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Abstract: In order to demonstrate the feasibility of the tunable diode laser absorption
spectroscopy (TDLAS) technology for monitoring NOy emissions from inland vessels,
an equipment is designed to monitor emissions for inland vessels. The equipment was
installed at the Jianbi locks, where experimental measurements were conducted on vessels
passing through the locks, with a total of 330 vessels being measured. The detection
rate for vessels was 50.3%, with a detection rate of 72.4% for fully loaded vessels and
24.7% for unloaded vessels. In addition, the exhaust emission patterns of inland vessels,
the NOy emission patterns and detection rate of fully loaded and unloaded vessels, and
the key parameter of the NOy emission factor of inland vessels were comprehensively
analyzed. The experimental results show that CO, and NOy in the exhaust gas of inland
vessels have high signal intensity and good synchronization and can be applied to the
regulatory monitoring of NOx emissions from inland vessels. Furthermore, the ratios
of NO/CO; and NO,/CO; from fully loaded and unloaded vessels were significantly
different. indicating that the NO; indicator must be included in the remote monitoring
indicators for inland vessel exhaust gases. Otherwise, the remote monitoring results for
NOy may be significantly underestimated.

Keywords: TDLAS; inland vessel; NOy; detection rate; emission patterns

1. Introduction

Shipping is an important part of the global economy, accounting for 80-90% of world
trade transportation, but air pollution caused by ships has long been overlooked [1,2].
Studies have shown that emissions of CO,, SO,, and NOy from ships account for 2.7%,
4~9%, and 15%, respectively, of all human emissions [3,4]. The major port cities in the
Yangtze River Delta and the Pearl River Delta in China have seen shipping become one
of the main sources of local air pollution. Pollutants emitted by ships play a significant
role in air quality, human health, and climate [5-7]. They not only affect the air quality
of coastal areas but also impact regions hundreds of kilometers away from the emission
sources [8]. Port cities are most affected by ship pollution, followed by cities along rivers. In
the shipping system, inland waterways, which are mostly near or flow through populated
residential areas, have a greater impact on the public, and studies have shown that inland
vessels are the main contributors to the impact of shipping on urban air quality, with
40-80% of PMj; 5 from shipping sources in Shanghai coming from inland vessels [9].
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In 2018, there were 124,300 inland vessels in service in China, which is seven times the
number of inland waterway vessels in Europe [10]. Overall, there is a huge potential for
NOy emission reduction from ships in China, and it is also an inevitable trend to improve
air quality in coastal port cities in the future. With the continuous advancement of land-
based NOy emission control in China, the land-based NOx emission reduction potential is
becoming smaller and smaller, and the demand for NOy emission control and regulation of
inland vessels is becoming more and more urgent.

In the early 1980s, research on tunable diode laser absorption spectroscopy (TDLAS)
technology was continuously conducted abroad. In 1991, K.R. Carduner and his team used
TDLAS technology for researching the detection of automobile engines to judge whether
the engine is working properly or not by the content of SO, in its exhaust gas, and the
instrument can detect SO, gas from 0.1 to 1 ppm [11].

In 2008-2009, Daniel, an American academic, monitored CO, HC, and NO, emissions
from 307 inland vessels for the first use of a remote monitoring device at a lock (Hiram
M. Chittenden Locks, Seattle). In 2009, the team also monitored NOy emissions from
nine passing vessels for the first time on a bridge (Lions Gate Bridge, Vancouver). The
telemetry results were close to those of the laboratory tests, confirming the feasibility of
using telemetry to regulate the exhaust emissions from inland vessels [12,13]

In 2012, Waclawek et al. developed a sensor platform. The platform uses a quantum
cascade laser (QCL) with a center wavelength of 7.25 um and is capable of detecting SO,
at ppb concentration levels with a time response of 1 s at 20.5 °C, making it suitable for
environmental and industrial monitoring [14]. In 2014, Hartmann et al. developed a sensor
for breath detection based on TDLAS technology, which reduces optical fringing using a
self-developed fringe suppression method and is capable of achieving CO, measurements
with a concentration resolution of 300 ppm at 4 vol% [15]. In 2020, Genner et al. applied
quantum cascade lasers for the detection of multi-component (CO, NO, NO,, and SO,)
polluting hazardous gases, with a minimum detection limit of 1.4 ppb for SO, [16]. In 2020,
the EU-funded SCIPPER project detects the ratio of SO, and CO, with the help of a 400 m
optical range gas cell, thus enabling high-precision detection of the sulfur-carbon ratio of
marine fuel oils, with gas measurements up to the ppt level [17].

