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The growing quantity of space debris poses a serious hazard to functioning satellites. 
Mitigating space debris is critical to ensure the safe and sustainable use of space in Earth’s 
orbit. Near-Earth objects such as asteroids can pose a serious threat to infrastructure and life on 
the ground. As space debris and near-Earth object observation communities use similar tech-
niques and processes to measure space objects, the need for synergy is growing. This paper 
presents the ability of small sensors to detect and track such objects using the implemented 
technology – CCD image stacking in equatorial coordinates. The experimental optical system 
is intended for both positional astrometric and laser ranging observations – its optical scheme 
is reconfigurable. Here we provide the technical characteristics of the system and a description 
of its functionality using comprehensive control and analysis software. We propose a method 
of image stacking, which has several advantages in searching space objects by different opti-
cal systems and their combinations. This method enables increasing the brightness of space 
objects, visualizing their motion relative to stars, and stacking images obtained by optical 
systems with different technical parameters.

Keywords: Charge-coupled device, near-Earth objects, optical sensors, space debris, 
tracking.
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1. INTRODUCTION

The rapid expansion of human space 
activities has significantly increased the 
quantity of space debris in Earth’s orbital 
environment. This poses a serious threat to 
all space operations and exploration mis-
sions [1]. The development of automated 
algorithms for detecting space objects has 
become a subject of interest. The impor-
tance of these algorithms lies in their accu-
racy, speed, repeatability, and maximum 
objectivity and is apparent in many fields 
and large surveys.

The acquisition of space debris orbital 
data through observations is critical. 
Current ground-based tracking systems 
of space surveillance networks (SSN) 
include the use of radars and passive-
optical and active-optical telescopes 
for cataloging and characterising space 
debris. Lasers are extremely precise but 
have limitations in terms of the energy 
of emitted pulses, which is important for 
targets without retroreflectors and a rela-
tively small field of view [2], [3]. Passive-
optical systems, which are used mainly to 
determine the astrometric position of an 

object, are of considerable importance in 
many applications [4]–[6]. Observation 
by such systems is a well-suited method 
for monitoring the geosynchronous pro-
tected region [7].

Progress in imaging technologies has 
changed the properties of the star posi-
tion measurement process. Currently, CCD 
matrices provide high sensitivity and allow 
immediate astrometric processing, and the 
accuracy and number of star coordinates 
substantially increase. This ensures fast and 
efficient methods for the precise identifica-
tion of space objects for different observa-
tion communities. 

Here, we provide the technical charac-
teristics of an experimental optical track-
ing system (OTS), which is designed as an 
alternative to custom-made systems. We 
propose a method of CCD image stack-
ing implemented in equatorial coordinates, 
which increases the efficiency of capturing 
space debris and faint near-Earth objects 
(NEOs) via different optical systems and 
their combinations.

2. CONCEPTUAL AND EXPERIMENTAL PART

2.1. Concept and Design of OTS

The OTS includes twin receiving opti-
cal tube assemblies (OTAs), which are 
symmetrically set on an Alt-Alt mount 
(Fig. 1). This type of mount ensures con-
tinuous tracking of objects in different 
regions of the sky, unlike Alt-Az and equa-
torial mounts, which have ‘blind spots’ in 
the zenith and celestial pole, respectively. 
The system’s optical scheme is reconfigu-
rable. The design implies that one OTA is 

equipped with a CCD matrix and that the 
other OTA can be fitted with a laser colli-
mator and a reflected light pulse detector 
for satellite laser ranging (SLR) purposes or 
with other instruments. 

The following configurations of the 
OTS are most promising:
•	 one or both OTAs are equipped with a 

CCD for positional astrometric obser-
vations;



5

•	 one OTA with an analogue signal 
receiver (e.g., PMT – photomultiplier 
tube) for registration of reflected SLR 
pulses, another OTA with a digital 
receiver (CCD) for visual guidance;

•	 both OTAs are equipped with analogue 
signal receivers for registration of 
reflected SLR pulses in the coincidence 
scheme or the gate and window scheme 
(in noisy environments).

Fig. 1. Assembly of the optical tracking system.

Each OTA has an advanced coma-free 
(ACF) 0.41 m F/10 optic (focal length: 4 m) 
with a high transparency coating. 

The drive of the mount has two stepper 

motors with wormwheel gearboxes and two 
incremental encoders. It is controlled by 
the FPGA. Technical parameters are sum-
marised in Table 1.

Table 1. Technical Specifications of the Mount

Description Technical parameters
Stepper motor drive 200 steps/rev, up to 256 mkstep/step

1:85 wormwheel gearboxes with about 10–15 arcsec backlash
Drive resolution up to 0.32 arcsec/mkstep

18 000 division (72 arcsec) relative encoders with up to 100 x interpolation
Encoder pulse resolution up to 0.36 arcsec, accuracy 2–3 arcsec

Slewing speed up to 5–10 dg/s
Tracking speed up to 2 dg/s

Mount control software: Windows PC via FPGA up to 1000 control cycles/sec

The OTS design outline and its control 
parts are shown in Fig. 2. Descriptions of all 

numbered components are given in Table 2.
One of the principal design goals for 
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the system is laser ranging capability. The 
laser ranging in automatic (blind) mode 
requires a pointing accuracy exceeding 
the divergence of the transmitted beam. As 
subarcminute beam divergence is a com-
mon choice for ranging distant objects, the 
pointing accuracy should be within a few 
arcseconds. Therefore, an error model must 
be applied in the control software to intro-

duce the necessary pointing corrections. 
The system is now equipped with two 

CCD matrices for astrometric observa-
tions: 8.3 Mpix (3326 × 2504) and 16.8 
Mpix (4096 × 4096) CCD matrices. A more 
advanced model ensures a field of view of 
0.5° × 0.5° with a minimum pixel size of 
0.46 arcseconds.

Fig. 2. OTS design scheme. The primary rotation Axis C1 is shown in green, and the secondary rotation 
Axis C2 is shown in blue. The Coudé path for the transmitted laser beam enters along C1. The transmitting 

collimator is attached to the side of the receiving OTA. Descriptions are given in Table 2.

Table 2. Descriptions of the Numbered Components of the OTS Design Scheme

No Item No Item No Item
1 All sky camera 16 Encoder II 31 Power unit II
2 Meteo sensor 17 Limit and zenith switch I 32 IBV 102 I
3 Digital barometer 18 Encoder I 33 Power unit I
4 PC I 19 Drive II 34 IBV 102 II
5 GNSS receiver 20 Tie 35 Drive I
6 GNSS antenna 21 CCD sensor 36 Rotation Axis I (C1)
7 Event timer 22 Microfocuser 37 Adjustment mirror
8 CFD 23 OTA II 38 Filter set
9 Filter set 24 Dome control 39 SHG
10 Laser beam path 25 PC II 40 Infrared detector
11 Optical transmitter 26 Slot CN4 CN6 41 Laser
12 Analog receiver 27 PC extension board 42 Cooling unit I
13 Rotation Axis II (C2) 28 Slot CN3 43 Cooling unit II
14 OTA I 29 Slot CN5 44 Manual control keyboard
15 Limit and zenith switch II 30 TTL/LVTTL board 45 Internet
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2.2. Control and Analysis Software

The control software is developed using 
MS VisualStudio C++ and C#. This soft-
ware consists of several semiautonomous 
modules supporting positioning, astrom-
etry, ephemeris, and SLR functionality. 

The positioning (mount control) module 
uses angular encoders to determine the cur-
rent positions of the OTS; it calculates the 
step frequency needed to track the object and 
controls mount motor step pulse generation. 
GNSS event timing can be used for tracking 

purposes and acquisition of the CCD image 
exposure time. The object tracking process 
uses a motion model, which is based on a 
precalculated (by the ephemeris module for 
satellites or by the astrometry module for 
stellar objects) polynomial approximation 
of the topocentric horizontal rectangular 
coordinate dependency on time. The values 
of the target coordinates are calculated and 
corrected by the mount error model in real 
time. 

a)

b) 

Fig. 3. Software interfaces: a) positioning and ephemeris modules; b) astrometry module.
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Ephemeris is a separate module (see 
Fig. 3a) for satellite prediction data acqui-
sition and management, tracking model 
generation, situation visualization, and pro-
viding current pass prediction to the posi-
tioning module. The module uses the con-
solidated prediction format (CPF) as a data 
source. Other data sources and formats, 
e.g., the two-line element set (TLE) format, 
can also be implemented.

The functions of the module responsible 
for SLR functionality include control of the 
event timer and collimator’s divergence, as 
well as control of the receiver’s diaphragm 
and filter wheel. It ensures the collection, 
analysis, and storage of calibration data and 

laser ranging data, as well as the generation 
and export of normal point data.

The astrometry module supports image 
acquisition and near-real-time analysis (see 
Fig. 3b). It controls the CCD camera set-
tings, contrast enhancement, and object 
image recognition, ensures reference star 
selection and identification, and deter-
mines the object coordinates. The module 
includes the vector astrometry software 
package NOVAS for calculating the appar-
ent places of stars [8]. A subset of the Gaia 
star catalog (data release EDR3), consisting 
of astrometry and star magnitude data for 
stars brighter than magnitude 21, is used.

2.3. Image Stacking Method

Astronomical images are usually 
stacked to detect moving space objects or 
to produce a single image of a faint object 
with a superior signal-to-noise ratio. As all 
the summed pixel intensities contain a ran-
dom noise component, stacking leads to a 
relative decrease in the noise level (up to 
a factor of 1/√N) [9], resulting in better 
contrast of the target object. In common 
practice, image stacking is performed by 
comparing patterns on frames or directly 
overlaying images, and it requires images 
obtained using the same optics and under 
similar circumstances. 

We propose a method of CCD image 
stacking implemented in equatorial coor-
dinates. This allows stack images, which 
have different scales, distortions, framing 
and epochs. The method requires an astro-
metric solution for all involved images, i.e., 
transformation from image (pixel) coordi-
nates to equatorial coordinates. The stack-
ing mechanism is based on the calculation 
of coinciding positions on source images 
via a frame astrometric model. The stacked 
image is generated in a rectangular coor-
dinate system, with coordinates of right 
ascension and declination.

3. TEST RESULTS AND DISCUSSION

To ensure correctness of star identities 
and sufficient accuracy of the astromet-
ric solution, several tens or more stars are 
beneficial (see Fig. 4a). For the used set of 
instrumentation typical RMS of astrometric 
solution is 0.2–0.4 arcseconds at pixel size 
close to 1 arcsecond. Figure 4b shows the 
effect of the number of reference stars used 
within various solutions (from 6 up to 85 

stars were used) on the position of a test star 
selected close to the centre of the frame.

According to Fig. 4a, RMS of astro-
metric solution slowly decreases with an 
increasing number of reference stars start-
ing from 20 stars. For less than 20 reference 
stars considerable wandering of RMS val-
ues is observed; low RMS values in the case 
of 6–7 stars are caused by partial absorption 
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of random measurement errors in astromet-
ric model parameters. This is also reflected 
in more pronounced wandering of the test 
star’s position in Fig. 4b. However, the 
wandering does not exceed 0.1 arcseconds 
even for the case of 6 reference stars. Simi-

lar results, with wandering up to 0.2 arcsec-
onds, were obtained also for locations of 
test stars on the edges of the frame. Such 
accuracy is quite satisfactory for the pur-
poses of image stacking.

a) 

b) 

Fig. 4. a) RMS of astrometric solutions using increasing number of reference stars on the frame; b) Positions of 
selected star on the frame within different astrometric solutions with reference stars from 6 up to 85 (number of 

stars is indicated).

3.1. Geostationary Satellite Detection and Tracking

Figure 5 shows an example of an image 
stacking application for satellite obser-
vations in the geostationary Earth orbit 
(GEO). The frames are taken in static mode 
with 0.8 s exposures. Notably, the northern 
geographical location of the OTS means 

that the geostationary arc is only approxi-
mately 25° above the horizon and that an 
arc of approximately 50° is observable. In 
this case, the advantage of the method is the 
improved RMS value of the astrometric fit 
compared to that of single-frame solutions. 
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However, limitations may be related to the 
exposure time. Long streaks of star images 

make the identification process less accu-
rate [10].

Fig. 5. Stack of 7 0.8-s frames in the region of the geostationary arc (31.5° E point) with three captured 
satellites; the image in the blue square is a stacked image (the scale is the same) of 7 single images of each 

GEO satellite.

To increase the brightness of small 
objects, e.g., pieces of GEO debris, stack-
ing should be combined with the method 
of image shifting. Here, this is realised via 
the known rate of Earth rotation. Figure 5 
shows the image in the blue square, which 
is a stacked image (the scale is the same) of 
7 single images of each satellite applying 
the shifting technique. This allows increas-
ing the brightness of an object. Thus, it is 
possible to detect space debris, which is not 

visible on a single CCD frame. 
According to past and ongoing GEO 

surveys, in most cases, optical telescopes 
with diameters of 1 m or less were used, 
with sensitivity limits in the magnitude 
range of 15–20, corresponding to objects 
larger than 15 cm [11]. Using such systems 
for observation and applying methods of 
image stacking and shifting could increase 
the brightness of fainter GEO objects and 
detect their positions.

3.2. NEO Detection and Tracking

Current NEO survey programs such as 
Pan-STARRS and CSS (Catalina Sky Sur-
vey) usually conduct observations via the 
same strategy and data analysis process; 
several CCD images with exposure times 
of up to a few minutes are taken and com-
pared to detect moving NEOs. The pro-
posed method of image stacking has advan-
tages over such an observation strategy: 
it increases the brightness of the asteroid 
during one session with a set of consequent 

images with relatively short exposure, i.e., 
it prolongs the “effective exposure time” of 
the object, and representatively shows the 
trajectory of its movement during the entire 
observation period. 

Figure 6 presents an example of an 
image stacking application for asteroid 
observation. This is a stack of 25 5-s frames 
obtained in star-tracking mode during a 
5-hour period in five batches.
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Fig. 6. Stack of 25 5-s images with moving asteroid during a 5-h period. The orientations and  
overlaps of the images are shown.

The resulting stacked image allows for 
the detection of faint NEOs and the deter-
mination of their coordinates. Additionally, 
it is possible to combine images obtained 

by several telescopes simultaneously to 
increase the brightness of small and fast-
moving NEOs, which cannot be detected 
via common observation strategies.

3.3. A Combination of Frames from a Set of Sensors

Figure 7 shows an example of stacking 
using images obtained by two CCD cam-
eras simultaneously. The streak is a satellite 
observed by the OTS in static (not tracking) 
mode. This proves that the use of equato-

rial coordinates enables the processing and 
stacking of optical frames of various ori-
gins, with different orientations of the CCD 
matrices and different scales and distortions 
of images.

Fig. 7. Stack of 2 1-s images obtained by both cameras of OTS simultaneously,  
with a satellite streak.
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If input frames have different source 
parameters, the question of differentiating 
their weights in the stacked frame arises. In 
this case, an estimate of the effective light 
flux (product of the exposure time, telescope 
aperture area, and sensitivity factor) can be 
used. This is implemented in our software, 
but other options are possible. More experi-
mental results obtained by different optical 

systems are needed to evaluate this choice.
Stacking images from a set of sensors 

could be useful for detecting and tracking 
objects in low Earth orbit (LEO), which 
results in increased risks of collisions due to 
the high density of orbital debris [6], [12]. 
Combining images from multiple sensors 
simultaneously can increase the brightness 
of faint streaks of debris.

4. CONCLUSIONS

In this paper, the design of a combined 
active and passive optical measurement 
system has been presented with experimen-
tal results obtained via the new method for 
astronomical imaging, i.e., the method of 
CCD image stacking in equatorial coordi-
nates. 

We have shown that it has several advan-
tages in tracking and detecting space objects 
and can be adapted for various observation 
strategies: in star or target tracking mode or 
in static mode. The main strengths are the 
ability to increase the brightness of faint 
objects via small sensors and the ability to 

combine images obtained by multiple opti-
cal systems, ensuring the detection of small 
and fast-moving objects. As such stacking 
requires the presence of astrometric solu-
tion for all source frames, an effect of small 
number of reference stars on accuracy of 
stacking was evaluated. We have found that 
for stacking purposes accuracy is quite sat-
isfactory even for very few (10–20) refer-
ence stars per frame. More results obtained 
via different optical systems and their com-
binations are needed to fully evaluate the 
effectiveness of the proposed method.
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Along with other works that employ a more complex and time-consuming approach to ana-
lyse the formation of heteromolecular structures in aqueous solutions of dimethylformamide 
and tetrahydrofuran, we propose a new technique based on the combined use of refractometry 
and IR spectroscopy. The formation of intermolecular complexes is analysed by measuring the 
excess refractive index and the ratio of OH absorption bands of bound molecules to those of 
free ones in the concentration range of 0÷1 mole fraction of components. It has been shown 
that the formation of heteromolecular structures occurs within a narrow concentration range 
of 0.3 to 0.4 mole fractions of dimethylformamide and tetrahydrofuran, which corresponds 
to the maximum number of realized hydrogen bonds in the dimethylformamide-water and 
tetrahydrofuran-water systems.

Keywords: Excess refractive index, heteromolecular structures, infrared spectroscopy. 
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1. INTRODUCTION

There are various experimental methods 
for investigating the properties of water and 
aqueous-organic solutions: dielectric [1], [2] 
and infrared spectroscopy [3]–[11], Raman 
spectroscopy [12]–[15], and terahertz 
spectroscopy [16]–[20], X-ray diffraction 
[21]–[23], neutron diffraction [24]–[28], 
proton magnetic resonance spectroscopy 
[29]–[31] and others. All these methods are 
highly sensitive to various structural and 
relaxation changes in molecules of liquids, 
allowing to establish specific mechanisms 
of their mutual dissolution in a wide range 
of component concentrations and solution 
temperatures and to register the formation 
of mono- and heteromolecular associates in 
solutions, as well as clathrate formations in 
aqueous mixtures almost any organic sol-
vents.

Establishing a connection between the 
kinematic, dynamic, and spectral charac-
teristics of molecules allows for a deeper 
understanding of the mechanism of inter-
molecular interactions in each particular 
case.

Understanding the processes of hydro-
gen bond formation plays a significant role 
in determining the structure and physico-
chemical properties of many structures 
and materials, and is intensively studied in 
physics, chemistry, biology, and interdis-
ciplinary research. Systems with hydrogen 
bonds find use in various applied studies, 
for example, in crystal design [30], [31], 
[32], in the creation of systems with self-
assembly [33], [34] and molecular recogni-
tion [35], [36], in hydrothermal synthesis 
[37], [38] and others.

For example, in [39], it was assumed 
from the similarity of the shapes of the OH 
group valence vibration lines in CCl4 solu-
tions that such mixtures form complexes in 

an aprotic medium, but no direct evidence 
of the stoichiometry of the complexes was 
presented. Non-valent interactions in solu-
tion can also be studied by NMR [40]–
[43] and vacuum ultraviolet spectroscopy 
[44]–[46]. In particular, the signals of pro-
tons involved in the formation of hydrogen 
bonds are usually shifted to a rather weak 
field. The difficulty of studying such sys-
tems like NMR spectroscopy lies in the 
rapid molecular and proton exchange, as 
a result of which chemical shifts are aver-
aged over a set of all complexes and mono-
mers coexisting in solution, as well as over 
an ensemble of possible hydrogen bonding 
geometries.

It should be noted that the choice of 
double aqueous-organic mixtures of water 
+ dimethylformamide and water + tetrahy-
drofuran as the subject of research is due 
to their wide practical use in chemical syn-
thesis [48]–[50], optical spectroscopy [51]–
[54], EPR spectroscopy [55], [56], and 
high-performance liquid chromatography 
as mobile phases [57]–[60].

The refractometric parameters and their 
excess values make it possible to under-
stand structural changes in binary and ter-
nary solutions and provide valuable infor-
mation about intermolecular interactions 
[61]–[63]. Thus, a review of the literature 
shows that there are no reports studying 
the combination of infrared spectroscopy 
and refractometry for aqueous solutions of 
dimethylformamide (DMF) and tetrahydro-
furan (THF).

So far, in most studies, the informa-
tion extracted from IR spectra has been 
obtained from the position of absorption 
bands, thus determining the main vibra-
tional modes characteristic of individual 
molecules of mixtures. It was difficult to 
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interpret the absorption bands due to the 
overlap of nearby bands and the insufficient 
resolution of individual bands, associated 
with the need to increase the resolution in 
the IR spectra, which led to the impossibil-
ity of obtaining information on the forma-
tion of clusters, analysis of hydrogen bonds. 
Therefore, such information was obtained 
using other methods: dielectric permittivity 
[63]–[65], total isotropic Rayleigh scatter-
ing of coherent light [66]–[68], viscosity 
[69], [70], and excess molar mixing volume 
[71]–[74]. With the intensive development 
of modern interferometer devices, the time 
scale of spectrum recording has reduced 

dramatically from several minutes to sec-
onds and the sensitivity of the method has 
increased significantly, allowing for obtain-
ing information on intensities, half-widths, 
isotopic shifts, and other finer spectral 
parameters.

This work focuses on the investiga-
tion of structure formation through hydro-
gen bonding. For this purpose, the study of 
refractive indices, excess refractive indices, 
and IR spectra of aqueous solutions of DMF 
and THF was carried out at room tempera-
ture and atmosphere pressure over a wide 
range of concentrations.

2 EXPERIMENTAL

2.1 Materials

Standard grade tetrahydrofuran 
(C4H8O) (minimum assay 99.9 wt.%) and 
N,N-dimethylformamide (C3H7NO) (purity 
~99.9 wt.%) obtained from Reagent Plus, as 
well as distilled water with pH=7.02 were 
used in the experiments. For preparation of 
aqueous solutions of THF and DMF, high-

precision analytical scales EP 214C (Ohaus 
Explorer Pro, Switzerland) with an accu-
racy of ≤0.0002 g was used. Each aqueous-
organic solution of a given composition 
was prepared separately and was not used 
in the preparation of solutions with different 
concentration of compositions.

2.2 Measurement

Refractive indices were measured using 
a high-sensitivity PAL-RI digital refrac-
tometer (ATAGO, Japan). The instrument 
measures refractive indices in the range of 
1.3306–1.5284; the measurement error n is 
<0.0001.

Fourier transform infrared spectra were 

recorded on a Perkin Elmer Spectrum Two 
spectrophotometer with a signal-to-noise 
ratio of 9300:1 and a resolution of 0.5 cm-1 
on a LiTaO3 detector. The spectra of pure 
water, DMF, THF, and their mixtures were 
recorded in the wavelength range of 4000-
400 cm-1.

3 RESULTS AND DISCUSSION

3.1 Refractometric Properties

Precision measurements of the refrac-
tive indices (nE) of a number of pure single-

component liquids (water, DMF and THF), 
as well as aqueous solutions of DMF and 
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THF in a wide range of component concen-
trations were carried out at the wavelength 
of the D2-line of the sodium atom (λ=589 
nm) using a high-sensitivity refractometer. 
In order to avoid the possible influence of 
even minor temperature fluctuations both 
on the density of water and on the density of 
organic solvent, and therefore on the density 
of the aqueous organic solutions studied by 
us, all the experiments below were carried 
out in a closed thermostatically-controlled 
laminar flow box at a fixed temperature 
t=25±0.2 °C and atmospheric pressure.

