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The quantitative detection of pollutants in industrial emissions, in particular the emissions of biomass
burners, requires different types of analyzers. Optical devices are usually sensitive to the transparency
and dirtiness of the exhaust gases, so optical measurements are normally carried out by extracting the
samples from the stacks. This paper has a twofold aim. First, we will prove that the molecular composi-
tion of the exhaust mixture (in particular the concentration of water and carbon dioxide) can deeply
affect the outcome of optical analyzers, depending on the adopted detection technique. This is a critical
issue, in particular with a view to the necessity of providing suitable reference methods for monitoring
biomass burners emissions. Second, we will show how it is possible to measure inside an artificial stack
by using an optical multipass cell located across the gas flow, even at 140 �C, or in presence of soot.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Combustion of biomass is gaining an increasing attention as a
renewable energy source, alternative to fossil fuels. Despite the
common popular feeling which considers biomass burners as
eco-friendly, their emissions contain several substances to be
strictly monitored and limited: besides water and carbon dioxide,
the exhaust gases also include [1] CO, NOx, CH4, NH3, Volatile
Organic Compounds (VOCs), HCl, SO2, and a significant content of
fine dust. In general, measuring the composition of the exhaust
gases in an industrial combustion process is very important for
two reasons: it provides information about the process itself, so
allowing a feedback towards the process parameters (for instance
fuel/oxygen ratio), in order to optimize it [2,3]. Moreover, it allows
monitoring the amount of pollutants released by the plant, which
should be kept within the limits set by regulations. While thermo-
electric plants and incinerators are already regulated by national
and international laws, some Standard Reference Methods (SRMs)
are still incomplete or missing for pollutant concentrations in bio-
mass burning plants (e.g. for remote domestic heating) and in gen-
eral for flow velocity in narrow ducts (typical of biomass burners).
Project EMPIR-EURAMET IMPRESS-2, Metrology for Air Pollutant
Emissions (http://empir.npl.co.uk/impress/) has among its tasks
the analysis of the possible interferences by foreign gases, in the
spectroscopical measurements of ammonia and hydrogen chloride,
for biomass burners. The activity described in this paper aims to
the assessment of the effects of gas composition in a stack simula-
tor, on the measurements of ammonia with two different tech-
niques, namely Direct Absorption (DA) and Wavelength
Modulation Spectroscopy (WMS). The aim of this research is not
to validate one or both techniques according to EN 15267-3 or
14793, as some commercial analyzers already passed this test
(for instance LaserGas II SP by NEO Monitors AS and LD6 by Sie-
mens AG). The aim is to verify if special experimental conditions
can affect calibration. For this purpose we realized a gas analyzer
whose electronic core is a general purpose one, suitable to be used
with several different gases, while the optical setup was tailored on
the specific application and experimental conditions. In particular,
to our knowledge this is the first description of a multipass cell
inserted inside a stack. By the way, our solution doesn’t need
heated pipes and measurement cells, to avoid the condensation
of the usually high water concentration, outside the stack. This
optical device will be described in details. We experienced no
problems of stability or mirrors cleaness when ammonia was
added in the stack to the exhausts of a methane burner, while
mirrors suffered contamination when burning gasoline or wooden
pellets because of soot or ashes. Anyway, we have a ready solution
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for such cases, in order to allow long-lasting measurements also in
case of dirty exhausts.

2. Calibration issues for optical techniques

Let’s examine in details the impact of mixture composition on
spectroscopic detection techniques. Several techniques and com-
mercial devices are commonly used to measure the content of dif-
ferent molecules in the exhausts of combustors, directly inside the
burners or stacks, or with the extraction of gases, to be analyzed
immediately outside, or with a complete off-line measurement.
Many analyzers rely on optical techniques, both inside and outside
the stacks. Optical diffusion and scattering are worldwide used to
measure concentration and size of dust particles [4]. As for the con-
centration of gaseous chemicals, applied spectroscopy is being
used since about three decades for the quantitative detection of
the most common species in industrial emission: carbon monoxide
and dioxide, hydrogen chloride and fluoride, ammonia, and several
more.

Several techniques have been proposed for this application: DA;
low-frequency modulation spectroscopy WMS [5]; high-frequency
modulation spectroscopy (the so-called FMS [6,7]); two-tone fre-
quency modulation spectroscopy (TTFM [8,9]); photo-acoustic
spectroscopy (PAS [10]) and its recent development, Quartz-
Enhanced Photo Acoustic Spectroscopy (QEPAS [11,12]); cavity
ring-down-spectroscopy (CRDS [13]).

