vehicle completely blocked the beam, and the completely unblocked 
the beam. Vehicles have complex shapes and larger vehicles have gaps under them, 
and components fitted to the rear which partially obscure the measurement beam or 
cause multiple blocking and unblocking as the vehicle passes. For example, a heavy 
goods vehicle passing through the beam shows an exhaust plume that commences 
before the blocking and unblocking is complete (the trailer unit wheels and fittings 
underneath block the beam after the exhaust has been released, typically from the 
rear corner of the tractor unit). The separation of vehicle and plume is therefore a non 
trivial task.  
 
Turbulent dispersion effects mean that not only does the plume get diluted as the 
emitted gas spreads out, but also the whole cloud of gas gets moved around in 
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space, in and out of the measurement beam, and is distorted in shape. The net result 
is that the cleanly decaying, near exponential profiles shown do not necessarily occur 
under real operational conditions. The example below shows another raw data trace 
(from a van) where the effect if complex vehicle beam blocking and turbulent 
dispersion phenomena are clearly seen. The rear end of the vehicle clears the beam 
at time=0.33, but the underneath of the vehicle cleared the beam partially at time 
=0.28 and before. The plume then decays turbulently, to a background level by about 
time=0.5 

 
We now describe the processing algorithm which has been developed by 
examination of the characteristics of large numbers of such datasets. 

 
Stage 1:   Identify which data to process for each vehicle 
 
A vehicle can break the beam more than once and we need to distinguish between 
one vehicle breaking the beam multiple times and several vehicles breaking the 
beam.  The decision criterion we choose to use is that all beam breaks that occur 
sufficiently close together in time are associated with one vehicle.  This criterion may 
lead to slow moving vehicles being seen as more than one vehicle and vehicles 
travelling at speed close together as one vehicle.  In the absence of other 
information, this is the best decision that can be make. 
 
The data that that the algorithm considers to be one vehicle is referred to as a 
“trace”.  As well as the samples taken during beam breaks and the times between 
then, a trace also included samples taken during periods before the first block and 
after the last one, which are used for calculating background levels of emitted 
species. 
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Beam breaks closer together than the time duration maxClearDuration are part of 
one trace.  The maximum length of sampling ahead of the first beam break is 
maxPretiggerDuration (a value shorter than the minimum normal temporal 
spacing between vehicles has been found to work well in practice) and the length of 
sampling after the last beam break is identical to maxClearDuration, i.e. we 
capture all the plume data we need to process in a short period after the vehicle 
clears the beam.   
 
When processing data in real-time, we can always ensure that the contiguous period 
of unbroken beam at the end of the trace will be maxClearDuration; however, 
when processing data off-line, we have to allow for the situation when the data ends 
prematurely.  Worst case, the data may end with the beam in the blocked state. 
 
The initial clear period in a trace may also be truncated.  In real application we may 
have another beam break occurring within the maxPretiggerDuration period but 
not closer than maxClearDuration.  When processing off-line data then the clear 
period at the start can be truncated by the start of sampling.  Again, the worst case is 
the data starting in the blocked state. 
 
Note that the clear period at the start of one trace may overlap the clear period at the 
end of the previous trace. 
 
Having determined the extent of the trace, we can undertake a very simple test of its 
validity.  A trace is accepted only if it contains more at least minSamplesInTrace 
data points.  This parameter value has experimentally determined, based on having 
sufficent data to process meaningfully, but not rejecting short plume segments which 
could yield real data. 
 
Although all this appears to be a straightforward definition of a trace, there is a 
subtlety because it is dependent on the decision criterion for deciding when the beam 
is blocked.  If we choose a global threshold on the reference channel then this 
dependency has no impact.  Normally we experience background detector signals 
variation so we need to set the criterion for deciding when the beam is blocked based 
on the reference signal levels within a trace. 
 
One option would be to set the reference threshold in the off-line case based on all 
the data within one data acquisition period regardless of how many traces it contains.  
For the real-time version, a rolling average suitable reference samples could be 
used.  This strategy has been rejected in favour of an algorithm that works identically 
in the two cases.  Note that the real-time version needs to handle the start-up state 
where there is no preceding data so in the real-time case we always need to employ 
an algorithm similar to one that we need to employ in the off-line case. 
 
The approach adopted is to use a simple threshold to identify traces and then use a 
refined threshold while processing the data in a trace.  This can lead to the actual 
trace violating the time period constraints imposed by maxPretriggerDuration 
and maxClearDuration.  This is not regarded as a problem.  The only situation 
where it is likely to be noticeable is in a research instrument where a user will have 
full access to the data and can therefore identify minor departures from the simple 
description of the processing. 
 
The initial threshold used for trace identification is crudeReferenceThreshold. If 
the threshold is too low then we are more likely to see violations of the time period 
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constraints.  If it is too high then we may fail to sensibly process the data.  The 
processing results are largely unaffected by moderate changes in this threshold. 
 
Stage 2:   Improve the reference threshold 
 
Given that a faxed threshold value is necessarily crude, the current processing 
algorithm uses a simple heuristic for improving it before the subsequent stages in the 
processing.  
 
The improvement to the threshold is undertaken with a single pass through the 
reference channel data of the trace.  At the start of the pass the threshold is set to 
the crudeReferenceThreshold value.  At each point the threshold is updated to 
be a proportion of the highest reference value so far encountered.  A point that is 
above the current threshold is added to a sum that at the end of the pass is divided 
by the total number of points added to give an average.  The threshold is then set as 
a proportion of the average.  The proportion used is labelled as the 
referenceThreshold.  
 
A single corrupted data point that is significantly higher that the true background can 
mislead this procedure.  If that point is higher than the background divided by 
referenceThreshold then only points that are encountered before that point will 
contribute to the average.  This is unlikely to occur. 
 
Note that the presence or absence of this stage does not affect the other stages of 
the algorithm, although it has the advantage of potentially reducing the amount of 
data that is processed in subsequent stages.  
 
Stage 3:   Correct the data for background variation and beam attenuation 
 
At this point we have a reasonable superset of the useful points within the trace and 
a plausible threshold that can determine whether the beam is blocked.  We now need 
to convert the values to transmissions. 
 
In the case of the reference channel, we can convert to transmission by simply 
dividing the signal by its background level because the only attenuation should be 
due to beam blocking.  For the other channels, we need to both normalise to the 
background and compensate for the attenuation due to beam blocking.  If we do 
these two steps separately, we risk any error in estimating the backgrounds leading 
to normalised signals that are greater than 100% which is physically impossible.  To 
avoid this problem we normalise each channel (except the reference) after it has 
been compensated.  
 
Background estimates do have an effect on system accuracy; selection of the 
background estimates by this procedure can lead to error.  However, significant error 
will only arise when there are too few trace points without attenuation or when the 
actual background (ie, real ambient atmospheric concentration) is varying – which is 
unlikely over the timescale of a single vehicle measurement. It is therefore not 
possible for the instrument to distinguish real background fluctuations from beam 
attenuation without an extra independent source of information.  
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Stage 4:   Improve the estimate of which trace points contain valid information 
 
Having found a background estimate for the reference channel, we can now use it to 
set a good threshold for selecting points to process. The final decision on which data 
samples to include in the calculation of the exhaust plume characteristics is now 
made.  All points ahead of the end of the first beam block in the trace are discarded.  
These points have been useful in determining the background signal levels but as 
they occur before the exhaust plume they are no longer of interest.  All points for 
which the reference channel is below the threshold are discarded.  Lastly, all points 
that are close to a transition between the blocked and unblocked states are 
discarded.  This decision can be based on a number of samples rather than a time 
duration because we know that we have already discarded any pre-vehicle points 
that may have been sampled at a lower rate than the rest of the trace.  The number 
of points discarded at each end of each clear region is labelled edgeDiscard. 
 
The decision to ignore points close to beam-block transition is pragmatic.  Ideally we 
would make the decision based on the rate of change of the signal but this is 
extremely difficult to estimate reliably.  An alternative is to include these points and 
rely on the subsequent calculation to be insensitive to them.  In general it is better to 
discard unreliable points providing that doing so does not reduce the amount of data 
to an unacceptably small amount. 
 
Stage 5:   Convert the transmission values to concentration-pathlength 
 
Once we know we have a good set of data samples that have been corrected for 
background and beam obstruction, we can convert from transmission values into 
values of concentration-pathlength.  For the CO, NO and Hydrocarbon data this is 
straightforward because it is reasonable to assume that the ambient background 
levels are negligible.  For the CO2 channel we have to make an allowance for the 
ambient background level. 
 
The CO2 cell measuring background CO2 gives a value that can be converted into 
concentration-pathlength using the known beam path of the instrument.  This beam 
path was fixed in the breadboard and first prototype instruments but designed to be 
varied in the later STREET marque of instruments. 
 
Knowing the background concentration-pathlength, we can use the calibration 
information to obtain a corresponding beam attenuation value.  Multiplying this 
attenuation by the normalised reference values gives the actual overall attenuation 
due to the total (exhaust plus background) CO2 within the beam path.  That can then 
be fed into an established calibration curve for the detector channel to find the total 
CO2 concentration-pathlength.  Finally subtracting the background concentration path 
length given by the cell gives us the extra CO2 due to the exhaust. 
 
Calibration curves for the detector channels are established by the normal process at 
instrument build of measuring known concentration reference gas standards 
contained in optical cells located in the measurement path. The reference gas 
standards are varied in concentration over the normal operating range of the 
instrument, being diluted with pure nitrogen using mass flow controllers to obtain the 
required span of concentrations. 
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In order to understand the robustness of the designed algorithm, parameters 
sensitivity models were constructed and investigated, determining that the REVEAL 
processing method is robust to all but one of the parameters. The one parameter to 
which the REVEAL design is sensitive has a direct opto-mechanical interpretation – 
essentially each of the measurement channels in REVEAL, traced back from detector 
to source, has its own spatial geometry. If these are not coincident in space then the 
vehicle, as it clears the measurement beam, may clear one measurement channel 
before another. Such errors in the spatial alignment of the measurement channels 
translate to errors in the processing of the data, and are minimised by good 
mechanical design practice in ensuring that the optical components are co-aligned in 
the build procedure. 
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4.5.3: Undertaking the Application Transform 
 
This section discusses what is done with REVEAL data in order to turn the 
measurements of individual gas concentrations in ppm.m into meaningful 
information. 
 
In essence, the project requires data at this level in order to examine the following 
high-level questions: 
 
1. How well does the REVEAL instrument perform ? 
2. What can we learn about the vehicle emissions during the measurement period in 

London and how does that compare with other data such as ambient data from 
the fixed air quality monitoring site ? 

3. What can we learn about the vehicle emissions during the testing period in the 
Maastunnel and how does that compare with the emissions factors TNO 
determined ? 

4. What can we learn about the vehicle emissions during the testing period in 
Thessaloniki and how do the CFD model predictions compare to REVEAL 
measurements ? 

5. What can we determine, based on Milan data, about the suitability of REVEAL to 
indicate to drivers on forecourts if their vehicles may be exceeding periodic 
inspection limits or otherwise grossly polluting ?  

 
 
Identification of Grossly Polluting Vehicles 
 
We have used the valid REVEAL plume data to identify a set of vehicles which would 
be determined to be grossly polluting in order to determine how effective the 
instrument has been in selecting these.  We are able to compare the vehicle dataset 
to emissions levels which which would exceed the US ‘SuperPolluter’ definitions, and 
those (from the UK data) which would exceed periodic inspection limits, which are 
subject age criteria. In each case exceeding one threshold rather than all of them 
constitutes polluting behaviour. Results from this work are presented in Section 4.6 
 
Gross polluter thresholds are: 

- 5% CO 
- 1% NOx 
- 1500 ppm total HC 

 
US SuperPolluter thresholds are: 

- 2.8% CO 
- 0.6% NOx 
- 1500 ppm total HC 

 
UK Periodic Inspection limits are: 

- 0.3% CO* (post 1995 vehicles, fast idle) 
- 200ppm total HC* (post 1995 vehicles, fast idle) 
- there is no UK inspection for Nox 
 * pre 1995 vehicles have 3.5 to 4.5% CO and 1200ppm HC thresholds 

 
Firstly we need describe the strategies for obtaining the base data to compare 
against, i.e. how to turn ppm.m data into ppm or %. 
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RATIO APPROACH 
 
The simplest strategy is to express the thresholds as ratios. To do this one needs to 
know %CO2 emitted, which for petrol engines should be regulated to be 
approximately constant by design as the air/fuel ratio is maintained by the lambda 
sensor. This has been measured in REVEAL dynomometer trials at TNO and 
EniTecnologie to vary around 11-15%.  
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The figures above show typical dynomometer results (petrol vehicle), where the 
uppermost trace (purple) in the top figure is the CO2 emission following an engine-off 
period, through a test cycles with speed regime as described in the lower figure. It is 
seen that the CO2 level stabilises once temperature equilibrates, then remains 
constant over the driving cycle, the excursions being during the periods of sharp 
acceleration and deceleration, and a slightly lower CO2 level during idling when the 
engine temperature falls somewhat and slightly more CO is produced as the fuel 
combustion process becomes fractionally less efficient.  
 