The stability of the temperature in the 
measurement compartment was controlled 
by a built-in thermostat on a Peltier ele-
ment. The duration of measuring the refrac-
tive index of each sample of the solution 
was no more than 5 seconds. 0.3 ml solu-

tion of each sample by three times was mea-
sured to ensure measurement accuracy and 
to avoid equipment error.

The excess refractive indices in terms 
of the refractive index of pure liquids and 
their binary solutions of molar composition 
x were calculated using the equation:

)( 2211 nxnxnn mix
E +−= ,

where x1, x2, n1 and n2, are the mole fractions 
and refractive indices of the first and second 
solvents in their solutions, respectively, and 
nmix is the refractive index of the solution.

An important optical parameter that can 
exhibit ionic or molecular behaviour in a 
mixture is the refractive index, which is 
primarily determined by the structure of the 
molecule, wavelength, and temperature.

Table 1. Experimental Mole Fraction, Refractive Index,  
Excess Refractive Index and Excess Refractive Index for DMF-Water and THF-Water

x, DMF n nE x, THF n nE

1.000
0.897
0.797
0.702
0.601
0.498
0.398
0.302
0.201
0.099
0.000

1.4272
1.4251
1.4239
1.4224
1.4200
1.4167
1.4113
1.4045
1.3904
1.3677
1.3324

0.0000
0.0077
0.0160
0.0235
0.0307
0.0371
0.0411
0.0435
0.0389
0.0259
0.0000

1.0000
0.9003
0.8025
0.6970
0.5977
0.4961
0.3972
0.2974
0.2002
0.1043
0.0000

1.4098
1.4088
1.4075
1.4051
1.4024
1.3990
1.3949
1.3860
1.3707
1.3574
1.3324

0.0000
0.0067
0.0130
0.0188
0.0237
0.0282
0.0320
0.0296
0.0228
0.0169
0.0000

The refractive index of the mixture 
depends on chemical rearrangements dur-
ing mixing of solutions associated with 
electron polarizability, and the peak of the 
excess refractive index occurs when the 
physical properties of solvent-solvent pro-
cesses change [64]. This can be shown from 
the calculated values of the excess refrac-
tive indices, where the nE of the aprotic-
protic solvent mixtures are higher than that 
of the protic-protic ones. In the THF-water 
and DMF-water systems, the refractive 

index values change monotonically with 
increasing molarity of aprotic liquids [64]. 
The refractive indices and calculated excess 
refractive indices of the THF-water and 
DMF-water mixtures are shown in Table 1. 
The refractive indices of the THF-water 
and DMF-water systems show a positive 
value along the x-axis (Fig. 1). We obtained 
deviations from the theoretical line, which 
indicates specific molecular interactions 
between various components.
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Fig. 1. Excess refractive index for binary solutions  
of DMF-water (a) and THF-water (b).

Figure 1 shows the excess refractive 
indices of DMF (a) and THF (b) in water, 
respectively, with different concentrations. 
The maximum of excess refractive indices 
corresponds to 0.3÷0.4 mole fraction of 
DMF and THF in the water. This is a good 
agreement with other literature data [63], 
[66], [68]. These maximum points repre-
sent the maximum number of interactions 
(intermolecular bonds) between DMF and 
water, as well as THF and water. These 
intermolecular bonds can be of different 
types, such as Van der Waals bonds, but 

they are more likely to be hydrogen bonds 
[13]. In comparing intermolecular interac-
tions of water solutions, it is shown that the 
maximum value of the excess refractive 
indices of DMF-water is higher than that 
of THF-water. This result indicates that the 
solvent-solvent interaction of DMF-water 
is stronger in the same molar ratio of DMF 
and THF with water. Unlike the THF, the 
existence of nitrogen in the DMF makes 
both donor and acceptor bonds in the solu-
tion and strengthens bonds between DMF 
molecules and water [14], [15].

3.2 Infrared Spectra

Vibrational spectroscopy provides 
detailed and rare information about the 
intermolecular and intramolecular bonding 
interactions in liquids. Investigating vibra-
tional frequency, changes in intensity and 
bandwidth offers valuable insight into the 
specific type of intermolecular interactions 
taking place in the liquid state. The infrared 
spectra of binary solutions of DMF-water 
and THF-water with a concentration range 

of 0–1 mole fraction were recorded. Figure 2 
shows IR spectra of DMF-water (Fig. 2a) 
and THF-water (Fig. 2b) in the 3700–3000 
cm-1 region.

The peak of maximum intensity in the 
spectra of DMF-water and THF-water is 
located at around 3400 cm-1. Extremely 
wide spectra of OH stretching of both DMF-
water and THF-water solutions undergo 
changes in integral intensity, as well as in 
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the contour shape and the ratio of intensities 
taken at low frequency to high-frequency 
field. The absorption band 3352 cm-1 of 
DMF-water shifts to 3500 cm-1, absorption 
band of THF-water at 3352 cm-1 shifts to 
3450 cm-1 as shown in Fig. 2b. These shifts 
in the OH stretching region indicate strong 
hydrogen bonding interactions between 
DMF and THF, respectively, with water 
molecules (Fig. 2a). At XDMF < 0.4, hydro-
gen bonds between DMF and water mol-
ecules occur rapidly as a result of the dis-
ruption of the tetrahedral structure of water 
or the breaking of hydrogen bonds between 

water molecules. A similar phenomenon 
was observed in the DMF-water system by 
Raman spectroscopy [74]. Results of the 
exothermic enthalpies of DMF-water solu-
tion show at x ≈ 0.33 mole fraction of DMF, 
the repulsive interaction between the hydro-
phobic groups (CH3) and water drives the 
formation of larger, longer-lived molecular 
clusters. This repulsive interaction leads to 
energy being released, and the hydrogen 
bonds between DMF and water are stronger 
than hydrogen bonds between water mol-
ecules [74].

Fig. 2. Absorption bands 3000–3700cm-1 of OH-groups in the infrared spectra  
of DMF-water (a), and THF-water (b) solutions.
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According to the measured IR spectra, it 
was shown that the mixture of water+THF 
forms complexes of 1:2 composition in 
the concentration range 0.1<x<0.4. It was 
shown that the hydration of THF occurred 
with the participation of weak hydrogen 
bonds H2O⋯H-C. It was also demonstrated 
that, in a narrow concentration range of 
0.25–0.4 mole fraction of THF, the excess 
molar volume has a maximum character-
ising the formation of a dense structural 
packing of mixtures accompanied by strong 
interactions between molecules of both 
components [67], [69]. Excess molar vol-
umes for the tetrahydrofuran + water sys-
tem were calculated from experimentally 
measured densities and correlated using 
the Redlich-Kister equation [70]. The nega-
tive excess molar volume maxima also 
provide information about the presence of 
the following factors, such as strong spe-
cific interactions between hetero molecules 
via hydrogen bonds. The highest negative 
value of the molar volume is observed at a 
mole fraction of THF ~0.37 [67]. This indi-

cates that the size of self-associated clusters 
formed by water molecules decreases with 
an increase in the molar fraction of THF in 
the concentration range and 0<XTHF<0.4 
[69]. The NMR data showed that the rota-
tional motion of water molecules was most 
restricted at a concentration of x ≈ 0.3 mole 
fraction of tetrahydrofuran, suggesting that 
the hydrogen bonds between water mol-
ecules were most immobile at this concen-
tration.

The previous work [75] showed the 
ratio of absorption intensities at 3240 and 
3360 cm-1 oscillation frequencies of OH-
groups bound by strong and weak H-bonds 
for IR spectra of water-ethanol solutions. 
This ratio of absorption intensities by con-
centration of components allows obtain-
ing information of stronger and quantity 
of H-bonds in solutions. In this work, we 
calculated the ratio of absorption intensi-
ties at 3246 cm-1 and 3352 cm-1 which cor-
responded to strong and weak hydrogen 
bonding, respectively (Fig. 3).

Fig. 3. Ratio of absorbance values taken at wavenumbers 3246 and 3360 cm-1  
as a function of DMF (a) and THF (b) concentrations in solution.
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DMF-water owns a wide maximum peak 
position, which includes 0.2–0.5 mole con-
centration of DMF in water, signified 0.3 
mole DMF has strongest H-bonding, other 
concentrations like 0.2 and 0.4 closely make 
H-bonds in the solution. THF-water showed 
very sharp maximum of the peak at 0.3 mole 
fraction of THF in water, which formed 0.3 
THF distinguishable strong H-bonds than 
other concentration. This result shows that 
hydrogen bond strengthening and significant 
structural rearrangement occur in the con-
centration range of 0.3<x<0.4 mole fraction 
of DMF and THF. Both graphs show that 
the ratio passes through a maximum in the 
dissolved component concentration region 
of 0.3÷0.4 mole fraction. We interpret these 
results in terms of hydrogen bond saturation 
and maximum realization of the number of 
hydrogen bonds in mixtures within a nar-
row concentration range of DMF and THF. 
A comparative analysis of hydrogen bonding 
shows that water molecules are more strongly 
bonded to DMF than to THF. This IR analy-
sis is in good agreement with the properties 
of H-bonds predicted by the refractive index 
excess. According to the purpose of the work, 
these two methods of analysis, complement-
ing each other, are advantageous in obtaining 
quick and accurate information on H-bonds 
in the structure.

Another calculation for evaluating the 
characteristics of hydrogen bonds in mix-
tures was presented in the previous work 
[75]. Plotting deconvoluted the main sym-
metric and asymmetric OH stretching bands 
of Raman spectra, using Gaussian fitting 
characterised hydrogen bonds in DMF-
water solutions [76]. As it is known, the 
spectral characteristics of hydrogen bond-
ing represent three main spectral compo-
nents with maxima of vibrations of strongly 
H-bonded OH-groups (3200 cm-1), weakly 
H-bonded OH-groups (3400 cm-1) and 
vibrations of free OH-groups (3650 cm-1) 
[65]–[67], [73], [74].

To indicate changes in the infrared spec-
tra, we calculated the ratio of optical den-
sity values which is the value of the speed 
of light passing through a sample. The cor-
responding Gaussian fitting results of pure 
water are shown in Fig. 2.

Detailed information of the Gaussian 
fitting to indicate symmetric and asym-
metric H-bonding using IR spectrum of the 
pure water is given in Table 2. In the same 
way, we fitted all IR spectra DMF-water 
and THF-water solutions. Results of the 
detected peak position of symmetric and 
asymmetric H-bonds of pure water, as well 
as other mixtures are shown in Table 2.

Table 2. Peak Position of the Symmetric and Asymmetric H-Bonding of  
OH Group in DMF-Water and THF-Water Mixtures Detected by Gaussian Fitting of IR Spectra

Mole fraction of DMF Asymmetric OH bonds
(weak hydrogen bonds)

Symmetric OH bond
(strong hydrogen bonds)

0 3183 3360
0.1 3201 3385
0.2 3241 3411
0.3 3250 3412
0.4 3257 3422
0.5 3258 3428
0.6 3279 3454
0.7 3277 3459
0.8 3282 3469
0.9 3292 3483
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Mole fraction of THF Asymmetric OH bonds
(weak hydrogen bonds)

Symmetric OH bond
(strong hydrogen bonds)

0 3183 3360
0.1 3227 3397
0.2 3229 3405
0.3 3225 3405
0.4 3246 3409
0.5 3258 3419
0.6 3241 3430
0.7 3268 3431
0.8 3272 3459
0.9 3270 3463

 

Fig. 4. Infrared intensity peaks of water with different mole fractions of DMF (a) and THF (b).

Figure 4 illustrates the infrared peak 
intensities of water at different XDMF and 
XTHF in OH stretching vibration mode. 
Complexes are formed rapidly between 

water molecules and DMF and water mo-
lecules and THF molecules through the 
hydrogen bonds (Figs. 4a and 4b). At low 
concentration of DMF, the red shift of the 
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OH stretching vibration mode may be due 
to the fact that DMF barely weakens the  
tetrahedral structure of water [76]. However, 
very interestingly, at medium concentrations 
of DMF (0.3–0.5) a linear horizontal posi-
tion is maintained, which we may consider as 
DMF replacing water molecules and DMF-
water molecules creating a maximal number 
of hydrogen bonds and balancing with heter-
ostructures of DMF-water and structures of 
water-water. Nevertheless, the OH stretching 
vibration mode quickly moves up at XDMF > 
0.5, which may be due to the fact that as the 
concentration of DMF increases in DMF-
water mixtures, the tetrahedral structure of 
water is destroyed, resulting in the breaking 
of hydrogen bonds between water and water.

In the case of THF-water, we observed 
a clear boundary of changes at 0.3 mole 
of THF. Unlike the medium concentration 
effect of DMF on water molecules, THF 
enters into the water molecule network, 
which is formed due to hydrogen bonds, 
and linearly affects the structure of water 
by increasing its concentration. It can be 
seen that the critical point of the concen-
tration of THF is 0.3, where the maximum 
H-bonds occur between molecules of 
THF and water. By increasing concentra-
tion of THF, hydrogen bonds weaken and 
decrease due to destroying water-water 
H-bonds, increasing THF-THF structures 
in the solutions.

4. CONCLUSIONS

By analysing the refractometry data in 
detail, it was found that structural changes 
occurred for DMF-water at ~0.3 mole frac-
tion of DMF and THF-water at ~0.4 mole 
fraction of DMF. The studied two-com-
ponent mixtures of THF-water and DMF-
water belong to the category of solutions, 
in which not only intramolecular but also 
intermolecular complexes with H-bonding 
are formed, leading to compaction of solu-
tions. The latter is confirmed by positive 
values of the excess refractive indices of all 
three binary mixtures in the entire range of 
component concentrations (0<X<1).

The established patterns of structural 
self-organization of binary solutions can be 
useful both for planning chromatographic 

experiments using two-component aqueous 
organic solvents as a mobile phase and for 
analysing the results obtained.

Thus, a novel approach based on the 
combined use of refractometry and IR spec-
troscopy is proposed to study structural 
changes in DMF-water and THF-water solu-
tions over a concentration range from 0.0 
to 1.0 mole fraction of components at room 
temperature and atmospheric pressure. It is 
shown that refractometry and IR spectros-
copy are not only simple and accessible 
for studying aqueous solutions of aprotic 
solvents, but also extremely sensitive for 
detecting the formation of heteromolecular 
structures due to hydrogen bonds.
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Transport poverty, defined as limited access to affordable, safe, and efficient mobility, is an 
emerging policy concern with growing relevance to energy, climate, and social equity agendas. 
While energy poverty is already recognised as a critical challenge in sustainable development, 
the interlinkages between energy and transport poverty remain insufficiently explored. This 
paper examines the structural relationship between both forms of poverty, particularly focus-
ing on the role of energy costs in limiting mobility options for vulnerable populations. We 
argue that transport poverty should be considered a dimension of energy poverty, especially 
taking into account rising fuel prices, declining access to public transport, and uneven infra-
structure development. Using a qualitative policy review combined with a statistical analy-
sis of long-term mobility trends and household expenditure data in Latvia, we identify key 
patterns of transport exclusion and their overlap with energy vulnerability. The results show 
a strong correlation between energy cost inflation and reduced mobility, particularly among 
low-income and rural households, with declining use of public transport further reinforcing 
structural inequalities. The study also explores future risks and opportunities, including the 
growing role of electrification, synthetic fuels, and renewable energy in reshaping the transport 
landscape. Policy implications are discussed, focusing on decentralised, locally adapted solu-
tions aimed at mitigating transport poverty and enhancing inclusive mobility in the context of 
broader decarbonisation goals.
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1. INTRODUCTION

Transport poverty, according to policy 
planners and researchers, manifests itself 
in limited access to accessible, affordable, 
safe, and efficient transport, which affects 
people’s ability to participate in public 
life, access education, healthcare, work, 
and other basic needs [1]. Transport pov-
erty is often fundamentally linked to social 
and economic inequalities, as access to 
transport is an essential prerequisite for 
ensuring an individual’s mobility in the 
labour market, providing access to critical 
services that affect quality of life, prevent-
ing threats to an individual’s quality of life 
in cases where the need to use transport 
services is linked to an individual’s state 
of health, and reducing the risks of social 
exclusion for such groups in society as 
families with minor children, persons with 
disabilities, as well as elderly persons. As 
outlined by policymakers and research-
ers  [2], transport poverty is not merely a 
logistical or infrastructural challenge, but 
a socio-economic phenomenon closely 
tied to systemic inequalities. Individuals 
experiencing transport poverty often face 
a compounding disadvantage, as the lack 
of mobility can reinforce or exacerbate 
existing vulnerabilities, such as unem-
ployment, poor health, and educational 
underachievement. Transport is not only a 
means of movement but also a key enabler 
of inclusion and opportunity within mod-
ern society. The negative consequences 
of transport poverty disproportionately 
affect specific social groups, including 
low-income households, families with 
young children, people with disabilities, 
and elderly individuals. These populations 
are often less mobile, more dependent on 
public transport, and more vulnerable to 
increases in fuel prices, service cuts, or 

the absence of suitable transport options. 
In many rural and peri-urban regions, spa-
tial isolation further compounds transport 
exclusion, creating “mobility deserts” 
where access to even basic services is 
severely constrained [3]. 

In such contexts, mobility becomes a 
determinant of social inclusion or exclu-
sion. The inability to travel can lead to 
missed employment opportunities, delayed 
medical treatment, interrupted educa-
tion, and deteriorating social networks. 
As a result, transport poverty contributes 
directly to broader patterns of deprivation, 
economic immobility, and geographic 
inequality. Furthermore, there is growing 
recognition of the intersection between 
transport poverty and energy poverty, par-
ticularly in regions where private vehicles 
are the predominant mode of mobility. The 
rising costs of automotive fuels and vehi-
cle maintenance disproportionately impact 
economically disadvantaged households, 
forcing them either to allocate a significant 
share of income to transport or to reduce 
travel altogether, thus falling deeper into a 
cycle of exclusion and constrained oppor-
tunity [4], [5]. Addressing transport pov-
erty, therefore, requires a multi-sectoral 
approach that includes not only transport 
infrastructure planning and social policy 
but also energy pricing strategies, spatial 
planning, and environmental sustainabil-
ity. Without such integrated action, the 
structural barriers limiting mobility will 
continue reinforcing existing inequalities 
and hindering progress toward equitable 
and resilient societies.

Recent studies highlight the growing 
need to examine transport poverty in con-
junction with energy poverty, acknowledg-
ing that both phenomena often affect the 
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same vulnerable social groups and exhibit 
overlapping structural drivers. Conceptu-
ally, this intersection is underpinned by 
three main factors: the mutual influence of 
energy prices and transport costs; shared 
socio-economic determinants in affected 
populations; and the feedback effects of 
energy poverty mitigation strategies on 
mobility and transport affordability. A crit-
ical link arises through the cost structure of 
mobility, which is strongly dependent on 
global energy markets. An analysis of the 
transport services sector reveals that fuel 
price volatility, particularly crude oil and 
refined automotive fuel, remains a domi-
nant factor influencing transport afford-
ability. Buljan and Badovinac (2023) dem-
onstrated that the 2021–2022 energy shock 
led to significant increases in transport 
service prices across EU countries, with 
the highest impacts observed in states with 
weak modal diversification and high fossil 
fuel dependence [6]. Latvia, as a net energy 
importer and with limited low-carbon pub-
lic transport coverage in rural areas, is par-
ticularly exposed to such shocks. Although 
the correlation between crude oil and other 
energy prices, such as natural gas and elec-
tricity, has declined in the past decade, it 
remains statistically significant and pol-
icy-relevant. Luo and Ye (2024) confirm 
that electricity prices, while decoupling 
from oil in many markets, still exhibit 
time-varying and asymmetric responsive-
ness to oil price fluctuations, particularly 
during crisis periods [7]. 

This coupling implies that rising 
household energy burdens often translate 
into increased transport poverty risks, 
especially for car-dependent and off-grid 
communities. The inflationary pressures 
on transport fuel prices directly affect low-
income groups’ mobility, particularly in 
Latvia’s peripheral municipalities, where 
alternative transport modes are limited. 

Furthermore, Savickis et al. (2020) high-
light the importance of linking natural gas 
and biomethane strategies in transport with 
energy affordability and accessibility goals 
[5]. Looking ahead, structural changes in 
both the energy and transport sectors are 
likely to intensify this interconnection. On 
the one hand, the electrification of mobility 
is accelerating across the European Union, 
supported by policy incentives and falling 
battery prices. On the other hand, synthetic 
fuels, including hydrogen and its deriva-
tives, are gaining technological maturity 
and are expected to complement elec-
tric mobility, particularly in heavy-duty, 
long-haul, and aviation sectors [8]. How-
ever, these transitions carry risks of new 
exclusion mechanisms. If the deployment 
of electric mobility and hydrogen infra-
structure prioritises urban, high-income, 
or early-adopter populations, the afford-
ability gap may widen for others. In this 
context, the cost of electricity as a trans-
port energy vector becomes increasingly 
relevant. As Luo and Ye (2024) [7] point 
out, electricity price fluctuations – driven 
by geopolitical, regulatory, and environ-
mental factors – can now have more direct 
implications for transport poverty than in 
previous decades. Transport and energy 
poverty should be treated not as isolated 
policy concerns, but as interlinked com-
ponents of a broader socio-technical tran-
sition. Understanding their synergies and 
feedback loops is essential for designing 
just and effective decarbonisation strate-
gies.

Transport poverty is a growing con-
cern across the European Union, particu-
larly as decarbonisation policies, rising 
energy prices, and spatial inequalities con-
tinue to affect mobility access for vulner-
able groups. Although the concept has not 
yet been uniformly defined across all EU 
Member States, a growing body of litera-
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ture and policy studies acknowledges its 
multidimensional nature – encompassing 
affordability, accessibility, and availability 
of transport services – and its intersection 
with social exclusion and regional dispar-
ity. According to a 2022 European Parlia-
mentary Research Service report, transport 
poverty affects between 10  % and 25  % 
of the EU population, depending on how 
it is measured and defined [9]. Vulner-
able populations – including low-income 
households, people with disabilities, older 
people, and residents of rural or peri-urban 
areas – are particularly exposed due to 
their limited access to affordable and effi-
cient transport services. In France, trans-
port poverty became a central issue during 
the 2018–2019 “Gilets Jaunes” (Yellow 
Vests) protests, which were initially trig-
gered by a proposed fuel tax increase. 
Many low- and middle-income households 
living in peri-urban and rural areas argued 
that rising fuel costs disproportionately 
burdened them due to their dependence 
on private vehicles and the lack of viable 
public transport alternatives. The protests 
exposed the gap between national climate 
policies and local transport realities, lead-
ing to new discussions on mobility jus-
tice and equitable green transitions [10]. 
Although no longer part of the EU, the UK 
remains an important reference for trans-
port poverty research. 