All these techniques are based on the Beer-Lambert law:

Iout ¼ Iin � e�aL ð1Þ
where Iout and Iin are the powers of the light beam after and before
crossing the sample, respectively; L is the length of the sample, and

a ¼ S � gðmÞ � n ð2Þ
where S (cm/molecule) is the absorption strength, gðmÞ (cm) the
shape of the absorption (area normalized to 1), and n (molecule/
cm3) the density of the absorbing species.

Of course, each technique has advantages and drawbacks, and
different operational constraints. For instance, PAS and QEPAS
work better at pressures below atmospheric pressure [14,15],
CRDS requires samples without dust, as dust could reduce the
reflectivity of the mirrors [16], FMS is simpler with narrow absorp-
tion profiles [6], and so on. As a matter of fact, the simplest and
most robust techniques, despite their being the most affected by
noise, are DA and WMS. They don’t require high frequency cir-
cuitry, low pressures, clean samples. WMS exhibits a better
signal-to-noise with respect to DA, while maintaining a simple
implementation, and for this reason is mostly used in commercial
devices [17]. Yet, some precautions must be adopted. When tem-
perature, pressure or mixture composition change, there is a vari-
ation of the shape of the absorption profile too. In Ref. [18] it’s
shown how the same concentration of methane, at different pres-
sures, requires different approaches for a correct derivative detec-
tion, as the shape of the absorption profile significantly changes.
Similar effects can be obtained by changing the composition of
the mixture, as each gas has its own broadening effect when collid-
ing against other molecules. This problem can be easily managed
by DA [19]. The most effective way of retrieving the concentration
is to measure the integral of the absorbance. This value only
depends on the density of absorbers, whatever the lineshape:

n ¼
Rþ1
�1 �ln Iout

Iin
dm

L � SðTÞ ð3Þ

So, provided that the laser scan is large enough, with respect to the
absorption linewidth, this integral can always be calculated unam-
biguously. Anyway, the wide laser scan is only necessary to acquire
as many datapoints as possible, because we first fit the absorption
with a theoretical function including all the involved transitions,
and then integrate line by line the fitted profile. In this way we
can obtain reliable results also in case of overlapping absorptions.
As for WMS, when the detection is at 2f (with f modulation fre-
quency), the density of absorbers is proportional to the height of
the central peak (or to the difference between the central and the
side peaks). But this peak flattens with increasing absorption line-
width due to increasing pressure or, for instance, to the presence
of foreign perturbers, like water or carbon dioxide. In practice, when
in a sample the density of the target molecule is constant, the height
of the central peak depends on temperature, or on the varying den-
sities of other gases. Modeling this effect on WMS is a complex task,
especially in stand-alone, unattended devices, as several parame-
ters are involved, like the coupling of the frequency modulation into
the laser, the modulation depth, the effectiveness of the retrieval
algorithm in correcting for lineshape. For instance, a change in the
laser operating point, due to ageing or sensitivity to the external
temperature, would require a different set of fit parameters. A solu-
tion for some of these drawbacks is the normalization of the second
derivative value to the first derivative [20,21]. As both signals fea-
ture the same dependence on laser power, modulation width and
depth and, to a great extent, absorption lineshape, this normaliza-
tion strongly reduces the sensitivity of the system to variations of
the experimental parameters. Yet, this normalization does not can-
cel all the uncertainties, and the dependence of the signal baselines
on the laser settings is a feature that can still yield problems.

When WMS is used to monitor industrial plants, some experi-
mental conditions are more favorable than other ones. A thermo-
electric plant burning fossil coal has a limited range of variation
of the composition of the exhaust gases [22], and the content of
water in the exhaust is negligible. An incinerator plant suffers
the inhomogeneity of garbage. When biomass is burnt the density
of the fuel, and the content of water in the material introduced into
the burner, can significantly affect the content of carbon dioxide
and water in the exhaust. These two molecules, among those com-
monly found in exhaust gases, are the most effective in changing
width (and position) of absorption lines in general, and in particu-
lar of ammonia [23]. Moreover, the diameters of the stacks of bio-
mass burners are tipically narrower (� 0.5 m) than those of
incinerators. This makes no difference for analyzers whichmeasure
extracted samples, but can make a difference for optical, across-
stack measurements. Due to the characteristics described above,
it’s necessary to verify the proper behavior of techniques and
devices, already used in different applications, once moved to
monitor biomass burners exhausts.
3. Experimental setup