This approach has been found to be problematic with diesel vehicles which, 
operating in lean rather than stochiometric conditions, take in an excess of air and 
therefore lower the %CO2 emitted even though the absolute CO2 emission remains 
approximately constant. 
 
However, there is a necessary step of logic to be applied. Thresholds expressed as 
ratios ought to be better than limits in % or ppm, because in looking for polluting 
behaviour we are looking for situations in which the engine is malfunctioning, i.e. 
when the fuel is not correctly being converted to power + (ideally) CO2 + water. Our 
baseline reference is therefore the amount of each pollutant emitted per unit of fuel 
burned, not the amount of pollutant per volume of exhaust gases emitted. There is an 
argument therefore that inspection of vehicles for gross polluting behaviour or even 
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state-of-maintenance would be more effective if based on pollutant ratios than 
fractional emission (ppm or %) as they are at present. 
 
Since all but a very few percent of the carbon in the fuel is emitted as CO2 (the rest 
is typically less than a percent CO, some ppms of HCs, and a very small amount of 
particulate matter) then the amount of CO2 emitted directly correlates with (and is 
therefore a good surrogate measurement for) the amount of fuel burned. What we 
measure in REVEAL, then, is how much of each polluting gas is emitted per unit of 
CO2 emitted. This is in preference to measuring how much of the total emitted gas is 
made up of each of the polluting species, since lean operating conditions cause a 
perturbation by adding lots of N2 and a bit of O2 (i.e. excess air) to the emissions.  
 
Under lean combustion, the ratios of pollutants to CO2 stay the same although the 
absolute amounts decrease, but in proportion. Therefore the thresholds set in % or 
ppm provide a less good indication of vehicle state. We have therefore elected in 
REVEAL to use 14% CO2 (close to the stochiometric condition) to determine polluter 
thresholds which are based on ratios. These thresholds have the advantage of 
holding good even under lean conditions (and therefore are applicable even for 
diesel vehicles). 
 
When converting CO thresholds to CO/CO2 ratios, one needs to consider the fact 
that there is only a fixed amount of carbon in the fuel, so if a large quantity of CO is 
being produced then the amount of CO2 is being reduced. Arguably the ratio 
denominator ought to be the sum of CO and CO2 (and hydrocarbons if they weren’t 
so insignificant), hence the threshold for CO converts to 5% / (14% - 5%) = 0.55 
For NO there is no necessity to take the carbon balance into account, and for 
hydrocarbons it is assumed that the error is insignificant.  
 
Overall this leads to the conclusion that for attended operation this basis of picking 
out gross polluters will be perform satisfactorily (where the inspector can ascertain 
vehicle age), otherwise in unattended operation ANPR and a basis for determining 
age such as linking to a national vehicle licensing database will be required. 
 

Gross polluter thresholds become: 
5% CO     ->  0.55 CO/CO2  
1% NO    ->  0.071 NO/CO2 
1500 ppm total HC -> 0.011 HC/CO2 
 
SuperPolluter thresholds become: 
2.8% CO  -> 0.200 CO/CO2 
0.6% NO  -> 0.043 NO/CO2 
1500 ppm total HC -> 0.011 HC/CO2 

 
 
COMPARATIVE APPROACH 
 
In order to compare REVEAL results to those which have been obtained in other 
studies, the same basis for calculation has been be applied. This uses the approach 
published by Stedman and Jack [US Patent 5,498,872 and US Patent 5,831,267], 
which is based on the equations for stochiometric combustion and preserving the 
atomic balance of elements. It is therefore an approximation which breaks down 
under lean burn conditions, but does provide a basis for intercomparison. The 
Stedman and Jack equations basically convert CO/CO2, NO/CO2 and HC/CO2 
ratios (determined in ppm.m) into %CO, %HC and %NO. They do this by estimating 
%CO2 and then applying this to the remaining measured ratios 
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The basic calculation is: 
 

CH2 + m(0.21O2 + 0.79N2) -> H2O + aCO + bCO2 + 0.79mN2 
  - combustion of model fuel using simplified model of air, assumes no HC emission 
 
Applying carbon and oxygen balances to the above equation, 
  0.42 m = (1 + a + 2b) – for oxygen  1 = a + b  - for carbon 
 
Volume of emitted water ~ 0 – because it condenses into droplets 
Volume fraction of CO2 therefore = b / (1 + 0.79m)  since a + b =1 
 
Define Q as the measured ratio of CO to CO2 after calibration applied, Q’ as 
the measured ratio of HC to CO2 after calibration applied, then 

Q = [CO]/[CO2] = a/b     thus b = 1 / (1 + Q) 
      a = Q / (1 + Q) 
 
Substituting for a and b and eliminating m, we obtain: 

%CO2 = 42/ (2.79 + 2Q)  
 
so we can estimate %CO2 given a measurement of [CO]/[CO2], which is obtained 
directly from the REVEAL processed data.  
 
The equation can be further refined by including a HC emission term, 

%CO2 = 42/ (2.79 + 2Q + 0.42Q’) 
 
Knowing %CO2 then we can apply this to the other ratios (NO/CO2) and (HC/CO2) 
to get %NO and %HC. Some more sophisticated variations on the approach are also 
published 

 

Working with Emission Factors 
 
An Emission Factor is an expression of emitted pollutant in units of grammes of gas 
emitted per kilometre travelled by the vehicle. Emission factors are used as a 
standard to compare with vehicles which have been analysed on chassis 
dynomometer systems where it is easy to collect the exhaust gas in big bags for 
analysis and to count the roller rotations to determine distance. Emission factors are 
a lot less meaningful as on-road ‘snapshots’ of performance, but are used by 
atmospheric science community because they represent absolute rather than relative 
emissions data and therefore correlate with environmental impact directly in a way 
that % and ppm of emitted gases cannot. Emission factors should not be confused 
with emission rates (grammes emitted per second). Some previous studies of motor 
vehicle emissions using RSDs have used a measure of grammes of gas emitted per 
gramme of fuel burned, and referred to this as an emission factor. The two must not 
be confused, but the latter measure is pragmatic. Remote sensing cannot determine 
the fuel burn of the vehicle, it is the fuel burned per kilometre travelled which would 
be required to convert this latter measure into a true emission factor. 
 
The challenge for the REVEAL project was to find a way of estimating from REVEAL 
data approximate Emission Factors, knowing that the absolute emissions vary 
dramatically with driving conditions. (Actually for a modern car operating in good 
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condition, a significant proportion of the CO, NOx and HC is emitted during the short 
transients of braking and acceleration as is indicated by the chassis dynomometer 
data already presented in this section). There are a number of possible approaches, 
as with gross polluter ID.  
 
RATIO APPROACH 
 
A ratio of emission factors is numerically the same as the ratio of gas concentrations 
in ppm.m (which we determine from the raw data), except that we have to take 
account of the difference in molecular masses of the gas molecules since the 
emission factors form a ratio of masses, not a ratio of numbers of molecules.  
 
In the same way we were able to use a-priori knowledge of %CO2 (e.g. from the 
dynomometer tests), we can use a-priori knowledge of emission factors. If we can 
obtain fleet average, or class average g/km for CO2 then we can convert our ppm.m 
ratios (taking into account the molecular masses of the gases concerned) into g/km 
of NOx, CO and total HC.  In the latter case an approximation must be made 
because the emitted hydrocarbons are a mixture of many species and so a 
‘molecular mass’ is not a straight-forward concept. The composition information 
extracted using mass spectrometry, can be used to consider the concept of an 
‘equivalent molecular mass’ for the hydrocarbon mixture, whence it can be seen that 
variations of vehicle combustion efficiency and fuel type introduce very large 
variations in the ‘equivalent molecular mass’. 
 
An alternative which has been used in previous studies is to quote emission factors 
as hexane equivalent, as if all the emitted hydrocarbon was hexane. Hexane has a 
molecular mass of ~86g/mol. 
 

Molecular masses of emitted gases of interest are: 
CO2  44 g/mol 
CO  28 g/mol 
NO  30 g/mol 
Hexane  86 g/mol 
 

Ratios of calibrated optical data are obtained from RSD: 
 r CO/CO2 = [CO]ppm.m / [CO2]ppm.m 
where [x]ppm is the fraction of all the emitted molecules which are species x 

 
⇒ r CO/CO2 = number CO molecules per CO2 molecule emitted 

    
⇒ grams of CO per gram of CO2 emitted =  r CO/CO2 x (28/44) 

     Similarly grams of NO per gram of CO2 =  r NO/CO2 x (30/44) 
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Suitable base data: 
The ratio approach requires the a-priori knowledge of one emission factor. Suitable 
data is frequently published, and has also been obtained in the course of REVEAL 
measurements undertaken by TNO, BfK and EniTecnologie during the project. 
Reference data is provided below: 
Source ENI Tecnologie: 
• Based on EUROIII testing of new cars, CO2 g/km is likely to be in the range 140 

to 190g/km.  
 
Source: TNO measurement campaigns at Maastunnel location 
• Measured emission factors 

NO 480mg/km/vehicle 
CO 3g/km/vehicle 
CO2 160g/km/vehicle 

 
Source: TNO characterisation of various vehicles for REVEAL characterisation tests 
• Chassis Dynomometer data (see Section 4.6) 
 

  Emission factors in g/km 
 Speed km/h 50 75 100
  

VW Golf D CO 0.76 0.44 0.60
 CO2 122.55 118.00 153.27
 HC 0.14 0.12 0.17
 NO 0.51 0.66 0.85
  

Mitsubishi CO 0.11 0.04 0.02
 CO2 164.49 178.83 186.12
 HC 0.04 0.02 0.01
 NO 0.25 0.59 0.60
  

VW LT 28 TD CO 0.66 0.55 0.37
 CO2 196.84 275.35 281.00
 HC 0.19 0.17 0.17
 NO 0.54 0.87 1.10
  

Peugeot 504 CO 17.75 25.78 37.31
 CO2 192.92 153.79 186.07
 HC 0.93 0.86 0.96
 NO 0.80 0.93 1.39
  

Hyundai Excel CO 0.91 0.01 0.01
 CO2 154.47 151.62 171.86
 HC 0.18 0.01 0.00
 NO 0.69 0.42 0.03
  

Opel Corsa CO 0.01 0.19 0.25
 CO2 138.27 142.68 159.02
 HC 0.00 0.04 0.03
 NO 0.01 0.00 0.00

 
 

Final Technical Report (Public) 52 Copyright © Sira Ltd 2003 



REVEAL – Remote Measurement of Vehicle Emissions at Low Cost 
Growth – 1999 – 10657 

COMBUSTION EQUATION APPROACH 
 
Extending the work on calculation of emissions in ppm based on interpretation of the 
fuel combustion equations, Stedman presents an algorithm for using the combustion 
equations to determine a pseudo-emission factor. This generates emissions in 
grammes of pollutant per gallon of fuel burned. Obviously the fuel consumption of the 
vehicle at the time of analysis is an unknown so Stedman uses a-priori knowledge of 
typical fleet fuel consumption to convert from g/g to g/km, accepting the error which 
has been introduced.  To do this requires an assumption about the fuel density 
(0.75g/ml is used) and the C:H ratio in the fuel. 
 
The alternative approach would be to model vehicle performance (given suitable 
measured parameters such as weight, gradient, speed, acceleration etc.) so as to 
estimate fuel burn. While both approaches are noted, neither was used directly in 
REVEAL data interpretation, although the latter in combination with the work of 
Jiminez on Vehicle Specific Power is noted as a likely fruitful field for future 
investigations. 
 
 
COMPUTATION FLUID DYNAMICS MODEL APPROACH 
 
The CFD modellers in the REVEAL team considered the reduction of the plume 
dynamics model to a set of equations which would allow estimation of the proportion 
of the total emitted gas which was sampled in the REVEAL optical beam. Given 
knowledge of this proportion, it is possible to estimate total mass emission from a 
knowledge of mass emission into the measurement region. The latter can be inferred 
from the measurements of concentration.path length through application of Beer-
Lambert law and some spatial considerations. It was not found to be possible to 
reduce the CFD models to a set of usable equations in this manner, however, and 
the approach was not fully implemented. It is noted that if an optical geometry were 
conceived which allowed all the emitted plume to be sampled, then emission factors 
might be directly inferred. Such a geometry is extremely unlikely within the cost 
targets of REVEAL although may be constructed for research purposes. 
 
 
VEHICLE SPECIFIC POWER APPROACH 
 
Research undertaken by Jiminez at MIT in association with Aerodyne Systems in the 
US has investigated methods for improved ways of working with RSD instruments 
like REVEAL.  
 
Jiminez introduces the concept of Vehicle Specific Power (VSP), which is power per 
unit mass, and can be approximated by a function of velocity, acceleration, road 
gradient and headwind velocity. 
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(Source: Jiminez’ PhD Thesis submitted to MIT 1999) 
 
Based on various measurement campaigns and underpinning theoretical 
investigations, Jiminez demonstrates that VSP correlates well with many useful 
parameters, and can be estimated using parameters which are measurable on-road. 
 
This work was undertaken essentially in parallel with the REVEAL project, and its 
findings became available approximately concurrently with REVEAL’s Mid-Term 
review. 
 