The Joseph Rowntree Foundation 
found that around 1.5 million people in 
the UK were at high risk of transport 
poverty in 2020, with rural and subur-
ban areas disproportionately affected [2]. 
In response, UK policymakers have 
explored targeted fare subsidies and 
mobility-as-a-service models, though 
challenges in coverage and affordability 
persist. In Central and Eastern Europe, 
countries like Hungary and Bulgaria 
exhibit high levels of transport poverty, 

particularly in rural regions where public 
transport systems have deteriorated post-
transition. A 2023 review by the European 
Commission highlighted that in Bulgaria, 
nearly 40  % of rural residents reported 
difficulty accessing basic services due 
to transport constraints. In Hungary, the 
consolidation of regional bus routes has 
led to service gaps that significantly hin-
der access to employment and education 
for low-income and elderly populations 
[11]. Italy faces transport poverty chal-
lenges primarily in southern regions such 
as Calabria and Sicily, where low public 
transport density and high vehicle own-
ership costs create barriers to mobility. 
According to the Italian National Institute 
of Statistics, households in the lowest 
income quintile spend up to 15 % of their 
income on transport, well above the 10 % 
threshold often used to define affordabil-
ity limits [12]. Germany has made signifi-
cant efforts to address transport afford-
ability through its 9-Euro Ticket pilot 
scheme in 2022, which allowed unlimited 
travel using local and regional transport 
for EUR 9/month. The programme was 
widely praised for increasing mobility 
among low-income users and reducing 
car usage, though long-term funding and 
structural integration remain unresolved. 
Early evaluations suggest that affordabil-
ity-focused measures can directly reduce 
transport poverty risks [13]. Across the 
EU, transport poverty is shaped by a 
combination of rising fuel prices, inad-
equate public transport infrastructure, 
and spatial inequalities in housing and 
services. While high-income countries 
face affordability challenges and modal 
mismatches in urban-suburban transi-
tions, lower-income Member States are 
disproportionately affected by structural 
underinvestment and accessibility defi-
cits. These dynamics underline the need 
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for context-sensitive, place-based poli-
cies that combine transport, energy, and 
social objectives.

Transport poverty in Latvia is an 
emerging but under-explored issue that has 
become increasingly relevant considering 
recent socio-economic developments and 
energy market shocks. Despite its grow-
ing importance, it remains largely absent 
from national strategic planning docu-
ments and public discourse. Nonetheless, 
structural evidence suggests that transport 
poverty poses a significant barrier to inclu-
sive mobility, particularly for rural, low-
income, and carless households. Latvia’s 
demographic and territorial structure, char-
acterised by dispersed rural settlements, 
population ageing, and regional depopula-
tion, exacerbates the vulnerability of spe-
cific groups to transport exclusion. 

Many inhabitants of smaller towns 
and peripheral regions lack reliable and 
affordable access to public transport and 
are thus heavily reliant on private vehicles. 
However, Eurostat data show that nearly 
half of Latvian households do not own a 
car, one of the highest rates in the Euro-
pean Union, especially among low-income 
households [14]. The long-term decline of 
Latvia’s public transport sector has further 
deepened the accessibility gap. Between 
1990 and 2024, passenger turnover in rail-
way transport decreased more than seven-
fold – from 144.5 million to 19.7 million 
passengers annually – while bus transport 
usage fell from approximately 500 million 
to 100 million passengers per year, reflect-
ing a fivefold reduction [15]. This erosion 
of service availability and frequency, espe-
cially in rural areas, has not been matched 
by improvements in alternative modes 
such as shared mobility, cycling infra-
structure, or integrated multimodal sys-
tems. For residents without private trans-
port, especially in low-density and ageing 

municipalities, this decline has resulted in 
tangible reductions in mobility. The con-
sequences are wide-ranging, including 
reduced access to employment, education, 
healthcare, and public services. Such con-
straints intensify social exclusion and rein-
force territorial disparities, as observed in 
other Eastern European contexts facing 
similar transport-related challenges [16]. 
Further compounding the problem are high 
and volatile fuel costs. 

According to the Latvian Energy 
Agency, household transport expenditures 
have risen disproportionately compared to 
income levels over the last decade, espe-
cially during the 2021–2022 energy cri-
sis. This aligns with EU-wide analyses 
showing that energy price shocks directly 
increase transport poverty risks in coun-
tries with high dependence on fossil fuels 
and limited modal alternatives [6]. More-
over, studies have shown that low-income 
Latvian households often lack the financial 
means to maintain or replace older vehi-
cles with newer, more fuel-efficient mod-
els, resulting in higher ongoing operating 
costs and reduced reliability [17]. This 
creates a mobility trap, wherein economi-
cally vulnerable individuals are forced to 
use outdated, inefficient, and ultimately 
more expensive means of transport. Given 
these conditions, Latvia faces a growing 
risk of institutionalising transport poverty 
as a structural form of exclusion. Without 
targeted policy interventions that com-
bine public transport revitalisation, spatial 
planning reform, and affordability mea-
sures, vulnerable populations may become 
increasingly disconnected from opportu-
nities necessary for social and economic 
resilience.

The goal of this study is to examine 
the structural interlinkages between trans-
port poverty and energy poverty in the 
European context, with a specific focus 
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on Latvia, to assess how climate, energy, 
and mobility policy reforms affect socio-
economically vulnerable populations. To 
achieve this goal, the study pursues the 
following specific objectives:
•	 to define and contextualise transport 

poverty within broader frameworks of 
energy poverty, mobility inequality, 
and social exclusion in EU policy and 
academic literature;

•	 to assess the long-term decline of pub-
lic transport use in Latvia, using histor-
ical data to illustrate structural accessi-
bility deficits and regional disparities;

•	 to analyse the impact of rising energy 
and transport costs on household 

expenditure patterns, with a focus on 
vulnerable groups (low-income, rural, 
elderly, carless);

•	 to identify and evaluate policy instru-
ments and localised solutions that can 
mitigate transport poverty in the con-
text of energy transition and decarbon-
isation, particularly for under-served 
areas;

•	 to propose a conceptual framework 
linking transport and energy poverty as 
mutually reinforcing socio-economic 
constraints, supporting the case for 
integrated, multi-sectoral policy inter-
ventions.

2. METHODOLOGY

This study applies a mixed-methods 
approach combining policy analysis and 
secondary quantitative data evaluation to 
investigate the interrelationship between 
transport poverty and energy poverty, with 
a primary focus on Latvia and comparative 
insights across the selected EU Member 
States.

A structured qualitative review of key 
policy documents has been conducted to 
assess the treatment of transport poverty 
within national and EU-level policy frame-
works. The analysis has covered:
•	 Latvian strategic documents, including 

the National Energy and Climate Plan 
2021–2030, Sustainable Development 
Strategy 2030, and Transport Develop-
ment Guidelines;

•	 European Commission strategies on 
decarbonisation and mobility, includ-
ing Fit for 55, Sustainable and Smart 
Mobility Strategy, and related legisla-
tive instruments;

•	 reports by the European Parliamentary 

Research Service (2022) and other pol-
icy think tanks;

•	 academic studies on the socio-political 
dimensions of mobility exclusion [2], [10].

This review has focused on identify-
ing policy instruments directly or indirectly 
affecting vulnerable transport users, includ-
ing tax regimes, fare subsidies, fuel pricing, 
infrastructure planning, and social support 
integration. To support empirical insights, 
the study has utilised secondary data from 
authoritative sources:
•	 Eurostat: for passenger transport by 

mode, car ownership, fuel price indices, 
and regional statistics;

•	 the Central Statistical Bureau of Lat-
via (CSB): including historical rail and 
bus passenger turnover (1990–2024), 
household transport spending, and 
mobility indicators;

•	 the Latvian Energy Agency: data on 
transport energy consumption trends 
and energy price impacts;
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•	 the OECD and European Commission 
reports: covering mobility disparities, 
income quintiles, and affordability met-
rics.

Data have been analysed to observe 
trends in:
•	 declining public transport use in Latvia;
•	 changes in private vehicle reliance by 

income group;
•	 household exposure to transport and 

energy expenditure burdens;
•	 car ownership disparities as a proxy for 

mobility inequality.

A comparative indicator table has been 
developed to benchmark Latvia against 
five other EU countries (France, Germany, 
Italy, Bulgaria, and Hungary). The figure 
includes:
•	 car ownership rates per 1000 persons;

•	 urban household access to public trans-
port;

•	 estimated percentage of households in 
transport poverty;

•	 fuel expenditure as a share of household 
budgets.

The indicators have been selected based 
on availability, relevance, and their applica-
tion in prior EU-wide assessments [6], [9].

A conceptual framework has been con-
structed to illustrate the dynamic interplay 
between transport poverty and energy pov-
erty, emphasising shared cost traps and the 
role of spatial inequality. This model inte-
grates statistical patterns with policy find-
ings to highlight systemic feedback loops 
and exclusion risks. The framework sup-
ports the discussion on transport justice and 
policy intervention strategies presented in 
the current article.

3. COMPARATIVE ASSESSMENT OF TRANSPORT 
POVERTY AND ITS INTERSECTIONS WITH ENERGY POVERTY

Understanding the dynamics of trans-
port poverty in the European Union requires 
not only a definition rooted in socio-eco-
nomic exclusion and accessibility con-
straints, but also a comparative examination 
of how this phenomenon manifests across 
different Member States. As highlighted 
by the European Parliament [1], transport 
poverty is a multi-dimensional issue that 
arises when individuals or households are 
unable to access necessary transport ser-
vices due to financial, infrastructural, or 
spatial constraints. Importantly, transport 
poverty shares numerous characteristics 
with energy poverty, most notably, the dis-
proportionate burden on low-income and 
rural populations, and the link to structural 
underinvestment in critical public services 

[9], [18], [19]. To illustrate the national dif-
ferences in the manifestation of transport 
poverty, Fig. 1 presents a comparison across 
six EU countries: Latvia, France, Germany, 
Italy, Hungary, and Bulgaria, using three 
key indicators: car ownership per 1000 
inhabitants, public transport access for 
urban households, and the estimated share 
of households at risk of transport poverty.

As shown in Fig. 1, significant dis-
parities exist between Western and Eastern 
EU Member States. France and Germany 
exhibit high car ownership (above 600 
vehicles per 1,000 inhabitants) and near-
universal public transport access among 
urban households. These factors correlate 
with comparatively lower estimated trans-
port poverty rates (below 10 %) [9], [20]. 
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In contrast, Latvia, Hungary, and Bulgaria 
present a much more precarious situation. 
Latvia, for instance, shows a car ownership 
rate of approximately 360 cars per 1000 
inhabitants and public transport accessibil-
ity for around 65 % of urban households. In 
contrast, approximately 22 % of households 
are at risk of transport poverty. This aligns 
with Eurostat data on income quintiles and 
regional accessibility, further confirming a 
pattern of compounded socio-spatial disad-
vantage [8].

The disparities in Fig. 1 underscore the 
contextual nature of transport poverty. In 
wealthier Western European nations, trans-
port poverty mitigation may revolve around 
enhancing affordability, reducing emissions, 

and promoting modal shift through multi-
modal integration and smart infrastructure. 
Conversely, for Eastern European Mem-
ber States, including Latvia, the core chal-
lenges relate to deteriorating infrastructure, 
sparse public transport coverage, ageing 
vehicle fleets, and institutional undercapac-
ity for long-term investment planning [17], 
[21]. However, transport poverty cannot be 
viewed in isolation. There is growing recog-
nition within the academic literature that it 
is structurally and economically entangled 
with energy poverty. Figure 2 illustrates this 
interconnectedness by outlining key drivers 
of each poverty form, while also identifying 
overlapping vulnerabilities.

Fig. 1. Comparative indicators of transport poverty in the selected EU countries.

Figure 2 demonstrates that while energy 
poverty typically stems from high fuel 
prices, low incomes, and poor household 
energy efficiency, transport poverty arises 
due to limited transport infrastructure, high 
car dependency, as well as vehicle own-
ership and maintenance costs. Critically, 

shared vulnerabilities include rural isola-
tion, income inequality, and policy neglect. 
These overlapping constraints form a rein-
forcing cycle that entraps households in 
multidimensional deprivation, as discussed 
by Kroics et al. [21] and Jasevics et al. [18].
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Fig. 2. Shared vulnerabilities between energy and transport poverty.

In Latvia, these interconnections are 
particularly evident. Recent studies have 
highlighted that nearly 30 % of rural house-
holds have trouble affording transportation 
to essential services such as healthcare and 
employment, exacerbated by the country’s 
low-density settlement structure and declin-
ing public transport provision [5], [22]. The 
Central Statistical Bureau of Latvia (2024) 
reports a dramatic decline in public transport 
usage over the past three decades – rail pas-
senger turnover dropped from 144.5 million 
in 1990 to 19.7 million in 2024, while bus pas-
senger numbers fell from 500 million to 100 
million in the same period. These declines 
suggest not only changing travel behav-
iour but also the erosion of viable mobility 
options for large segments of the population. 
This trend reflects a broader structural shift 
in the EU cohesion policy, where market-
oriented transport liberalisation and reduced 
investment in rural infrastructure have failed 
to align with decarbonization objectives and 
the social inclusion goals of the European 
Green Deal [1], [19], [23]. In effect, house-
holds caught in the intersection of energy and 
transport poverty are increasingly excluded 
from both the benefits of the energy transi-
tion and the mobility required to participate 

in economic and social life.
To address this issue, research increas-

ingly calls for integrated policy approaches 
that bridge energy and mobility planning. 
For example, the deployment of shared 
transport systems and electrified last-mile 
services, particularly in rural and peri-urban 
areas, has been identified as a promising 
mitigation pathway [8], [24]. Furthermore, 
hydrogen mobility solutions and improved 
access to electric vehicle charging infra-
structure can provide long-term synergies, 
as explored by Backurs et al. [24] and 
Gorobetz et al. [22].

Comparative evidence reveals sig-
nificant intra-EU disparities in transport 
poverty, which are strongly influenced by 
infrastructural legacy, regional economic 
structures, and governance capacity. The 
Latvian case illustrates how transport pov-
erty can persist despite moderate car owner-
ship levels, especially when public transport 
systems are under-resourced and energy 
costs are volatile. Addressing this challenge 
requires not only financial instruments but 
also planning paradigms that recognise the 
intertwined nature of energy and transport 
exclusion.
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4. ENERGY COST TRAP IN THE TRANSPORT SECTOR

One of the most widely used indica-
tors of transport poverty is the share of 
transport and mobility-related expendi-
tures in a household’s overall budget. 
This approach mirrors how energy pov-
erty is typically measured, where house-
holds spending more than a set threshold 
– commonly 10  % – on energy costs are 
considered at risk. In the transport con-
text, excessive expenditure burdens are 
particularly acute among low-income and 
rural households that lack access to effi-
cient public transport or rely on outdated, 
fuel-inefficient vehicles. However, as with 
energy poverty, this cost-based metric has 
limitations. Households burdened by high 
mobility costs may respond not by spend-
ing more, but by reducing or forgoing 
travel altogether, making transport poverty 
a latent and underreported phenomenon. 
This coping strategy, while economically 
necessary, can lead to substantial negative 
impacts on well-being, including dimin-
ished access to employment, healthcare, 
education, and social participation [2], [3], 
[24]. In this way, transport poverty oper-
ates as a hidden driver of social exclusion 
and reinforces existing patterns of socio-
economic disadvantage. The interlinkage 
with energy poverty further compounds 
the problem. In both cases, households 
may face systemic cost traps. For example, 
energy-poor households often lack the 
financial means to invest in home insula-
tion or renewable energy technologies – 
expenditures that could reduce long-term 
costs. Similarly, transport-poor households 
may be unable to afford timely vehicle 
maintenance or replacement, leaving them 
reliant on older vehicles with higher fuel 
consumption, greater repair needs, and 
more frequent breakdowns [2], [17]. These 

conditions create a feedback loop wherein 
the inability to reduce costs through effi-
ciency-enhancing investments perpetuates 
poverty and deepens vulnerability. More-
over, transport poverty is increasingly 
influenced by energy market dynamics. 

A study by Buljan and Badovinac 
(2023) [6] found that the 2021–2022 energy 
price shock led to measurable increases in 
consumer transport costs across all EU 
countries, with disproportionate impacts 
in Central and Eastern Europe. House-
holds in these regions already allocate a 
higher share of their income to transport 
and energy, magnifying their exposure to 
volatility. Additionally, Luo and Ye (2024) 
demonstrated that electricity prices remain 
partially coupled with global oil markets, 
especially during periods of crisis, and may 
affect future transport affordability as elec-
tric vehicle (EV) adoption grows. As elec-
tricity becomes a more prominent energy 
carrier in the transport sector, through 
EVs and synthetic fuels like hydrogen, the 
affordability and predictability of electric-
ity pricing will increasingly shape trans-
port poverty dynamics [7]. 

This energy cost trap also imposes 
opportunity costs. Households forced to 
reduce mobility due to fuel unaffordability 
may face reduced income potential (due 
to job inaccessibility), missed medical 
appointments, and educational disruptions 
– all of which have long-term implica-
tions for social mobility and public health 
[16], [23]. Taken together, these findings 
suggest that addressing transport poverty 
requires integrated policy solutions. These 
should consider not only the direct costs 
of transport, but also the broader struc-
tural barriers that prevent households from 
adopting more efficient, lower-cost mobil-
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ity solutions, such as targeted investment 
in public transport, support for cleaner and 
more affordable vehicle technologies, and 

mechanisms to shield vulnerable groups 
from fuel and electricity price shocks.

5. CRUCIAL ROLE FOR PUBLIC TRANSPORT

Policymakers now recognise that the 
rise in transport and mobility costs dis-
proportionately burdens lower-income and 
socially vulnerable households, primarily 
because these groups are often limited to 
affordable housing located on the periph-
ery, far from public transport networks and 
lacking safe pedestrian or cycling routes. 
This spatial segregation forces reliance on 
costly private transport or severely con-
strained mobility, creating a socio-eco-
nomic “infrastructure trap” closely tied to 
housing location, accessibility, and afford-
ability [1], [9]. The absence of nearby 
public transport not only restricts daily 
mobility but also undermines access to 
essential services, employment, education, 
healthcare, and social networks, deepen-
ing economic and social exclusion  [2], 
[16]. Moreover, transport-poor households 
may find it difficult to sell or relocate their 
property, as a lack of connectivity lowers 
real estate values and liquidity, reinforcing 
the poverty cycle. When public transport 
is scarce or inefficient, users often aban-
don it in favour of more expensive individ-
ual solutions or reduce travel altogether. 
This behaviour reduces system ridership, 
increases unit operating costs, and often 
results in higher fares, further alienating 
vulnerable users [3]. Such feedback loops, 
where reduced demand raises costs, which 
further depresses demand, can institution-
alise transport poverty over time. 

In the context of energy transition, the 
implications are twofold. Initiatives such 
as low-emission zones, electrification, and 
carbon pricing can inadvertently penalise 

transport-poor households who own older, 
less efficient vehicles or lack access to 
electric alternatives [4], [6], [22]. To avoid 
deepening inequalities, these policies must 
be paired with equitable public transport 
improvements and subsidy adjustments 
that prioritise underserved regions. Lat-
via exemplifies these challenges and pos-
sible responses. Rail passenger turnover 
declined from 144.5 million in 1990 to 
just 19.7 million in 2024, while bus usage 
decreased from 500 million to 100 mil-
lion passengers annually during the same 
period [15]. Addressing this issue requires 
redesigning transport systems to become 
more compact and demand responsive. 

Pilot schemes involving smaller vehi-
cles on-demand, e-bike and car-sharing 
integration, and re-evaluation of redundant 
or overlapping routes have shown prom-
ise in improving access and cost-efficiency 
[17], [24]. Effective solutions necessi-
tate close coordination between transport 
and social policy domains at the local 
level. Municipalities need granular data 
on household mobility needs and socio-
economic profiles to design fare subsidies, 
multimodal services, and spatial plans that 
integrate housing with accessible trans-
port infrastructures. This tailored approach 
echoes findings from Latvian research 
on hydrogen and rural mobility innova-
tions, which stress the importance of local 
engagement and technology-driven solu-
tions [4], [23]. Public transport must be 
viewed not just as a service, but as a social 
equity enabler. Without inclusive design 
and proactive support, mobility systems 
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risk reinforcing spatial inequality and 
deepening poverty. Properly planned and 
subsidised public transport, responsive to 

local conditions and vulnerable groups, is 
essential for equitable mobility and sus-
tainable development.

6. LOCALISED SOLUTIONS AS A KEY 
TO EQUITABLE TRANSPORT POLICY

Through major reforms in the areas 
of climate and energy – particularly those 
aiming to reduce emissions and fossil fuel 
dependency – European governments 
have introduced policy instruments that, 
although environmentally motivated, can 
inadvertently exacerbate transport poverty 
among vulnerable populations. Fiscal mea-
sures such as fuel taxation, vehicle levies, 
and carbon pricing mechanisms dispropor-
tionately affect low-income and peripheral-
area households that often rely on older, less 
efficient vehicles and have limited access to 
public transit alternatives [1]. 

In the Latvian context, statistical evi-
dence reflects a severe long-term decline 
in public transport usage. According to 
the Central Statistical Bureau, rail passen-
ger turnover decreased from 144.5 mil-
lion passengers in 1990 to just 19.7 mil-
lion in 2024, while bus and coach services 
declined from approximately 500 million to 
100 million passengers annually during the 
same period. This five-to-sevenfold reduc-
tion indicates a profound structural shift in 
travel habits, likely driven by urban sprawl, 
car-centric development, and public trans-
port disinvestment. These data confirm that 
restoring public transport networks to pre-
1990 service levels – especially at compa-
rable costs – is no longer feasible, neces-
sitating a paradigmatic shift in mobility 
planning. As illustrated in Fig.  3, there is 
growing consensus that the future of pub-
lic transport must be reoriented toward 
“compact” systems tailored to the needs 
of specific groups, particularly those most 

affected by transport poverty. These include 
low-income families, older adults, persons 
with disabilities, and rural residents. In this 
context, the effectiveness of national-level, 
one-size-fits-all solutions is increasingly 
questioned. The complexity and local spec-
ificity of transport poverty demand an adap-
tive approach that reflects diverse regional 
contexts. National policies, especially those 
in taxation, energy transition, or emission 
control, often overlook the lived realities 
of peripheral and low-income populations. 
As a result, traditional policy instruments 
have begun to show diminishing returns, 
and public transport use has declined sig-
nificantly in countries like Latvia. These 
challenges call for a shift toward localised, 
evidence-based solutions, guided by citizen 
needs and enabled by innovative mobility 
strategies.