The above research results are only exploratory attempts to prove the feasibility but
have not been popularized and applied, probably because inland navigation in the United
States is not developed or the routes are too dispersed. The application prospect is far less
promising compared to China’s Yangtze River, Xijiang River, the Beijing-Hangzhou Canal,
and other densely navigable waterways.

China’s research on TDLAS technology started late but developed rapidly. In 2015,
Yao et al. from the Anhui Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences, developed a miniaturized CO, detection system using the direct absorption
technique in TDLAS, which carried out ball-loaded measurements of CO, concentration
profiles and obtained molecular number density distributions of CO, in the troposphere
below 10 km [18].

In 2021, Liu et al. from Taiyuan University of Science and Technology (TUST) used
TDLAS technology for the simultaneous detection of SO, and SOj3 in industrial exhaust
gases based on a 7.16 um QCL [19]. In 2022, Zhang et al. from Changchun Institute of
Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, designed a Zyng-
based data acquisition system for CO, gas detection, which realized the acquisition and
processing of gas concentration, pressure, and temperature signals [20].

China currently lacks research reports, inland ship exhaust telemetry technology, and
related equipment, highlighting an urgent need for independent research and development.
Drawing on the application scenario of remote sensing technology for motor vehicle



Remote Sens. 2025, 17, 168

30f17

exhaust, due to the presence of approximately 400 ppm of carbon dioxide in the ambient air,
the remote monitoring distance is usually not more than 30-50 m; otherwise, the exhaust
signal may be submerged in higher concentration background processes. However, inland
waterways are relatively narrow, especially in ship locks, which have the conditions for
the application of ship exhaust telemetry technology. Therefore, there is an urgent need to
carry out research on NOy emission telemetry technology for inland vessels to fill the gap
of NOy emission supervision capability for inland vessels.

The rest of this paper is organized as follows. Section 1 contains a literature review of
existing research on remote monitoring technologies for regulating ship exhaust emissions.
On the basis of the studies carried out, there is a lack of research on the regulation of NOx
emissions from inland vessels. Section 2 analyzes the methodology and measurement
system in detail. Section 3 focuses on the detailed analysis of the experimental results;
based on the experimental results, the difficulties and challenges of applying TDLAS-
based remote monitoring technology for inland vessel exhaust monitoring are discussed.
Sections 4 and 5 presents the discussion and conclusions of this paper.

2. Materials and Methods

TDLAS technology is the abbreviation for tunable diode laser absorption spec-
troscopy [21,22]. According to the Lambert-Beer’s Law [23,24], when a parallel beam
of monochromatic light is transmitted perpendicularly through a gas, the gas absorbs light
of a specific wavelength. This absorption causes energy attenuation, and the absorbance is
directly proportional to the concentration of the absorbing substance and the thickness of
the absorption layer [25].

Using a narrow linewidth (<2 MHz), a wavelength-tunable laser, an absorption line
v of the gas to be measured can be scanned to obtain a high-resolution, interference-free
spectrum of an absorption feature of the gas to be measured.

When a light beam of intensity Iy and frequency v passes through a section of a
gaseous medium, the gas molecules absorb the photons and produce an energy level
jump that attenuates the light intensity and transmits the light intensity I, defining the
absorbance A(v). .

A(v—1) =In IIO(?//_ ;/(?)) = /0 ko(x)dx 1)
where L [cm] is the optical path length through the gas medium, k, [cm~!] is the absorption
coefficient, which represents the superposition of the absorptions of all gases at frequency
v, and k, is often specified in two ways:

Ni
ko = }:1 Y O = Z T)gij(v = o) )

ky = PEJI 1 ]Z ‘Pz,] ) ®3)

Equation (2), n; [molecule-cm 3] represents the molecular number density of gas
component j, 0j ; [cm?] represents the absorption cross-section corresponding to transition
i of the gas in component j. The unit of line intensity S'; ;(T) is cm ™!/ (molecule-cm2),
and ¢; ; [cm] is the absorption line function. In Equation (3), P’ [atm] is the total gas pres-
sure, X; is the concentration of gas component j, expressed as a mole fraction or partial
pressure ratio, PX; is the partial pressure of component j, and S; ; [em~2atm 1] and ¢ij [em]
are the absorption line intensity and line shape at the time of the leap i of gas compo-
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nent j, respectively. The two-line strength units can be converted according to the ideal
gas theorem:

7339 x 10! [ (molecule-cm3-K) /atm] S’ [em ™!/ (molecule-cm ™)
B T[K]

S [cmfzatmfl}

@)

According to Equations (1) and (2), for a homogeneous gaseous medium, a certain
absorption line frequency v, k, independent of the optical path can be obtained:

A(v) =L ky(x) = L-N-S'(T) - p(v — 1) ®)

where ¢(v) depends on the temperature and pressure of the measurement environment and
needs to be obtained through complex theoretical calculations. In practice, the normalized
definition of ¢(v) to v can be used to integrate Equation (5):
+o0 +o0
/ A(v—vo)dv =L-N-8';;(T)- / ¢(v—vo)dv =L -N-S'(T) ©)
—co —o0

The molecular number density N [molecule-cm 3] can be obtained after the ab-
sorbance A(v), the absorption range L [cm], and the absorption line intensity
S'(T) [em ™1/ (molecule-cm™2)] are known.

In practical applications, the spectral characteristics of molecular absorption can be
obtained by direct absorption or wavelength modulation, which can be selected for different
measurement occasions and measurement needs.

In this paper, a remote monitoring equipment based on TDLAS technology for inland
vessel emissions is designed. As shown in Figure 1, the ship exhaust equipment controls
4 lasers at the same time, and using time-division multiplexing, the 4 lasers are sent out
using time-sharing, which are converted into a single beam of light sent out through the
internal merging optical path. The beam passes through the detection area and is reflected
again through the angle mirror, passing through the area and returning to the equipment.
The beam is output to the detector through the mirror, which detects the laser signals at
different times and calculates the concentration of each gas in the area.

[ SOzlaser }

- ~N
COg laser [ Red light }

Y
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|
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Figure 1. Schematic diagram of a ship exhaust telemetry system for NOy regulation of inland vessels.

The system uses wavelength modulation spectroscopy, which was calibrated in the
laboratory with standard gas before on-site testing. An adaptive concentration compen-
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sation algorithm is used internally, eliminating the need for frequent equipment cali-
bration. The wavelength and power of the laser are as follows: NO, (6.2 pm, 40 mW);
NO (5.2 pm, 60 mW); SO, (7.3 um, 40 mW); CO, (2.0 um, 60 mW). The absorption path
length is a distance of 30m from the main unit to the auxiliary unit, but the gas does not
actually diffuse throughout the entire optical path, so we use the integrated concentration
(concentration * gas length). The main unit uses a lens internally to reflect laser light, which
is then combined and emitted together. The secondary unit reflects back to the main unit,
and the main unit receives the signal through a coaxial reflector.

The modulation signal is sent to the TDLAS laser; controlling a steady change in the
current through the laser, the laser will emit light with a steady change in wavelength, and
the detector will receive a waveform corresponding to the modulation signal. The system
controls the output wavelength of the laser by regulating its current and temperature.
Secondly, the detector collects signals and analyzes them to obtain the raw data of the
gas concentration multiplied by gas thickness. Finally, the actual smoke plume value is
calculated through calibration.

2.1. Instrumentation

A remote monitoring instrument for ship exhaust includes an optical telemetry module
and an operational assurance module.

The optical telemetry module is based on TDLAS technology and combined with
the transceiver integrated structure scheme, the combined laser beam emitted by the host
arrives at the sub-machine and returns in the original way, and the return beam is then
focused and detected by the host. The monitoring indicators include CO,, NO, NO,, and
50;, and the absorption spectra of these gases are selected to be relatively strong and free
from other gases, and the wavelengths of the lasers are scanned through the absorption
peaks of the targets to be measured by controlling the temperature and current of the lasers,
to simultaneously invert and derive the concentration of each component.

An operational assurance module is to provide a guarantee for the normal opera-
tion and data transmission of the optical telemetry module, including rainproof chassis,
industrial air conditioner, microcomputer, 4G router, etc.

