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Introduction

Contemporary management of peatlands requires documentation of their current
state to serve as a baseline for future evaluations within an adaptive management
approach (United Nations Environment Programme [UNEP], 2022). One critical
aspect of this documentation is assessing greenhouse gas (GHG) fluxes. There is
a pressing global demand for accurate estimates of GHG emissions from peatlands
to inform management strategies and enhance decision-making processes. This need
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is underscored by the challenges associated with implementing policies such
as the recently enacted EU Nature Restoration Law (European Commission [EC],
2022), which calls for measures that incentivize farmers to mitigate GHG emissions
from drained peatlands by raising groundwater levels (GWL) on their lands (Liu et al.,
2023). Rewetting is usually the first step in the restoration process of peatlands
(Grand-Clement et al., 2015), as all the other elements and functions are dependent
on the presence of water (Jones et al., 2018). Accurate GHG emission data is crucial
for providing indicators of the effectiveness of rewetting activities (Nielsen et al.,
2023). This is especially important for determining appropriate subsidies based on
the activities undertaken by farmers. However, direct measurement of GHG fluxes
is often unfeasible due to the high costs, time, and specialized personnel required
(Cieslinski, 2024). As a result, there is a growing demand for alternative, simplified
methods of estimating GHG emissions from drained peatlands.

Peatlands’ GWL is recognized as the most informative proxy for GHG emissions
(Tanneberger et al., 2024). It was found to be the most sensitive and influential
factor affecting gas fluxes, with even minor changes in GWL (on the order of
centimeters) capable of causing significant variations in carbon dioxide emissions
(Tiemeyer et al., 2020; Evans et al., 2021; Koch et al., 2023). Yet, measuring
the GWL also requires field inspections, and obtaining multi-year average
GWL data to assess the status or pre- and post-rewetting differences is equally
costly, time-consuming (Ghazaryan et al., 2024) and requires meticulous planning
of the location of monitoring wells. Therefore, developing a method for predicting
the GWL in peatlands using readily available, long-term datasets, such as those
derived from remote sensing, is essential.

Various remote sensing data types and sources are widely used in peatland
monitoring (Harris & Bryant, 2009; Lees et al., 2018; Millard et al., 2018; Food and
Agriculture Organization of the United Nations [FAO], 2021; Habib & Connolly,
2023; Ghezelayagh et al., 2024). However, no universally applicable and accurate
tool or methodology has been implemented to assess GWL in peatlands globally.
The choice of remote sensing datasets depends on the specific parameters that
need to be monitored, as some can also be used for vegetation or soil moisture
monitoring. Several options are available for soil moisture, which is strongly
connected to GWL (Irfan et al., 2020). It is important to note that regional-scale
peatland monitoring requires data with high spatial resolution. Therefore, datasets
such as NASA’s soil moisture active passive (SMAP) instrument, with a spatial
resolution of 36 km, are unsuitable. Synthetic aperture radar (SAR) has proven
to be a valuable tool in land monitoring, particularly in forestry and agriculture.
Dual-polarized radar backscatter, which is sensitive to soil moisture content,
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can thus help predict the GWL in peatlands (Kim et al., 2017; Lees et al., 2021).
Consequently, this data can be effectively integrated as input into predictive
models, such as Bayesian belief networks.

The Bayesian belief network (BBN) is a probabilistic model in the form of
a directed acyclic graph (DAG) that defines conditional dependencies between
variables using Bayes’ theorem (Neapolitan, 2007; Liu et al., 2016). The network
consists of nodes representing model variables and arcs, which determine
the nodes’ influence on each other (Henriksen et al., 2007; Rao & Rao, 2014).
It provides a range of possible outcomes with a certain level of uncertainty in
the form of conditional probabilities (Rohmer, 2020). These results can also be
presented as conditional probability tables. Bayesian networks are used in many
fields, including environmental studies, and they are helpful in decision-making in
environmental management (Marcot & Penman, 2019).