The above framework (Fig. 3) illustrates 
how systemic pressures – ranging from cli-
mate policy to funding inefficiencies – cas-
cade down to influence households directly. 
In turn, these pressures necessitate highly 
adaptable local policies. Whether through 
flexible routing services, equity-conscious 
fare systems, or expanding shared vehicle 
access, such models offer a resilient and 
socially equitable response to mobility 
challenges. Importantly, successful imple-
mentation will rely on real-time data, par-
ticipatory governance, and integrated trans-
port-social policy frameworks. To address 
this evolving reality, a set of adaptive and 
locally deployable strategies has been iden-
tified:
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•	 Microtransit and On-Demand Trans-
port: Maintaining large public transport 
fleets on underutilised rural or peri-
urban routes is increasingly uneconom-
ical. A shift to flexible, smaller-capacity 
vehicles, operating on demand, can 
offer cost-efficient service while meet-
ing real user needs [25];

•	 Shared Mobility Options: Car-sharing, 
bike-sharing, and e-bike rentals are rap-
idly emerging as viable solutions for 
those in settlements with limited fixed-
route public transport. Such systems 
also reduce the need for car ownership, 
which is often unattainable for house-
holds in persistent poverty ([5], [24]);

•	 Smart Public Subsidies: Evaluation 
of public expenditure must go beyond 
cost-per-passenger metrics and include 
equity, accessibility, and social impact. 

Resources should be directed toward 
routes and modes that benefit those with 
the highest transport need [2];

•	 Fare System Reform: While fare dis-
counts for seniors or students are com-
mon, they may inadvertently increase 
base fares for others. Targeted support 
must be economically sustainable and 
designed to avoid burden-shifting [4], 
[5];

•	 Cross-sector Policy Integration: Long-
term success depends on deeper col-
laboration between transport, energy, 
housing, and social policy actors. For 
example, mobility needs assessments 
at the municipal or even neighbour-
hood level can help tailor solutions 
that respond to real usage patterns and 
energy constraints [1], [19].

Fig. 3. Pathway to localised transport solutions.
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Transport poverty, thus, is not merely a 
question of vehicle access or fuel price. It 
is a multidimensional phenomenon requir-
ing locally grounded, socially responsive 
policy frameworks. The complexity of this 
challenge is further exacerbated by the 
energy transition, which, if poorly man-
aged, could widen existing inequalities 
by shifting costs onto those least able to 
adapt  [22], [24]. At the same time, it is 
important to be aware that each of these 

solutions requires ever closer coopera-
tion of transport policy planners with 
social policy makers, including often 
looking for possible solutions locally – 
at the level of a local government or even a 
limited territory thereof, including in some 
cases also by accurately identifying poten-
tial users of services, studying their needs 
and mobility habits, as well as finding a 
solution that meets their needs. 

7. CONCLUSIONS

This study has highlighted the emer-
gence and intensification of transport pov-
erty in Latvia and its broader relevance 
across the European Union, particularly 
under the current climate and energy tran-
sition frameworks. Using historical data 
from the Central Statistical Bureau of Lat-
via, we have identified a dramatic decline 
in public transport usage between 1990 
and 2024: a sevenfold decrease in railway 
passenger turnover (from 144.5 million 
to 19.7 million passengers) and a fivefold 
decline in bus and coach transport (from 
~500 million to ~100 million passen-
gers annually). These trends underscore a 
structural deterioration in transport acces-
sibility, especially in rural and low-density 
areas, coinciding with increased spatial 
inequality.

Eurostat data further reveal that nearly 
48  % of Latvian households lack access 
to a private vehicle, which is among the 
highest rates in the EU. This figure rises 
sharply among low-income and elderly 
households, making them disproportion-
ately vulnerable to transport exclusion. 
Additionally, data from the Latvian Energy 
Agency and recent EU-wide reports show 

that fuel and mobility costs now exceed 
12–15 % of disposable household income 
for the lowest income quintile, surpass-
ing the widely accepted 10 % affordability 
threshold.

The study identifies strong correla-
tions between energy price shocks, such 
as those during the 2021–2022 crisis, and 
rising transport costs, particularly in coun-
tries with low public transport modal share 
and high dependence on fossil fuels. For 
instance, average fuel price increases of 
35–40 % in Latvia during this period led 
to corresponding increases in household 
expenditure on mobility.

These conditions have created a “cost 
trap” where affected households can-
not invest in energy-efficient housing or 
cleaner, more economical vehicles, rein-
forcing both energy and transport poverty. 
The research has also shown that low pub-
lic transport density, especially in regions 
outside Riga, significantly reduces access 
to employment, healthcare, and education, 
thereby intensifying patterns of social 
exclusion.

To address these multi-layered chal-
lenges, the study proposes a conceptual 
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framework that treats transport and energy 
poverty as interlinked phenomena. Key 
localised solutions include microtransit 
services, shared mobility schemes, tar-
geted fare subsidies, and integrated trans-
port-social policy coordination. Interna-
tional examples such as Germany’s EUR 9 
transport ticket and France’s rural mobility 
schemes illustrate the feasibility and effec-
tiveness of such interventions when prop-
erly funded and adapted.

Transport poverty is not merely a logis-

tical or infrastructural issue but a critical 
barrier to inclusive development, social 
resilience, and fair climate transitions. For 
Latvia and other EU Member States, inte-
grating transport poverty into energy, cli-
mate, and social policy frameworks is an 
urgent necessity. Without decisive action, 
the dual burdens of energy and transport 
costs will continue to marginalise vulner-
able populations and undermine the equity 
of the green transition.
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An understanding of fire is needed as a basis for fire suppression, especially in a com-
partment. Large fires can cause material losses and loss of life, as well as the release of toxic 
substances into the environment. These fires can be triggered by fuel leaks that form pool fires. 
Therefore, the characteristics and behaviour of the fire in the compartment were investigated. 
Experiments were conducted inside a cube-shaped compartment measuring 1.2 m3 in volume 
with three square pool pans: 14, 21, and 28 cm. The fuel used was Pertamax, an engine fuel 
produced by Pertamina and commonly used in Indonesia. The experimental results showed 
that the size of the fire indicated by the Heat Release Rate (HRR) value was influenced by 
the cross-sectional area of the pool fire, which would affect the maximum temperature and 
duration of the flame in the closed compartment. This is related to the heat flux and oxygen 
consumption rate. Numerical simulations were also carried out using the Fire Dynamics Simu-
lator (FDS version 6.7.9), yielding results that closely matched the experimental results, with 
differences of less than 20 % for the HRR value. It is expected that by knowing the character-
istics and behaviour of the fire, research can be continued on the fire extinguishing system in 
the compartment.

Keywords: Confined compartment, fire dynamics, heat release rate (HRR),  Pertamax, 
pool fire, simulator (FDS).
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1. INTRODUCTION

Research on the characteristics of both 
indoor and outdoor fires has been conducted 
both analytically and experimentally for a 
long time. In general, however, analytical 
models [1] do not capture the complexity of 
this phenomenon because they often make 
one or more simplifying assumptions, such 
as ignoring some forms of displacement 
or holding flame temperatures and chemi-
cal species concentrations constant. One of 
the analytical approaches is the study by 
Palazzi et al. on pool fires in hydrocarbons 
inside semi-enclosed compartments [2], [3].

Many experimental studies have been 
conducted in the past to achieve realistic 
solutions. Experimental results show that 
pool fire is affected by a number of coupled 
parameters, such as pool geometry, fuel 
type, ambient conditions, etc. [4]. Some 
examples of experimental studies were con-

ducted by Soleh et al. using heptane as a 
fuel source [5]. Then some use methanol, 
ethanol, and various other fuels as pool fire 
sources both inside the compartment and 
outdoors [6]–[8]. Additionally, experimen-
tal studies have been conducted to examine 
the fire characteristics within aircraft cargo 
compartments [9], [10].

Recent research shows that the use of 
numerical simulation is becoming a trend in 
analysing fire characteristics, as Tuovinen 
simulated hydrocarbon combustion in a 
ventilated room using CFD [11]. Hyde and 
Moss modelled CO production in a com-
partment fire based on a laminar flamelet 
relation [12]. Currently, many numerical 
simulation studies are being conducted in 
conjunction with experiments to obtain 
valid results [13]–[15].

2. EXPERIMENTAL

The compartment used is cube-shaped 
with a size of 100 cm x 100 cm x 120 cm 
and made of stainless steel. There are side 
and front glass windows for visual record-
ing. On the inside, there is a load cell holder 
to measure the mass of the reduced fuel. 
Four type-K thermocouples are mounted 
vertically with a distance between ther-
mocouples ±10 cm parallel to the pool 
pan. These thermocouples have a maxi-
mum temperature capacity of 1200 °C. 
Oxygen sensors are mounted on the top 
side of the compartment. This sensor is 
used to measure the oxygen concentration 
in the compartment during the experiment. 
All sensors are connected to a data logger 

to store the data. Three square pool pans 
measuring 14 cm (Pan 14), 21 cm (Pan 21), 
and 28 cm (Pan 28) were used as fuel con-
tainers made of 1 mm-thick stainless steel. 
The setup of the test equipment is shown 
in Fig. 1. 

The fuel used is Pertamax, which is an 
engine fuel issued by Pertamina and has an 
octane level of 92. Pertamax is made from 
HOMC, RCC gasoline, and polygasoline, 
utilising a product blending process in a 
blending pool processing unit. This fuel 
has a density of 715–770 kg/m3 (at 15 °C), 
a vapour pressure of 45–60 kPa, and a 
boiling point of 215 °C [16].
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Fig. 1. Schematic and position of sensors inside confined compartment.

3. NUMERICAL SIMULATION

CFD modelling is commonly used in 
several engineering disciplines to analyse 
fire dynamics. CFD is used in weather fore-
casting, aerodynamics, and turbomachinery 
technology, as well as in closed fire model-
ling [17]. CFD models are based on time-

dependent three-dimensional conservation 
laws. The simulated domain is divided 
into many sub-volumes where the laws of 
momentum, mass and energy conservation 
are applied to each sub-volume [18].

3.1. Grid Dimension

In the fire scenario, the relationship 
between the fire characteristic diameter, 
D*, and the grid cell size, δx, will indicate 
the accuracy of LES modelling of fluid 
motion on the sub-grid. The cell dimensions 
are chosen based on the rule of thumb that 
the plume resolution, RI, should be greater 
than or equal to 10, which means that the 
fire characteristic diameter, D*, should span 

10 or more cells [19].

	  (1)

	  (2)

where Q̇ is the total HRR (W) and δx is the 
grid cell width (m).

3.2. Gas Phase Equations

FDS solves the Navier-Stokes equa-
tions at low Mach numbers using Large 

Eddy Simulation (LES) as the turbulence 
model. The low Mach number approach 
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defines the pressure as a combination of 
background pressure  and disturbance . 

The background pressure is given using the 
ideal gas law:

	  (3)

where ρ is density (kg·m-3), Rg is the universal gas constant (J·mol-1·K-1), T is temperature 
(K), and W is molecular weight (kg·mol-1). The momentum equation is expressed as follows:

	  (4)

	  (5)

Default turbulence model in FDS to 
approximate the viscous stress tensor is the 
Deardorff turbulence model [20] is used, 
along with other turbulence models such as 
the constant coefficient Smagorinsky model 
[21] and the dynamic Smagorinsky model 
[22]. The conservation equations for mass, 
species, and energy are as follows:

	 (6)

	  (7)

	  (8)

	 (9)

The conservation equations are solved 
simultaneously for velocity, temperature, 
pressure, and mixing fraction at a given 
time step using an explicit second-order 
predictor/corrector scheme. The pressure 
and momentum equations are coupled dur-
ing the iteration procedure. First the advec-
tive and baroclinic parts of the momentum 
equation are calculated, then the pressure 
equation is solved several times until the 
normal components of velocity and back-
ground pressure converge to a certain toler-
ance. The velocity is then recalculated for 
the next time step. The procedure is iterated 
until the velocity and pressure converge to 
a certain tolerance.

4. COMBUSTION MODELLING

The technique used is the mixing frac-
tion of combustion. This technique is based 
on the assumption that conduction and radi-
ation transfer phenomena occur on a large 
scale in addition to physical processes that 

occur on a small scale over time. The chem-
ical model in FDS is the following simple 
chemical model, which will then be used to 
calculate the stoichiometric coefficients:
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The stoichiometric equations used to 
solve fuel and oxidizer consumption rates 
are: 

	  (10)

While the mixing fraction equation after 
including the element of the basic conserva-
tion law is:

	  (11)

From the above equation, the rate of 
oxygen consumption per unit mass can be 
derived again to obtain the rate of oxygen 
consumption per unit mass at any time, as 
shown in the equation below. 

	  (12)

5. THERMOCOUPLE MODELLING

The FDS thermocouple model is used 
to compare the temperature field calculated 
in FDS with the temperature uncorrected 
experimental data. This allows the simu-
lation to account for the thermocouple’s 
thermal mass and radiant heat loss. The 
thermocouple temperature (TTC) is found 
by solving the energy balance around the 
thermocouple:

 (13)

where ε is the thermocouple emissivity, 
h is the convection heat transfer coeffi-
cient (W·m-2K-1), and Tg is the actual gas 
temperature (K). Since all thermocouples 
are type K, the density, heat capacity, and 
emissivity are set at nickel material with 
ρ = 8909 kg·m-3 and Cp = 0.44 kJ·kg-1·K-1, 
and ε = 0.9.

6. GEOMETRY DOMAIN

The geometry domain corresponds to 
the interior of the compartment, with the 
position and size of the pan determined by 
the test scenario. Thermocouples and oxy-
gen sensors are installed at the test positions 
to view temperature values and oxygen lev-

els. The simulated fuel mass is 100 g for all 
pan sizes. The simulation parameter data 
is presented with the simulation domain 
shown in Fig. 2. The Pertamax property 
data in Table 1 are the values from the lit-
erature case that uses gasoline as the fuel.

Table 1. Properties of Pertamax

CO Yield 0.016 kg/kg

Soot Yield 0.051 kg/kg

Heat of combustion 44700 kJ/kg

Density 723 kg/m3

Specific heat 2.22 kJ/(kg·K)

Conductivity 0.124 W/(m·K)
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Fig. 2. Simulation domain and setup.

7. RESULTS AND DISCUSSION

Pan 14 has the smallest cross-sectional 
area, resulting in a small flame size and thus 
a long flame duration. This is evident in Fig-
ure 3, which shows the oxygen level decreas-
ing gradually until it is extinguished at the 
9 % concentration level. The long duration 
of the flame causes the temperature inside 
the compartment to be the highest compared 
to the other pan sizes, as seen in Fig. 3. The 
numerical simulation also shows the same 
trend as the experimental results.

Pan 21 and Pan 28 have similar char-
acteristics because the combustion mode is 
optically thin and radiative in contrast to Pan 
14, which forms turbulence and is convec-
tive. This is in accordance with the defini-
tion by Baubraska [1983], which describes 
the burning mode in pool fire based on the 
diameter of the pan (in this experiment, 
approximated by a square diagonal line). 
The definition is shown in Table 2 [23].

Table 2. Pool Diameter and Burning Mode

Pool diameter (cm) Burning mode

< 5 Laminar, convective

5–20 Turbulent, convective

20–100 Optically thin, radiative

> 100 Optically thick, radiative
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Fig. 3. Concentration of oxygen during fire burning until flames out.

The maximum temperature measured 
on the thermocouple has a graphical trend 
that is close between the experiment and the 
simulation as seen in Fig. 4. There is some-
thing different in Pan 14 compared to the 
other pan, namely, the value of the simu-
lation is lower than that of the experiment. 

This is related to the longer duration of the 
flame in the compartment so that the sensi-
tivity of the thermocouple sensor increases. 
The difference in maximum temperature 
values in all pans is due to incomplete fuel 
property values (Pertamax), so it is com-
bined with fuel data from the literature. 

Fig. 4. Maximum temperature at each thermocouple.
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A large HRR results in a faster fuel con-
sumption rate so that the oxygen levels in 
the compartment are quickly depleted and 
the fire goes out. This is inversely propor-

tional to the maximum temperature value. 
Due to the short flame duration, the heat 
flux is also short as shown in Fig. 5.

Fig. 5. Effect of pan area to temperature maximum and HRR.

The comparison of experimental results 
with simulation is presented in Table 3 and 
Fig. 6. The relatively small percentage dif-
ference in HRR indicates that the numerical 
modelling performed is close to the experi-

mental results. As for the maximum tem-
perature value, the difference is still quite 
large due to the fuel properties that are not 
in accordance with those used in experi-
ments.

Table 3. Comparison of Experiment and Simulation

Tmax (°C) HRR Average (kW)
%Δ Tmax %Δ HRR

Exp Num Exp Num

Pan 14 536 398 4.16 4.05 -25.7 -2.6

Pan 21 402 493 12.97 10.64 22.7 -18.0

Pan 28 327 487 22.85 23.34 48.8 2.1
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Fig. 6. Comparison simulation and experiment at t=40s (a) Pan 14, (b) Pan 21, and (c) Pan 28.
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8. CONCLUSION

The aim of this research has been to 
obtain data on the behaviour and character-
istics of a fire in an enclosed compartment 
using a computational simulation study and 
then validate by experimental testing. From 
the work performed, it has been concluded 
that the characteristics of a fire in a closed 
compartment are affected by the cross-sec-
tional area of the pan. The trend is that the 
HRR value increases as the cross-sectional 
area of the pan increases. An increase in 
HRR requires more oxygen, so the oxygen 
content in the closed compartment decreases 
rapidly. Therefore, the heat flux lasts for a 
short time as the flame extinguishes.

Flame size affects the flame shape and the 
combustion mode. A larger flame indicates a 
more turbulent flame. Flame size increases 
the total heat flux and the average tempera-
ture in the compartment, even though this 
occurs at the maximum temperature in the 

compartment. The increased heat flux and 
average temperature in the compartment 
and the depletion of the oxygen concentra-
tion lead to more production of unburned gas 
and vaporized fuel, which causes flashover 
in the compartment. At the same time, how-
ever, the low oxygen level causes the fire in 
the compartment to self-extinguish. These 
combustion phenomena can occur simulta-
neously and interact with each other.

Numerical simulations using FDS are 
strongly influenced by input parameters, 
including fuel properties. Differences in 
values will lead to differences with experi-
mental results. More in-depth studies are 
needed to improve the accuracy and valida-
tion of numerical simulation results so that 
they can be used as a reference in the design 
of fire suppression systems in buildings or 
compartments.
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The possibility of future operation of pipelines that are under exploitation is one of the 
most important issues of the oil and gas industry. Therefore, it is necessary to periodically 
check (diagnose) the technical condition of pipelines. Taking into account the operating 
conditions, the thickness losses may occur during the operation period. 

The paper investigates the residual operating resources of various elements of the 
pipeline as a result of diagnostic work, as well as the calculation of the wall thickness of 
the main gas pipeline with methods based on modern technologies. Both analytical meth-
ods and modern software were used during the calculations. A three-dimensional spatial 
model of the pipeline was created via the software, and the strength and stability of the 
pipeline under the influence of various forces were calculated. Subsequently, following 
technical diagnostics of the pipeline, the possibility of further operation of the pipe ele-
ment was determined.

 Keywords: Allowable stress, design resistance, main gas pipeline, reliability coefficient, 
strength, yield strength.

1. INTRODUCTION

Main gas pipelines are complex struc-
tures, usually of large diameter, transport-
ing natural gas at high pressures, and are 
considered hazardous production facilities. 
Main gas pipelines pass through various 
geological and climatic zones and fulfil a 

major function – reliable gas supply to the 
consumer.

As an integral part of gas production 
facilities, main gas pipelines have been 
exposed to several external and internal fac-
tors from the moment they are put into oper-
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ation. Loads and impacts on gas pipelines 
have a wide range and include gas pressure 
and temperature, vibration loads on pipe-
lines from compressor stations, wind loads 
on aboveground pipelines, hydrodynamic 
loads on underwater passages, etc. These 
effects cause losses in various elements of 
the pipeline, especially in the wall thickness 
of the pipeline. Defects in the welding ele-
ments that connect the various components 
of the pipe (linear section, elbow, transition, 
etc.) can lead to a reduction in the pipeline’s 
service life or even shutdown the pipeline. 
In order to keep all these effects under con-
trol and to avoid negative consequences, it 

is important to carry out periodic inspec-
tions of pipelines. 

Currently, a number of periodic inspec-
tion and monitoring methods are imple-
mented in practice to address the stated 
problems and to increase the structural reli-
ability of the pipelines. Conducted diag-
nostic measures play an important role in 
detecting potential hazards that may occur 
in the pipeline due to the influence of a 
number of static and dynamic loads. The 
purpose of carrying out the inspection is to 
determine the possibility of future operation 
of oil and gas pipelines [1]–[3].

2. RESEARCH METHODOLOGY

Taking into account the above-men-
tioned, the aim of the study is to determine 
the residual operating resources of various 
elements of the pipeline as a result of diag-
nostic work. In the studies, the process was 
modelled using the STAAD.Pro 3D Struc-
tural Analysis and Design Software, and 

the wall thickness of the gas pipeline was 
determined as a result of mathematical cal-
culations. 

The analysis of the state of operation of 
the studied main pipeline was carried out in 
the following order.

2.1. Determination of Pipeline Resistance to Tension (Compression)

To determine the structural reliability of 
the main pipelines in operation, as the first 
step, the minimum value of the pipe resis-
tance to tension  and compression 
(tensile strength and yield strength) must be 
determined [4]–[6]: 

	  (1)

where
 – normative resistance, MPa; 
 – yield strength, MPa; 

 – pipeline operating condition coeffi-
cient;

 – reliability factors for material;
 – the reliability factor for the purpose of 

the pipeline.

The values of the coefficient of operat-
ing conditions that are used in calculating 
the strength, stability, and deformation of 
the pipeline and depend on the category of 
the pipeline are given in Table 1 [7].

The reliability coefficients for the mate-
rial depending on the purpose of the pipe-
line are selected according to Tables 2–4, 
respectively [8]–[10]:
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Table 1. Coefficient of Operating Conditions

Category of the pipeline and its area
Pipeline strength, stability

and the coefficient of working conditions when 
calculating deformation, m

In more important areas, such as inside buildings, com-
pressor stations, underground gas storages, and water 
passages of oil pipes with a diameter of ∅1200 mm.

B

0.60

Water crossings of main pipelines, railway crossings, 
highways, difficult-to-cross swamps, intersections with 
compressor stations, pigging launcher and receiver points 

I və II

0.75

III 0.90
IV 0.90

Table 2. Reliability Factor According to the Material

Pipe specifications Reliability factor according to the material, k1

100 % controlled rolling steel and thermally strength-
ened welded pipelines with the whole process seam safe 
method

1.34

Double-sided arc welding, rolled and forged seamless 
pipes with the whole process seam safe method 1.40

Pipes welded from low alloy or carbon steel, 100 % 
controlled, safe or non-destructive, made by double-sided 
electric arc welding

1.47

Welded pipes and other seamless pipes of low alloy or 
carbon steel, double arc welded 1.55

Table 3. Reliability Factor According to the Material

Pipe specifications Reliability factor according to the material, k2

Low carbon, seamless 1.10

According to  low-carbon and low-alloy 
straight seam and spiral seam, welded 1.15

 Made of high – strength steel 1.20

Table 4. Reliability Factor for the Purpose of the Pipeline

Nominal pipe 
diameter, mm

Reliability factor for the purpose of the pipeline, kr

For gas pipeline For oil and oil 
productsP≤5.4 MPa 5.4<P≤7.4MPa 7.4<P≤9.8MPa

Up to 500 1.00 1.00 1.00 1.00

600–1000 1.00 1.00 1.05 1.00

1200 1.05 1.05 1.10 1.05

1400 1.05 1.10 1.15 -
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2.2. Determination of the Pipeline Wall Thickness

The calculated thickness δ (mm) of 
the pipeline, which provides the necessary 
strength at a given working (standard) pres-
sure P, is calculated using the following for-
mula [4], [5]:

	  (2)

where
P – operating pressure, MPa;
n – reliability factor due to load;
D – external diameter of the pipe, mm;
R – allowable stress for steel, MPa.