For REVEAL purposes, three of Jiminez’ finding are significant: 
 
a) That the VSP can be calculated from measurable parameters of velocity, 

acceleration, gradient and headwind and for light duty vehicles, including trucks, 
is not dependent on mass 

 
b) That the VSP calculated in this manner can be used to determine whether the 

vehicle is operating in ‘normal’ conditions, or ‘transient’ conditions such as rapid 
acceleration or idling, and on this basis the VSP gives an indication as to whether 
the plume data should be taken as representative for the vehicle. Essentially VSP 
can be used as a threshold parameter for selecting ‘valid’ REVEAL data 

 
c) That VSP between the thresholds for ‘valid’ RSD measurements, may correlate 

very well with total emission of carbon from the tailpipe. In this way VSP may be 
used as a model for obtaining fuel burn rate given on-road measurable 
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parameters such as velocity and acceleration as above. The extent of the 
correlation needs further investigation, but VSP suggests the potential to provide 
the model basis for converting concentration.path length data into emission 
factors. The extent to which such correlations hold over various vehicle types, 
fuels and emission reduction technologies is not known but again would be a high 
priority field for ongoing investigation. 

 
Jiminez presents some typical values of VSP for different performance conditions: 

- Maximum rated powers of vehicles: VSP = 44 – 112 kW/tonne 
- 0 – 60mph in 15 seconds:  VSP = 33 kW/tonne 
- 60mph up 4% gradient   VSP = 23 kW/tonne 
- Typical off-ramp for RSD site  VSP = 10 – 15 kW/tonne 

 
For extreme operating conditions (and therefore VSPs) it is known that Remote 
Sensing data is not representative of the vehicle under measurement (this is seen 
also from the Chassis Dynomometer data, see section 4.6). Therefore Jiminez 
recommends the range 3kW/tonne < VSP < 23kW/tonne for accepting plume data. 
Over this range VSP is seen to correlate with other useful parameters, reduces 
dependence on vehicle type, fuels etc. 
 
The process for REVEAL data analysis would be: 
 
a) Calculate the VSP from measures of velocity, acceleration, headwind, and 

knowledge of the gradient at the measurement site. Check the VSP is within the 
thresholds established for analysing RSD data by this method. 

 
b) Using previously established curves relating VSP to total mass of carbon emitted,  

estimate the equivalent g/s of carbon emission.  
 
c) From the vehicle speed at the measurement point we can convert g/s into an 

instantaneous g/km of emitted carbon. 
 
d) From the RSD measured CO/CO2 ppm.m ratio, determine how much of the total 

emitted mass is CO and how much is CO2 (taking into account the different 
molecular masses as above). Without introducing unacceptable levels of error, 
hydrocarbon emissions can be assumed to be insignificant, as can particulates. 
Using the sum and ratio relationships, instantaneous emission factors for CO and 
CO2 can be calculated.  

 
e) Using other measured ratios, and correcting using molecular masses (note the 

errors introduced for hydrocarbons), the emission factor for CO2 can be used to 
determine emission factor estimates from other species. 
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Correlation between total emitted Carbon and VSP, over a range of different test cycles and therefore 
performance regimes – source: Jiminez PhD Thesis 
 
 
USING OTHER MODELS AND A-PRIORI DATA 
 
Much research has been done in developing models of fleet emissions, e.g. on a 
national scale or a global scale over time. Some of these models lead to equations 
which can be used to obtain emission factors averaged over fleets etc. One such is 
the COPERT III model which can be used e.g. to give an estimate for g/km CO2 for 
an open loop catalytic gasoline passenger car, 1400 – 2000 cc, as function of speed. 
 

CO2 (g/km) = 2.02 * [(109.6 – (1.98 x s)) + (0.0168 x s2)] 
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4.5.4: Conclusions 
 
Robust strategies for extracting from time-series data the optical attenuation caused 
by pollutant species in the exhaust plume have been designed and demonstrated in 
the REVEAL instrument. The approach finally selected was is shown to be 
insensitive to perturbations in most parameters with the exception of optical co-
alignment of the measurement channels, which means that the opto-mechanical 
design and build/test procedures must ensure this. 
 
Various strategies for extracting meaningful application data from the measured 
concentration.path length data have been considered and their relative merits and 
drawbacks discussed. While a number of these approaches have been selected and 
applied in analysing REVEAL data, others showing promise have been flagged as 
areas into which future research should be directed. 
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Section 4.6 Testing and Validation 
 
4.6.1: Introduction 
 
During the REVEAL project, two types of measurement campaign were undertaken, 
those which were designed to provide better understanding of how the instrument 
performed and how the optical data it produced might be processed to determine 
information relating to vehicle emissions, and those which were designed to apply 
this understanding in measurement of real vehicles under on-road operational 
conditions. This section reports on the former type of experimental work, which was 
undertaken through three large campaigns (and a number of much smaller trials and 
tests): 
 
 
Laboratories of CREA, Milan: 

This series of experiments was designed to investigate performance of the 
REVEAL technology in parallel to known standard measurement techniques 
such as FTIR, and the instrumentation typically used with chassis 
dynomometer-based measurement systems.  
 

 
Public Airfield, Oxfordshire, UK 

A section of roadway on an airfield was used to provide open access and 
controlled conditions where the RSD could be set up and a series of time-
series emission data sequences obtained. The aim was to make 
measurements at a series of different speeds and accelerations, using the 
same vehicle, so as to assess trends and repeatability. Variation from vehicle 
to vehicle over a range of different ones, under similar driving conditions was 
also investigated. The principle output was raw traces on which to develop 
and test the algorithms for converting detector outputs into concentration.path 
length (ppm.m) data. 
 

 
Apeldoorn, Netherlands: 

A section of lightly-used roadway was used to test the REVEAL prototype, to 
gain experience before the Field Trials campaigns and understand 
operational aspects of making RSD and related measurements, but also to 
provide further data on which to test and validate the processing algorithms. 
In support of this a number of different vehicles where characterised by TNO 
using chassis dynomometer systems and then operated in the normal traffic 
stream on the road during the trials. This allowed a number of ‘reference 
points’ to be inserted in the unknown measurement data. 
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4.6.2: Comparative emission measurements during 
dynamometer testing 
 
Motivation and approach 
To pave the way to a broader acceptance of remote sensing devices (RSD) among 
potential users it is necessary to establish their metrology basis. This includes the 
comparative assessment of RSD’s precision and accuracy in the measurement of 
emissions with respect to other techniques. Therefore, the bread-board REVEAL 
prototype as well as a FTIR spectrophotometer and the standard on-line gas 
analyzers have been used to measure simultaneously the emissions from five in-use 
vehicles, i.e., three gasoline and two diesel passenger cars of different technologies, 
under controlled-condition dynamometer testing. 
 
Activities 
Five in-use cars were tested on a chassis dynamometer according to a given driving 
cycle (designed for REVEAL and illustrated in Section 4.5.3) using typical 
commercial gasoline- and diesel fuel. To simulate a high emitter, the catalyst of a 
gasoline car was removed and substituted with a dummy catalyst deprived of the 
active components. The speed–time profile of the cycle comprises a number of 
constant speed modes, at idle, 50 km/h or 100 km/h, linked by constant 
acceleration/deceleration modes, at about 1 (slow) or 2.5 (fast) g units. One 
underlying rationale of this cycle is to simulate the optimal condition for roadside RSD 
applications, i.e., a constant vehicle speed between 50 and 100 km/h.  Another one 
is to investigate possible applications in a petrol station forecourt, where the vehicle 
could be inspected either at idle or while slowing down on its way in.       
 
Exhaust gases emitted during the driving cycle were analyzed by on-line gas 
analyzers every second, both before (pre) and after (post) the dilution with ambient 
air in the optical sampling device sucked by a standard Constant Volume Sampling 
(CVS) system.  
 
Gas analyzers were based on non-dispersive infra red (NDIR) for CO and CO2, 
chemiluminescence (CLD) for NOx and Flame Ionization Detection (FID) for total 
hydrocarbons. A specially-built optical sampling device, in the shape of an horizontal 
cylinder with two truncated coaxial cones at the ends, was used to allow the 
simultaneous measurement through the exhaust plume, after dilution with ambient 
air, by the REVEAL and FTIR instruments. The end of the optical sampling device on 
the vehicle side was open as to allow the tailpipe plume to mix with air. The opposite 
end, on the CVS side, was closely fitted to the CVS system. The venting fan of the 
CVS created a depression that sucked the air into the system. The sampling device 
has two couples of coaxial IR-transparent LiF optical windows, where the REVEAL 
and FTIR’ sources and detectors could be aligned in order to sample through the 
plume. The sampling ports for the gas analyzers were located in the vehicle tailpipe 
just before the air suction in the optical sampling device (raw, pre-dilution gas 
stream) and at the exit of the optical sampling device (post-diluted gas stream). 
 
Different tests with the same vehicle were carried out by varying either the height of 
the tailpipe from the flat bottom of the optical sampling device that simulates the road 
surface or the dilution ratio by inserting a venturi tubes with a different nozzle 
diameter in the CVS system. These two parameters may affect any measurement 
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that occurs in or after the exhaust plume, i.e., the REVEAL’s, FTIR’s and post-dilution 
gas analyses, while they have no influence on the pre-dilution gas analyses. 
 

 

Above and below - REVEAL and FTIR devices with optical chamber, integrated with chassis 
dynomometer measurement system 
 

 
 
Three different venturi tubes were used having a nominal flow rate of 125, 150 or 200 
standard cubic feet per minute (about 59, 71 or 94 liters per second). Since the 
venturi tube control the total flow rate through the CVS system, the amount of 
secondary air sucked within the optical sampling device to mix with the exhaust 
gases from the vehicle will exactly match the complement to the total flow rate. For a 
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given amount of raw exhaust gas, corresponding to the same engine mode, the 
dilution ratio, i.e., the ratio between the diluted and the raw exhaust gases, will 
increase passing from the 125- to the 200-scf/min venturi tube.  
 
Three levels of tailpipe height were used. The base case labeled with “0”, is defined 
as 30 cm above the flat bottom of the optical sampling device, that should simulate 
the road surface. The other two levels were chosen about 12 cm above (“+12 cm) or 
under (-12 cm) the base case. 
 
 
Main results and conclusions 
The absolute level and the variability of modal tailpipe emissions of regulated 
pollutants measured with a sampling frequency of 1 Hertz (typical of RSD 
applications) depend not just on the vehicle being assessed, but also on the mode of 
driving and thermal regime. 
 
The idle mode is not always satisfactorily indicative of how a vehicle may emit under 
loaded modes (steady state or transient). Generally, steady-state modes show a 
lower variability than transient modes, therefore the former are preferable for RSD 
applications.  
 
Among transient modes, no consistent improvement was found in changing from fast 
to slow deceleration. Therefore, the application of RSD to transient modes of driving, 
such as those on entering a petrol station forecourt is still questionable.  
 
As under transient conditions the variability between one measurement and another 
may be as high as 80%, in order to reduce the level of uncertainty a multiple 
assessment of each vehicle would be recommendable, or adoption of a threshold 
model such as Vehicle Specific Power (see Section 4.5) in order to reject 
measurements made under transient conditions. 
 
In general all three instruments are able to follow the trend of emissions along the 
driving cycle and they mostly agree in ranking the level of emissions of the vehicle 
tested. 
 
The FTIR and REVEAL had some problems in dealing with the scattering of 
particulate matter in particularly smoky exhaust plumes, that a few times even 
caused significant fouling of the optical windows. However, part of these troubles 
were specifically due to the confinement of the plume in the optical sampling device 
used in these experiments and may not reproduce in real life applications. 
 
The comparison of the instruments’ output values reflect their sampling positions with 
respect to the mixing of the exhaust plume with the surrounding secondary air. Being 
its sampling beam closer to the tailpipe end, the Reveal data are affected by the 
tailpipe height and almost unaffected by the dilution factor of the exhaust plume with 
secondary air. On the other hand, the gas analyzer data, whose sampling line is 
further away from the tailpipe end, are independent of the tailpipe height and strongly 
affected by the dilution factor. The FTIR pattern lies in between. 
 
The best agreement among the instruments is for chemical species, i.e., CO2 and 
CO, that are determined by the same IR technique, while the worst agreement is for 
species, i.e., HC and NOx which are based on different techniques. 
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4.6.3: Emission measurement under controlled conditions 
 
Motivation and Approach 
This set of trials was undertaken with no processing algorithm pre-determined for 
REVEAL data. Raw time series data was captured and analysed to help formulate 
and then test suitable algorithms for deconvoluting the vehicle obscuration from the 
pollutant emisssions, and for quantifying the latter. 
 
In order to learn more about the shape and variation in emission traces from 
vehicles, and thereby to try out ideas for data extraction algorithms, it was necessary 
to gain relatively large datasets, but under conditions where some information about 
the vehicles was known. The approach chosen was to measure emission traces from 
the same vehicle under a range of conditions, and repeatedly under the same 
conditions, so that the trends in the emission trace due to the operating condition 
could be separated from those more random variations which would occur. Similarly 
in order to understand the variation different types of vehicles introduced under 
comparable conditions, a well characterised set of data was required.  
 