In this paper, we apply the BBN approach to estimate the GWL in peatlands
using remote sensing. The study is based on data from the Biebrza National Park
area (BbPN; NE Poland), which has a long history of GWL monitoring in natural
and drained peatlands (Kardel et al., 2009). This allows the use of multi-year
mean GWLs as input to the model together with multi-year remote sensing
imagery, including data derived from SAR (backscatter coefficient) and InSAR
(vertical peat displacement), to build a BBN capable of predicting the occurrence
of specific GWLs in peatlands. The main goal of developing the model is to create
cost-effective monitoring options in peatlands that currently lack monitoring
infrastructure and long-term data. Our hypothesis is that the approach involving
the use of BBN alongside remote sensing can serve this purpose.

Material and methods

Study area

Biebrza National Park (BbPN) is located in north-eastern Poland, in the Biebrza
river valley (Fig. 1). The entire BbPN area (59,233 ha) was nominated as a Ramsar
site in 1995, recognizing its significance as one of the most extensive floodplain
and peatland complexes in Central Europe. Despite the relatively well-preserved
state of the Biebrza marshes, which support a high diversity of flora and fauna,
the area has experienced considerable anthropogenic pressure, particularly from
agricultural activities (Okruszko & Byczkowski, 1996). Extensive drainage projects
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FIGURE 1. Map of the Biebrza National Park with hydrological network and locations of the piezometers

Source: own work.

in the 19th and 20th centuries, comprising the construction of major canals such as
the Woznawiejski Canal and Rudzki Canal and drainage ditches (with a total length
of approx. 540 km), have led to the significant lowering of groundwater levels in
surrounding peatlands, contributing to their degradation (Stachowicz et al., 2023).
Restoration efforts began in the second half of the 20th century.

The study area within BbPN offered a representative sample of various mire
and peatland types, including bogs, fluviogenous and topogenous mires, and
drained and restored peatlands. For the terminology of mires and peatlands, please
refer to e.g. Joosten and Clarke (2002). The Biebrza valley is in a temperate
continental climate zone, with mean annual air temperatures varying between
6.6°C and 9.0°C, an average annual sum of precipitation of 561 mm in the period
1951-2021, and — interestingly — a predominantly negative multi-year water
balance (Venegas-Cordero et al., 2024).

Input data

Groundwater levels

Groundwater data were obtained from a network of piezometers installed
at various locations across BbPN, either alone or arranged in transects. Each
piezometer was equipped with an automatic water level logger. Data collection
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began in 1994 in some places, while others had shorter recording periods (with
the shortest being 4 years and an average of 18 years). Detailed information about
the piezometers can be found in Supplementary Material A. This study analyzed
data from 32 piezometers in the middle Biebrza basin, 4 in the upper Biebrza
basin, and 10 in the lower Biebrza basin. The data from all 45 selected piezometers
were used for model training. The GWL values used in the study were multi-year
averages from each piezometer. The locations of the piezometers are shown in
Figure 1. Each piezometer used for model training was assigned to a specific
GWL class to construct the Bayesian network. The classes were developed based
on studies by Tiemeyer et al. (2020) and Koch et al. (2023), which revealed
a relationship between GHG emissions and peatland GWLs. It was found that
the reduction of GHG emissions is expected to occur for groundwater at a depth of
0.40 m. Emissions are stable below this depth (for deeper GWLs), but changes are
dynamic above it until the GWL reaches the surface. Based on this, the GWL was
divided into six classes: below —0.4 m, four intervals of 0.1 m between —0.4 m
and 0.0 m (surface level) and above surface level (Table 1).

TABLE 1. Classification of parameters used in the Bayesian network model®

Parameter Class Value
Cl <-0.4
C2 —0.4to —0.3
C3 —0.3 to —0.2
Groundwater level [m]
C4 —0.2 to —0.1
Cs —0.1t0 0.0
C6 >0.0
SAR1 <-18
SAR backscatter coefficient (¢°) [dB] SAR2 -18to—16
SAR3 >-16
Subs1 —0.05 to —0.02
Peat subsidence rate [m~year_'] Subs2 —0.02 to —0.01
Subs3 —0.01 t0 0.05
D1 0to25
D2 25to 100
Distance to the watercourse [m]
D3 100 to 440
D4 > 440

The rationale behind the class intervals of remote sensing parameters is explained in subsequent subsections.