2.3. Conducting Technical Inspection Studies of the  
Underground Main Gas Pipeline – “Astara-Gazimammad” (Azerbaijan)

The main purpose of technical inspec-
tion is to identify potentially dangerous sec-
tions of the pipeline, assess the degree of 
danger of defects, determine the priority of 
dangerous sections and carry out preventive 
repairs [11], [12]. 

According to the current technical task: 
•	 Length of the pipeline – L=210 km; 
•	 External diameter of the pipeline – 

D=1220 mm;
•	 Design pressure of the pipeline – 

Pdesign=5.5 MPa; 
•	 Maximum allowable operating pressure – 

Poperating = 1.8 MPa;

•	 Type of steel – 17Г1С-У [10]. 

During the technical diagnostics, gauge 
measurements were performed by using an 
OLYMPUS 27 MG Ultrasonic Thickness 
Gauge. Based on the actual data obtained in 
the studies, the minimum allowable thick-
nesses corresponding to the existing inter-
nal pressure in the pipeline were calculated 
and compared with the actual minimum 
thicknesses. Thus, the possibility of safe 
operation of the gas pipeline was studied on 
the basis of gauge measurements, minimum 
thicknesses, and operational loads.

3. RESULTS AND DISCUSSION

The assessment of the safe operating 
reserves of the studied pipeline was deter-
mined, taking into account the surface defects 
observed as a result of direct measurements. 
The actual minimum cross-sectional thick-
nesses were based on the results of the stress 
calculation under internal pressure.

As a result of the measurement carried out 
at pressure of P=1.8 MPa at L=187.74th km 
of the “Astara-Gazimammad” underground 
main gas pipeline, the wall thickness of the 
pipeline was determined in different places:
•	 on the top – 12.18; 12.24; 12.36; 

12.45; 12.40; 12.58; 12.65 mm (δmin = 
12.18 mm),

•	 on the side – 11.96; 11.95; 11.80; 
11.91; 11.96; 11.93; 11.98  mm (δmin = 
11.80 mm),

•	 on the bottom – 9.85; 9.64; 9.49; 9.19; 
9.25; 9.30; 9.38; 9.48 mm (δmin = 
9.19 mm).

Also, corrosion pits with a depth of 5÷6 
mm and layered corrosion products were 
found on the side and bottom surface of the 
pipe.

The calculated value of the required 
minimum thickness of the pipe cross-sec-
tion at given conditions is determined:
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As a result of the comparison of the 
result obtained in the measurement per-
formed on the bottom surface of the pipe 
(taking into account the corrosion pits) with 

the calculated value, it was determined that 
this section of the pipeline was no longer 
suitable for operation.

3.1. Creating a Constructive Model

The strength and durability analysis 
of the pipe was performed using the stan-
dard STAAD.Pro Connect Edition software 
(OMAE 2008-57836). STAAD is a popu-
lar structural analysis application known 
for analysis, diverse applications of use, 
interoperability and time-saving capabili-
ties. STAAD helps structural engineers per-
form 3D structural analysis and design for 
both steel and concrete structures. A physi-

cal model created in the structural design 
software can be transformed into an ana-
lytical model for structural analysis. Many 
design code standards are incorporated into 
STAAD to make sure that the structural 
design complies with local regulations.

A simple diagram of a simulated main 
gas pipeline with a diameter of 1220 mm is 
shown in Fig. 1.

Fig. 1. Simplified model of the gas pipeline.

The characteristics of the steel used at 
the 187.74th km section of the Astara-Gazi-

mamed underground gas pipeline are given 
in Table 5.
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Table 5. The Properties of the Steel

Indicators Actual Dimensions
Density, kg/ m3 7849
Modulus Elasticity, E , MPa 200000
Shear modulus, G , MPa 77220
Poisson’s ratio 0.3
Yield stress, MPa 245

3.2. Distribution of Applied Loads

The applied mathematical modelling 
took into account the operating pressure 
generated in the pipeline, including the 

mass of the metal. The load distribution 
scheme is shown in Fig. 2.

Fig. 2. Distribution of applied loads along the surface of the pipe.
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3.3. Determination of the Stress Concentration Zone

It was determined that the maximum 
value of the yield stress in the pipeline, due 

to the effect of the applied load combina-
tion, was 379 MPa (Fig. 3). 

   

Fig. 3. Evaluation of stress limit generated in pipeline elements.

According to the selected load com-
bination, the colour diagram shows the 
increase of the yield stress from top to bot-
tom according to the model.

The structural model of the pipe was 
modelled in the STAAD.Pro software, 
and analysed taking into account the metal 

weight and the working pressure gener-
ated in the pipe. Since the yield strength 
on the bottom of the pipeline (379 MPa) is 
greater than the yield strength (350 MPa) 
corresponding to the physical properties of 
the metal, the resulting stress in the pipe is 
greater than the allowable stress.

4. CONCLUSION

•	 Defectoscopy was carried out with an 
OLYMPUS 27 MG ultrasonic thickness 
gauge on the 187.74th km section of the 

underground main gas pipeline “Astara-
Gazimammad” of the “Gas Export” 
Department (SOCAR, Azerbaijan). 
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During the monitoring process, mea-
surements were taken on the surface 
of the pipeline in the annular direction, 
and it was determined that the actual 
wall thicknesses were 12.18 mm on the 
top surface of the pipe, 11.80 mm on the 
side surface, and 9.19 mm on the bot-
tom surface. Since corrosion pits sized 
5÷6 mm were found on the bottom sur-
face of the pipe, the actual value of the 
thickness in this part turned out to be 
3.19 mm.

•	 By comparing the estimated thickness 
of the pipeline by mathematical calcu-

lation with the actual thickness (3.19 < 
4.60), it was concluded that the pipeline 
was unsuitable for operation.

•	 The structural model of the pipeline 
was modelled in STAAD.Pro software 
and analysed taking into account the 
metal weight and the operating pres-
sure generated in the pipeline. Since the 
yield stress (379 MPa) is greater than 
the stress corresponding to the physical 
properties of the metal (350 MPa), the 
resulting stress in the pipe is determined 
to be in excess of the allowable stress 
limit.
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The article aims at evaluating the future development areas of the road building industry, 
analysing the road building development in Latvia, performing financial analysis of road build-
ing companies, and comparing the Latvian road building industry with other Baltic States.

National motor roads in Latvia are divided into three groups: state main roads, state 
regional roads, and state local roads. The article provides a theoretical review of the road 
building industry in Latvia, including the classification of national roads. The authors analyse 
the Latvian road building industry, its largest companies, and compare the Latvian road build-
ing industry with other Baltic States.

Areas of the road building industry in Latvia encompass different aspects, facilitating to 
improve the road infrastructure and its accessibility, ensuring an efficient and safe transport 
system, and promoting the development of the national economy. Road building and motor 
roads are very important for Latvia’s national economy. This has been the case for decades. To 
facilitate the efficient operation of motor transport, which provides the basis for other indus-
tries in the national economy, it is necessary to maintain and develop the network of motor 
roads properly.

The road industry is closely connected to other industries, and, in the opinion of the 
authors, it fulfils the social function in the most direct way, as roads are used by residents and 
there is both synergy and cooperation between road networks and socioeconomic factors. Net-
works of national roads should also be evaluated in view of public interests – whether the roads 
ensure the well-being of residents and, hence, the development of the region. 

Keywords: Construction, infrastructure, motor roads, road construction.
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1. INTRODUCTION

The topicality of the selected theme of 
research is substantiated by the fact that 
road building is one of the most important 
infrastructure industries in any country. 
Roads ensure convenient and safe reloca-
tion for people and freight, promote eco-
nomic growth and social development. The 
Latvian road building industry is currently 
in a difficult situation. The road infrastruc-
ture in Latvia has become obsolete, and 
significant investments are required for its 
renovation and development. However, 
the state budget capacity is not sufficient 
for such investments to ensure the road 
infrastructure development in accordance 
with modern requirements. Therefore, it is 
required to develop a strategy for ensur-
ing the development of the road building 
industry and its competitiveness in the 
long-term perspective. The road building 
industry faces several challenges, including 
a lack of labour force, high costs, and big 
competition, as well as an unclear model of 
financing that encumbers the development 
of road building companies. To ensure the 
sustainable development of the industry, it 
is required to find solutions to these chal-
lenges.

Latvia has an open economy, and its 
growth is related to international trade. 
Good roads help to ensure that Latvian 
companies have convenient and safe access 
to the international market. Roads are sig-
nificant for the development of entrepre-
neurship, as they allow reducing transport 
expenses and increasing production effi-
ciency. Good roads help companies trans-
port goods and services more conveniently, 
thereby reducing transportation expenses. 
It makes companies more competitive and 
promotes production growth. High quality 
of roads helps connect regions and pro-

motes their economic development. It is 
especially important for Latvia, as it is a 
relatively large country with small towns 
and considerable distances between them. 
Regarding the attraction of investments, 
the condition of infrastructure is extremely 
important, as inappropriate infrastructure 
can complicate the process of attracting 
investments.

When performing road construction 
and renovation, a big emphasis is laid on 
the qualitatively developed technical proj-
ect documentation, to reduce to a minimum 
unforeseen works at the project implemen-
tation stage, which could be anticipated at 
the project development stage [1].

Although motor roads are significant 
for the entire country, their technical con-
dition raises considerable concern, being 
unsatisfactory and in some places even haz-
ardous for users. Since 1991, the road con-
struction deficit of several billion euros has 
been accumulated in Latvia – to liquidate 
the motor road repair deficit for the works 
that had to be performed at the time stipu-
lated by the regulations, EUR 2.94 billion 
is required according to the 2023 prices [2].

Every year, the financing volume allo-
cated for the construction of motor roads 
is twice less than required. In the situation 
when motor roads and bridges are renovated 
in due time and there is no repair deficit, the 
required financing for the national network 
of motor roads is EUR 648 million per year. 
In the event renovation of road pavement 
is not performed at the required time, con-
structive layers of motor roads lose their 
technical properties and cannot ensure the 
needed resilience for loads caused by trans-
port, and, as a result, the fast collapse of 
motor roads takes place.

The significance of construction is 
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determined by its considerable proportion in 
the gross domestic product. Construction is 
a relatively labour-consuming process, and, 
on the state level, it attracts about half of all 
capital investments. Construction is related 
to any branch of the national economy, cre-
ating a base for it in the form of buildings 
and structures. Therefore, it is important for 
every country to develop a viable construc-
tion industry [3]. 

The construction industry plays a sig-
nificant role in the Latvian national econ-
omy – its proportion in added value reaches 
5.9 %; it employs 6.4 % of the entire labour 
force; its contribution to the Latvian budget 
is 2.3 % of all tax revenues [4]. A significant 
share of such revenues is directly related to 
the road construction industry.

To achieve positive progress in improv-
ing the Latvian network of motor roads, a 
number of measures need to be taken. It 
is important to manage the existing finan-
cial resources efficiently and create new 
opportunities to obtain additional financing 
for road projects in Latvia, follow innova-
tions in the industry, and find opportunities 
for attracting new specialists. Reforms are 
required to ensure the sustainable develop-
ment of the industry. 

Sustainability and sustainable devel-
opment could become an attractive slogan 

for a long-awaited solution in the strategic 
development of the road industry [5].

Every year, more roads are built all 
around the world, and a large part of them, 
which are to encounter high-intensity traf-
fic, are asphalted. Such a process can be 
time- and resource-consuming; thus, it is 
important to ensure maximal longevity of 
the built construction and provide methods 
for improved architectural type and used 
material quality [6].

The article aims at analysing the road 
building development in Latvia, performing 
financial analysis of road building compa-
nies and comparing the Latvian road build-
ing industry with other Baltic States, mak-
ing conclusions regarding the development 
of the road building industry in Latvia.

The following research methods have 
been used during the research:  monographic 
or theoretical method, graphical method, 
statistical data analysis, descriptive analy-
sis, comparative analysis – reflecting infor-
mation in figures and tables. The research 
materials and data for analysing theoretical 
and factual sources have been mostly taken 
from the internet resources, scientific data-
bases, and theoretical books, as determined 
by the availability of information. Limita-
tions of the research are the availability of 
actual statistical data and information. 

2. THEORETICAL ASPECTS OF STUDYING 
THE ROAD BUILDING INDUSTRY 

Real estate, including motor roads, is 
one of the property types that gives benefit 
to its owner and often directly affects the 
environment, processes, and people. Not 
only safety and quality of the property is 
important, but also its landscape and aes-
thetic delight rendered to passers-by, tour-
ists or users.  Additionally, it also promotes 
the economic development [7].

According to Section 3 (3) of the Law 
on Roads, roads in Latvia are divided  
into:
•	 main roads connecting the national road 

network with the main road network of 
other countries and the capital city with 
other cities of the Republic of Latvia or 
bypass roads of cities of the Republic 
of Latvia;
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•	 regional roads connecting the admin-
istrative centers of districts with each 
other or with the cities of the Republic 
or with the capital, or with the main or 
regional roads or with each other;

•	 local roads connecting the administra-
tive centers of a county with the county 
towns, the populated areas of the county 
in which parish administrations are 
located, villages or other public roads, 
or between the administrative centers of 
individual counties [8].

Motor roads are complex engineering 
structures outside city boundaries, whose 
purpose is to ensure transportation for vehi-
cles, whereas ‘road’ is a wider term, which 
includes also city streets. From the perspec-
tive of the user, motor roads and streets 
form a united network of roads, where traf-
fic is regulated according to uniform rules, 
and, therefore, identical driving conditions 
should be provided on them. Roads can be 
classified according to their:
•	 administrative belonging (substantiat-

ing management and usage of roads);
•	 cross-section form (characterising the 

carrying capacity of the road);
•	 pavement type (characterising the phys-

ical and mechanical properties of the 
road structure);

•	 surfacing type (determining the driving 
comfort level and the road management 
strategy) [9]. 

Administratively, according to the 
property rights and management responsi-
bility, the Latvian roads are divided into the 
following groups:
•	 state motor roads (main, first- and sec-

ond-class motor roads);
•	 municipal roads (city streets and parish 

roads);
•	 forest roads (roads for state forest man-

agement);

•	 private roads (internal roads of com-
mercial facilities and households) [9].

National motor roads in the territory of 
Latvia are a significant transport infrastruc-
ture, as they ensure important connection 
between cities and countries. According to 
the the Law on Roads, state motor roads 
include all road routes connecting Latvian 
motor road networks with main motor road 
networks of other countries or with the Lat-
vian capital – Riga and other towns or town 
by-pass roads. These national roads are 
recognised on maps and other informative 
materials, as they are designated by the let-
ter “A” and have a numbered sequence for 
their identification. Currently, Latvia has 
15 state main roads, their designation, thus, 
being from A1 to A15 [8]. As an example, 
A1 main road can be mentioned, which con-
nects Estonia with Lithuania, crossing the 
Latvian territory, as well as A7 main road 
from Riga to Lithuania, which goes through 
Bauska and other regions. State motor roads 
form a publicly available network of roads 
by which all traffic participants can move 
without restriction, except for cases when 
weight restrictions are set or road repairs 
take place. State motor roads are the prop-
erty of the Republic of Latvia, and their 
management is entrusted to the Ministry of 
Transport, which is, in turn, delegated to the 
State Limited Liability Company “Latvijas 
Valsts ceļi” to conduct maintenance and 
management of roads.

When developing a motor road con-
struction project, special attention should 
be devoted to materials, as they form a con-
siderable part of the total construction costs. 
Therefore, specifications of road construc-
tion are significant, which include certain 
requirements for each separate construction 
case. At the beginning of each work specifi-
cation, binding instructions can be provided 
to the construction performer, for example, 
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in cases when the construction project has 
no indications regarding the usage of the 
exact types of products stipulated in the 
project, etc. 

When building motor roads, it must 
be taken into account that road surfacing 
consists of two parts: pavement and base. 
Pavement can be made of one, two, or three 
layers. The base consists of two layers – a 
carrying layer and an additional layer. In 
recent years, there have been increasing dis-
cussions about both the quality of materials 
and their effect on the environment.

For example, one of the used materi-
als is bitumen. As stated by scientists from 
India, in the surrounding environment 
temperature, bitumen is solid and causes 
no threat to the environment, and human 
health. However, in the course of produc-
tion/construction, it is heated, stored, trans-
ported, and used, thus, causing emission of 
different hydrocarbons [10]. It, therefore, 
raises questions about the real effect of bitu-
men on the environment and human health. 

The supply of materials is very impor-
tant, especially in road construction proj-
ects, as they are required in the daily con-
struction process. Lack of materials is the 
main source of losses in the construction 
site productivity. This happens because 

the used material management methods 
lack structured communication and clearly 
defined tasks [11].

To achieve positive progress in improv-
ing the Latvian network of motor roads, 
the State should take different measures – 
it is significant to efficiently manage the 
available financial resources and create 
new opportunities for obtaining additional 
financing for motor road projects in Latvia, 
follow innovations in the industry, and find 
opportunities for attracting new specialists. 
Reforms are needed to ensure the sustain-
able development of the industry. 

According to the available statistics, 
as of 31 December 2023, the total length 
of motor roads and streets registered in 
Latvia was 71  157 km. The average den-
sity of the road network is 1.102 km per 1 
km2. The total length of state motor roads 
administered by the State Limited Liability 
Company “Latvijas Valsts ceļi” is 19  895 
km. The average density of the state road 
network is 0.308 km per 1 km2. “Latvijas 
Valsts ceļi” administers 955 bridges, of 
which 891 are made of reinforced concrete, 
16 of stone, 45 of iron, and 3 of wood. The 
total length of all bridges is 28 100 m (see 
Fig. 1) [12].

Table 1. Division of Motor Roads in Latvia [12]

Classification of Roads Length of roads as of 31 December 2023 (km)

Black top Crushed stone or 
gravelled Unpaved Total 

National roads, incl. 9803 10 092 00 19895
Main roads (A) 1676 - - 1676
Regional roads 4756 707 - 5463
Local roads (V) 3358 9326 - 12684
By-roads 13 59 - 72
Municipal roads and streets, incl. 6604 31423 - 38027
roads 1434 28034 - 29468
streets 5170 3389 - 8559
Forest roads 29 12119 1087 13235
Total roads and streets 16436 53634 1087 71157



70

The authors of the article, when analys-
ing the classification of the Latvian motor 
road network, conclude that the proportion 
of this state motor road infrastructure is 
comparatively big, taking into account the 
country area and the number of residents. 
The relatively big area of Latvia, compared 
to the number of residents, requires a wide 
and efficient network of motor roads to 
ensure communication and access in the 
entire country. The distribution of Latvian 
residents in the territory can be compara-
tively scattered, thus making this aspect 
particularly important. 

Therefore, it can be concluded that a 
network of motor roads is a major compo-
nent of a viable and developed State. To 
efficiently serve residents and companies 
scattered throughout the entire territory of 
the country, motor roads should ensure not 
only fast and safe travelling between cities 
and towns but also access to rural areas. The 
development of such a network of motor 
roads not only promotes economic develop-
ment and growth of business activities but 
also improves the quality of life, providing 
residents with convenient access to trans-
port and communication.

3. ANALYSIS OF THE ROAD BUILDING INDUSTRY IN LATVIA

The number of companies operating 
in the Latvian road building industry has 
increased over time. As of the end of 2023, 
378 companies have been operating in Lat-
via under the NACE code 42.11, which is 
the construction of roads and main motor 
roads, without account of bridge and rail-
road construction companies, the total num-
ber of which is 21 [13]. Thus, in total, 399 
companies are involved in the construction 
of vehicle roads in Latvia. However, most 
of these companies are small.

When investigating the technical condi-
tion of Latvian motor roads, it can be con-
cluded that the road condition is improv-
ing with every year, as of the end of 2022, 
78.3  % of state main roads and 57.5  % of 
state regional roads with asphalt concrete 
pavement were in a good or very good tech-
nical condition. This is the best indicator over 
the past 30 years. Since 2005, the volume of 
roads in a good or very good technical condi-
tion has not only doubled, but has increased 
more than twice, from 32 % to 78.3 % in the 
main road segment and from 22 % to 57.5 % 
in the regional road segment [12].

As of 15 April 2024, a total of 32 con-
struction objects have been registered. Out 
of 36 Latvian regions, construction is being 
conducted in 19 (Table 2) [12]. Generally, 
regions with just one construction object 
dominate, whereas Cesis Region differs 
from all others by having construction at 
four objects. 

To perform a more detailed analy-
sis regarding the development of the road 
building industry in Latvia, the authors 
have selected six big road building compa-
nies in order to get a better understanding 
of the industry development tendencies in 
the country.

The authors of the article have selected 
the following companies:
•	 Road building firm “BINDERS”;
•	 Joint Stock Company “A.C.B.”;
•	 Limited Liability Company “TILTS”;
•	 State Joint Stock Company “Latvijas 

autoceļu uzturētājs”;
•	 Limited Liability Company “VIA”; 
•	 Limited Liability Company “SC 

GRUPA”.
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Table 2. The Current List of Construction Objects in Latvia as of 15 April 2024 [12]

Number of Objects 4 3 2 1
Regions Cesis Region Dobele Region Gulbene Region Marupe Region

    Aluksne Region South Kurzeme 
Region Limbazi Region

      Ogre Region Smiltene Region
      Jekabpils Region Kuldiga Region
      Jelgava Region Ventspils Region
      Valka Region Ludza Region
      Tukums Region Rezekne Region
      Talsi Region Preili Region

To analyse the position of the selected 
companies, the authors have performed 
their financial analysis. 

During the period from 2019 to 2022, 
the net turnover of the road building firm 
LLC “BINDERS” decreased from EUR 
107 million to EUR 86 million. During 
the reporting year, profits or losses were 
fluctuating. In 2022 and 2021, losses were 
observed of EUR 2.8 million and EUR 
345 thousand, correspondingly. Loss and 
profit fluctuated in a cyclical manner, which 
might be related to the specific features of 
the industry or the company.

During the period from 2018 to 2022, 
net turnover of JSC “A.C.B.” increased 
from EUR 93 million to EUR 105 million. 
The increase is observed every year, except 
for 2021, indicating the company’s growth. 
When comparing 2021 with 2022, its net 
turnover increased considerably – by EUR 
31 million. The net turnover increase indi-
cates the company’s successful growth and 
potential on the market. During the report-
ing year, profits or losses were fluctuating, 
but, in general, a positive tendency was 
observed.