Activities 
An older gasoline powered vehicle with carburetted engine and fitted with a manual 
choke (Griffith Sunchaser, an adaption of the Toyota Celica) was used for the main 
part of this trial.  This vehicle was selected as representing older uncatalysed 
vehicles with higher CO emissions than are seen with modern catalysed ones.  
 
A long straight stretch of  paved roadway/taxiway at an airfield (in Oxfordshire, UK) 
was made available for REVEAL trials. The length was sufficient to allow speeds up 
to 45mph through the RSD, which was set up with 6m separation of spectrometer 
and return mirror. Weather shelters were provided using small tents since at this 
stage of the REVEAL projects, enclosures had not been produced for the REVEAL 
instrumentation. Either side of the optical beampath, pneumatic tube equipment was 
installed to measure the speed of the vehicle. 
 
The Sunchaser was run repeatedly through the RSD and emission traces recorded. 
A number of repeats were undertaken at each speed from 15 to 35mph under 
conditions of constant velocity and a further series undertaken with light, medium and 
heavy acceleration.  With the engine well warmed up, the manual choke was then 
used to simulate failure conditions under which combustion would be richer than 
stochiometric and therefore much higher emissions of CO and HC would be 
anticipated.  
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Setup of REVEAL prototype device at the airfield location, also showing pneumatic tubes to record vehicle speed. 
 
Finally a series of different vehicles, ranging from new models to old (the Sunchaser), 
were driven through the RSD at the same speed, and this was repeated for a series 
of different speeds up to 45mph. 
 
Data in the form of raw emission traces was recorded onto the hard disk of a laptop 
computer for subsequent offline analysis 
 
Main Results and Conclusions 
The principal output from examination of this data was the processing algorithm 
described in Section 4.5 – Description of the Processing Algorithm. 
 
In addition to the main objective as above, some tentative conclusions could be 
drawn from the data, giving confidence that the project could proceed to field trials: 
 
• The REVEAL instrument is capable of distinguishing ‘clean’ vehicles from 

‘polluting’ ones, and shows different responses for different vehicle/fuel types. 
 
• Valid plumes can be captured at all the speeds measured from 15mph to 45mph, 

and under conditions of constant speed or acceleration. (Valid plumes defined as 
those containing a significant amount of CO2). 
 

• Variations of emissions with speed were not easy to correlate and whatever 
trends may have been present were masked by the random variations 
experienced when making repeated measurements under nominally identical 
conditions. 
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4.6.4: Validating the Algorithms and preparing for Field Trials 
 
Objectives 
Having used the test sequences from the airfield location to provide a basis for 
developing extraction algorithms for the REVEAL instrument prototypes, a further set 
of tests was indicated in order to validate the algorithms. Since this would be the last 
set of tests before field trials commenced, it was decided to undertake these tests 
under real on-road conditions so that the project team could gain experience of doing 
this.   
 
Dynamometer testing 
A selection of different types of cars (such as age, with/with out catalyst and different 
fuel) was made for the dynamometer tests. The exhaust emissions of six different 
cars was monitored during tests at the dynamometer with a selection of different 
driving speeds. Emission factors at these speeds were calculated for each vehicle. 
 
Road side testing 
The REVEAL prototype instruments was placed at the side of a road segment (single 
lane and without any slope) in an open field area. On this road segment the 
dynamometer tested cars drove through the IR-beam of the REVEAL instruments at 
the exactly the same driving speed as at the dynamometer tests. The road segment 
selected was a part of a road with common traffic, so the tests also contained data 
from the common traffic. 
  
Selection of cars 
The selection of the cars was such that older cars as well as new cars were involved 
in the tests. The following 6 cars were selected for the tests (see table 1). 
 
Table 1 Selection of cars 

Type of car Type of fuel Classification Catalyst 
“Dirty” No 
Euro 2 Yes Gasoline 
Euro 4 Yes 

 
“Dirty” No 

Passenger car 

Diesel Euro 2 Yes 
 

Van Diesel “Dirty” No 
 
Dynamometer tests 
The dynamometer tests were performed at the test facilities of the TNO Automotive 
Institute in Delft. For the validation of the REVEAL instruments three different 
constant driving speeds were chosen for all the cars. The following speeds were 
chosen: 50, 75 and 100 km/h. 
 
Gearing was noted and care was taken to ensure this was the same at the road 
tests. Load of the passenger cars was representative for the weight of one person. 
The load for the van was about 30% of its loading capacity due to the weight of the 
tailboard. Tire pressure was controlled and set at the proper values and noted.  
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Components 
The following components were measured during the dynamometer tests (see table 
2). 
 
Table 2 Components to be measured/calculated  
 
Component Samplin

g 
method 

Concentration 
recalculated to the 
end of the tailpipe 

Emission factor Measuring 
principle 

CO bag vol%  g/km NDIR 
CO2  bag vol% g/km NDIR 
NO bag ppm g/km Chemiluminescenc

e 
NO2  bag ppm g/km  
Total HCs bag ppm g/km FID (calibrated 

with 
propane/butane) 

Particulate
s 

filter g/cm3 g/km Weighing 

     
EC/OC filter mg/cm3 g/km Thermal 

desorption 
 
Sampling took place under standard protocol conditions. The tests were performed 
with warm engines and at the standard laboratory air temperatures. Results are 
summarised in Table 3. 
 
The gaseous measurements at each driving speed were an average sample of 5 
minutes. During this same period measurements particulates were obtained. The 
results of all measurements were calculated as the average over the total measuring 
period at each driving speed.  
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Emission data dynamometer tested cars

Speed km/h 50 75 100 Speed km/h 50 75 100

VW Golf D CO 0.76 0.44 0.60 CO ppm 1203 745 794
CO2 122.55 118.00 153.27 CO2 vol% 12.3 12.6 12.9
HC 0.14 0.12 0.17 HC ppm 458 390 450
NO 0.51 0.66 0.85 NO ppm 479 652 658
Particles 0.297 0.286 0.320 Particles

Mitsubishi CO 0.11 0.04 0.02 CO ppm 131 46 22
CO2 164.49 178.83 186.12 CO2 vol% 12.8 13.1 13.2
HC 0.04 0.02 0.01 HC ppm 98 45 33
NO 0.25 0.59 0.60 NO ppm 177 388 378
Particles 0.026 0.097 0.042 Particles

VW LT 28 TD CO 0.66 0.55 0.37 CO ppm 665 412 269
CO2 196.84 275.35 281.00 CO2 vol% 12.7 13.1 13.2
HC 0.19 0.17 0.17 HC ppm 380 260 251
NO 0.54 0.87 1.10 NO ppm 307 365 462
Particles 0.076 0.218 0.231 Particles

Peugeot 504 CO 17.75 25.78 37.31 CO ppm 15996 26675 31143
CO2 192.92 153.79 186.07 CO2 vol% 11.1 10.1 9.9
HC 0.93 0.86 0.96 HC ppm 1689 1794 1612
NO 0.80 0.93 1.39 NO ppm 432 573 682
Particles 1.73 1.79 - Particles

Hyundai Excel CO 0.91 0.01 0.01 CO ppm 1152 13 9
CO2 154.47 151.62 171.86 CO2 vol% 12.5 12.9 13.1
HC 0.18 0.01 0.00 HC ppm 460 17 10
NO 0.69 0.42 0.03 NO ppm 528 342 23
Particles - - - Particles

Opel Corsa CO 0.01 0.19 0.25 CO ppm 18 267 327
CO2 138.27 142.68 159.02 CO2 vol% 12.6 12.8 13.0
HC 0.00 0.04 0.03 HC ppm 4 123 77
NO 0.01 0.00 0.00 NO ppm 6 1 2
Particles 0.01 - - Particles

Emission factors in g/km Exhaust gas pipe concentration

Table 3  Chassis Dynomometer results from Apeldoorn test vehicles 

 
Road tests 
The road tests were performed as soon as practical after the dynamometer tests 
(within 4 weeks) so as to ensure a common state of maintenance and performance. 
In the intervening time the vehicles did not undergo any adjustment or repair that 
could influence the exhaust emissions (engine, wheel suspension and so on). 

 
A road segment with a single lane with no slope was selected (locality of Apeldoorn, 
Netherlands), where the tests could be performed. The selected road segment is part 
of a provincial road, where common traffic was present. The REVEAL prototype 
instruments will be set-up with the beampath across the single lane, and with a 6m 
separation of spectrometer and return mirror. 
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REVEAL prototype in use at Apeldoorn location, with pneumatic tubes and video camera to help 
classify vehicle traces. 
 
Driving conditions 
The cars were run through the RSD with warm engines and at exactly the same 
driving speed, gearing and load as performed during the dynamometer tests. Each 
vehicle was run at least 20 times at each driving speed through the IR-beams of the 
REVEAL instrument. Measurements of emissions from the common traffic were 
performed during the same time. 
 
Test conditions 
The tests were performed under conditions of no rain and a wind speed below 5 m/s 
(Beaufort scale < 3). Meteorological parameters were monitored during the tests at 
about 1 m height, windward of the road segment and far enough outside the 
influence zone of car induced turbulence. The following parameters were measured: 
wind speed, wind direction and air temperature. 
 
Vehicle speed was measured using a simple cross-road pneumatic tubing system 
provided by Golden River Traffic, and by using two such systems (one before and 
one after the measurement location, and separated by some ~ 5 metres) an attempt 
to measure acceleration was also made. The resolution/error in the velocity data on 
both speed sensors was found to make useful determination of acceleration by this 
method impossible. 
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Conclusions 
The time series data collected during the field trials was extracted using the 
algorithms developed as a result of the airfield location tests. A number of further 
improvements to the algorithms were made as a result of the new data, which 
uncovered sensitivities such as that attributed to the need for co-alignment of the 
optical channels. 
 
REVEAL processing frequently uses the base assumption that the exhaust gas 
composition remains constant during dispersion (i.e. the gases disperse uniformly, 
therefore while the absolute concentrations decrease, the relative proportions of the 
pollutant species remain constant). The Apeldoorn data showed for the first time that 
this assumption did not always hold true and that it was possible to observe 
systematic variations in the concentrations of the gases over the measurement 
period. Such behaviour is explained by transient driving condition changes made by 
the driver in order to maintain the desired test-speed.  The same effects can be 
observed in the chassis dynomometer data where under transient conditions the 
relative concentrations of emitted gases change markedly but for short periods of 
time until a new equilibrium is established.  This finding supports other conclusions 
that RSD measurements need to be made avoiding transients as far as possible if 
information about the vehicles themselves is required. This can be done by applying 
thresholds of speed, acceleration, or Vehicle Specific Power (see Section 4.5). 
Conversely if the actual emission behaviour of vehicles at a specific location is 
desired, and if that location is prone to producing transient behaviour (e.g. speed 
camers, traffic calming measures) then RSDs will produce real emission ‘snapshots’ 
which are not averages but specific to that location. 
 
On the basis of the data obtained at Apeldoorn, it was concluded that REVEAL 
algorithms (after the further improvements referred to above) were sufficiently robust 
to be applied in field trials, and were ready to be embedded in the real-time 
embedded software of the REVEAL instrument. As in airfield location tests, the data 
indicated that differences between vehicle types and fuel types could be observed 
using the Remote Sensing Device under real operational conditions. 
 
The REVEAL project therefore proceeded into the Field Trials phase, which is 
described in Section 4.7 
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Section 4.7  Field Trials with REVEAL instruments 
 

4.7.1 Introduction 
 
During the REVEAL project a series of measurement campaigns was carried out 
following the controlled conditions evaluations described in Section 4.6. These field 
trials were selected to represent different road conditions in different countries, and to 
allow operational experience with the REVEAL instrument to be obtained, so that 
best practice in deployment could be disseminated.  Field trials were performed using 
the ‘STREET 2’ marque of REVEAL prototype instruments, two of which were 
constructed and which were equipped with suitable enclosure for field operations. 
 
The first field trial in Farringdon St, London, represented a busy urban location with 
traffic operating under stop-start conditions. A high proportion of diesel vehicles was 
included in the analysed fleet. The REVEAL instrument was operated for some 36 
hours continuously, capturing data from some 28,000 vehicles.  A preliminary trial in 
preparation for Farringdon St. was also undertake on a minor road on the University 
of Hertfordshire campus. 
 
Following Farringdon St., a REVEAL instrument was shipped to the Netherlands and 
deployed monitoring traffic flows exiting from the Maastunnel near Rotterdam. This 
location was selected as having faster traffic flows, two lanes of operation, and an 
upslope which would help to limit variation in vehicle operating conditions. 
 
After Maastunnel, one REVEAL instrument was shipped to Thesseloniki to undertake 
tests in an urban canyon environment where full CFD model characterisation had 
been undertaken to allow examination of the relationship between measured and 
modelled emissions data, and the role of modelling in siting the instrument. A 
complementary study to this was undertaken as part of the Fifth Framework project 
ROSE (G6RD-CT2000-00434), relating FTIR-based open path measurements and 
point sensors to CFD models – see reports and publications from the ROSE project. 
 