2.1.1. Optical Telemetry Module

The optical telemetry module consists of a transceiver-integrated measurement main-
frame and a reflector sub-machine. The telemetry host mainly consists of a light source
emitter, an air intake chamber, a spectral detector, and an algorithm processing and data
transmission module. The light source transmitter is used to emit laser light of a spe-
cific wavelength, the spectral detector is used to receive the laser signal reflected from
the sub-machine, and the high-frequency second harmonic detection signal is used for
measurement to achieve the monitoring of the exhaust plume in the optical path through
the change of the light energy. The technical specifications of the optical telemetry module
are shown in Table 1.

Table 1. Technical specifications for the optical telemetry modules.

Type Parameter
Input voltage DC24V, <6 A
Detection gas NO,, SO,, NO, CO,
Detection distance 30 m

Response time <10 ms
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2.1.2. Operational Assurance Module
1. Chassis

The chassis includes the shell, circuitry, and control switches. The top of the chassis is
airtight, the four bottom corners ensure that the temporary water on the ground does not
enter the chassis in rainy weather, and the inner edge of the chassis door is inlaid with a
ring of sealing rubber to prevent rainwater from penetrating into the chassis. The cabinet is
equipped with power supply and control switches of different voltages to meet the power
requirements of different instruments.

2. Industrial computer and 4G router

The ICP is the data center of the equipment, with built-in data processing algorithms
and acquisition system, which collects the raw data from the optical telemetry module of
the ship’s exhaust and sends the data to the designated server through the 4G router (Jinan
USR lot Technology Limited, Jinan, China). The purpose of the 4G router is to connect the
equipment with the Internet of Things and provide a network for the ICP to realize the
data remote transmission and the equipment remote debugging.

3. Industrial air conditioner

Enclosure air conditioning was added based on the need for temperature control to
ensure proper operation of the equipment outdoors.

e Install a chassis air conditioner on the side wall of the instrument to ensure a constant
temperature inside the device;

e  Adjust the current value of the temperature control module of the equipment to
provide more power for the laser machine TEC to ensure a stable laser temperature;

o Increase the heat circulation inside the chassis to relieve the heat dissipation pressure
and increase the roof to further isolate the external heat.

4. Pressure block

To ensure the stability of the optical path of the equipment, pressure blocks are added
outside the chassis to prevent the device from moving in strong wind conditions.

5.  Sleeve

To reduce the impact of environmental moisture on the work of the internal equipment,
while preventing the equipment out of the optical lens condensation on the water droplets,
a sleeve is installed at the light emitting position of the equipment.

2.2. Measurement Site

The Zhenjiang section of the Beijing-Hangzhou Canal, with a total length of 42.6 km,
is an important part of the Beijing-Hangzhou Canal, which is the main waterway between
the north and south of China. The Jianbi locks are located at the crossroads of the Yangtze
River and the Beijing-Hangzhou Canal, which is the most convenient and safest water
transport channel connecting the southern and northern sections of the Beijing-Hangzhou
Canal and is also the only lock in the South Jiangsu Canal that directly reaches the Yangtze
River. Its annual cargo volume and the density of ships make it extremely important in the
main water transport corridor of the country, as shown in Figure 2.

The equipment was chosen to be installed at the Jianbi locks, the entrance from the
Beijing-Hangzhou Canal to the Yangtze River, as shown in the red circle in Figure 2b. The
main engine and the secondary engine of the optical telemetry equipment for ship exhaust
were fixedly installed on the banks of the two sides of the locks, respectively. The width of
the locks is about 24 m, and the height of the equipment from the water surface is about
6-8 m. The location has been cemented and hardened, and facilities such as surveillance
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cameras and meteorological monitoring are already in place. The yellow rectangular box
indicates the ships waiting in the locks. The area around the measuring station is mainly
rural and sparsely populated, with no obvious sources of air pollution. Therefore, the
location of the monitoring site is well suited for the detection of nitrogen oxides (NOy) with
relatively low background concentrations.

The Yangtze River

Figure 2. (a) The installation location of telemetry equipment for the Jianbi locks is at the confluence
of the Yangtze River and the Beijing-Hangzhou Canal. (b) The yellow rectangular box represents the
Jianbi locks. (c) The on-site photo of the equipment.

2.3. Data Processing

The ship exhaust telemetry equipment measures the concentration data of ship exhaust
components entering and leaving the locks in real time, and the data acquisition and pro-
cessing control unit analyzes and calculates through algorithms to obtain the concentration
data of different gas components of ship exhaust. The monitoring curves are drawn with
time as the horizontal coordinate and changes in gas concentration of different components
as the vertical coordinate.