The net turnover of JSC “Latvijas 
autoceļu uzturētājs” was fluctuating, but, in 
general, remained comparatively stable. In 
2022, the company’s net turnover slightly 
decreased, comparing with the previ-
ous year, by EUR 6.6 million. During the 

reporting year, its profit decreased consid-
erably from EUR 3.9 million in 2021 to 
EUR 1 361 in 2022, indicating challenges 
or changes in the company’s operation.  

The net turnover of LLC “VIA” 
remained stable during the period from 
2018 to 2021, when it increased from EUR 
17.5 million to EUR 21.6 million. Compar-
ing 2021 with 2022, the company’s net turn-
over increased by about EUR 2 million. It 
remained on a stable level, which indicated 
that the company maintained a balanced 
business volume. During the reporting year, 
its profit was fluctuating; however, a posi-
tive change took place from 2021 to 2022. 
Profit of the reporting year increased con-
siderably in 2022, which could be the result 
of a more efficient operation or other fac-
tors of success. In 2020, the company had a 
loss of EUR 506 thousand. In the previous 
years, there were fluctuations of profit and 
loss, which could be influenced by different 
factors or change of the company’s strategy.

LLC “SC GRUPA” experienced losses 
in 2022 and 2021, which was a notice-
able contrast to the profit growth in previ-
ous years – from 2018 to 2020. LLC “SC 
GRUPA” explained the caused losses in 
its management report with fast grow-
ing costs. On 24 February of the reporting 
year, Russia started its brutal invasion into 
Ukraine, which caused a fast and uncon-
trolled growth of costs for practically all 
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resources required for road building: bitu-
men, fuel, and gas. The growth of prices 
for these resources, in its turn, caused a fast 
growth of costs for transport and construc-
tion equipment services, mineral materials, 
etc. [13]. 

In the opinion of the authors, turnover 
and profit are two important indicators that 
allow making different conclusions about 
the financial situation and operation of con-
struction companies. The authors reckon 
that a high turnover indicates that a company 
sells its products or services on the market 
successfully. A higher turnover can be evi-
dence of the fact that a company efficiently 
manages its resources and enjoys demand 
in the industry, as well as high turnover can 
indicate that a company is competitive and 
occupies a stable position on the market. 
The profit level with regards to the turnover 
(profitability) is an important indicator of a 
company’s efficiency. A high profitability 
indicator demonstrates a company’s capa-
bility to obtain profit from its investments. 
A stable profit can indicate financial stabil-
ity and sustainability of a company. A high 
level of profit allows a company to make 
investments, develop, and continue invest-
ing in the future.

In general, high turnover and profit indi-
cate that a construction company is success-
ful on the market, can ensure the demand for 
services or products and has financially stable 
activities. However, it is important to consider 
other indicators and factors as well, for exam-
ple, the structure of expenses, liabilities, and 
the market situation, in order to make a more 
complete analysis of a company.

The conclusion of the authors that 
big road building companies operate with 
a small profit may encompass several 
important aspects and conclusions. The 
road building industry has high competi-
tion, which leads to low profit indicators. 
To retain their market position, big com-

panies can be forced to offer competitive 
prices that can limit the received profit. To 
increase the profit level, it might be required 
for companies to improve the efficiency and 
mechanisms of their operation, to reduce 
expenses. This may include a technological 
innovation, a more efficient project man-
agement, or optimisation of resources. Big 
road building companies can be sensitive to 
economic cycles; the authors conclude that 
profit can decrease during downturn periods 
and increase during boom periods.

Loss of profit from the operation of a 
road building company can be the result 
of different factors and conditions. A com-
pany can operate at a loss, as there is intense 
competition and a demand for low prices in 
the road building industry. If a company 
is forced to offer prices that do not cover 
its operational expenses, this can lead to a 
loss of profit. Losses can result from the 
incomplete or poor management of a proj-
ect. Incorrect budget planning, inappropri-
ate coordination of resources, or project 
delay can increase expenses and reduce 
profit. A company can also face a loss of 
profit in the event of an unforeseen increase 
in expenses for materials or labour force. 
Growing prices for raw materials or unfore-
seen labour force issues can influence the 
budget stability considerably. If a company 
manages the risks involved in certain con-
struction projects inefficiently, it can cause 
additional costs and losses. Unforeseen cir-
cumstances, for example, idle standing or 
acts of nature, can increase project costs.

In its turn, a company that does not 
invest sufficient funds in new technologies 
and improvements can lose efficiency and 
competitiveness, which leads to a reduction 
in profit. If a company is unable to adjust to 
new regulatory requirements, amendments 
thereto, or industry innovations, it may 
incur additional expenses and experience a 
negative impact on its profits.



73

When studying big road building com-
panies, the authors conclude that all of them 
have been engaged in road construction for 
over 20 years. Big road building compa-
nies usually have a sufficient and qualified 
labour force, which allows them to offer 
different road construction services. Large 
companies usually participate in several big 
road construction projects simultaneously 
and enter into extensive long-term agree-
ments with state or municipal authorities. 
In the course of time, to increase their com-
petitiveness, the companies continue devel-
oping their operation types and get engaged 
also in the production of materials, as well 
as follow modern technological tendencies. 
It has to be noted that the aforementioned 
road building companies are among the big-
gest employers in the construction indus-
try in Latvia – SJSC “Latvijas autoceļu 
uzturētājs” occupies the first position, the 
road building firm “BINDERS” – the third, 
LLC “TILTS” – the fifth, JSC “A.C.B.” – 
the sixth, LLC “SC GRUPA” – the 35th and 
LLC “VIA” – the 42nd [13]. 

It can be concluded that SJCS “Latvijas 
autoceļu uzturētājs” dominates in the indus-
try, as the company occupies the first posi-
tion and, most probably, plays a significant 
role in road maintenance and promotion of 
the industry development in Latvia. This 
indicates that this company can be the main 
participant in the maintenance and develop-
ment of the state road infrastructure. Large 
road building companies, for instance, LLC 
“BINDERS”, JSC “A.C.B.”, and LLC 
“TILTS”, might be ensuring a significant 
part of jobs in the construction industry. 
Thus, these companies not only can per-
form significant construction projects but 
also create jobs. Alongside with big com-
panies, the list also contains smaller partici-
pants, for example, LLC “SC GRUPA” and 
LLC “VIA”, which occupy the 35th and the 
42nd positions. It demonstrates that there 

is competition in the construction indus-
try and opportunities for small companies 
to participate in and perform construction 
projects. When reviewing the list of com-
panies, it appears that the industry is active 
and diverse. It can indicate that there is a 
significant interest and demand in Latvia for 
road building services that stimulate com-
petition and innovations. The road building 
industry in Latvia is a dynamic and impor-
tant constituent of the national economy, 
where big companies dominate, but smaller 
participants are involved as well, creating 
jobs and promoting the development of the 
industry.

Road building is the national economy 
industry that influences every Latvian resi-
dent, as each of us uses roads to travel from 
one point to another, conducting impor-
tant activities, for example, transportation 
of goods. A well-arranged infrastructure 
is a significant precondition for the attrac-
tion of investments and the growth of the 
national economy. Investment projects are 
conducted in places where convenient and 
high-quality roads are available. Although 
the total Latvian road network coverage 
is sufficient, the technical condition of the 
roads is not acceptable and does not meet 
the needs for safe and continuous transpor-
tation. In comparison with neighbouring 
countries, the current condition of Latvian 
motor roads is the worst. For example, in 
2020, 15.60  % of blacktop roads were 
evaluated as ‘very bad’. The situation has 
improved in recent years, but not in a suf-
ficient volume (see Table 3). Such a situa-
tion has remained on Latvian motor roads 
for several years, as every year insufficient 
financing is invested in the road building 
industry. This bad situation with the roads 
is also related to the big construction deficit 
in the road building industry, which consti-
tutes EUR 2.94 billion. 

One must think about the necessity to 
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develop qualitative result indicators that 
could be used to evaluate technical param-
eters and sustainability of materials used in 
construction [14].

The main problems of the network of 
motor roads are related to the road pavement 
and carrying capacity of bridges – roads 
were built in the 1960s and up to the 1980s 
in accordance with the standards valid at 

that time, which set the maximum motor 
transport axle load of 10 t and the maximum 
gross vehicle weight of 36 t. Today the mar-
ket needs and the European requirements 
set 11.5  t and 44  t, correspondingly. As a 
result, in some sections, there is the situa-
tion when quality of the motor roads cannot 
be ensured by applying simple repair meth-
ods.

Table 3. Technical Condition of Blacktop Roads Inspected by “Latvijas Valsts ceļi”

Technical Condition of Black Top Roads

Technical Condition 2017 2018 2019 2020

Very good 14.80 % 16.60 % 21.50 % 25.60 %

Good  21.80 % 22.70 % 21.30 % 25.10 %

Satisfactory  20.60 % 21.40 % 20.20 % 18.60 %

Bad  19.20 % 17.60 % 18.30 % 15.10 %

Very bad 23.60 % 21.70 % 18.70 % 15.60 %

In total, % 100.00 % 100.00 % 100.00 % 100.0 %

These data demonstrate that the condi-
tion of roads has improved in recent years, 
as, comparing 2017 with 2020, the number 
of state roads whose technical condition is 
evaluated as ‘very good’ has increased by 

10.80 %.  The number of state roads whose 
technical condition is evaluated as ‘very 
bad’ has decreased by 8 %, when compar-
ing 2017 with 2020. 

Table 4. Technical Condition of Gravelled Roads Inspected by “Latvijas Valsts ceļi”

Technical Condition of Gravelled Roads

Technical Condition 2017 2018 2019 2020

Good  9.20 % 6.20 % 6.20 % 6.70 %

Satisfactory  48.40 % 47.40 % 42.60 % 37.40 %

Bad  42.40 % 46.40 % 51.20 % 55.90 %

In total 100.00 % 100.00 % 100.00 % 100.00 %

More than half of the gravelled roads 
supervised by Latvijas Valsts ceļi are eval-
uated as being in a bad condition in 2020 
(see Table 4). Whereas roads the condition 
of which is satisfactory form 37.40 % of the 
road network. When analysing the statis-
tics, it can be concluded that Latvian grav-
elled roads are in a bad condition. 

Local gravelled roads, which are mostly 

within the territory of the country, are least 
loaded. In the recent decade, minimal invest-
ments have been allocated for these roads 
and, as a result, the condition of gravelled 
roads is improving very slowly. In 2022, 
only 18.5  % of regional gravelled roads 
and 8.9 % of local gravelled roads were in 
a good or very good technical condition. A 
lot of the local state roads do not perform 
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the function of state motor roads anymore 
and about 4 000 kilometres of roads should 
be transferred to municipalities [15]. It is 
also significant to ensure continuous and 
qualitative road maintenance, being quite a 
wide spectrum of activities, which includes 
different road operation processes with very 
specific functions and tasks [16].  

The load of roads in Latvia is influenced 
by several factors, including: 
1.	 density of population, economic activi-

ties;
2.	 economic factors, which encompass 

activities of merchants and different 
companies;

3.	 transport flow, which differs with 
account of both the road classification 

and the usage of roads, either as local or 
international significance roads;

4.	 quality and accessibility of roads – the 
higher the road quality and accessibil-
ity, the bigger the traffic and, thus, also 
the load. 

5.	 road infrastructure development – more 
attention is devoted to the road develop-
ment, the higher the road load, attract-
ing a bigger flow of transport. 

When developing the road infrastruc-
ture, improvement, renovation, widening, 
and modernisation of the existing roads are 
set as the goal, providing a safe and efficient 
transport flow in the country.  

4. COMPARISON OF THE ROAD BUILDING 
INDUSTRY IN THE BALTIC STATES

Latvia has been increasingly more com-
pared with Lithuania and Estonia in differ-
ent contexts, for example, with regards to 
differences in the road tax amount, com-
pared with Lithuania, or introducing a bev-
erage packaging deposit system as in Esto-

nia. However, the condition and financing 
of roads are also aspects to be considered 
when comparing the Baltic States. Latvia’s 
results in this connection do not provide a 
favourable comparison with those of other 
Baltic States.

Fig. 1. Road quality in Europe: The best and the worst roads in Europe [17].

People were given the opportunity to 
evaluate from 1 (extremely bad – among the 

worst in the world) to 7 (extremely good – 
among the best in the world).
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Although the general tendency is 
observable (Eastern Europe has, on aver-
age, worse indicators than Western Europe 
and the Nordic countries), there are some 
deviations. For example, Belgium has much 
worse roads than its neighbours. This con-
trast is even stronger, since the Netherlands 
has the best road quality in Europe (6.4 
points, compared to 4.4 of Belgium). Cer-
tainly, it also provokes jokes on the part of 
the Dutch with regards to their neighbours, 
saying that the difference between the roads 
in the Netherlands and Belgium can be not 
only seen, but also felt and heard (see Fig. 1) 
[17].

The European average indicator is 4.8 
points, calculated using the mean value 
from evaluations of roads across all coun-
tries. This evaluation is based on the World 
Economic Forum’s polling, where a scale of 
1 to 7 was used. One on this scale means 
that the road condition is extremely bad 
among all roads in the world, but 7 means 
that the road condition is extremely good 
and is among the best roads in the world 

[17]. Evaluation of the quality of Lat-
vian roads is one of the lowest in Europe, 
being 3.6, which means that road quality 
in Latvia is considered poor, as the evalu-
ation of Latvian roads lags the EU average 
by 1.2 points. In the context of the Baltic 
States, the situation is not much better, as 
also here Latvia gets the lowest evaluation 
from all Baltic States (see Fig. 1). Taking 
into account the fact that the length of state 
roads in Latvia is 20 020 km, in Lithuania 
21 203 km and in Estonia 16 969 km (see 
Fig.  2), the road condition in Lithuania 
and Estonia is very close to the European 
average, in contrast to Latvia. The Esto-
nian evaluation is 4.7, lagging behind the 
European average only by 0.1 points, which 
means that the state roads are evaluated as 
satisfactory. Whereas, Lithuania is evalu-
ated with 4.8 points, which is the average 
indicator in Europe. 

Thus, the authors conclude that it is 
clearly seen that the worst quality of roads 
in the Baltic States is exactly in Latvia. 

Fig. 2. Financing for state motor roads in the Baltic States in 2023 [18].

Comparing financing for state roads in 
the Baltic States, it can be concluded that 
in 2023, Estonia had the smallest financing, 
whereas Lithuania – the biggest. The state 
budget for Latvia was EUR 221 million, 

which was by EUR 69 million more than in 
Estonia, but by EUR 143 million less than 
in Lithuania. The EU financing (CF, ERDF, 
etc.) for Lithuania was the highest – EUR 
91 million, which was by EUR 35 million 
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more than for Estonia and by EUR 76 mil-
lion more than for Latvia. An important fac-
tor to be mentioned is that in 2023, Latvia 
did not have the European infrastructure 
connection tools financing, for Estonia it 
was EUR 15.3 million and for Lithuania – 
EUR 55.3 million [18]. It can be concluded 
that differences in financing between the 
Baltic States indicates different priorities 
and challenges in the development of state 
roads. Every country must consider how to 
optimise its financial resources in order to 
ensure the efficient and sustainable devel-
opment of the road infrastructure. 

Comparing the 2022 budgets, it can 
be concluded that Estonia had the smallest 
financing, whereas Lithuania had the biggest 
also in 2022. The total Latvian financing for 
roads was EUR 313 million, in Estonia – 
EUR 228 million, and in Lithuania – 
EUR 582 million [2].

It is stated that road construction in 
Latvia is one of the most expensive in the 
Baltic States, but such a statement lacks a 
precise definition with regard to what road 
construction costs are compared – whether 
these are costs per kilometre, or design 
costs, or maintenance costs. Construction 
costs are hard to be compared, as every 
road is a unique structure with different 
composition, usage of materials, applied 
technologies and methods. These factors, 
as well as costs of materials and complex 
technologies, can influence construction 
costs considerably. Costs of materials in 
Latvia are higher than elsewhere in the Bal-
tic States, and it is logical with account of 

the limited natural resources and accessibil-
ity of construction materials in this country. 
As an example, dolomite rock can be men-
tioned, which is used for groundwork base 
and asphalting. This rock is less durable in 
Latvia, comparing to Estonia and Lithu-
ania, which means that it is practically not 
used in Latvia, especially in the construc-
tion of state roads, but rather for insignifi-
cant motor road projects. Whereas dolomite 
rock extracted in Estonia and Lithuania can 
be used wider, as it has good durability. Due 
to this reason, when repairing state motor 
roads in Latvia, it is required to import such 
materials from other countries, increasing 
transport costs and total costs of materials.

A similar situation is also with granite 
rock, which Latvian entrepreneurs obtain 
from Sweden, Norway and Lithuania, as 
such type of rock is not available in Lat-
via. This increases construction costs, as, 
in addition to costs of materials, transport 
costs must also be included. Whereas, Esto-
nians obtain this material from Finland, as 
they also do not have it available.

However, when speaking about bitu-
men, which is used in the production of 
bituminous concrete, it is not manufactured 
in Latvia and, thus, needs to be imported, 
which increases the total costs of materials. 
It is also worth indicating that Estonia and 
Lithuania have plants where bitumen is pro-
duced for such usage.

Thus, the authors conclude that road 
construction in Latvia costs more than in 
other Baltic States, as Estonia and Lithuania 
have more resources available.

5. CONCLUSIONS

The road building industry is a sig-
nificant branch of the Latvian national 
economy, which affects every resident, as 
roads are used for all purposes – from trav-

els from point A to point B to information 
exchange. A well-maintained infrastructure 
is an important precondition for attracting 
investments and promoting the growth of 
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the national economy. Investment projects 
are selected at places where qualitative 
roads are available. In general, the Latvian 
road network is spread sufficiently, but its 
current condition does not meet the require-
ments of safe and continuous traffic. 

In Latvia, the road building industry 
is especially significant and growing, as, 
in order to promote the national economic 
growth, improve the life quality of residents 
and ensure that Latvian international motor 
roads comply with the standards of the 
European motor road network, it is required 
to maintain and develop the motor road 
infrastructure efficiently.

To achieve a positive progress in 
improving the Latvian road network, the 
State should take different measures; it is 
significant to manage efficiently the avail-
able financial resources and establish new 
opportunities for obtaining additional 
financing for motor road projects in Latvia, 

follow the industry innovations, and find 
opportunities for attracting new special-
ists to the industry. Reforms are needed to 
ensure the sustainable development of the 
industry. 

When investing in the road infrastruc-
ture development, new roads are con-
structed, existing ones are modernised, 
by implementing safety measures in road 
design, improvement of the construction 
standards, road lighting, etc. The infrastruc-
ture development also includes environ-
ment protection measures by using environ-
mentally friendly materials and promoting 
the usage of sustainable transport solutions.  

Overall, all measures implemented in 
road construction and its infrastructure 
development form a significant element in 
promoting the national economy and well-
being of the population by ensuring a safe 
and efficient transport system. 
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Instead of using paint, it is possible to manufacture white paper plaster by adding chalk 
to its ingredients. The moisture buffer values (MBVs) of paper plaster mixtures with chalk 
ranged from 1.8 to 2.9. The higher the chalk content was, the lower the MBV of the paper 
plaster was. Only the mix with the highest chalk content, where the percentage of chalk was 
90, had a moisture buffering capacity below 2.0, i.e., not excellent (MBV > 2.0). 

Keywords: Chalk, moisture buffer value, Nordtest, paper plaster, recycling, wastepaper.

1. INTRODUCTION

Plaster is defined as a combination of 
binder, aggregate, and water [1]. An intelli-
gent use of hygroscopic plaster components 
may enhance the interior climate and occu-
pant comfort by minimising indoor humid-
ity changes. Due to these reasons, there is 
a strong interest in defining the moisture 
transmission and buffering capabilities of 
porous building materials [2]. Covering the 
surface of a plaster with paint may signifi-
cantly reduce the moisture capacity of the 
systems [3]. In this paper, we concentrate 
on paper plaster modified with the addition 
of chalk, aiming to obtain a white colour 
without using white paint. It has been 

shown that paper plasters perform excellent 
moisture buffering capacities [4]. The cur-
rent study is to determine the impact of dif-
ferent proportions of chalk on the moisture 
buffer values (MBVs) of paper plaster. 

Recycling of different waste materials is 
of utmost importance [5]−[8]. In the recent 
period, the landfilling of organic wastes has 
been prohibited in several countries [5]. The 
demand for looking novel pathways to reuse 
waste materials, including wastepaper, rises 
rapidly, as the circular economy and recy-
cling become more and more important [6], 
[9]. At the same time, it should be kept in 
mind that in the case of covering finishing 
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materials (as plasters) with less permeable 
coats, the moisture buffering capacity of 
different materials decreases remarkably 
and leads to the increased amplitude of 
daily indoor relative humidity [10]. 

Wastepaper is among the materials 
that can be recycled through the produc-
tion of different building materials [11]. 
For example, the effect of incorporating 
cellulose fibers from waste paper recycling 
into cement mortar was studied by Stevu-
lova et al. [12]. The results of a recent study 

showed that paper plaster is applicable as 
an interior finishing material, as it does not 
turn mouldy in the environment typically 
favourable to moulds [13].

The MBV of paper plaster is inhibited 
when covered with paint [14]. The aim of 
this study is to specify the impact of chalk 
on the MBV of paper plaster, and the quan-
tity of chalk that has to be added so that 
the plaster becomes sufficiently white and, 
as a result of this, does not need additional 
painting.

2. MATERIALS AND METHODS

The methodology utilised in this study 
is described in great detail by Rode et al. 
[15] and follows the lines presented in [14]. 
The Nordtest methodology defines a test 
protocol for experimental determination 
of the moisture buffer value via climatic 
chamber tests, where a specimen is sub-
jected to environmental changes that come 
as a square wave in diurnal cycles [15]. It 
aims providing relative humidity (RH) vari-
ations of 75 % during 8h and 33 % during 
16h. A partially sealed sample is subjected 
to repeated fluctuations in ambient relative 
humidity, while the temperature remains 
unchanged at 23 °C. The change in relative 

humidity (RH) causes the variation on spec-
imen’s weight, and this change is evaluated 
by periodic weighing. The weight change 
over time may be interpreted as an expres-
sion of the test specimen’s MBV. 

The specimens were made in three 
identical by composition copies according 
to the recipes that contain the components 
and/or additives given in Table 1. The plas-
ter samples were prepared using wastepa-
per (newspaper), glue (Metylan Universal 
Premium, manufacturer Henkel) and chalk 
(powder). Chalk was added in different 
amounts (0–90 % of the total weight).