The measurements were carried out at the INERIS facility in
Verneuil-en-Halatte. The artificial stack is a 15 cm (internal diam-
eter) titanium pipe with three different burners, one injection
point for adding other gases to the exhaust flow, twelve ports for
instrumentation, and exhaust. The mixture inside is almost totally
recirculated. It’s equipped with several controlling instruments, in
order to allow a continuous check of the operating conditions. A
Fourier transform gas analyser (Gasmet DX4000) is used to control
the concentrations of the constituents of the mixture, and to pro-
vide a feedback to the injectors of sticky and reactive molecules
(e.g. ammonia). In the artificial stack at INERIS it is possible to cre-
ate a gas mixture, containing the target molecule at known mixing
ratio, whose temperature (140 �C for the reported measurements)
is maintained by combustion (of methane, diesel fuel, or wood pel-
lets), or by electric heating. The difference in the two cases is that
when heating is obtained by combustion, the mixture contains CO2
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and water at mixing ratios around 7–16%; with electric heating we
have just hot air (CO2 500 ppm, water 1.5%) as the carrier gas.

While the electronics of our analyzer is a general-purpose one,
the optics was tailored on the stack parameters. Let’s examine in
detail the different parts of our device.

3.1. Electronics

A block diagram of the electronics is shown in Fig. 1. A DFB laser
(Norcada NL1512-B, wavelength 1512 nm, butterfly package, pig-
tail output) is supplied and stabilized in temperature by an inte-
grated currrent supply/temperature stabilizer (ppqSense
QubeCL). A National Instruments crate (cRIO 9067) hosts: a 4-
channels, 20 MSamples/s acquisition rate each, 14 bits vertical res-
olution ADC plug-in (NI-9775); a programmable, 4-channels digital
I/O plug-in (NI-9402); and a 4-channels PT100 reader (NI-9217).
The cRIO crate has 8 slots for plug-ins, and other versions exist,
with 4 slots, which in principle could have been used. But the
selected version featured the most powerful CPU, and the widest
operating temperature range of the series. A Tektronix double out-
put Arbitrary Function Generator 3022 provided the low frequency
(� 1 kHz) sawtooth ramp to sweep the laser frequency across an
absorption profile, and the high frequency (1 MHz) sinusoid used
for the derivative detection. Both signals were sent to the QubeCL,
to be converted in current and added to the bias current of the
laser. A very important feature for the proper working of the sys-
tem is the timing among the different signals. In order to set a com-
mon time reference we modified the NI-9775 plug-in, adding a test
point where the 20 MHz clock is available. This TTL signal is sent to
a home made divider, which provides a 10 MHz clock to the Tex-
tronix function generator (which doesn’t accept input frequencies
Fig. 1. Block diagram of the electronics. HPF: High Pass Filter.

Fig. 2. Timing of the different signals: (a) Modulation at 1 MHz applied to the laser.
(b) Current ramp at 1 kHz applied to the laser. (c) Trigger for the current ramp. All
signals maintain the relative phases among themselves.
higher than 15 MHz). The latter device issues a trigger linked to
the 1 kHz sawtooth ramp. This trigger is detected by the Digital
I/O plug-in, and this event starts the acquisition. This means that
the acquisition, and all the data treatments for derivative detec-
tion, are driven by the same clock, and maintain the relative
phases. A diagram of the signal timing is shown in Fig. 2. The detec-
tors are Hamamatsu InGaAs mod. G12180-210A, 1 mm diameter,
2-stage Peltier cooling, 40 MHz cutoff frequency. The preamplifiers
of the detectors are home made. The circuitry connected to the ref-
erence detector amplifies the signal as-it-is. The main detector
preamplifier provides an unfiltered output for direct absorption,
and a high pass output for derivative detection (cutoff at 100 kHz).