In parallel, the second REVEAL instrument was shipped to Milan where it undertook 
a series of tests over several weeks on various petrol station forecourts operated by 
AgipPetroli. This study was undertaken to investigate the potential of the technology 
in providing a public information service, and in parallel a driver attitude survey was 
undertaken. 
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4.7.2 Field Trials with REVEAL instruments 
 
4.7.2.1 Field Trials at Farringdon Street, London 
 

 
 
A continuous sampling campaign at Farringdon Street, London was undertaken for 
the purposes of evaluating the performance of the REVEAL RSD in real world 
conditions. Measurements were conducted between 12-13 May 2003. The main 
objectives of the campaign were: 
 
• To evaluate the performance of the REVEAL instrument in real world 

conditions. 
• To assess if the instrument is able to provide information on the level of 

vehicle emissions for individual vehicles as well as for the fleet. 
• To assess the potential of the RSD instrument to identify high emitting 

vehicles in real urban street situations. 
• To assess the performance of the RSD instrument in relation to 

meteorological parameters. 
• To relate the measured emission characteristics to fleet parameters. 
• To evaluate the instrument performance with the aid of a mathematical model 

for Street Canyon conditions. 
 
 
During the campaign emission data was collected for about 28000 vehicle. Results 
indicated that 4% of the vehicles have CO/CO2 ratios greater that about 0.2. It was 
estimated that 5% of the fleet vehicles were responsible for nearly 60% of the total 
emissions and 10% for about 90% of the total emissions.  A good correlation was 
observed between the total hourly traffic flows and the sum of the pollutant ratios (as 
an index for total hourly emissions) derived from STREET 2 measurements.  
 
The measured emissions (%m) showed an inverse dependence on the street wind 
speed. The CO/CO2 ratio, as expected, showed no significant dependence on wind 
speed. A linear correlation was observed between the measured hourly summed 
emissions (%m) from the RSD for CO and NO and the predicted hourly emission 
rates from the OSPM model. It is recognised that longer-term measurements would 
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be required as well as a larger RSD dataset and improved estimates of fleet 
characteristics for a more comprehensive study. 
 
Once set up, the instrument operated with minimal user intervention. However, as 
expected the prototype RSD is mainly designed to operate in dry conditions. During 
the transport and setting up stages the weight of prototype caused some, but not 
insurmountable, difficulties. Subsequent to the measurements, matching vehicles to 
their emission signals proved to be very tedious mainly because the synchronisation 
of the various times during the campaign was not accurate enough. A set of semi-
automated support tools has subsequently been developed to assist with this 
process. 
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Measurements at Farringdon Street, London. The CO/CO2 ratio was 
used quantify relative emissions. The Figure shows: 

(i) Percentage of vehicles according to CO/CO2 ratio bin 
(ii) Percentage emission contribution from vehicles according to CO/CO2 

ratios 
(iii) Cumulative percentage of vehicles according to CO/CO2 ratios 
(iv) Cumulative percentage of emission contributions from vehicles with ratios 

greater than a certain range.  
 
For example, for CO/CO2 bin >0.2-0.3: 
• 1% of vehicles had a ratio in this range; 
• These vehicles contributed 15% to the total emissions; 
• The percentage of vehicles with CO/CO2 ratio greater than 0.2 is 4%; 
• Cumulative emission contributions from vehicles with CO/CO2 ratio greater than 

0.2 was estimated to be 53%. By interpolation we can deduce that 5% of vehicles 
are responsible for about 60% of the emissions and 10% of the highest emitting 
vehicles are responsible for about 90% of the emissions. 
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4.7.2.2 Field Trials at Maastunnel, Rotterdam 
 
 

 
 

A test with STREET 2 for the determination and comparison of emission factors was 

performed at the Maastunnel in Rotterdam (the Netherlands). The STREET2 

instrument was tested during about 15 hours on Tuesday May 20 from 06:00h to 

about 20:00h at the outlet of the East tunnel tube on a two-lane road. The two lane 

road at the outlet has an inclination, so even cars driving at a constant speed will 

have higher emissions than at non-inclined road.  

 

Traffic intensity at the Maastunnel ranges from about 3500 cars/hours (two lane total) 

during rush hour to about 2000 cars/hours during the rest of the day.  

 

Speed of the traffic and category were determined by means of two sets of double 

pneumatic tubes within one meter from the STREET 2 infrared beam. The speed and 

category was stored by computer and put on CD. 

 

Automatic number plate readings were performed at both lanes, with two video 

camera’s and subsequent equipment. The video frames were grabbed and stored on 

video tape (VHS) as well as a text file on CD. 
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STREET 2 control and readings were performed at a remote laptop computer some 

40 meters away from the optical instrument. 

 
Emission factors were determined by TNO in 2002   

[TNO report R2002/083 Assessment of PM10/2.5, EC/OC and ultra fine in ambient air in urban areas 

wih emphasis on the contribution of road traffic, including Maastunnel measurements. February 2002 by 

H. Spoelstra]  

 

It is known from historical records that traffic intensity is quite constant through the 

Maastunnel from week to week. It is also assumed that traffic composition has not 

changed dramatically during the few months between the tunnel tests (end 2002) and 

the STREET 2 tests, so these emission factors are suitable for comparison with the 

STREET 2 measurement data.  

 
From the ANPR data, in principal a match can be made with individual passings of a 

certain type of car (catalyst, gasoline or diesel, vehicle age and so on) with the 

emission data gathered with the STREET 2 instrument. At this time legal constraints 

in the Netherlands prevent linking of number plates with car type using vehicle 

registration databases.  

 

Table 1 Average traffic composition at the Maastunnel in October 2002 
 

Type Average number of vehicles 
per hour 

Standard deviation in the 
number of vehicles per hour 

Passenger car 1740 411 
Delivery van 284 67 
Truck 46 10 
Truck with trailer 10 4 
Bus 9 3 
Motorcyclist 25 15 
 
Total 2113 481 
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4.7.2.3 Field Trials at Mitropoleos Street, Thessaloniki  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A continuous sampling campaign was undertaken at Mitropoleos Street, Thessaloniki 
for evaluating the performance of the REVEAL RSD in real world conditions, and 
integrating the use of local region CFD models to assist in siting the measuirements. 
Measurements were conducted between 03- 05 June 2003. The main objectives of 
the campaign were: 

 

 
• To assess the potential of the RSD instrument to identify high emitting 

vehicles in real urban street situations 
 
• To evaluate the operation of the RSD instrument in the relation to the 

meteorological parameters, and additional knowledge provided by a local 
region dispersion model (CFD) 

 
• To assess the instrument’s ability to provide information on the level of 

vehicle emissions for individual vehicles  
 
• To evaluate the operation of the REVEAL instrument in real world conditions. 
 
Local dispersion models gave some siting information which was useful in selecting 
how to position the instrument and interpret the measurement data. 
 
During the campaign emission data was collected for about 15000 vehicles. Results 
indicated that 8.3% of the vehicles have CO/CO2 ratios about 0.02 and almost 5% 
have CO/CO2 ratios greater than 0.002.  A good correlation was observed between 
the total hourly traffic flows and the sum of the pollutant ratios.  
 
The measured emissions (%m) showed an inverse dependence on the street wind 
speed. The CO/CO2 ratio, showed no significant dependence on wind speed. A linear 
correlation was observed between the measured hourly summed emissions (%m) 
from the RSD for NO, CH4 and total HC. 
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4.7.2.4 Forecourt trials in Milan 
 

 
 
Among the possible applications of remote sensing devices (RSD) is the use in a 
petrol station forecourt for a rapid check of the emission performance of a vehicle. 
This may seem attractive since drivers routinely go to petrol station for refueling and 
having several checks on their vehicle, e.g., tire pressure. The emission check may 
simply add to the services the petrol station offer to their customers. However, due to 
spatial constraints the driving pattern in a forecourt may greatly differ from that on an 
open road, which is the standard location for RSD. The low speed and transient 
conditions expected in a forecourt were taken into account in the driving cycle used 
in the previous and preparatory dynamometer tests. Therefore, within the REVEAL 
program trials in number of petrol stations were planned to test site-specific 
adaptation to measurement procedures and to evaluate the collected emission data. 
Two REVEAL prototypes (STREET 2 marque) were deployed in this measurement 
campaign. 
 
In parallel with the forecourt evaluations, a set of driver attitude surveys were 
undertaken to determine the acceptability of emissions measurement as a service 
offered at petrol stations. 
 
Four petrol stations of different characteristics were selected for the trials: 
1) San Donato (see picture above): The forecourt has two one-way entrance lanes, 
one from the urban area and another from a large state road. Most of the intercepted 
traffic was light duty. The vehicle speed at the beam crossing ranged from 20 to 50 
km/h, mostly under deceleration.   
 
2) San Giuliano: This forecourt located in an industrial area was specially selected to 
intercept heavy-duty vehicles. The vehicle speed at the beam crossing ranged from 
20 to 40 km/h for large trucks and up to 50 km/h for light-duty vehicles. Among the 
four forecourts it had by far the lowest vehicle throughput. 
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3) Lodi: This forecourt is part of shopping center and has just one one-way entrance 
lane. The vehicle speed at the beam crossing ranged from 20 to 50 km/h, mostly 
under deceleration. 
 
4) Cantalupa: This forecourt is along the urban part of the Milan-Genoa highway and 
has a typical highway petrol station layout. All vehicles passed across the beam at a 
constant speed ranging from 40 to 70 km/h. Among the four forecourts it had the 
highest vehicle throughput. 
 
From the breakdown of the fleets sampled at each it can be seen that the four 
forecourts cover all types of vehicles. Motor scooters were specially frequent at the 
urban forecourt of San Donato, while motorcycles occurred most frequently at the 
highway forecourt of Cantalupa. The composition of the automobile fleet by 
size/power class shows a large share of small-class automobiles at San Donato and 
Lodi, while medium-class automobiles are more abundant at the highway forecourt of 
Cantalupa. Among vehicle types, only automobile has a significant share of different 
fuels, i.e., about 70% gasoline and 30% diesel on the pooled set of the four 
forecourts. All motor scooters and motorcycles were gasoline fueled. All tractors, 
trucks, trailer trucks and busses were diesel fueled. Jeeps, sport utility vehicles 
(SUV) and delivery vans were mostly diesel with only a few gasoline exceptions. 
Table 1 shows the totals and composition of measurements made. 
 
Table 1. Composition of the sampled fleet by vehicle type at each forecourt 

San Donato San Giuliano Lodi Cantalupa Pooled set
Motor scooter 77 4 55 16 152
Motorcycle 17 20 44 81
Gasoline car 635 36 546 796 2013
Diesel car 158 11 298 377 844
Jeep/SUV 10 36 38 84
Delivery van 16 27 32 85 160
Tractor 6 6
Truck 3 22 1 9 35
Trailer truck 36 1 37
Bus 69 69
Total vehicles 916 142 988 1435 3481
% Motor scooter 8% 3% 6% 1% 4%
% Motorcycle 2% 0% 2% 3% 2%
% Gasoline car 69% 25% 55% 55% 58%
% Diesel car 17% 8% 30% 26% 24%
% Jeep/SUV 1% 4% 3% 2%
% Delivery van 2% 19% 3% 6% 5%
% Tractor 4% 0.2%
% Truck 0.3% 15% 0.1% 1% 1%
% Trailer truck 25% 0% 1%
% Bus 5% 2%
% Total 100% 100% 100% 100% 100%

Forecourt
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Findings 
 
The application of Reveal in petrol station forecourts is technically feasible and gives 
valuable qualitative results. For example, it can sort out the most polluting types of 
vehicles, in our case motor scooters, motorcycles and diesel busses, therefore 
enabling local authorities to substantiate specific measures of traffic management.  
 
It correctly captures trends between emission and vehicle properties, e.g., the 
increase of CO and THC emissions with vehicle age, the decrease of CO emission 
with increasing speed for gasoline cars, the increase of CO2 emission with vehicle 
size, or the correlation between CO and THC and the independence of CO and NO. 
 
Reveal can rank the vehicles in order of increasing emissions. As expected from 
previous RSD publications, a small per cent of high emitters contributes a large share 
of the total vehicle emission. Therefore, vehicles belonging to the most polluting 
subset can be sorted out for further inspection and maintenance. 
 
The goal of quantitative Reveal measurements in volume concentration units is 
harder to accomplish in forecourt settings than in open roads, because the forecourts 
with long, one-way lanes where vehicles are forced to drive at constant speed in 
straight direction are relatively rare.  
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4.7.3 Summary of Conclusions from Field Trials 
The field trial results are quite consistent and show the promising potential of the 
method. It is possible to conclude that REVEAL is capable of monitor overall “car 
fleet emissions”. This is relevant to measure the impact of urban traffic management 
on reduction of car fleet emissions (e.g. by increasing the flow of stagnant urban 
traffic from 30 km/h to 40 km/h)  In addition, it seems that individual vehicles 
measurements made in other REVEAL trials illustrate the wide range in emission 
factors at a time scale of a few seconds: this is the “normal” fluctuation of emissions 
at that time scale under “normal” driving conditions, and highlights the error 
introduced by vehicle operating conditions and the necessity to minimise this through 
choice of measurement location where vehicle assessment is the application. 
 