Table 1. The Composition of Plaster Samples (Ratio of Paper and Chalk by Weight)

Plaster group Paper/chalk ratio Density, g/cm3

1 100/0 0.22
2  90/10 0.24
3  80/20 0.27
4  70/30 0.31
5  60/40 0.39
6  50/50 0.42
7  40/60 0.61
8  30/70 0.74
9  20/80 1.08
10  10/90 1.15
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Plaster group 1 Plaster group 2 Plaster group 3

Plaster group 4 Plaster group 5 Plaster group 6

Plaster group 7 Plaster group 8 Plaster group 9

Plaster group 10
Fig. 1. Examples of specimen.
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The paper was soaked in water for about 
24 hours (ratio: 1 kilogram of paper and 30 
L of water). The extra water (approximately 
20 L) was then drained. Glue (40 g per 1 
kg paper) and chalk (in 9 different amounts) 
were applied to the resulting paper pulps. 
The saturated and mushy paper was crushed 
by hand. Metylan Universal Premium adhe-
sive powder, modified wallpaper glue pro-
duced from starch and including anti-fungal 
ingredients, was dissolved to form the glue. 

Paper pulp was added to the glue. A mold 
with a height of 2.5 cm and a diameter of 
12.0 cm was used to make the test speci-
mens. The test pieces were dried for 2 weeks 
at a room temperature (20−23 °C). The area 
needed to calculate the MBV was measured 
from the dried specimens. A total of 10 dif-
ferent mixtures were prepared (samples of 
them are shown in Fig. 1), three test speci-
mens from each mixture. 

3. RESULTS

The moisture buffering capacity of the 
mixtures tested in the experiment ranged 
from 1.75 to 2.89 (Table 2, Fig. 1). Only 
the mixture with the highest chalk content, 
where the ratio of chalk paper was 90/10, 
had a moisture buffering capacity of less 

than 2.0, i.e., not excellent (MBV > 2.0). 
The results of the tests show that the addi-
tion of chalk reduces the moisture buffering 
capacity of paper plaster. Figure 2 indicates 
that there is a linear relationship between 
plaster density and MBV. 

Tabel 2. The MBV for Paper Plasters

Plaster sample Paper/chalk ratio *MBV8/16h, g/(m2 %RH)

1 Paper 100/0 2.9 excellent

2 Paper 90/10 2.8 excellent

3 Paper 80/20 2.9 excellent

4 Paper 70/30 2.7 excellent

5 Paper 60/40 2.9 excellent

6 Paper 50/50 2.7 excellent

7 Paper 40/60 2.8 excellent

8 Paper 30/70 2.4 excellent

9 Paper 20/80 2.1 excellent

10 Paper 10/90 1.8 good

*negligible (0−0.2), limited (0.2−0.5), moderate (0.5−1.0) good (1.0−2.0), excellent (2.0−…).
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Fig. 2. The relationship between plaster density and MBV.

4. DISCUSSION

Powdered chalk has traditionally been 
used as a white pigment, a filler in pig-
ments, a basis for organic pigments, and in 
the production of painting grounds. As an 
aggregate in lime plasters, powdered chalk 
behaves similarly to marble powder and dry 
lime plaster powder. Powdered chalk results 
in a white plaster with a yellowish tint [17].

Chalk including plasters are lime plas-
ters. Lime plaster manufacture comprises 
many phases of preparation that must be 
meticulously completed in order to generate 
a high-quality product. To begin, quicklime 
powder is created by burning rocks (often 
limestone, chalk, and marble) at very high 
temperatures (>700 °C). After that, the lime 
is combined with water to create a plastic 
putty that can be applied and sculpted. The 
plaster keeps its resistant qualities and has 
a firm surface after drying. Technological 
advancements in the production of lime 

plaster included the inclusion of various 
materials to give the plaster additional 
features, such as greater binding capabilities 
or water resistance [18]. The last mentioned 
is a good advantage in plaster production. 

The results of the experiment showed 
that the addition of chalk for the purpose of 
increasing the MBV was not practical. The 
more chalk added to the paper plaster, the 
lower the moisture-buffering capacity of the 
plaster. Previous experiments have shown 
that clay (clay plaster) added to paper plas-
ter reduces the moisture buffering capacity 
of the plaster [6], [19].

In this study, we have analysed the effect 
of colour to the plaster. Coloured plasters 
are made by combining colour pigments 
with an uncoloured substance. An example 
of white pigment is chalk. Previous tests of 
coating paper plaster with casein paint with 
added chalk showed that the more layers 
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of paint, the lower the moisture buffering 
capacity [14]. When the surface of the plas-
ter was covered with chalk-based casein 
paint (1, 2, 5, 10, 15, and 20 times), it was 
revealed that MBV steadily decreased. If 
the MBV was 2.70 for 1 coating, the MBV 
for plaster coated 10 times was 1.61, and 
after 15 coats, the MBV did not change but 

remained 1.43. If chalk is added immedi-
ately to the plaster mixture during its prepa-
ration, the MBV (paper90/chalk10) is 2.79, 
and a mixture consisting largely of chalk 
(chalk90/paper10) has an MBV of 1.75, i.e., 
higher than when coating the plaster with 
casein paint containing chalk 15 times. 

5. CONCLUSIONS

The results demonstrated that MBVs of 
paper plaster mixtures with chalk ranged 
from 1.75 to 2.89. The higher the chalk con-
tent, the lower the MBV of the paper plas-
ter. In spite of this fact, only the mix with 

the highest chalk content, where the ratio of 
chalk to paper was 90/10 by weight, had a 
moisture buffering capacity below 2.0, i.e., 
lower the level of “excellent” (MBV > 2.0). 

ACKNOWLEDGEMENTS

This study has been supported by Tartu 
College, Tallinn University of Technology. 

REFERENCES

1.	 Gliozzo, E., Pizzo, A., & La Russa, M.F. 
(2021). Mortars, Plasters and Pigments—
Research Questions and Sampling Criteria. 
Archaeological and Anthropological 
Sciences, 13, 193. https://doi.org/10.1007/
s12520-021-01393-2

2.	 Rode, C., Peuhkuri, R., Hanssen, K., Time, 
B., Svennberg, K., Arfvidsson, J. A., & 
Ojanen, T. (2007). Moisture buffer value of 
building materials. In P. Mukhopadhyaya, & 
M. K. Kumaran (Eds.), Heat-Air-Moisture 
Transport: Measurements on Building 
Materials,  (pp. 33−44). American Society 
for Testing and Materials (ASTM).

3.	 Ranesi, A., Veiga, R., Rodrigues, P., & 
Faria. P. (2024). The Different Effect of Two 
Paint Systems on Moisture Buffer Capacity 
of Traditional and Modern Plasters. Journal 
of Building Engineering 91, 109701. https://
doi.org/10.1016/j.jobe.2024.109701

4.	 Vares, M.−L., Ruus, A., Nutt, N., Kubjas, 
A., & Raamets, J. (2021). Determination of 
Paper Plaster Hygrothermal Performance: 
Influence of Different Types of Paper on 
Sorption and Moisture Buffering. Journal of 
Building Engineering, 33, 101830. https://
doi.org/10.1016/j.jobe.2020.101830

5.	 Hurst, G., Ahmed, A., Taylor, S., & Tedesco, 
S. (2023). Anaerobic Digestion of Recycled 
Paper Crumb and Effects of Digestate on 
Concrete Performance. Renewable Energy,  
208, 577–582. https://doi.org/10.1016/j.
renene.2023.03.061

6.	 Nutt, N., & Kubjas, A. (2020). Moisture 
Buffer Value of Composite Material Made 
of Clay Sand Plaster and Wastepaper. 
Journal of Sustainable Architecture and 
Civil Engineering 27 (2), 108−115. https://
doi.org/10.5755/j01.sace.27.2.25391



86

7.	 Zemite, L., Backurs, A., Vonda, K., 
Batjuskovs, S., Cnubbern, P., & Jansons, 
L. (2024). Comparative Study of Waste 
Management and Sampling Practices in 
Latvia and Estonia. Latvian Journal of 
Physics and Technical Sciences, 61 (5), 
36−57. https://doi.org/10.2478/lpts-2024-
0035

8.	 Haiba, E., Nei, L., Kutti, S., Lillenberg, 
M., Herodes, K., Ivask, M., ... & Laaniste, 
A. (2017). Degradation of Diclofenac and 
Triclosan Residues in Sewage Sludge 
Compost. Agronomy Research, 15 (2), 395–
405.  

9.	 Stevulova, N., Vaclavik, V., Hospodarova, 
V., & Dvorský, T. (2021). Recycled Cellulose 
Fiber Reinforced Plaster. Materials, 14 (11), 
2986. https://doi.org/10.3390/ma14112986

10.	 Kaczorek, D.,   Basińska, M.,   & Koczyk 
H. (2023). Hygrothermal Behaviour of a 
Room with Different Occupancy Scenarios. 
Journal of Building Engineering, 66, 
105928. https://doi.org/10.1016/j.
jobe.2023.105928

11.	 Aciu, C., Iluţiu – Varvara, D.A., Cobirzan, 
N.,   & Balog, A. (2014). Recycling 
of Paper Waste in the Composition of 
Plastering Mortars. Procedia Technology, 
12, 295-300. https://doi.org/10.1016/j.
protcy.2013.12.489

12.	 Stevulova, N., Vaclavi, V., Hospodarova, V., 
& Dvorský, T.  (2021). Recycled Cellulose 
Fiber Reinforced Plaster. Materials, 14 (11), 
2986. https://doi.org/10.3390/ma14112986

13.	 Raamets, J., Nutt, N., Rudisaar, R., Nei, 
L., & Olle, M. (2025). Mould Resistance 
of Paper Plaster Made from Cellulose-
Containing Waste. Latvian Journal of 
Physics and Technical Sciences, 62 (1), 
32−38. https://doi.org/10.2478/lpts-2025-
0003

14.	 Nutt, N., Kubjas, A., Nei, L., & Ruus, A. 
(2020). The Effects of Natural Paints on 
the Moisture Buffering Ability of Paper 
Plaster. Latvian Journal of Physics and 
Technical Sciences, 57 (5), 51−60. https://
doi.org/10.2478/lpts-2020-0027

15.	 Rode, C., Peuhkuri, R.H., Hansen, K.K., 
Time, B., Svennberg, K., Arfvidsson, J., 
& Ojanen, T. (2005). NORDTEST project 
on moisture buffer value of materials. In 
AIVC Conference “Energy Performance 
Regulation: Ventilation in Relation to the 
Energy Performance of Buildings” (pp. 
47–52). INIVE eeig.

16.	 Nutt, N., Nei, L., Muoni, H., Kubjas, A., 
& Raamets, J. (2024). Novel Approach to 
Making Environmentally Friendly Plaster − 
Moisture Buffer Value of Plaster Made of 
Wastepaper and Different Glues. Latvian 
Journal of Physics and Technical Sciences, 
61 (6), 59−68. https://doi.org/10.2478/lpts-
2024-0043

17.	 Vlavogilakis, Α. (2021). Fresco Mixtures 
with Dried Lime Plaster: Cameron’s 
Experiments Revisited. EXARC Journal, 
2021 (2). https://exarc.net/ark:/88735/10581

18.	 Friesem, D.E., Abadi, I., Shaham, D., & 
Grosman, L. (2019). Lime Plaster Cover of 
the Dead 12,000 Years Ago–New Evidence 
for the Origins of Lime Plaster Technology. 
Evolutionary Human Sciences, 1, e9. http://
dx.doi.org/10.1017/ehs.2019.9

19.	 Nutt, N., Kubjas, A., & Nei, L. (2020). 
Adding Waste Paper to Clay Plaster to Raise 
Its Ability to Buffer Moisture. Proceedings 
of the Estonian Academy of Sciences, 69 
(3), 179−185. https://doi.org/10.3176/
proc.2020.3.01



87

LATVIAN JOURNAL OF PHYSICS
AND TECHNICAL SCIENCES

2025, N 4

DOI: 10.2478/lpts-2025-0032

A REPORT ON THE 
SOURCES USED FOR LEO PLASMA 

EXPERIMENTAL SIMULATION 

A. M. Abd El-Hameed 1*, A. S. Farahat2, L. H. Basmsm2

1Solar and Space Research Department, 
National Research Institute of Astronomy and Geophysics (NRIAG), 

1 EL Marsad Str., Helwan, Cairo, 4037101, EGYPT
2Faculty of Navigation Science and Space Technology, 

Beni Suef University, 
Bayad Al Arab, Beni Suef, EGYPT

*e-mail: mostafaafaf2000@yahoo.com 

The simulation of the Low Earth Orbit (LEO) plasma environment is essential for under-
standing the effects of space plasma interactions on space systems and subsystems. Spacecraft 
charging and arcs are among the most significant problems related to plasma impact. These can 
cause variations in the physical characteristics of materials and spacecraft systems. Ground-
based experimental studies are proposed to investigate the effects of a simulated LEO plasma 
environment. The experiments have shown that plasma effect variations depend on the applied 
conditions and plasma properties. One of the key factors determining the estimated plasma 
properties is the source used to produce plasma. Various plasma sources have been developed 
to simulate the conditions and properties of LEO plasma. This study presents various sources 
applied to generate a simulated LEO plasma environment. Different techniques used for mea-
suring plasma characteristics are presented in the paper. Examples of the operating conditions 
and plasma properties are also addressed.
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1. INTRODUCTION

Spacecraft navigates dynamic environ-
ments featuring neutral particles, plasma, 
radiation, and debris, necessitating designs 
robust against potential interactions and 
degradation. In (LEO) orbit, the dominant 
environment is the ionosphere, a relatively 
dense (ne ≈ 10^ (10) − 10^ (12) m⁻³) but 
cool (Te ≈ 0.1−0.3 eV) plasma. Spacecraft 
interactions in LEO are strongly influenced 
by their high orbital velocity (vsc ≈ 7−8 
km/s) relative to the plasma. This meso-
thermal flow imparts significant RAM 
energy (typically 5–10 eV for O⁺ ions) onto 
impacting ions [1]. This directed energy, 
combined with plasma density, governs 
sheath structures, wake formation, and 
other critical interaction physics. Elec-
trostatic effects, including surface charg-
ing, discharges, and arcing, are common 
results of spacecraft-plasma interactions 
in LEO [1]–[4]. Both charged and neutral 
species contribute to arc plasma evolution, 
potentially causing surface damage, power 
disruptions, contamination, and electro-
magnetic interference [5]–[7]. Moreover, 
high-voltage systems, like solar arrays, are 
particularly susceptible to plasma-induced 

degradation via discharging and arcs. This 
depends on the conditions and plasma prop-
erties close to the array surfaces [8]–[10]. 
Due to the challenges of in situ studies, 
laboratory simulations are vital for assess-
ing the performance of spacecraft compo-
nents and failure modes under LEO plasma 
conditions. Ground-based LEO simulations 
replicate the characteristic plasma densities 
and directed ion energies. These simula-
tions employ vacuum facilities equipped 
with plasma sources applied to generate 
environments representative of LEO. 

The fidelity of the ground tests criti-
cally depends on the appropriate selection 
and operation of the plasma source [6]. This 
work presents a variety of sources used for 
LEO plasma environmental simulation. 
The classification and operating principles 
of these sources are discussed further in 
the paper. Different techniques applied for 
measuring the plasma parameters are also 
outlined. The characteristics of the resulting 
plasma, focusing on the ability to achieve 
the specific density and ion energy ranges 
relevant to replicating LEO spacecraft inter-
actions, are addressed in further sections.

2. PLASMA SOURCES FOR EXPERIMENTAL SIMULATIONS

Plasma sources are essential tools for 
simulating various space environments in 
ground-based facilities, allowing research-
ers to examine the behaviour of space 
instruments and materials under controlled 
conditions. To investigate how space instru-
ments behave under different conditions 
and plasma properties, simulations using 
ground-based vacuum facilities have been 
conducted through numerous laboratory 
experiments. These studies consider the 

variation of components and plasma param-
eters, particularly, the density of plasma par-
ticles, electron temperature, and ion energy 
[1]. These parameters vary based on the 
operating condition of the facility, such as 
the discharge/ beam voltage, discharge cur-
rent, gas flow rate, and facility background/
base pressure [3]. Two crucial factors for 
simulating LEO plasma are electrons and 
their thermal energy, as well as the ionized 
gases (e.g., Argon (Ar) or Xenon (Xe)). The 
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ion flux to the spacecraft surface is deter-
mined by its  orbital speed, while the ion 
flux in the vacuum chamber depends on the 
operating conditions of the plasma source 
[5]. Therefore, various types of plasma 

sources are used to generate plasma. These 
sources are installed inside the vacuum 
chamber to create a plasma environment 
like the intended orbits. Examples of the 
sources considered are discussed below.

2.1. Hollow Cathode Discharge (HC)

A hollow cathode plasma source is a 
metal plasma source, comparable in some 
respects to a parallel plate capacitively 
coupled plasma (CCP) source. The hollow 
cathode (HC) discharge is a low-pressure 
glow discharge occurring within a cylindri-
cal cathode cavity. The physics behind its 
operation involves electron emission from 
the cathode surface, often initiated by ion 
bombardment [11]. These electrons are 
accelerated across the cathode dark space, 
gaining energy to excite and ionize a sustain-
ing gas (e.g., He, Ar). The unique cylindri-
cal geometry enhances electron oscillation 
and collision probability, increasing excita-
tion and ionization efficiency – a phenom-
enon known as the hollow cathode effect. 
Sputtering of the cathode material, caused 
by ion bombardment, introduces sample 
atoms into the plasma, leading to charac-
teristic light emission used in spectroscopy 
[3]. In LEO ground-based simulations, hol-
low cathode discharges are employed to 
generate low-energy plasma for studying 
spacecraft material interactions with the 
ionosphere. For instance, studies have used 

hollow cathodes to simulate the plasma 
environment encountered by satellites, 
focusing on parameters like plasma den-
sity and electron temperature. The plasma 
properties from this source can be varied 
by adjusting the discharge current and gas 
flow rate, which affect the stability and 
generation of energetic ions. Increasing the 
discharge current or decreasing the gas flow 
rate can lead to higher plasma densities and 
electron temperatures. Gas pressure and the 
geometry of the hollow cathode also play 
crucial roles in determining plasma charac-
teristics [3]. Resources include inert gases 
(He, Ar), DC power supplies (up to 1000 
V), and vacuum systems (1–20 Torr) [3]. 
Cathode materials like Tantalum, Thoriated 
Tungsten, or Barium-impregnated materials 
are common [4]. For this particular source, 
efficient hollow cathode behaviour is typi-
cally satisfied at a current of approximately 
30 mA and higher. This source can pro-
duce low-temperature plasma (~1 eV) [12]. 
Figure 1 shows the components of the HC 
structure [4]. 

Fig. 1. Cathode schematic showing the electrode components. 
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2.2. Kaufman/Ion Source

The Kaufman ion source is a broad-
beam, multi-aperture electron bombard-
ment source featuring an independent 
discharge chamber and a double-grid ion 
extraction system. Its principle of opera-
tion involves introducing a working 
gas – commonly Argon, Xenon, or Oxy-
gen – into the discharge chamber, where 
it is ionized by electrons emitted from a 
thermionic cathode, such as a filament or 
hollow cathode. A magnetic field, often 
generated using multipole arrangements 
of permanent magnets, enhances ioniza-
tion by confining electrons and increasing 
their path length and probability of colli-
sions with neutral atoms. Once ionization 
occurs, positive ions are extracted from 
the plasma sheath using a set of grids. 
The potential difference across the grids 
forms a controlled electric field that accel-
erates and collimates the ions into a well-
defined beam [2]. This ion beam makes the 
Kaufman source suitable for simulating 
LEO-like plasma conditions in laboratory 
environments. Ground-based investiga-
tions have utilised Kaufman ion sources to 
replicate the low-energy, high-density ion 
flux typically experienced in Low Earth 
Orbit (LEO) [2]. For example, the scien-
tists at NASA Marshall Space Flight Cen-
tre employed a compact Kaufman source 
to generate Xenon plasma for spacecraft 
material interaction studies under LEO-
relevant ion energies and densities. These 
experiments generally simulate plasma 
environments characterised by ion densi-
ties in the range of 105–10⁶ cm⁻³ and ener-
gies from a few to tens of electron volts 
(eV), allowing detailed investigation of 
erosion, surface charging, and material 
degradation [1].

This source is formed as a broad-beam, 
multi-aperture electron bombardment 

source featuring an independent discharge 
chamber and a double-grid ion extraction 
system. Its principle of operation involves 
introducing a working gas (e.g., Ar, Xe) 
into the discharge chamber, where it is ion-
ized by electrons emitted from a cathode 
(filament or hollow cathode). A magnetic 
field, often in a multipole configuration 
using permanent magnets, enhances ion-
ization efficiency by trapping electrons 
and increasing their collision probability 
with neutral gas atoms. Positive ions are 
then extracted from the plasma sheath into 
the double-grid acceleration zone. Applied 
potentials on these grids create an elec-
tric field that accelerates and focuses the 
ions into a directed beam [2]. Figure 2 
(a) shows a schematic top view of the ion 
beam system featuring a Kaufman-type ion 
source. The setup includes a sample holder 
centrally positioned relative to the ion 
beam and Faraday cups for beam charac-
terisation. The entire arrangement operates 
within a vacuum chamber, and an ESMS 
spectrometer is attached for ion analysis. 
The internal structure of the Kaufman-type 
ion source is shown in Fig. 2 (b). The gas 
inlet, discharge chamber, and magnetic 
confinement are displayed in the figure. 
The ions generated between the cathode 
and anode are extracted and accelerated 
through a set of grids (screen and accel-
erator grids) under controlled voltages [6]. 
Relevant ground-based LEO investiga-
tions have utilised Kaufman ion sources to 
simulate the ionospheric plasma environ-
ment [1]. Resources include gases such 
as Ar, Xe, with DC or RF power supplies, 
and high vacuum system [2]. Due to their 
stability and tunability, Kaufman sources 
are not only utilised in space environment 
simulations but also extensively applied 
in ion beam processing technologies such 
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as ion beam etching, surface modification, 
thin-film deposition, and electric propul-
sion systems. Operational requirements 
typically include high-vacuum systems 

(<10⁻³ Pa), DC or RF power supplies, and 
a feed gas system capable of delivering 
inert or reactive gases like Ar, Xe, O2, and 
N2 [2].

Fig. 2. (a) Schematic top view of a Kaufman-type ion source,  
and (b) Internal structure of the source.

At NASA’s Marshall Space Flight Cen-
tre, a simple Kaufman source is used. The 
filament current is up to 6 A, and the bias fil-
ament negative with respect to the container 
is varied approximately from 20 V to 25 V. 
Xenon gas (Xe) is used. The image displays 
the source, and the schematic diagram of 
the applied circuit is shown in Fig. 3. The 
scientists apply two separate power sup-
plies (HP 6030A), and a short pipe piece at 

a height of 5 cm is used for gas flow, exactly 
perpendicular to the filament line. Pieces 
of permanent magnets (PM) are used and 
mounted on top of the canister in a circle. 
This source provides an electron density of 
106 cm-3 and temperatures ranging from 0.2 
eV to 0.3 eV with a xenon gas flow. All of 
these are suitable for large chambers (Verti-
cal 2 m diameter and 3 m height, horizontal 
2 m x 2 m, respectively) [13].