1.  Automatic identification algorithm for ship exhaust gas peaks

The biggest feature of the ship exhaust signal different from the background is the
wave peaks of NO and CO; synchronously increasing and then decreasing. The ship
exhaust wave crest automatic identification algorithm firstly filters and differentiates the
telemetry data to give the incremental discrimination index, then combines the time-varying
correlation of the NO and CO; concentrations for the correlation discrimination index, and
finally, synthesizes the two to obtain the comprehensive discrimination index, which is
used to identify the wave crests in the time course of the telemetry data of the NO and CO,
concentrations of the ship exhaust gas. The specific steps are as follows:
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Step 1: Obtain data Cn(t;) and Cc(t) (k=1,2, ..., N) of the NO and CO; concentrations
over time at the monitoring site time T. f;, = kAt is the time series, At is the sampling interval,
and N = T/ At is the length of the data (taken as an even number).

Step 2: Determine the time scale T) = PAt, and P is the length of data corresponding to
the time scale (take an even number). Perform noise reduction filtering on Cn(tx) according
to Equation (7) to obtain C’N(t]') (G=1,2,...,N), with t; = jAt as the time series.

N Cn(t) - exp(—2my/—1mk/N)

() = Lot | S = 1y rmp/N exp(2y/=Imj/N)  (7)

wherem =1, 2, ..., N are discrete sequences.
Step 3: Calculate the NO incremental discriminant Dy(t;) according to Equation (8).

C'n(tiq) +CNn(E_1) =2C' N ()] /A2 1<j< N
D () = [C'N(tir1) +C'N(t-1) N(t)] . j .
0 j=1lorN

When Dn(t)) <0, take Dy(tj) = 0.
Step 4: Calculate the CO; and NO correlation discriminant index Ren(ff) according
to Equation (9).

Ren(t))
P Tesp ON (1) Ce(t) ~Xkes;p ON (t) Lkes;p Ce(te) 2<i<N-1
2 2
\/P Liesjp CRi(t)— [Zke(sjp CwN (tk)] \/P Liesjp CZ ()~ [Zkeo‘jp CC(tk)] ©)
0 otherwise

where d;p = {k € Z|max(1,j — P/2) <k < min(N,j+ P/2)} and moment # is in the tem-
poral neighborhood near moment f;. When Ren(t)) <0, take Ren(t) = 0.
Step 5: Calculate the composite discriminant indicator I(f;) according to Equation (10).

L Dn()  Ren(t)
I(tf)—lrgj%[DN(tj)] 1r§njz;xN[RCN(fj)] "

Step 6: The wave moments in which the integrated discriminant index I(;) exceeds
the threshold Iy and the interval exceeds T, are recorded as the wave marking moments t,;
(i=1,2,...,0Q), Qis the number of identified waves, and g; is the time sequence number
corresponding to the i wave marking moment.

2. Automatic emission factor measurement method

Different from the sniffing method [26-28], the optical method in the hardware to
achieve the integration of different gases in the optical path, different lasers emitted to the
received light aggregated together to ensure that different lasers measured gas for the same
gas, so that the concentration of different indicators of the concentration of the change
curve has a very good synchronization. Therefore, the pollutant emission factor can be
calculated by using the linear regression of the pollutant and CO,. The formula of linear
regression is as follows:

_ Lyy-y¥xyy
LX)’ (11)
b=y —ax
x and y are arrays of concentration values of pollutant X and CO;, respectively, over a time
range. a is the slope, the multiple by which pollutant X increases as the CO, concentration
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increases. b is the intercept, the background CO, concentration multiplied by a when the
pollutant concentration is zero.

Since the CO, concentration in the fuel can be assumed to be equal to 87%, the emission
factor (EF) for pollutant X is calculated as follows:

EFx(g/kg) = a x (molecular weight) x x 72.5 (12)

In addition, the emission factor for NOy is the sum of NO and NO; and is simply
calculated by substituting the molecular weight of NO, into Equation (12) when calculating
the NO emission factor.