The results illustrate that REVEAL is especially relevant to monitor impact of (urban) 
traffic management on emissions and also to identify “gross polluters”. The method 
seems less suitable to establish quantitative measurement of individual vehicle 
emissions: too large fluctuations of vehicle emissions at the measurement scale of 
the RSD. 
 
REVEAL can sort out the most polluting types of vehicles, therefore enabling local 
authorities to substantiate specific measures of traffic management. It correctly 
captures trends between emission and vehicle properties, e.g., the increase of CO 
and THC emissions with vehicle age, the decrease of CO emission with increasing 
speed for gasoline cars, the increase of CO2 emission with vehicle size, or the 
correlation between CO and THC and the independence of CO and NO.   
 
REVEAL can rank the vehicles in order of increasing emissions. As expected from  
previous RSD publications, a small per cent of high emitters contributes a large share 
of the total vehicle emission. Therefore, vehicles belonging to the most polluting 
subset can be sorted out for further inspection and maintenance. 
 
The present REVEAL prototype is gives more comprehensive data for gasoline than 
for diesel vehicles, because of the high resolving power of the CO measurement and 
of the poor resolution for smoke emissions. The latter is also due to the fact that dust 
and particulate matter from all sources, not only from the combustion in the engine, 
contribute to the attenuation of the REVEAL reference channel. 
 
The location of the exhaust pipe along the side of the vehicle and a vehicle floor 
higher than the beam height, such as in trailer trucks, may hinder a correct sampling 
of the plume. If needed to target special vehicles, the REVEAL positioning and the 
data acquisition software can be adapted to the features of the vehicles. On the other 
hand, provided the vehicle’s body does not mask the plume, neither the height nor 
the shape of the exhaust pipe affects the Reveal measurements. 
 
Quantitative comparison of the forecourt Reveal results with emission limits in 
volume per cent or ppm concentration require further investigation of means to 
improve the estimation of the CO2 concentration in the exhaust gases for given 
vehicle classes and given driving conditions. An automatic measure of vehicle speed 
and possibly acceleration may be useful to select the proper CO2 reference value.  
 
The goal of quantitative REVEAL measurements in volume concentration units is 
harder to accomplish in forecourt settings than in open roads, because the forecourts 
with long, one-way lanes where vehicles are forced to drive at constant speed in 
straight direction are relatively rare. 
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Section 4.8   Performance Evaluation of REVEAL instruments 
 

Timing of measurements 
Operated in the mode of logging data to disk memory for subsequent processing, the 
REVEAL system can measure vehicles at 0.6s intervals. This is significantly less 
than the shortest vehicle spacing seen under normal on-road conditions. 
 
REVEAL is designed for operating across a single carriageway, in which case 
maximum speeds of ~60mph and minimum vehicle spacing of 1s would be 
anticipated. REVEAL has been operated over dual carriageway conditions and 
proven to be usable under such circumstances although manual intervention assisted 
by video data is required to remove triggers where two vehicles affect the sample 
space simultaneously. 
 
Once triggered, a data collection interval containing 50ms length of valid exhaust 
plume data is required for adequate processing.  
 
Vehicle dispersion models indicate that (depending on ambient wind and turbulent 
dispersion effects) typical dispersion times for the emitted species concentrations to 
return to ambient levels are in the order of 0.5  to 1 second. REVEAL measures a 
period of background levels before the exhaust plume is sampled; and this sampling 
only takes place after a suitable dispersion delay from the preceding vehicle (0.6 
seconds typically).  If a suitable background level measurement is not able to be 
made (second vehicle triggers the RSD before the plume from the preceding vehicle 
has dispersed) the previous best background level is used to process the exhaust 
plume data. This has no significant effect for a small number of vehicles, but would 
be problematic if a long sequence of triggers occurred without a valid background 
level measurement. It is difficult to conceive of this circumstance occurring in 
practice. 
 
The limiting factor on the length of time for which the REVEAL system can be 
deployed in continuous operation is the storage capacity for the collected data. 
Continuous run lengths in excess of 36 hours have been undertaken during field 
trials. Memory requirements for storage of vehicle data are approximately 15kbytes 
per vehicle. 
 
Effects of weather 
The REVEAL system has been tested in operational conditions under extremes of 
temperature. Routine performance in temperatures (measured inside the 
spectrometer enclosure) from –10°C (Oulu, Finland in November) to +65°C (Milan, 
Italy in June) have been made.  No effect on the performance of the electronics was 
observed. Alignment effects due to mechanical expansion/contraction were observed 
but were well within operational thresholds and correlated with the optical alignment 
sensitivity data indicated previously. 
 
The system has been operated in light rain without operational difficulty. Optical 
obscuration was observed due to scattering and absorption at all wavelengths, but 
the use of the reference channel compensated for this.  
 
In heavy rain the optical attenuation and spray caused by road vehicles was 
observed to reduce the optical throughput to unacceptably low levels (> 50% 
attenuation), and measurements were suspended and the optics covered to prevent 
ingress of road spray. 
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Detection and Repeatability - Ratios 
Limits of detection have not been determined from laboratory tests since these will 
give an overly-optimistic view of performance, and it is more relevant to extract the 
limiting emission levels at which the system should mark plumes as ‘invalid’ or ‘zero’. 
This has been undertaken using field trials data (see ‘Measurement Interpretation’ 
later in this section). Further controlled condition testing is required to make definitive 
statements about formal limits of detection, but it is possible to compare the 
calculated ratio measurements with various defined threshold limits e.g. for gross 
polluters, or periodic inspection. This aspect of operational performance is indicated 
for the individual measurement channels on the basis of treatment of the trials data: 
  
For CO the Gross Polluter threshold is typically taken to be 5% CO, corresponding to 
a emission ratio relative to CO2 of ~0.35. The corresponding threshold for periodic 
inspection of modern catalysed petrol cars is 0.3%, corresponding to an emission 
ratio relative to CO2 of 0.02.   The figure below shows a series of CO/CO2 
measurements made during field trials, ordered by measured emissions, 
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indicating that non-zero measurements are possible well below both thresholds (and 
a number of vehicles which while not grossly polluting might be expected to fail an 
MOT test were the CO emissions tested under similar driving conditions. 
 
For NO the Gross Polluter threshold is typically taken to be 1%. No periodic 
inspection limit exists in the UK, but the US limit for ‘Smog Check’ is 3000ppm. 
These limits correspond to  emission ratios relative to CO2 of 0.07 and 0.02 
respectively. The figure below shows a series of NO/CO2 measurements made 
during field trials, indicating non-zero measurements are possible well below both 
thresholds, although the noise contribution is not quantified. 
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NO/CO2 ratio measurements

0.000000

0.001000

0.002000

0.003000

0.004000

0.005000

0.006000

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

sample number

N
O

/C
O

2 
ra

tio

 
For HC measurements, the Gross Polluter threshold is typically set at 1500ppm, and 
the periodic inspection threshold at 200ppm for modern catalysed petrol cars. These 
correspond to emission ratios relative to CO2 of 0.01 and 0.0014 respectively. The 
figure below shows a series of HC/CO2 measurements made during field trials, 
indicating non-zero measurements are possible well below both thresholds. (and a 
number of vehicles which while not grossly polluting might be expected to fail an 
MOT test were the HC emissions tested under similar driving conditions 
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Repeatability has been tested by driving the same vehicles repeatedly through the 
RSD, under as near as possible the same conditions of speed and acceleration. It is 
noted however that the major factor influencing the results is driver performance (i.e. 
the operational condition of the engine during the measurement interval). Laboratory 
tests with large gas-filled sample cells do not give reproducibility measurements 
(although they do give some useful data) because the gas is constrained in the cell 
and not subjected to environmental influences as the exhaust plume is.  
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For CO2 measurements, the following repeatability data is offered for multiple repeat 
runs of four different (but well maintained and typical) petrol cars: 
 
Number repeat 
runs 

Average %m CO2 Std Dev %m CO2 Relative Std Dev  

4 1.07 0.085 7.9%
7 0.96 0.093 9.7%
14 0.99 0.155 15.7%
14 1.27 0.251 19.7%
 
These results indicate that by far the largest contribution to experimental error arise 
from the vehicle operating condition rather than this instrument. This is consistent 
with the findings on similar field trials using other RSDs, and underpins the 
importance of selecting suitable measurement locations if vehicles are to be 
examined under similar operating conditions. An upslope of shallow gradient is often 
chosen for such purposes. 

 
Calibration Sensitivity 
The sources of drift are: 
 Source intensity 
 Cross-road optical alignment 
 Dirt on the optics 
 Mechanical movement of optics 
 Detector gain (preamp electronics, temperature etc.) 
 
Source intensity: 
Corresponds to source temperature, therefore such drifts affect not only intensity of 
output but also wavelength spectrum. Each filter passes different bands, so each 
channel will be affected differently. This will be a second-order effect, though, the 
primary effect being loss of intensity in all channels. Detectors operate in their linear 
region where output voltage is directly proportional to IR intensity on the detector, 
therefore all channels to vary in output voltage in the same ratio as source drift 
occurs. Note: this doesn’t correspond to same ratios in concentration.path length 
term because the responses are non-linear in concentration terms.  The reference 
channel or the CO channel during background conditions (worst case CO levels 
14ppm => over a 12m path the CO signal will be 168ppm.m, compared with a 1m 
wide plume of a ‘clean’ vehicle with 0.3% CO which is 3000ppm.m, or a dirty vehicle 
with 3% CO which is 30000ppm.m   
 
Cross-road optical alignment and mechanical movement of optics: 
Caused by temperature, vibration or direct mechanical means. Effect is to misalign 
image of source on detector surfaces. So long as the source image underfills the 
detector element then small drifts will not affect the output significantly. Misalignment 
of the optical system may not produce the same effect in all channels in terms of 
output voltages even though all wavelengths will be similarly affected. (e.g. one 
source image in one channel central on detector element and in another channel 
close to edge of element). Similarly drifts of internal optics could cause individual 
channels to drift separately.  Therefore, the system design provides for the internal 
channel components to be accurately aligned during build, with the source images 
formed centrally on the detectors. Optics are then well locked down to minimise 
chances of movement. The main effect then seen is cross-road optical misalignments 
which will show the same effect in all channels to a good approximation. This is 
compensated as per source intensity drift using the reference or background CO 
channel signal. 
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Dirt on the optics: 
Causes an overall attenuation which is not wavelength dependent (to a first 
approximation). Same effect as source intensity drift, and therefore same 
compensation method.   
 
Detector electronics drift: 
Likely to be different for each channel. This can’t be compensated and therefore is 
eliminated as far as possible in the design to ensure detector electronics are stable 
over time. Runs over several days have indicated the resulting drift is not a significant 
factor in terms of output signal error. 
 
Other performance factors: 
Level of species (either measured species or interferents) in the background air will 
have an effect moving the detector response to the plume into different regions of the 
response curve (non linear effect). Therefore the on-road setup requires independent 
background sampling information for calibration/compensation purposes. An ambient 
CO2 sensor is fitted to the spectrometer unit and provides this internal calibration 
function. 

 
Measurement Interpretation 
From a specially extracted dataset of 519 vehicles, taken from the Farringdon St. trial 
data and selected to give a representatively broad cross section of vehicle types and 
examples of plume traces which were free from effects such as interference from 
overlapping vehicles etc., measurement performance was evaluated. The dataset 
was matched with specific vehicles using the ANPR video data, so that vehicle 
classification was possible.   
 
The REVEAL data processing algorithms provide for two types of analysis – peak 
emission based, and average emission based. With ‘perfect’ data, these would 
produce perfectly correlated answers, and the degree of correlation therefore gives 
an indication of the confidence which should be placed in the processed data. At very 
low levels of pollutant species in the exhaust plume, noise begins to dominate the 
processing and the correlation breaks down. The emission levels at which the 
correlation breaks down therefore indicates a measurement quality threshold below 
which the measurement data should be labelled ‘zero equivalent’ (for CO, HC, NO) 
or invalid (for CO2).  
 
Results 
• CO values above 0.02%m are meaningful. 
• HC values above 0.003%m are meaningful. 
• CH4 values above 0.01%m may be meaningful. 
• Dataset did not allow a meaningful threshold for NO values to be determined due 

to low levels of NO emission detected. Subsequent laboratory based evaluation 
with NO calibration standard gases was undertaken, from which it was 
determined that NO values above 0.02%m may be meaningful. 

 
No valid plumes showed  CO2 levels too low as to make the measurement 
meaningless (i.e. once bicycles, pedestrians, electric vehicles etc. removed, the 
REVEAL instrument detected sufficient CO2 in each plume to make a valid 
measurement). 
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Correlation with Vehicle Type 
 
The same dataset was examined for correlations between vehicle types and 
emissions. Previous work by Reveal partner BfK had indicated that the emission 
profiles from different vehicle types were characteristic. The hydrocarbon emissions 
per unit CO2 emission for each vehicle were plotted vs. the CO emissions per unit 
CO2 emission and examined for characteristic grouping, for vehicle groups: Taxis 
(diesel car), Cars (unable to separate diesel from petrol on the basis of inspection), 
Vans (mostly diesel, a few petrol), Trucks (diesel) and Motorcycles (petrol). 
 