Fig. 3. Kaufman ion source used at the NASA Centre.

2.3. Penning Discharge/Plasma Ion Source

This source is one of the common 
sources used to simulate the LEO plasma 

environment. It is suitable for producing 
low temperature plasma with a density of 
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106 cm-3. The Penning discharge plasma 
source operates based on the principle of 
applying a DC voltage between a cathode 
and an anode ring, with an axial magnetic 
field present. Electrons emitted from the 
cathode are trapped by the axial magnetic 
field, causing them to oscillate and increase 
their path length, thus enhancing the prob-
ability of collisions and ionization of the 
low-pressure gas (e.g., Xe, Ar) [6]. A fea-
ture of this source is its ability to sustain a 
discharge at relatively low pressures and 
voltages due to the efficient electron trap-
ping and ionization processes. The outer 
cylinder is metallic and encircled with coils 
to generate the axial magnetic field required 
for electron trapping and enhanced ion-
ization [7]. The electrons from the heated 
filament are accelerated toward the biased 
anode, striking the Argon atoms and leading 
to ionization. 

This source is one of the common 
sources used to simulate the LEO plasma 

environment. It is suitable for producing 
low-temperature plasma with a density of 
~106 cm⁻³. Relevant ground-based LEO 
investigations have utilised penning dis-
charges to study spacecraft interactions 
with the ionosphere [14]. The properties of 
such generated plasma involve low-tem-
perature plasma with a density of 10⁶ cm⁻³. 
Operating conditions typically involve gas 
pressures in the range of 0.1 to 10 mTorr 
and magnetic field strengths from 10 to 
500 Gauss [6], [15]. Resources include 
gases (Xe, Ar, He, H), DC voltage power 
supplies (20–200V, potentially up to kV), 
magnetic field sources (permanent magnets 
or electromagnets), and vacuum systems 
(0.1–10 mTorr) [6], [15]. Figure 4 shows a 
cross-sectional schematic and structure of a 
penning discharge plasma source [7]. Sche-
matic diagrams and structure, for example, 
of the experimental configurations are 
shown in Fig. 5 [16], [17].

Fig. 4. (a) Cross-sectional schematic of a Penning discharge plasma source, 
featuring an annular ceramic channel surrounded by electromagnets that generate 

a radial magnetic field (B). Electrons are confined by the crossed electric (E) and magnetic (B) fields, 
enhancing ionization efficiency. The cathode-neutralizer maintains overall plasma neutrality. 

(b) Field line distribution along the axis, showing how magnetic and electric fields 
are structured around the anode and plasma cathode, optimising plasma 

confinement and extraction.
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Fig. 5. Schematic diagrams of the discharge and penning ion source used in the experiment. 

2.4. Electron Cyclotron Resonance (ECR)

The (ECR) is a source used to produce 
low-energy plasma from argon gas flow. In 
the work of Tahara and Masuyama (2006) 
[18], microwaves of maximum power of 1 
kW and frequency of 2.45 GHz are intro-
duced into a chamber of the ECR discharge. 
By applying an input power of 300 W, the 
argon gas flow rate is increased to over 8 
sccm until the plasma is generated with a 
low temperature value of 1eV and an elec-
tron number density of 4.5 x 10^ (13) m-3. 
Through the ECR source, stability and pre-
cise control over plasma density and elec-
tron temperature can be maintained [18].

Specific features of this plasma source 
include its ability to produce high-density 
plasmas at low pressures and the potential 
for independent control of ion energy and 
flux [19]. Relevant ground-based LEO-

related works have utilised ECR plasma 
sources to generate plasmas with prop-
erties mimicking the ionosphere. These 
sources can produce low-density plasmas 
with adjustable ion and electron energies 
relevant to LEO conditions. The generated 
plasma properties often include electron 
temperatures around 0.1 eV to a few  eV 
and ion densities in the range of 10^ (6) 
cm-3 [19]. ECR plasma sources are also 
uniquely applied in semiconductor process-
ing and fusion research. Resources include 
a microwave source, magnets (permanent 
or electromagnets), a vacuum system (10-4 
to 10-2 mbar), and various gases (e.g., (He, 
N2, O2, Ar) [19]. Figure 6 presents examples 
of multi-polar based systems driven by a 
single ECR plasma source [20], [21].

Fig. 6. Examples of multipolar based systems driven by a single ECR plasma source.
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2.5. Radio Frequency (RF)

One of the more interesting configura-
tions of plasma sources is the Radio Fre-
quency (RF) discharge between two plane 
electrodes. Plasma is generated by applying 
the RF beam source under suitable pres-
sure. In this arrangement, the plasma is 
capacitively coupled, and the power sup-
ply almost exclusively interacts with the 
plasma through displacement current. The 
“RF” discharge is typically used with elec-
tronegative gases, which can create nega-
tive plasma through the electrostatic accel-
eration of ions. The beam source includes 
a discharge tube, a water-cooled RF coil, 
an inert gas (argon or xenon), a viewport 
for observation, and a shutter. The radical 
beam allows for obtaining radicals from a 
small aperture, which is used for differential 
exhaust. The operating procedure involves 
using an RF generator (typically at 13.56 
MHz) to create an oscillating electric field 
in CCP or an oscillating magnetic field in 
ICP. This field energizes electrons in the 
gas (e.g., Ar, O2), leading to ionization and 
plasma formation [22]. A specific feature of 

RF sources, particularly ICP, is their ability 
to generate high-density plasmas with inde-
pendent ion density and energy control. 

While specific ground-based LEO 
investigations using RF plasma sources are 
not explicitly detailed in the provided refer-
ences, RF plasma sources, especially ICPs, 
can generate plasmas with densities and 
energies relevant to the LEO environment. 
Researchers might utilise these sources to 
study the effects of simulated LEO plasma 
on spacecraft materials by adjusting param-
eters like RF power and gas pressure [23]. 
Resources include an RF generator, a match-
ing network, a vacuum system, and various 
gases [4], [5], [22]. A diagram illustrates the 
“RF” principle, and the reaction mechanism 
is shown in Fig. 7, while the “RF” discharge 
and a schematic diagram illustrating the 
source applied and the experimental setup 
are shown in Fig. 8 [23], [24]. Moreover, 
RF plasma sources are also broadly used in 
industrial and research applications, includ-
ing surface modification and thin film depo-
sition [23].

Fig. 7. “RF” principle and plasma-surface reactions.
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Fig. 8. RF discharge tube and a schematic diagram of the experimental setup 
of the source with an RF generator (13.56 MHz). 

2.6. Magnetic Filter-Equipped Plasma Source

The characteristics of the magnetically 
filtered plasma sources have been illus-
trated and discussed in previous studies 
by many authors [1], [25], [26]. Figure 9 
shows a schematic diagram of the cross-
section of the magnetic filter set and the 
plasma source [26]. These sources are par-
ticularly relevant for LEO ground-based 
simulations. For example, a 16-cm diam-
eter plasma source using a transverse-
field magnetic filter has been described 
for simulating LEO conditions, producing 
low electron temperature plasmas (0.14 to 
0.4 eV) with streaming ion populations (4 
eV to 6 eV) using argon “Ar” gas. These 
properties closely imitate the LEO envi-
ronment [27]. In the work of Enloe et al. 
(2004) [25], the authors stated that the 
typical flow rate of argon gas used was 
about 16 sccm, resulting in a background 
pressure inside the vacuum chamber of 8.5 
× 10^ (–5) Torr. The plasma is maintained 
and kept approximately steady through a 
bias voltage applied between the hot fila-
ment cathode and anode. The authors clari-
fied that, for these data, although the anode 
was electrically separated from the dis-
charge chamber, it was kept at the poten-
tial of the vacuum chamber. This discharge 

electrical potential varies between 10 V 
and 80 V. Typically, for the currents in the 
range of 10 A to 12 A required to heat the 
filament, there is a decrease in voltage of 
approximately 20 V across the filament. 
The system operates when the voltage 
required for the discharging process is held 
constant, while the filament current should 
be adjusted to regulate the current in the 
discharge occurring in the region between 
the filament cathode and the anode.

In the research work of Williams et al. 
(2004) [1], the authors used a power sup-
ply attached between an anode and the fila-
ment cathode to investigate the plasma cre-
ated using argon gas flow. They stated that 
the magnetic filter was a better applicant to 
simulate LEO plasma. The source produces 
plasma of low electron temperature within 
the range of 0.14 eV to 0.45 eV. Rubin et 
al. (2009) [26] stated that the collection of 
experimental data in the expanding plasma 
downstream of the source was a good can-
didate for use as a LEO plasma simulator, 
as the expanding plasma has a very low 
electron temperature and contains stream-
ing ions – the plasma environment encoun-
tered by satellites in the LEO orbit. The 
authors confirmed that this applied source 
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could produce plasma of streamed ion 
energies within the range of 2 eV to 5 eV 
and electron temperatures of 0.17 eV to 
0.35 eV. These resulting data are obtained 
by the variation in the adaptable conditions 
of the operating system concerning the 
flow rate of the used gas and the discharge 
current. The authors showed that beyond 

the above demonstrated system, an opti-
misation for both the plasma source and 
the magnetic filter should be performed 
to enhance the properties of the plasma. 
This could help achieve the production of 
a higher reliability LEO plasma environ-
ment.  

Fig. 9. Diagram of the magnetic filter set and operational plasma source.

3. PLASMA CHARACTERISATION AND MEASURING TECHNIQUES

Accurate characterisation of plasma 
environments is critical for validating 
ground-based simulations of space condi-
tions, such as those in LEO orbit, and for 
understanding plasma-material interac-
tions. While Langmuir probes are a corner-
stone of plasma diagnostics, a comprehen-
sive analysis requires a suite of advanced 
techniques to measure key parameters such 
as ion energy, electron temperature, den-

sity, and species composition. This section 
provides a detailed, professionally crated 
overview of several established diagnos-
tic methods such as Retarding Potential 
Analyzers (RPAs), advanced Langmuir 
probe configurations, Faraday Probes, ExB 
Probes (Wien Filters) and non-intrusive 
optical techniques – each supported by in-
text citations to publicly accessible sources.

3.1. Retarding Potential Analyzers (RPAs)

Retarding Potential Analyzers (RPAs) 
are electrostatic instruments designed to 
measure the ion energy distribution func-
tion (IEDF) along their axis. They are 
vital for studying ion acceleration, plasma 
potential variations, and energetic ion 

populations relevant to spacecraft charg-
ing and material sputtering in space envi-
ronments. RPA consists of multiple grids 
and a collector plate. Grounded entrance 
grids define the acceptance angle and 
shield internal components from external 
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plasma potentials. A negatively biased 
grid (e.g., -50 V) repels electrons, while 
an ion-retarding grid with a swept positive 
potential filters ions based on their kinetic 
energy. A suppressor grid, if present, pre-
vents secondary electron escape [28]. 
Design considerations of the RPAs include 
grid transparency and alignment to reduce 
collision effects, with spherical grids 
improving resolution for divergent flows 
[28]. RPAs are widely used in space plasma 
studies and laboratory experiments, such 

as ion beam and thruster plume analysis. 
A grid with an applied voltage repels the 
incoming ions. Only those ions with high 
enough energy to overcome the repulsion 
can come through the grid [29]. A diagram 
representing the RPA principle is shown in 
Fig. 10 [29]. In ground-based LEO plasma 
simulation, RPAs are applied for measur-
ing ion energy distribution, which is cru-
cial to understand spacecraft charging and 
erosion effects due to the ion impacts [1].

Fig. 10. RPA principal. 

3.2. Langmuir Probes

Langmuir probes are considered a sys-
tem used to determine the physical charac-
teristics of plasma parameters. This instru-
mentation system works by inserting one 
or more electrodes immersed in the plasma 
and applying a fixed or time-varying electric 
potential between the electrodes. Langmuir 
probes provide localized measurements of 
plasma parameters such as electron tem-
perature, electron density, ion density, and 
plasma potential through current-voltage 
(I-V) characteristics of an immersed elec-
trode. There are various types of Langmuir 
probes including:
•	 Single Probe: Measures the full I-V 

curve but may perturb the plasma;
•	 Double Probe: Utilises two probes for a 

floating characteristic, reducing plasma 
perturbation [30];

•	 Triple Probe: Offers instantaneous mea-
surements of electron temperature and ion 
density without the need for sweeping, 
making it ideal for fluctuating plasmas.

The simplest configuration for collect-
ing different Langmuir probes is shown in 
Fig. 11 [31]. The choice of probe geometry 
(planar, cylindrical, and spherical) depends 
on the plasma environment (e.g., density, 
magnetic field, flow) and affects the appli-
cable theoretical analysis for current col-
lection [32]. In the study by Williams et 
al. (2004) [1], RPA was utilised to mea-
sure the ion energy distribution in ground-
based LEO plasma simulation, replicating 
the charging effects observed on spacecraft 
surfaces. Polzin et al. (2023) used a Lang-
muir probe downstream of a magnetic fil-
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ter plasma source to assess the electron 
temperature and plasma potential, validat-

ing the similarity to ionospheric-like LEO 
plasma [27].

Fig. 11. Langmuir probes with radius rP; a) spherical,  
b) cylindrical, and c) planar geometries.

3.3. Faraday Probes

Faraday probes measure ion current 
density in plasma beams, offering insights 
into beam profiles and thruster perfor-
mance. Variants include planar probes with 
guard rings (PPGR) and Faraday cups (FC). 
The collector, which is negatively biased to 
repel electrons, measures ion current [33]. 
Materials like molybdenum could be uti-

lised to minimise sputtering. A Faraday Cup 
probe is employed to measure the ion beam 
current from a hollow cathode discharge in 
order to simulate LEO plasma induced ero-
sion on spacecraft materials [5]. The struc-
ture and components of the Faraday probe 
are shown in Fig. 12 [34].

Fig. 12. View of Faraday probe.
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3.4. ExB Probes (Wien Filters)

ExB probes use crossed electric (E) 
and magnetic (B) fields to resolve ion spe-
cies by their charge-to-mass ratio. Some 
ions pass undeflected, while others are fil-
tered, enabling “q / m” spectral analysis by 
varying (E) or (B) [35]. In the research by 
Yevgeny et al. (2019)  [36], a modified ExB 

Penning discharge was analysed using both 
Langmuir probes and ExB energy filter to 
evaluate ion transport across the magnetic 
field, aiding in simulating magnetized LEO 
plasma conditions [4]. The images shown 
in Fig. 13 illustrate the structure of a Wien 
Filter probe [37].

Fig. 13. Wien Filter probe: (a) electrostatic deflector plates, (b) permanent magnets, 
(c) deflector plate supporting bridge, (d) magnet supporting bridge, 
(e) deflector plate alignment screws, (f) magnet alignment screws, 

(g) plate positioning spring, (h) entrance plate, (i) exit plate,  
and (j) collimating slit.

3.5. Non-Intrusive Diagnostic Technique (NIST) 

The key methods of the NIST technique 
can be summarised as follows [38], [39]:
•	 Optical emission spectroscopy (OES): 

This method identifies species and esti-
mates electron temperature through the 
emitted light;

•	 LIF: It measures density and velocity 
distributions using laser-excited fluo-
rescence;

•	 Mass Spectrometry: It is used for 
detailed species analysis (neutrals and 
ions); 

•	 Microwave Interferometry for line-inte-

grated electron density;  
•	 Thomson Scattering for direct, local-

ized measurement of temperature and 
electron density.

The review of NIST presented the appli-
cation of optical emission spectroscopy (OES) 
in identifying species and excitation tem-
peratures in low-pressure glow discharges. 
This application of OES parallels diagnos-
tics in LEO plasma facilities [23]. Whilst the 
described diagnostics provide localized data, 
understanding spatial variations within the 
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plasma volume requires mapping. Mount-
ing probes on computer-controlled linear or 
rotational translation stages enables system-
atic measurements at multiple points. Spatial 
mapping of parameters like electron density 

and current density of ions is achieved using 
translation stages, providing one, two, or 
three-dimensional profiles critical for validat-
ing simulations [39].

4. APPLIED CONDITIONS AND PLASMA PROPERTIES

We focus on understanding how these 
different sources generate plasma under 
specific operating conditions and how these 
properties compare to those found in the D, 
E, and F layers of the ionosphere. Exam-
ples of the conditions and plasma proper-
ties resulting from various sources applied 
in simulating the LEO plasma environ-
ment are given in Table 1. The data pre-
sented in the table help identify the optimal 
source configurations for achieving realis-
tic ground-based simulation of LEO plasma 
environments.

At NASA’s Marshall Space Flight 
Research Centre, the scientific team 
encountered several problems with the use 
of “Ar” gas in  their experimental studies 
[13]. The use of argon resulted in  higher 
filament temperatures and reduced lifespan. 
The electron temperature  was consistently 
measured at 2–3 eV, which seems too high 
for “LEO” space plasma simulations. Many 
years ago, such a source was used in a bell 
jar measuring  60 cm  in  diameter and 90 
cm  in  height.  However, the source over-
heated within minutes of operation, prompt-
ing the scientists to implement water cool-
ing resulting in a very complicated setup. 
Attempts to use a hollow cathode as a 
plasma source were unsuccessful due to the 
high gas flow requirement, leading to ele-
vated  neutral gas pressure in the chamber 
(above 100 µTorr) and increased  electron 
temperature (above 2 eV). 

Consequently, the scientists concluded 

that the hollow cathode was not a suitable 
source, particularly, for use in a small bell jar 
for space plasma simulation.  The scientific 
team compared  the mass number and ion-
ization potential of argon and xenon. Argon 
has a mass number (A=40) and an ionization 
potential (I=15.2 eV), while Xenon has val-
ues of A=131 and I=12.1 eV. This indicates 
that  an  “Ar” atom spends approximately 
half the time in the ionization zone com-
pared to “Xe”. Additionally, xenon gas has 
a higher cross-section  than argon. The 3.1 
eV difference in ionization potentials influ-
ences the ionization probability exponent. 
As a result, the scientists concluded that the 
Kaufman source was not the optimal choice 
for  “Ar” plasma. The use of the Kaufman 
source with xenon gas flowing in large 
chambers is more preferred and suitable 
to conduct real tests in a simulated plasma 
environment, and the magnetic field in the 
centre of the gap/hole is stronger than that 
at the cathode surface. They  have recom-
mended that plasma generation and the 
operating process depend on the choice 
of the type and operating pressure of the 
gas used [13]. Moreover, Goebel and Katz 
(2008) [33] confirmed that both “Ar” and 
“Xe” gases were frequently used due to 
their relatively high atomic mass, which 
allowed for better momentum transfer dur-
ing sputtering processes, and their inert 
nature, which minimised unwanted chemi-
cal reactions with the simulated environ-
ment and spacecraft materials.



101

Table 1. Applied Sources and Plasma Characteristics

Source Plasma 
Properties

Operating Conditions 
(Pressure, Voltage,  
Current)

Gas 
Species

Orbital 
Equivalent Ref

Hollow 
Cathode 
Discharge

Electron temp: 
0.5–1 eV,  
Density: 105–10⁶ cm⁻³

Pressure: 1–20 Torr,  
Voltage: up to 1000 V,  
Discharge Current: ≥ 30 mA

He, Ar

D Layer (low alti-
tude, cold plasma) 
E Layer (denser, 
cooler plasma)

[3]-[5], 
[40]

Kaufman 
Ion Source

Ion energy: few eV  
to tens of eV,  
Density: 105–10⁶ cm⁻³

Pressure: <10⁻³ Pa (high 
vacuum) Beam Voltage:  
tunable (a few V to tens of V) 
DC/RF Power Supply

Ar, Xe, 
Kr, O₂, 
N2

E Layer (mild ion 
density, flowing ions) 
Transition to F Layer 
(if high energies)

[1],  
[2]

Penning 
Discharge 
Source

Electron temp:  
~0.1–2 eV,  
Density: ~10⁶ cm-3

Pressure: 0.1–10 mTorr,  
Magnetic Field: 
10–500 Gauss, 
Voltage: 20–200 V (up to kV)

Ar, Xe, 
H2, He

D Layer 
(low temp plasma) 
E Layer (with higher 
discharge energies)

[6],  
[7], 
[14]

Electron 
Cyclotron 
Resonance 
(ECR)

Electron temp:  
0.1–few eV,  
Density: 105–10⁶ cm⁻³

Pressure: 10⁻⁴–10⁻² mbar, 
Microwave Power: 2.45 GHz,  
Magnetic Field:  
875 Gauss

H2, He, 
N₂, O₂, 
Ar

E Layer 
(low density plasma) 
F Layer (higher  
density at low 
energy)

[19], 
[41], 
[42]

Radio 
Frequency 
(RF) 
Plasma 
Source

Electron temp:  
adjustable,  
Density: 10⁵–10⁶ cm⁻³ 
(ICP mode higher)

Pressure: variable, 
Frequency: 13.56 MHz, 
Discharge Power: 
RF-dependent (adjustable)

Ar, O2, 
Fluoro-
carbo

E Layer 
(for moderate 
density plasmas) 
Possibly lower 
F Layer (at higher 
density conditions)

[15], 
[22]

Magnetic 
Filtered 
Plasma 
Source

Electron temp:  
0.14–0.4 eV,  
Ion energy: 4–6 eV, 
Low-density plasma

Moderate pressure 
(exact depends on setup) 
Transverse Magnetic Field, 
DC/RF Powered Plasma 
Generation

Ar, O2

D Layer (cold, low 
energy plasma) 
E Layer (depending 
on ion energies)

[40], 
[27]

5. CONCLUSIONS

LEO plasma environments present 
unique challenges and opportunities for 
space missions, necessitating the develop-
ment of specialised plasma sources that 
replicate the conditions encountered by 
satellites and spacecraft. To simulate these 
conditions on the ground for testing, various 

plasma sources have been developed, each 
with distinct operational characteristics and 
suitability for different applications. Plasma 
sources operated with different gases, such 
as argon or xenon, are effective for simulat-
ing LEO plasma conditions. They offer dis-
tinct advantages depending on the specific 
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requirements of the simulation or applica-
tion, such as the need for high-density plas-
mas, low electron temperatures, or specific 
ion energies. 

Understanding the properties and oper-
ational conditions of these sources is crucial 
for effectively replicating LEO plasma envi-
ronments and advancing space research and 
technology. The presented work provides 
insight into various types of sources utilised 
in simulating LEO plasma environments. 
The explanation of factors such as the gas 
used to affect the properties of examples 
of the applied sources has been provided. 
Different techniques used for measuring the 

resulting plasma characteristics have also 
been given. 

The recommendations to scientists and 
researchers include the estimation and iden-
tification of the optimum source as a LEO 
plasma simulator that satisfies the physical 
conditions and plasma parameters required 
to verify the best performance of the simu-
lated ground tests for a specific application. 
This may help in understanding the neces-
sity of developing experimental simulation 
ground tests related to the plasma sources 
used for testing the charging and arcs, and 
degradation of spacecraft structural materi-
als due to plasma impact.
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