We need to acquire pressure and temperature of the gas. For the
measurement of pressure we selected a sensor by Honeywell,
model SRNN1.6BA7A3, which is read by the QubeCL. This sensor
is temperature compensated in the range �20/+85 �C, accuracy
�0.25% of the full scale, resolution 14 bit, reading I2C. Of course,
it’s not possible to insert this sensor inside the stack. So we con-
nected the sensor, located close to the QubeCL, to the stack by
means of a PTFE pipe, so allowing room temperature operation.
The temperature sensor is a PT100, read by the specific NI plug-in.
3.2. Mechanics

The mechanics is divided into two parts. The first one hosts the
electronics, the laser and the reference optics (Fig. 3, see Sec-
tion 3.3). It is composed by an aluminum plate, reinforced by alu-
minum profiles, forming a frame which fits the interior of a plastic
case suitable for shipping. All the devices are firmly tightened to
the plate or to the profiles, including cables and a power strip.

The other part of the mechanics is mounted onto the stack
(Fig. 4). An aluminum plate fits the aperture in the stack. It hosts
two Swagelok ports, one to insert the PT100 across the gas flow,
the other one to connect the PTFE pipe for the reading of the pres-
sure. A central hole allows the insertion of the multipass cell (see
Section 3.3). We had to take care of the thermal effects on launch-
ing and receiving optics. So, the circular plate holding all the optics,
and the holder of the fiber collimator and the detector, are made of
stainless steel, which features a lower thermal conduction coeffi-
cient than aluminum (16 against 205 W/m�K, respectively). More-
over, between the holding disk and the two holders of the detector
and the launching optics there is a 2-mm thick layer of MACOR�

(1.46 W/mK). A thick layer of silicon rubber is inserted between
the stainless steel disk and the aluminum plate, to further reduce
the heat transmission towards the exterior. Finally, a metallic
box, containing the preamplifier of the main detector, is fixed onto
this plate.
Fig. 3. Photo of the main plate of the mechanics.



Fig. 4. Photo of the parts installed on the stack. The preamplifier is inside the
metallic box on the left. Fig. 5. Block diagram of the optics.

4 F. D’Amato et al. /Measurement 159 (2020) 107746
3.3. Optics

As the laser is fiber-coupled, most of the optical path outside
the stack occurs through fibers (Fig. 5). The laser light can be
directly sent to the measurement cell, or to a BK7 etalon (Free
Spectral Range (FSR) 0.1083 cm�1), directly or after crossing a ref-
erence cell (Wavelength References NH3-100, fiber coupled, 100
mBar NH3, 16.5 cm optical path). The measurement cell is a
home-made Herriott cell, with a distance of 199 mm between
the mirrors, and 48 passes, providing a total pathlength of
9.70 m, including the path behind the In/Out mirror. The material
of the mirrors is fused silica, and the spacers are six carbon fibers
pipes (5 mm external diameter, 4 mm internal diameter). These
pipes are arranged in the standard configuration which constrains
Fig. 6. Left: Photo of the multipass cell with a red beam showing the spots: (ExB) Exit bea
Right: CAD rendering of the entrance (green), exit (blue), and missing (red) beams. (For in
the web version of this article.)
the possible degrees of freedom (Figs. 4, 6). The mirrors are glued
inside an aluminum holder, which in turn is glued to the spacers.
The glue is Masterbond EP21TCHT-1, with operating temperature
range 4 K � 204 �C. The spots arrangement onto the mirrors can
be seen in Fig. 6 Left. The foreground mirror is seen from its back
side, yet the red spots are visible, as its coating is not metallic,
but dicroic, with reflectivity 97% at 635 nm and more than 99%
at 1510 nm. The red light crossing the mirror is due to the remain-
ing 3%. It is evident that one red spot is missing. This is because the
standard arrangement of a Herriott cell is with entrance and exit
across the same hole. But here we renounced to the last two passes
inside the cell, in order to separate the beams outside the cell. This
is explained in Fig. 6 Right. The green beam is the entrance beam,
the blue beam is the actual exit beam. Without the existing exit
m; (EnB) Entrance Beam; (EnH) Entrance Hole; (ExH) Exit Hole; (MS) Missing Spot.
terpretation of the references to colour in this figure legend, the reader is referred to



Fig. 7. Photo of the multipass cell inside the climatic chamber for the test of
temperature stability.
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hole, the beam would have been reflected two more times, and
then would have left the cell across the entrance hole. The red
beams describe this case, which is the standard for Herriott cells.
All the other beams were omitted, for the sake of clarity. This
makes the optomechanics outside the stack much easier and com-
pact. The entrance and exit holes on the background mirror are
clearly visible in Fig. 6 Left. Before the campaign we tested the sta-
bility of the cell in our climatic chamber at 100 �C (Fig. 7).