Source: own work.
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Synthetic aperture radar backscatter coefficient

The Copernicus Sentinel-1’s C-band SAR imagery data, expressed in decibels
(dB) as the backscatter coefficient (0°), was among the remote sensing parameters
utilized for the model’s training. This data was chosen because it is sensitive to soil
moisture content, making it relevant for estimating groundwater levels (AsmuB et al.,
2018; Bechtold et al., 2018; Réséanen et al., 2022). The SAR imagery used in the model
was a multi-year average derived from images captured between 1 January 2015 and
8 July 2024, processed in Google Earth Engine. A total of 3,281 images were utilized
to create the mean raster of the SAR backscatter coefficient. All images were pre-
-processed using the Sentinel-1 Toolbox — SITBX (Veci et al., 2012), which included
thermal noise removal, radiometric calibration, and terrain correction. The image
collection used in the study was captured in interferometric wide (IW) swath mode,
providing a high resolution of 10 m and a swath width of 250 km.

VH polarization was selected for the study, as the relationship between o°
and in-situ measured GWL was tested with both VH and VV polarizations, and
Spearman’s rank correlation coefficient (p) indicated a better correlation with
VH (—0.818 vs. —0.762). The Spearman’s rank correlation test was selected due
to the GWL data’s deviation from a normal distribution. The analysis revealed
that a lower backscatter coefficient corresponds to a shallower GWL (Fig. 2).
The values of the backscatter coefficient were categorized into three classes,
as shown in Table 1. This classification was based on the data distribution in
the peatlands, where the backscatter coefficient ranged from —21 dB to —14 dB.

SAR backscatter coefficient o° [dB]
-20 -19 -18 -7 -16 -15 -14

y =-0.08x +-1.66
oo r-0.5

FIGURE 2. Correlation between synthetic aperture radar backscatter coefficient and groundwater level
(gray line represents the regression line; gray area represents the confidence interval of 95%; linear
model equation: y =—0.08x + —1.66)

Source: own work.
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Peat subsidence rate

The peat subsidence (vertical displacement) rate, a remote sensing-derived
parameter correlated with GWL, was also utilized in the model. The decline
in GWL, leading to increased soil respiration, has been identified as a primary
factor contributing to the acceleration of subsidence rates (Ma et al., 2022).
The subsidence data were obtained from the study by Ghezelayagh et al. (2024),
which employed the InSAR technique to measure the vertical displacement of
the peat surface within the BbPN area. Changes in peat surface elevation using
InSAR are estimated based on InSAR coherence, which is the correlation between
two subsequent SAR images (Abdel-Hamid et al., 2021; Hrysiewicz et al.,
2024) and can provide centimeter to millimeter precision (Hoyt et al., 2020).
This parameter was categorized into three intervals: —0.05 to —0.02 m-year ',
—0.02 to —0.01 m-year ' and —0.01 to 0.05 m-year ' (Table 1).

Distance to watercourses (ditches, canals, rivers)

The third parameter used to build the BBN was the distance to ditches, canals,
or rivers. These data were compiled from digitized vector layers of watercourses
within the BbPN and created through orthophoto mapping and field verification.
The classification of this parameter was based on the meta-analysis by Bring et al.
(2022), who identified specific thresholds for the impact of drainage on a peatland’s
GWL. The study indicated that the effect of ditching on the GWL diminishes by
50% at a distance of 21 m and by 75% at 97 m relative to the immediate vicinity of
the ditch. Moreover, the drainage effect is negligible beyond approximately 440 m.
For the model, four distance classes were established based on the findings of this
study, as outlined in Table 1.

Data processing, building Bayesian network and statistical analyses

All data were pre-processed in the ArcGIS 10.7.1 software. The remote
sensing data, provided as raster layers, were spatially extracted to each point
feature corresponding to the piezometer locations and their associated multi-year
GWL records. The extracted values were subsequently classified according
to the categories outlined in Table 1. This classification was a critical step,
as BBNs utilize conditional probability tables, which are more effectively managed
with discrete variables (Cobb et al., 2007). The BBN was built in GeNle Academic
Version 4.1 (BayesFusion, LLC) by learning the parameters. The network
graphs presenting example results were exported from Netica 7.01 (Norsys
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Software Corp). The network structure was designed as depicted in Figure 3,
where the remote sensing data serve as parent nodes, and the GWL acts as the child
node. This configuration allows the model to estimate the probability of a specific
GWL class occurring based on the provided remote sensing parameters. The model
was trained using data from the whole Biebrza basin area.