3. Experimental Results and Analysis

Each time the locks are opened, eight ships below Figure 2a (Beijing-Hangzhou Canal)
are allowed to enter the waiting area inside the locks and wait for the opening of the locks
gate above Figure 2a (Yangtze River). After all the eight ships enter the Yangtze River,
the next round of eight ships enters the locks waiting area from above Figure 2b and exit
from below Figure 2b after the gate is opened. The above complete process is a cycle
(ships below entering the locks — ships exiting from above — ships above entering the
locks — ships exiting from below), and the interval between the two cycles is very short;
that is, after all the “down-out” ships leave the locks and enter the canal, the “down-in”
ships waiting on the canal side of the locks generally begin to enter the locks one by one in
less than 10 min.

The telemetry equipment is installed at the entrance of the Beijing Hangzhou Canal at
the ship locks, and the monitored objects are “down-in” and “down-out” ships. According
to on-site observations, the “down-in" ships entering the locks from the canal are often
empty, with shallow draft, and the masts or facilities on top of the ships may block the
light path, which is reflected in the large negative value of the monitored concentration.
The “down-out” ships entering the locks from the Yangtze River tend to leave fully loaded,
with deeper draft, which masts or facilities on top of the vessels generally do not block the
light path. Overall, the difference in height between the two types of vessels is about 2 m,
and the telemetry results may vary considerably.

3.1. Analysis of Detection Rate for Unloaded and Fully Loaded Vessels

In 2024, a remote experimental test was conducted at the monitoring point of the
Jianbi locks, and the telemetry data were analyzed for 45 h, during which, a total of
656 vessels passed by the telemetry point in total, of which 352 were fully loaded ves-
sels and 304 were unloaded vessels. The monitoring instrument telemetered a total of
330 vessels, 255 fully loaded vessels and 75 unloaded vessels, as shown in Figure 3. The
detection rate of the vessels was 50.3%, the detection rate of the fully loaded vessels was
72.4%, and that of unloaded vessels was 24.7%, as shown in Table 2.

Table 2. Experimental data.

Passing Vessels = Telemetry Vessels = Detection Rate

Unloaded vessels 304 75 24.7%
Fully loaded vessels 352 255 72.4%

As can be seen from Table 2, the detection rate of ships was 50.3%, and the remaining
ships were not telemetered, probably because (i) the wind direction was parallel to the
locks channel, and the wind speed exceeded a certain speed, which prevented the exhaust
plume emitted by ships from spreading to the height of the monitoring instrument, and
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therefore, the exhaust signal could not be telemetered; (ii) the ship’s chimneys exceeded
the monitoring height of the telemetry instrument, the exhaust plume emitted by the ship
could not spread to the monitoring instrument, and therefore, the exhaust signal could not
be telemetered.

4007 - Unloaded Vessels

- Loaded Vessels

350

3007

250

200

1507

Number of vessels

1007

507

(\m

Passing vessels Telemetry vessels

Figure 3. The number of vessels that passed through telemetry stations during the experiment, and
the number of vessels which exhaust signals were detected by instruments.

In addition, the detection rate of 72.4% for fully loaded vessels is much higher than
the detection rate of 24.7% for unloaded vessels, which may be due to, (i) with the same
vessel speed, the more heavily loaded vessel requires more power, i.e., a larger amount of
exhaust gas, and it is easy to telemetry the exhaust gas signal, and (ii) the draught depth of
unloaded vessels is low, and most of the vessels with exhaust ports beyond the monitoring
height of the remote monitoring instrument are unable to measure the exhaust signal.

3.2. Analysis of Exhaust Emission Patterns from Inland Vessels

The monitoring data of 4 h were selected for the experiment, as shown in Figure 4,
and it can be found that the 4 h contained three complete cycles of vessels entering and
leaving the locks, with every two orange dashed lines representing a complete cycle, so
each cycle was about one and a half hours. Among them, it took about 15 min for the fully
loaded vessels and about 15 min for the unloaded vessels, with an interval of about 1 h
in between. From Figure 4, the masking phenomenon was more serious in the case of the
unloaded vessels and less serious in the case of the fully loaded vessels.

As can be seen from Figure 5, the waveform signals of CO, and NOy monitored by
the remote monitoring instrument are strong, which can be applied to the regulation of
NOy emissions from inland vessels. From Figure 5, even for the same group of fully loaded
vessels, there are some differences in the waveforms of ship exhaust signals. Some of the
waveforms are sharp and the signal intensity is high, probably because the chimney is
located on the top of the ship, and the telemetry plume is closer to the chimney opening,
so the duration is shorter and the concentration is higher. Some of the peaks are wider
and the signal intensity is low, probably because the chimney is located at the rear of the
ship, and the ship’s exhaust slowly diffuses into the optical path from the bottom to the top,
resulting in longer durations and lower concentrations, and there may be multiple peaks
on the same ship.
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Figure 5. Exhaust monitoring results for a group of eight fully loaded vessels.