The apertures in the steel disk are sealed by two anti-reflection
coated BK7 windows (Thorlabs WG10530-C), one for each beam.
Fig. 8. Absorption signal and related fit, with the methane burner on, at an
ammonia mixing ratio of 51 ppm (top), and residual, magnified by a factor of 104

(bottom).
3.4. Software

This analyzer is not a commercial instrument, but is intended
for research applications, so it’s not necessary to have a software
which drives all the components automatically. Moreover, the
electronics of the analyzer is based on three different stand-alone
devices, namely the National Instrument system, the QubeCL and
the Tektronix function generator. So we manually operated the
function generator, we used the firmware of the QubeCL to set
the laser and to control the modulations, and we wrote a LabVIEW
program to drive the NI cRIO and realize the digital lock-in ampli-
fier. The latter application is a well known one [24–26], so we’ll
describe in the following only the details related to our own imple-
mentation. The signals acquired in direct mode are just averaged
using the FPGA of the cRIO, and the final waveforms are stored
for later analysis.

We plan to use this electronic and software core for different
applications. For the purposes of the present work we needed to
scan the laser wavelength across an absorption profile, using direct
absorption and second derivative for the retrieval of concentra-
tions, and optionally first derivative for normalization.

In order to set the modulation frequency two opposite require-
ments must be taken into account. The laser 1=f noise ‘‘knee” is
within 1 MHz [27]. At demodulation frequencies above this value
the contribution of this noise to the overall noise will be negligible.
The upper limit to the modulation frequency is imposed by the
acquisition rate of the ADC which, in our case, is 20 MS/s simulta-
neously for its four channels. This means that when a modulation
frequency of 1 MHz is applied, 20 points per modulation cycle will
be acquired. For 2f demodulation, we have 10 points for each
demodulation cycle. Further reduction of the number of points
per demodulation period would compromise our signal to noise
ratio, therefore the modulation frequency was then settled to
1 MHz.
The bottleneck of the data transmission chain is that the ADC
can forward the acquired data to the FPGA of the cRIO at 4 MS/s.
We decided to acquire 20 kS and then to transmit the data for fur-
ther treatment. During data transmission the laser scan and the
1 MHz modulation were not interrupted, in order to keep the laser
setpoint as stable as possible.

The sets of 20 kS, at the ramp frequency of 1 KHz (1000 ramps
per second), acquired at 20 MS/s, correspond to a laser ramp scan.
To obtain the first and second derivative curves, the demodulation
was performed using a block multiplication scheme. Namely, each
ramp has been divided in 200 blocks, each block containing 100
pts. Each point of the first and second derivative was hence
obtained by multiplying 100 points of modulation times 100 points
of the demodulating function (5 cycles for f and 10 cycles for 2f
demodulation) and then summing them up. The block multiplica-
tion scheme was performed within the NI-Crio FPGA using two
pre-defined 100 points sinusoidal lookup tables, set at f and 2f fre-
quencies, respectively.
3.5. Measurements

The measurements were carried out in five days, from October
15 to October 19, 2018, at the premises of INERIS, at Verneuil-en-
Halatte (F). Our measurements at INERIS followed almost com-
pletely a scheduled test on the stack. This test aimed to validate
the Gasmet DX 4000 against the reference NF X 43-303, according
to EN 14793. For a few extra measurements, the experimental con-
ditions were changed on purpose. The tests lasted five days. Day 1
was used for installation. During days 2 and 3 an increasing con-
centration of ammonia, from values around 1 ppm to 26 ppm,
was added to the exhaust of methane combustion. In day 4 diesel
fuel was burned (ammonia concentration in the range 28–51 ppm),
while in day 5 the fuel was wooden pellets (ammonia concentra-
tion in the range 7–50 ppm). Temperature of the gas always was
140 �C, and the concentration of H2O and CO2 was due to the com-
bustion. At the end of days 3 and 4, three measurements were car-
ried out with the same temperature, but heating the air
electrically, without any combustion. The optical behavior of the
multipass cell, with the methane burner on, is shown in Fig. 8,
where the direct absorption signal at 51 ppm ammonia mixing
ratio and its fit are shown in the upper side, while the residual
(magnified by a factor of 104) is shown at the bottom. The RMS
of the residual is 10�4, which includes optical fringes and any other
noise. Changes of temperature can affect the alignment, and this
could cause a reduction of output power. The fringe level depends



Fig. 10. Correlation of direct absorption measurements with INERIS FTIR analyser.