Results 
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Motorcycles and mopeds
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Conclusion 
There is a clear separation of diesel and petrol vehicles.   Diesel vehicles emit 
significant HC but very low CO whereas petrol vehicles emit significantly more CO.  
Note that we can distinguish diesel vehicles when they are taxis and trucks but we 
have no way to independently determine whether a car has a petrol or diesel engine. 
 
 
Comparative processing approaches 
In this section we examine the results of further processing of REVEAL data in order 
to convert measurements concentration.path length (%.m or ppm.m) data into 
application specific measures. 
 
Two REVEAL approaches have been developed for creating concentration.path 
length data, these being based on time-averaged optical absorbance and peak 
optical absorbance. The latter method has been used in this evaluation. 
 
A set of 519 vehicles was extracted from the Farringdon St. field trials data, the 
vehicles being selected on the basis of valid emission trace, no interference by other 
vehicles etc., broad range of vehicle types and fuel types, broad range of ages. The 
selected vehicle set is broadly representative of the fleet composition at this location, 
however in extrapolating this data to the whole fleet it must be remembered that this 
reduced subset represents 519 out of over 30,000 vehicle traces measured during 
this campaign. 
 
The selected dataset contains: 
• 232 light duty passenger vehicles (petrol and diesel) 
• 11 cyclists (excluded from subsequent analysis) 
• 24 mopeds (petrol) 
• 29 motorcycles (petrol) 
• 118 taxis (diesel) 
• 17 heavy duty vehicles (diesel) 
• 88 vans (some petrol, mainly diesel) 
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Gross Polluter Identification 
In the REVEAL data analysis we have proposed that identification of gross polluters 
on the basis of measured ratios of CO, NO and HC to CO2 is sufficient. For the 
combined set of vehicles above, the emissions ratios were calculated and tabulated. 
The formula based on combustion equations published by Stedman and Bishop [G.A. 
Bishop & D. H. Stedman, Acc Chem Res. (1996) vol.29, 489-495] was used to calculate %CO, 
%NO and %HC emissions also. The formula was used in its extended form (i.e. 
incorporating the small effect of emitted hydrocarbons).  The correlation between 
these two approaches was plotted. Dashed lines on these figures indicate the Gross 
Polluter limits (5% CO, 1% NO and 1500ppm HC) and their equivalent ratio 
thresholds as defined in Section 4.5 
 
It is clear from these results that the method of measuring ratios and comparing to 
Gross Polluter thresholds which themselves are defined as ratios is successful in 
identifying gross polluters and there is strong correlation between the Stedman 
approach and the REVEAL approach. Few vehicles fall into the regions where one 
technique identifies them as grossly polluting and the other does not, and those 
vehicles which do so are borderline with regard to the relevant thresholds.  
 
For CO the Stedman approach identifies a few more vehicles as polluting than does 
the REVEAL threshold of 0.55 CO/CO2, the equivalent %CO threshold appearing to 
be 5.8% CO 
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For total HC the REVEAL instrument picks up a few vehicles which are not detected 
by the Stedman algorithm, having emissions in the 1000 – 1500ppm range. The 
equivalent  %HC threshold for REVEAL: based on this vehicle dataset appears to be 
around 1200ppm. 
 
For NO emissions, the REVEAL instrument picks up 5 vehicles (1% of the sample) 
which are not picked up by the Stedman algorithm. These have emissions in the 
7000ppm – 10000ppm region. The equivalent %NO threshold for REVEAL based on 
this vehicle dataset appears to be around 9000ppm (0.9%). 
 
Overall the two approaches compare well, indicating that for Gross Polluter detection 
the REVEAL method generates useful results.  
 
Although different vehicle types have different period inspection emission limits, and 
no attempt has been made to separate vehicles by age/fuel type in this examination, 
those vehicles which were detected by one method but not by the other are 
considerably in excess of the relevant periodic inspection limits. 
 
Calculation of Emission Factors – apriori method 
A number of approaches to calculating emission factors have been described (see 
Section 4.5). The method selected for this analysis was based on the use of a-priori 
knowledge of the Emission Factor for CO2, and application of measured emission 
ratios. Based on published data and REVEAL chassis dynomometer studies, the 
CO2 emission factors can be shown typically to be in the range 120 – 200 g/km. For 
this study a CO2 emission factor of 160g/km was selected, with an anticipated error 
introduced in the resulting estimates 20 to 25%.  
 
The Emission Factors for the fleet as represented by the vehicles in the selected 
dataset are shown below. An emission factor was calculated for each pollutant for 
each vehicle, and these were ranked before plotting: 
 
 

Emission Factors - CO

0

50

100

150

200

250

1 14 27 40 53 66 79 92 10
5

11
8

13
1

14
4

15
7

17
0

18
3

19
6

20
9

22
2

23
5

24
8

26
1

27
4

28
7

30
0

31
3

32
6

33
9

35
2

36
5

37
8

39
1

40
4

41
7

43
0

44
3

45
6

46
9

48
2

49
5

Vehicle ID (sorted by emission level)

Em
is

si
on

 F
ac

to
r (

g/
km

)

 

Final Technical Report (Public) 89 Copyright © Sira Ltd 2003 



REVEAL – Remote Measurement of Vehicle Emissions at Low Cost 
Growth – 1999 – 10657 

 
 

Emission Factors - HC

0

1

2

3

4

5

6

7

8

1 14 27 40 53 66 79 92 10
5

11
8

13
1

14
4

15
7

17
0

18
3

19
6

20
9

22
2

23
5

24
8

26
1

27
4

28
7

30
0

31
3

32
6

33
9

35
2

36
5

37
8

39
1

40
4

41
7

43
0

44
3

45
6

46
9

48
2

49
5

Vehicle ID (sorted by emission level)

Em
is

si
on

 F
ac

to
r (

g/
km

)

 
 
 

Emission Factors - NO

0

2

4

6

8

10

12

14

16

18

20

1 15 29 43 57 71 85 99 11
3

12
7

14
1

15
5

16
9

18
3

19
7

21
1

22
5

23
9

25
3

26
7

28
1

29
5

30
9

32
3

33
7

35
1

36
5

37
9

39
3

40
7

42
1

43
5

44
9

46
3

47
7

49
1

Vehicle ID (sorted by emission level)

Em
is

si
on

 F
ac

to
r (

g/
km

)

It is clear from these diagrams that the mass emissions from the fleet is dominated 
by a small fraction of the vehicles – this is consistent with the findings of REVEAL 
field trials and other published field trials data. The emission factor data produced by 
the REVEAL method was ‘sanity checked’ by comparison to the chassis 
dynomometer measurements of emission factors undertaken by TNO, and tabulated 
in Section 4.5 
 

Final Technical Report (Public) 90 Copyright © Sira Ltd 2003 



REVEAL – Remote Measurement of Vehicle Emissions at Low Cost 
Growth – 1999 – 10657 

It is further possible to divide the fleet into percentile groups and examine the 
proportions of mass emission from those groups. The figures below illustrate the 
contribution to mass emissions from vehicles in each percentile group. The histogram 
bars show the total mass emission (g/km) from vehicles in that group, while the line 
graph shows the cumulative contribution in % to the total mass emitted. 
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Fleet Emission Profile - HC
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Fleet Emission Profile - NO
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From these figures it can be seen that for the selected vehicle dataset, 80% of the 
NO emissions derive from ~6% of the vehicles in the fleet;  80% of the total 
hydrocarbons derive from 20% of the vehicle fleet and for CO the worst 20% of 
vehicles produce over 40% of the emitted CO mass.  
 
The result for CO is surprising in that a more sharp demarcation of polluting vehicles 
is typically expected, but in this context it should be noted that the Farringdon St. trial 
location was not selected as a good location for getting stable vehicle operating 
conditions (a gentle upslope such as an exit ramp from a major road would have 
been selected in such circumstances) but as representing a specific location in which 
the mass emissions were of interest.  The Farringdon St. location is essentially flat 
and vehicles are moving under stop-start conditions. REVEAL chassis dynomometer 
measurements have shown that under such transient conditions, emissions can be 
very high for short periods of time – this is not representative of vehicle operating 
conditions in steady state, but is representative of environmental impact due to traffic 
pollutants at the selected measurement site. 
 
Since the REVEAL measurements were associated with image data (associated with 
the ANPR unit), it is possible to sort emissions within the percentile bands on the 
basis of vehicle type. For CO this is shown below, whence it is apparent that cars 
contribute more to the highly emitting percentiles, whereas motorcycles contribute to 
the low mass emitting percentiles. Again it should be borne in mind that a single 
average emission factor for CO2 has been used, and the analysis could be refined 
further if CO2 emission factors for each vehicle type are determined. 
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Distribution by vehicle type - CO
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Conclusion 
 
The REVEAL instrument provides a valuable tool for identifying grossly polluting 
vehicles, and can also be used to examine contributions of individual vehicles and 
vehicle types to fleet emission profiles. 
 
Estimation of Emission Factors by a number of different means is possible, although 
direct calculation is not. Of the various estimation means the use of apriori emission 
factors for CO2 (ideally identified for each separate vehicle type) gives satisfactory 
results.  
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5. Comparison of original REVEAL requirements and actual 
performance 

 
 
Original REVEAL specifications are given in italics, and comparative actual 
performance is summarised for each item: 
 
REVEAL is to be designed for the analysis of motor vehicle exhaust emissions, 
measured remotely on vehicles in-transit. The primary mode of operation will be the 
analysis of emissions from individual vehicles with accuracy sufficient to determine 
with a high degree of confidence those which are exceeding the legislative limits 
applicable to them.   
REVEAL has been demonstrated to meet this requirement. 
 
The secondary mode of operation uses the instrument to monitor emissions factors in 
urban environments where it is known that the existing predictive models do not give 
representative results. This has been linked to the occurrence of interrupted traffic 
flow and stop-start driving conditions. Although it may be useful to take data on 
individual vehicles when deployed in this mode, the instrument may also be deployed 
away from individual exhaust plumes, monitoring other regions of street canyons etc. 
REVEAL has been demonstrated in the context of urban emission field trials related 
to computational fluid dynamics models of emission factors and concentrations. Its 
value in such applications primarily relates to validating the trends and predictions of 
the atmospheric model used. 
 
1: NOx (or NO if NOx not 
feasible) 

REVEAL measures NO using novel Gas 
Correlation Filter 

2: CO REVEAL measures CO using Optical Filter 
3: THC (total hydrocarbon) REVEAL measures total HC using Optical 

Filter 
4: Benzene REVEAL cannot measure benzene, but 

obtains a measure of catalyst malfunction 
though measuring non-methane hydrocarbons 
using Gas Correlation Filter technique. 

5: Particulates  
  

REVEAL gets an indication of grossly polluting 
behaviour through optical obscuration 

6: SO2, NH3 REVEAL cannot measure these species as 
their spectral properties are too weak at the 
wavelengths accessible 

CO2 may be measured as a means 
of referencing the instrument, but 
information about the species itself 
is of little interest 

REVEAL measures exhaust CO2 using Optical 
Filter and also measures ambient CO2 for 
calibration/compensation purposes 

 
The REVEAL instrument should analyse motor vehicle exhaust emissions in a 
manner which is independent of the fuel type being used by the vehicle. It should not 
be necessary to adjust the calibration of the instrument to measure diesel or petrol 
fuelled vehicles and the internal processing and models in the instrument should not 
include parameters which are fuel type dependent. 
REVEAL measures ppm.m or %.m values relative to the CO2 emission of the 
vehicle. Since nearly all the carbon emitted is in the form of Carbon Dioxide, the 
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measure of CO2 is a good surrogate measure for fuel consumption irrespective of 
fuel type. Hence the REVEAL values are good representations of amount of emitted 
species per unit of fuel burned. Conversion approximations for other measurement 
types e.g. emission factors (g/km) have been demonstrated.  
 
The instrument will conform to existing conventions measuring emissions in mg/km 
and background ambient concentrations in mg/m3.  The instrument will thus produce 
numbers which are comparable to other environmental impact studies. Relative 
concentrations (ppm) or integrated path concentrations (ppm.m) are to be avoided. 
For reasons above it is impossible to avoid integrated path concentrations but 
relative concentrations have been avoided and methods for estimating emissions in 
units of mass per kilometre travelled have been demonstrated and compared. Note 
that periodic inspection thresholds for emissions are expressed in relative 
concentration (ppm) terms so these must be re-expressed in integrated path 
concentration (ppm.m) terms – a preferred solution – if relative concentrations are to 
be avoided. 
 
The instrument should be able to discriminate emissions levels from the associated 
background levels of the species of interest. For example typical background levels 
of CO at the roadside may be up 10ppm. The requirement would therefore be that 
the instrument can differentiate 10ppm of CO from 0ppm CO. 
It has not been possible within the cost and technology constraints of REVEAL to 
achieve this level of detection but neither has this level of detection proved to be 
necessary for identifying polluting vehicles or estimating emissions burdens for 
environmental impact assessment. A practical limit of detection of 100ppm for CO 
has been determined. 
 