Figure 6 illustrates the NOy and CO; linear regression trend plots of the exhaust

telemetry results for the eight ships in Figure 6. As can be seen in Figure 6, NOy has a

positive correlation with CO,, indicating a high degree of synchronization between NOy
and COy. In addition, the SO, are relatively weak, which cannot be used to regulate whether

the fuel sulfur content exceeds the standard for inland vessels using diesel fuel with a

sulfur content of 10 ppm (unless it is an extremely serious fuel that exceeds the standard).
This demonstrates that the fuel compliance of inland vessels in the Beijing-Hangzhou Canal
is relatively high, probably because the fuel supply location is basically on the shore, and
the fuel source is consistent with that of diesel trucks; unlike sea vessels along the coast,
there may be more high sulfur oils refined by irregular refining enterprises because of the

difficulty of regulating the open coastal waters.
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Figure 6. Linear regression trend of NOx and CO, in the ship exhaust.

3.3. Analysis of NOy Emission Patterns from Unloaded and Fully Loaded Vessels

The results of six cycles of ship exhaust monitoring are presented in Figure 7. The
horizontal coordinates represent the time series, the vertical coordinates represent the
relative values of the pollutants, the blue curve represents the concentration change curve
of NO, and the red curve represents the concentration change curve of NO,.
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Figure 7. NOy monitoring results for six groups of fully loaded and unloaded vessels.

The left side of the green dotted line represents the exhaust monitoring curve of the
fully loaded vessels (sailing out of the Yangtze River), and the right side of the green
dotted line represents the exhaust monitoring curve of the unloaded vessels (sailing into
the Yangtze River).
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As shown in Figure 7, the NO and NO, ratios show that the “down-out” ship has a
higher proportion of NO because it is fully loaded and accelerating away and therefore
has a higher power (less air combustion in the engine), and the NO concentration is
significantly higher than the NO, concentration. Compared to the NO, concentration of
the fully loaded vessels, the “down-in" vessels, because of their unloaded and low speed
entry, have less power (The empty combustion in the engine is relatively large.) and a
higher proportion of NO; (The exhaust gas contains a large concentration of O,). The
experimental results demonstrate that NO, must be added to the monitoring indicators of
inland vessels; otherwise, there is a serious underestimation of NOy monitoring results,
especially in the case of unloaded vessels.

As shown in Figure 7, the signal intensity of the “down-out” and “down-in” ships are
not the same, and there are cases of high signal intensity and low signal intensity. There
are two possible reasons for this: one is that the power of the vessels is different and the
amount of the exhaust emissions is different, so the exhaust signal intensity is also different.
The other is that the location of the ship’s exhaust ports is different. There is a certain
height difference between the monitoring site and the ship’s exhaust port. Vessels with
high exhaust port positions are closer to the remote monitoring instrument, so the exhaust
signal intensity is higher; on the contrary, ships with low exhaust port positions are further
away from the remote monitoring instrument, and after a certain time of diffusion and
dilution, the exhaust signal intensity is lower.

3.4. Analysis of Key Parameter of NOy Emission Factors for Inland Vessels

As mentioned earlier, the experiment monitored a total of 330 vessels, of which
255 were fully loaded vessels and 75 were unloaded vessels. Figure 8a demonstrates the
distribution of the key parameter a of the NOx emission factor for the 255 of fully loaded
vessels, where the parameter a is calculated by Equation (11), and it can be seen from
Figure 8a that the key parameter a of the NOy emission factor for most ships is less than
4, and that the key parameter a of the NOy emission factor for a small number of ships is
greater than 4. Figure 8b quantifies the statistics of the key parameter a of the NOx emission
factor for 255 fully loaded vessels. It can be seen from Figure 8b that, among the 255 fully
loaded vessels, 93.7% of the vessels have a key parameter a of the NOy emission factor
less than 4, and 6.3% of the vessels have a key parameter a of the NOy emission factor
greater than 4. The reason for this difference may be caused by the different heights of
the ships” exhaust port positions. Vessels with high exhaust port positions are closer to
the remote monitoring instrument, so the exhaust signal waveforms are sharper, i.e., the
steeper the rising waveforms are, the greater the key parameter a of the NOy emission
factor. On the contrary, vessels with low exhaust port positions are farther away from the
remote monitoring instrument, and after a certain time of diffusion and dilution, so the
exhaust signal waveform is wider, i.e., the more sloping the rising waveform is, the smaller
the key parameter a of the NOy emission factor. In addition, the wind speed and direction
will also have some influence on the waveform shape of the telemetry results.