Fig. 11. Correlation of second derivative measurements with INERIS FTIR analyser.
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on the possibility, for a fraction of the light, to be trapped as a sta-
tionary wave between two surfaces along the optical path. This can
be caused by the geometry of the optical system, or by dirtiness on
the mirrors of the multipass cell. Temperature cannot affect these
two features, and so fringe level does not depend on temperature.
We verified that the transmission of the optics inside the stack was
constant during the days in which methane was used as a fuel,
decreased with diesel fuel, and decreased even more with wooden
pellets, when the presence of soot was well evident. Anyway, it is
possible to protect the mirrors from soot or other contaminants,
simply by using air blades. In practice, air is blown across a slit,
along the mirrors surfaces, preventing the exhaust gases from
reaching the mirrors. This causes a slight reduction of the cell
length, which can be anyway accounted for. In the present mea-
surements, it was not advisable to use such a system, as the injec-
tion of external air would have been a perturbation for the closed-
cycle plant.

Each measurement step lasted about 45 min, 15 to reach a
stable value of the set ammonia concentration, and 30 min avail-
able for data acquisition. We acquired two spectra per second,
either in direct absorption or in second derivative. We got time ser-
ies for each concentration and detection technique (e.g. Fig. 9), and
took the average of each series.

The results for these averages are shown in Figs. 10 and 11,
where our readings are compared with set values. Error bars are
the standard deviation of these averages.

Fig. 10 shows a good agreement between direct absorption
readings and set values, both with burner on (methane or diesel
fuel) and with electric heating. Fig. 11 shows the same comparison
with second derivative, and in this case the discrepancy when bur-
ner is off is quite large. As explained earlier about calibration of
derivative technique, in order to issue mixing ratio data of the sec-
ond derivative acquisitions, we first normalized the values to laser
power, and then corrected the central peak height with a scale fac-
tor derived, once for ever, from the direct absorption readings
(with burner on). This calibration factor is no longer valid when
we change the environmental conditions, in this case the mixture
composition. We can more clearly explain this point by analysing
the raw acquisitions for the two techniques. Fig. 12 shows two
direct absorption signals, at equal concentration, with burner on
(black) and off (red), normalized with respect to laser power. The
absorption with burner off (red) is clearly narrower than the black
one, and its peak absorbance is higher. But this makes no difference
for direct absorption, as the final result is given by the integral of
the absorbance. The readings in the two cases are equal, within
the experimental errors.
Fig. 9. Example of time series of direct absorption data.

Fig. 12. Comparison of direct absorption signals in different heating conditions,
normalized with respect to laser power.
The shape of the derivative signal is affected as well (Fig. 13). As
in this case the information about the mixing ratio value is
retrieved by peak height only, there is no simple way to account



Fig. 13. Comparison of second derivative signals in different heating conditions.

F. D’Amato et al. /Measurement 159 (2020) 107746 7
for the modification of the absorption width. So the readings differ
by about 50%. We can also search for correlations with the fuel.
When burning, a molecule of methane (CH4) produces two mole-
cules of water and one of CO2. Diesel fuel is a mixture of hydrocar-
bons, and its composition is variable, in particular the ratio
Hydrogen/Carbon. Table 1 shows the effects of the different fuels
on gas composition. It’s worth noting that with methane burner
on, the increases of water and carbon dioxide, with respect to
ambient air, are in a ratio very close to 2:1, as expected. On the
contrary, with diesel fuel the increase of carbon dioxide is only
slightly higher than that of water.