Similar limits of detection can be defined for other species of interest.  The 
requirements for immunity from cross interference are that each species must be 
capable of being measured at its limit of detection in the presence of all other 
interfering species when present at their average concentrations.  Principally this 
means immunity from cross interference by carbon dioxide (at up to 16%) and water 
vapour ( at up to 20%). 
REVEAL measurement immunity from cross interference has been measured and 
validated using spectral models. Compared to the Gross Polluter limits (or average 
emission levels in the case of CO2), the following maximum cross interference levels 
are indicated:  CO (0.2%), CO2 (1.6%), HC (3.7%) and NO (6.0%). 
 
If all passing vehicles are to be recorded the minimum time between vehicles is 
approximately half a second. The maximum response or data collection time the 
instrument must achieve (e.g. time between vehicles ) should be less than 1 second. 
Interval vehicle of 0.6 seconds has been demonstrated 
 
For real time systems where the data is used immediately to identify vehicles (e.g. a 
variable message sign that displays an offending vehicles registration number) the 
emissions data should be available to the rest of the system within approximately a 
second. 
Availability of data in real-time through processing in the REMIX embedded 
processor is provided, however logging of data and offline processing remains the 
preferred method for REVEAL deployments made during the project. 
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Calibration should be required as little as possible and frequency will depend on the 
use of the data i.e. enforcement is likely to require more calibration than monitoring 
applications.  For enforcement once a week may be acceptable for monitoring once 
a month.  If the traffic needs to be stopped during calibration this should not be for 
more than 10mins depending on site location.  If traffic can remain free flowing 
calibration time could be up to an hour. 
REVEAL has internal compensation through the reference channel and the internal 
CO2 sensor so that field calibration is not required once the detector channel 
calibrations are established during instrument build. No traffic stops are required for 
alignment etc. during the setup process. 
 
Consideration should be given to integrating a calibration cell within the instrument 
with a known gas mixture to allow automatic calibration. 
Not required, although such sealed cells are used in the Gas Correlation Filter 
channels providing internal reference standards for the absorption lines of these 
gases. 
 
The prototype REVEAL instruments will be capable of operation across a single 
carriageway or lane of roadway. The optics modules will be operable up to a 
seperation of 10m.  It is desirable to have a single powered module and a passive 
reteroreflector module, but this is not a strict requirement. 
REVEAL can be operated across a single carriageway and has been demonstrated 
on a dual carriageway also. Limitations of the long-path optics constrain the 
operational separation which can be achieved to between 4m and 8m. There is one 
powered module and a passive retroreflector. 
 
We must take into consideration remote data collection, robustness, weatherproofing 
and suchlike.   
REVEAL has been demonstrated to operate using a remote radio ethernet network 
link allowing remote data collection. Housed in a weatherproof enclosure, REVEAL 
has been shown to operate during light rain, during hours of daylight and darkness, 
and at operational temperatures ranging from –10°C to +65°C 
 
One may install the instrument and the reflector on two poles at both sides of the 
road. These poles may have a height up to 3m.  This provides a possibility to vary 
the height of measurements: For example a “LDV mode” at 30cm to detect gross 
LDV polluters; a “HDV mode” at 70cm to detect gross HDV polluters and a “Carfleet 
mode” at 3m for monitoring the overall emissions during a certain period. 
Sensitivity of REVEAL beamheight close to the road surface has been shown to be 
minimal. Work both in the REVEAL project and by others (studies performed for BfK 
by Technical Univeristy of Vienna) have demonstrated that HDVs can be measured 
adequately using the same beam arrangement as for cars. Given the size and weight 
constraints of the REVEAL instrument, operation at a 3m height for overall emissions 
is not practical, nor is it necessary since conventional DOAS and FTIR instruments 
can perform such measurements. REVEAL is designed to make measurements on 
individual vehicles which such devices can not. 
 
Set-up time should be of the order of a few hours maximum and should require as 
little traffic disruption as possible 
An experience technician can set up REVEAL in ~45 minutes and setup in less than 
30 minutes has been achieved. No traffic stoppage is required. 
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Ideally one wants the least number of modules to have to transport, they need to be 
easily assembled and connected. 
REVEAL consists of two modules which are not connected. Conventional cabling 
connectors to one of the two modules provide for power and User Interface 
connection if required. 
 
Siting will include next to lamp posts at the side of the road or middle of a road ( near 
a bollard ) slip roads may also be considered as well as special stopping areas away 
from the main road.  Siting should not distract drivers or change drivers behaviour. 
This has been achieved and demonstrated in REVEAL field trials, although it is 
impossible to fully prevent changes to driver behaviour while the equipment is 
manned. The capability for unmanned operation has been designed into REVEAL. 
 
The size of the equipment should be the same as the emissions measurement 
devices today. The system should fit into a maximum cabinet size of approximately 
1m x 0.6m x 0.4m 
The REVEAL prototype spectrometer unit has a footprint of approximately 0.6 x 0.8 
m and a height of 1.5m over the enclosure. The retroreflector is considerably smaller. 
These dimensions relate to the experiemental 8-channel system – actual production 
version are not likely to require all 8 channels, and would be correspondingly smaller. 
 
The system should work within the temperature - 10º - 40ºC 
Performance at temperatures down to this lower limit and in excess of the upper limit 
has been demonstrated. 
 
The warm up time should not be more than 10 minutes 
Maximum time from switch-on to operation is not more than 1.5 minutes. 
 
The selling price should not exceed €70k (~£45k); comparison with costs of other 
‘high tech’ roadside equipment such as speed cameras 
While the REVEAL STREET2 prototypes cost significantly more than €70k the 
manufacturing costs included significant learning curve processes such as tooling 
and rework, and the costs were based on unit component purchases and bespoke 
machining. In addition, REVEAL STREET2 devices carried all possible measurement 
channel configurations, which is not anticipated in products which are not built for 
research purposes. Currently estimated manufacturing prices are in the region of 
€35k not including the enclosures, so a selling price in the target region is possible. 
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Concentrations in the Parts-per-Billion Range for Vehicle Emissions Certification” 
Appl. Spectrosc. June 2002 

Final Technical Report (Public) 101 Copyright © Sira Ltd 2003 



REVEAL – Remote Measurement of Vehicle Emissions at Low Cost 
Growth – 1999 – 10657 

Final Technical Report (Public) 102 Copyright © Sira Ltd 2003 

 
Jose L. Jimenez, Gregory J. Mcrae, David D. Nelson, Mark S. Zahniser, and Charles 
E. Kolb,  
“Remote Sensing of NO and NO2 Emissions from Heavy-Duty Diesel Trucks Using 
Tunable Diode Lasers” 
Environmental Science & Technology, Vol. 34, Issue 12 (2000), 2380-2387  
 
Stedman, Donald, et al.  
On-Road Remote Sensing of CO and HC Emissions in California.  
California Air Resources Board, Research Division, 2020 L Street, Sacramento, CA 
95814. Feb. 1994. [ID886.5.05] (http://www.azfms.com/DocReviews/Feb96/art3.html)  
 
Bishop, G A, Stedman D H, Measuring the Emissions of Passing Cars.  
Accounts of Chemical Research. Vol 29, Nr 10, pp. 489-495. 1996. 
 
Stedman, D H, On-Road Emissions Monitoring.  
Paper presented at the Workshop on Remote sensing - Vehicle exhaust emissions 
under control, 26.11.1997, Brussels, Belgium.  
 
Sjödin, Identification of high-emitting catalyst cars on the road by means of remote 
sensing.  
Int. J. of Vehicle Design, Vol 18, Nos 3/4, 1997 
 
Bilavagasmätningar i Stockholm och Göteborg med FEAT-teknik.  
IVL rapport B 1269, Göteborg 1997. (Sjödin 1997b) 
 
Sjödin, ², Andréasson, K, Wallin, M, Multi-year repeat remote sensing measurements 
of on-road emissions from cars subject to an annual centralized I/M program 
involving an idle emissions test.  
Proc. of 7th CRC On-Road Vehicle Emissions Workshop, San Diego (1997) 
 
Sjödin, ², Remote sensing of on-road vehicle emissions in Sweden.  
Paper presented at the Workshop on Remote sensing - Vehicle exhaust emissions 
under control, 26.11.1997, Brussels, Belgium 
 
McCrae, I S, Remote sensing: TRL’s experience.  
Paper presented at the Workshop  on Remote sensing - Vehicle exhaust emissions 
under control, 26.11.1997, Brussels, Belgium 
 
Maly, P, Remote sensing detection: Tests and applications in Switzerland.  
Paper presented at the Workshop on Remote sensing - Vehicle exhaust emissions 
under control, 26.11.1997, Brussels, Belgium 
 
Craps, R, Remote sensing in Belgium.  
Paper presented at the Workshop on Remote sensing - Vehicle exhaust emissions 
under control, 26.11.1997, Brussels, Belgium 
 
T.J. Barlow 
“The Inspection of In-Use Cars in Order to Attain Minimum Emissions of Pollutants 
and Optimum Energy Efficiency” 
Project report prepared for European Commission (DG-TREN) by Transport 
Research Laboratory, May 1998 
 
 


	PUBLIC
	Table of Contents
	Executive Summary
	
	
	Background
	The REVEAL work programme
	The REVEAL consortium
	Objectives
	Description of results
	Usefulness and applications
	Indication on exploitation



	Objectives of the project
	
	
	Table A – Overview of potential applications of R



	Scientific and technical description of the results
	
	
	Diagram B



	Section 4.1Supporting Studies
	Key Requirements Statements and Target Specifications
	RSDs for vehicle emissions analysis must be capable of deployment in a wide variety of locations in order to maximise their usefulness. This means locations for emissions surveys need to reflect the needs of the survey, for example looking at emissions c
	Proposed order of priority for species detection:

	The instrument should be able to discriminate each target pollutant species at the lowest level required, while subjected to all other species in the exhaust plume at their average concentrations. Primarily this means that the above specifications for me
	A European RSD product should be compliant with the necessary regulations for use in roadside and forecourt locations:


	Section 4.3
	Developments in optical instrumentation, including gas correlation filters for speciation and developments in modelling
	
	Modelling
	Simulation, Modelling and Verification

	Design
	Performance summary


	Section 4.4 Software and Electronics
	Section 4.5Processing REVEAL Data
	
	Conversion of Raw Data to ppm.m - Overview
	Validation of the Processing Algorithm

	Conversion of ppm.m data into relative and absolute emissions data

	4.5.2: Description of the Processing Algorithm
	
	
	Stage 1:   Identify which data to process for each vehicle
	Stage 2:   Improve the reference threshold
	Stage 3:   Correct the data for background variation and beam attenuation
	Stage 4:   Improve the estimate of which trace points contain valid information
	Stage 5:   Convert the transmission values to concentration-pathlength
	Identification of Grossly Polluting Vehicles
	RATIO APPROACH
	COMPARATIVE APPROACH
	
	CH2 + m(0.21O2 + 0.79N2) -> H2O + aCO + bCO2 + 0.79mN2



	Working with Emission Factors
	RATIO APPROACH
	COMBUSTION EQUATION APPROACH
	COMPUTATION FLUID DYNAMICS MODEL APPROACH
	VEHICLE SPECIFIC POWER APPROACH
	USING OTHER MODELS AND A-PRIORI DATA



	Section 4.6Testing and Validation
	4.6.2: Comparative emission measurements during dynamometer testing
	
	�
	Above and below - REVEAL and FTIR devices with optical chamber, integrated with chassis dynomometer measurement system


	4.6.3: Emission measurement under controlled conditions
	4.6.4: Validating the Algorithms and preparing for Field Trials
	
	
	
	
	Dynamometer testing
	Road side testing
	Selection of cars
	
	
	Table 1Selection of cars



	Dynamometer tests




	Components
	
	
	
	
	
	
	Table 2Components to be measured/calculated








	Table 3  Chassis Dynomometer results from Apeldoorn test vehicles
	
	
	
	
	Road tests
	Driving conditions
	Test conditions
	Conclusions





	Section 4.7 Field Trials with REVEAL instruments
	4.7.1Introduction
	4.7.2 Field Trials with REVEAL instruments
	[TNO report R2002/083 Assessment of PM10/2.5, EC/OC and ultra fine in ambient air in urban areas wih emphasis on the contribution of road traffic, including Maastunnel measurements. February 2002 by H. Spoelstra]
	It is known from historical records that traffic intensity is quite constant through the Maastunnel from week to week. It is also assumed that traffic composition has not changed dramatically during the few months between the tunnel tests (end 2002) an
	Table 1. Composition of the sampled fleet by vehicle type at each forecourt
	
	
	
	Findings





	Section 4.8   Performance Evaluation of REVEAL instruments
	
	
	
	
	Timing of measurements
	Effects of weather
	Detection and Repeatability - Ratios
	Calibration Sensitivity
	Measurement Interpretation
	Correlation with Vehicle Type
	Comparative processing approaches
	Gross Polluter Identification
	Calculation of Emission Factors – apriori method




	Conclusion


	5. Comparison of original REVEAL requirements and actual performance
	
	
	The system should work within the temperature - 1



	6. REVEAL contacts in the Partner organisations:
	7. Acknowledgements
	8. Other sources of information