Figure 9a demonstrates the distribution of the NO, emission factor key parameter a
for 75 unloaded vessels, from which most of the vessels have a NOy emission factor key
parameter a less than 2.5, and a small number of vessels have a NOy emission factor key
parameter a greater than 2.5. Figure 9b quantifies the NOy emission factor key parameter a
statistics of 75 unloaded vessels, and from Figure 9b, 88% of the 75 unloaded vessels have
a NOy emission factor key parameter a less than 2.5, and 12% of the vessels have a NOx
emission factor key parameter a greater than 2.5. The reason for the differences may be
caused by the high or low position of the ships’ exhaust ports and the influence of wind
speed and direction.
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(b) Statistics of the key parameter a of NOy emission factors for 75 unloaded vessels.

4. Discussion

This study aims to narrow the research gap by monitoring NOx emissions from inland
vessels based on the TDLAS approach. The main contributions of this study include:

(i) A remote monitoring equipment for inland vessel emissions is designed to monitor
the emissions of NOy, CO,, and SO, in the exhaust of inland vessels entering and
exiting the locks in real time.

(ii) Comprehensive analyses were conducted on the tailpipe emission patterns of river
vessels, the NOy emission patterns of fully loaded and unloaded vessels, the detection
rate, and the key parameter of the NO, emission factor of inland vessels.

(iii) The signals of CO, and NOy monitored by the equipment are very strong and well
synchronized, which can be applied to the regulation of NOy emission from inland
vessels.
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5. Conclusions

In this paper, a remote monitoring equipment for inland vessel emissions based on
TDLAS technology is designed to monitor emissions from inland vessels entering and
exiting the locks in real time. A total of 330 vessels were monitored in the experiment. The
detection rate was 50.3% for vessels, 72.4% for fully loaded vessels, and 24.7% for unloaded
vessels. In addition, the exhaust emission pattern of inland vessels, the NOx emission
pattern and detection rate of unloaded and fully loaded vessels, and the key parameter of
the NOx emission factor of inland vessels were comprehensively analyzed.

The experimental results show that the signals of the CO; and NOy emissions from
inland vessels are of high intensity and well synchronized, which can be applied to the
regulation of NOy emissions from inland vessels. In addition, NO, must be added to the
monitoring indicators of inland vessels; otherwise, there is a more serious underestimation
of the NOy results. As a party to Annex VI of the MARPOL Convention, China has
completed the domestic legislative procedures for ships on international voyages and
realized the effective control of exhaust emissions from ocean-going vessels. However, for
ships on domestic voyages, emission standards for common pollutants such as NO from
domestic marine engines should be formulated and released as soon as possible in light
of China’s national conditions and aligned with the requirements of Annex VI to realize a
substantial reduction in NOy emissions from ships on domestic voyages.

However, the application of technology in this study still faces many challenges, such
as (i) the complexity of inland vessels is much higher than that of diesel vehicles due to
the large difference in tonnage, various structural forms, and variable locations of exhaust
ports; (ii) depending on the amount of cargo carried by inland vessels (unloaded or fully
loaded are the two extreme cases), the height of the vessel’s exhaust port from the water
surface is different, and there may be a floating space of several meters between the two, so
there will be a certain degree of difference in the intensity of the exhaust signal monitored;
(iii) the concentration of exhaust gases emitted from fully loaded vessels and unloaded
vessels, in which the NO/CO; and NO, /CO; ratios are obviously different, ensure the
experimental results fully demonstrate that NO, must be added to the exhaust telemetry
indicators of inland vessels; and (iv) the range in water level changes between mountain
locks and plains locks varies greatly. Applying exhaust telemetry technology in the fixed
position of the locks, the position of the monitored plume, or even whether the plume
can be monitored, is uncertain, which brings about a great challenge to the application of
telemetry technology.
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