Table 2 shows how the reading of the instrument changes, in
second derivative mode, with changing composition of the gas
mixture. The three reported measurements are those marked with
the blue frames in Fig. 11. The analyser had been calibrated with
respect to the direct absorption readings. The concentration of
ammonia is overestimated of about 47% in all cases. It’s worth not-
ing that this percentage doesn’t vary significantly with water con-
tent. The increase of water with methane is about twice than with
diesel fuel (while the increase of carbon dioxide is roughly the
same), with respect to ambient air. Nevertheless this doesn’t mean
that a calibration with respect to the content of carbon dioxide
only would be sufficient to overcome the problem. And even in this
case, a simultaneous measurement of carbon dioxide should be
necessary.
Table 1
Content of CO2 and H2O in the gas mixture in the different experimental conditions. ‘‘Am

Day 3
Methane

Burner ON O

CO2 (%) 7.77 0.0
H2O (%) 16.01 1.5
O2 (%) 5.16 Am

Table 2
Instrument readings in second derivative mode, in the experimental conditions of Table 1

Set value Reading @ Reading
Burner ON Burner O

26.1 27.5 ± 1.3 40.4 ± 1
44.0 40.6 ± 3.8 60.6 ± 5
51.0 52.8 ± 2.8 76.7 ± 8
4. Conclusions and perspectives

All around the world several analytical devices exist, based on
derivative techniques, which reliably measure their target mole-
cules, also in applications when the respect of official rules must
be verified. Yet, these devices usually work in quite stable environ-
mental conditions. An example is the search for methane leaks in
pipelines. In this case, the oscillations in pressure are within 5%,
(absolute) temperature oscillates within 12%, water content in
the air is less than 2%, CO2 concentration is close to the ambient
average. So the results of such devices are reliable enough. Also
in the case of a coal thermoelectric plant, the content of carbon
dioxide in the exhaust is quite stable, and the content of water
vapor is 5�10% in volume. Again, optical measurements of carbon
monoxide and dioxide can be easily calibrated. But, in case of a
waste burner, or a remote heating plant, based on biomasses, the
content of water and carbon dioxide can vary according to fuel
composition and environmental conditions, both as an average
[28–30], and instantaneously [31]. For instance, wooden swarf
could have been stored in the open air before burning, so possibly
suffering rain- or snowfall. Calibration can be a difficult or even an
impossible task in these cases.

We measured ammonia, but the problem is exactly the same

with any molecule, as broadening of absorption profiles occurs
every time there are collisions among molecules. Project IMPRESS
2 specifically deals with biomass burning. In this case, the presence
in the exhaust gases of molecules which can interfere with optical
detection techniques can be very high (up to tens % in volume) and
also subject to strong variations. So the alternative is either to
operate the plants in controlled conditions (for instance drying
the biomass before burning), or to adopt detection techniques
which are intrinsically insensitive to the composition of the
exhaust gases.

The present work shows that, among the optical techniques,
those which are not affected by the shape of the absorptions
should be preferred for this kind of measurements. They are DA,
CRD and Fourier Transform InfraRed spectroscopy (FTIR), which
adopts an infrared lamp as its source and can be considered a DA
over a large wavelength range simultaneously. CRD is surely the
most effective one, but requires very clean samples, as the mirrors
must maintain their reflectivity, usually above 99.99%. For this rea-
son, the gas must be extracted and filtered. FTIR has, with respect
to DA, the advantage of measuring several molecules at time in the
middle infrared, where absorptions are more intense than in
the near infrared by almost two orders of magnitude. Yet, the
b.” stays for Ambient concentration.

Day 4
Diesel fuel

FF ON OFF

5 8.7 0.09
3 9.0 1.78
b. 7.9 Amb.

. All values in ppm.

@ Ratio Fuel
FF OFF/ON

.4 1.47 ± 0.10 Methane

.1 1.49 ± 0.30 Diesel

.0 1.45 ± 0.20 Diesel
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frequency resolution of a FTIR device is much lower than a laser-
based instrument. So, changing the absorption frequency width
could result in an interference among different molecular species,
and a smart software is required to separate the absorption of
the different molecules.

DA is the least sensitive optical technique. Yet some important
improvements, with respect to the apparatus in this paper, can be
easily attained. The artificial stack available at INERIS has a diam-
eter of 15 cm, but typically the diameters of the chimneys are at
least 50 cm. So, even maintaining the number of passes in the cell,
longer pathlengths can easily be achieved. We selected a target
wavelength in the near infrared (1512 nm), so allowing the use
of optical fibers. By a proper technical design it’s possible to use
a mid-infrared, free propagation laser, reaching much stronger
absorptions. Finally, optical fibers operating in the mid infrared
region are entering the market. In the future, the same optical
arrangement used for the present measurements could be used
for the middle infrared, so allowing to position the laser in a safe
place. This means that the need for more sensitive techniques
could be less and less important, and DA could be used without
renouncing to sensitivity.
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