SAR Peat )
backscatter subsidence Distance to the
i watercourse
coefficient rate
\ | /
GWL

FIGURE 3. Conceptual model of the Bayesian belief network

Source: own work.

The Bayesian belief network’s probability results were analyzed using Microsoft
Excel and RStudio Version 2023.12.0+369 (R Core Team, 2023). The packages used
included ‘caret’ (Kuhn, 2008), ‘ggplot2’ (Wickham, 2016) and ‘Metrics’ (Hamner
& Frasco, 2018). Unlike deterministic models, a BBN estimates the probability
distribution of potential outcomes rather than predicting exact values. Due to
limited data availability, two approaches for network validation were applied.
The first approach involved creating 12 random polygons of 100 ha (Fig. 4A),
each covering at least two piezometers, to calculate the mean GWL within each
extent. The area percentage contribution of each model parameter class was then
determined within each polygon. The second validation approach used 26 BbPN
plots (cadaster-based, real parcels) with areas ranging from 0.9 ha to 450 ha, with
an average of 42 ha (Fig. 4B). In the case of the BbPN plots, the GWL value
for each plot was derived from either one piezometer or an average of several
piezometers located within the polygon, depending on the number of piezometers
intersecting the plot. Then, the percentage contribution of each model variable class
(SAR backscatter coefficient, peat subsidence rate, and distance to watercourses)
was used as an input in the Bayesian belief network to generate conditional
probabilities of different classes of GWL. The class with the highest probability
(referred to as a prediction or predicted class later in this study) was then compared
with the class of the mean observed GWL at each polygon/plot. However, it should
be stressed that the prediction from the model is not a deterministic value and is
only one from the possible set of outcomes.
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The model’s performance was assessed using a confusion matrix and predictive
accuracy. The confusion matrix summarizes the model performance by comparing
the predicted and actual classes and is a valuable tool for validating probabilistic
models in classification tasks (Chen & Pollino, 2012; Marcot, 2012). The predictive
accuracy was calculated as the ratio of correct predictions to the total number of
predictions. Additionally, a sensitivity analysis, as sensitivity to findings specific
to Bayesian networks (Rositano et al., 2017), was performed to determine which
model variables had the most significant influence on the GWL prediction.
The indicator used for the sensitivity analysis was entropy reduction, with entropy
being a measure of uncertainty of variables (Villaverde et al., 2014).

’ ‘\‘u “ i A

"l v, - >
é AT AR
a BACTPR R -
/ j.’?A‘ %.. > ST

SARc°class O piezometers
N (g D polygons/plots &t O-.\ .
- 2 \ : (o) 1
A — B 0 1km &
— : i

FIGURE 4. Maps showing 100-hectare polygons (A) and the Biebrza National Park plots (B) with
a synthetic aperture radar backscatter coefficient raster layer as a background

Source: own work.

Statistical independence of model variables

The statistical independence of the model variables was evaluated.
The Shapiro—Wilk test assessed whether the datasets conformed to the normal
distribution assumption. The findings indicated that the SAR backscatter coefficient
and distance to the watercourse data deviated from a normal distribution
(p-value < 0.05), necessitating the application of the Spearman’s rank correlation
coefficient to investigate the independence of the variables. The Spearman’s rank
correlation coefficient (p) was —0.11 between SAR backscatter and subsidence,
with a p-value of 0.47, indicating that there is no significant association between
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the variables in the dataset. Similarly, the test showed no correlation between
SAR backscatter and distance to the watercourses (p = 0.11; p-value = 0.45) and
between subsidence and distance (p = —0.03; p-value = 0.82), thus making these
variables suitable to be used in the BBN approach (Table 2).

TABLE 2. Spearman’s rank correlation results between model variables

Spearman’s rank correlation
Pair of compared model variables parameters
P p-value
Synthetic aperture radar backscatter coefficient—subsidence —0.11 0.47
Synthetic aperture radar backscatter coefficient—distance to the watercourses 0.11 0.45
Subsidence—distance to the watercourses —-0.03 0.82

Source: own work.

Results

The model’s conditional probability table (CPT) generated 36 possible
combinations of remote sensing classes. However, due to limited data, some
combinations are not present in the model. Therefore, the model was tested
using two approaches, as described in the “Data processing, building Bayesian
network and statistical analyses” subsection. The percentage contributions of
the model variables’ classes were calculated for each polygon and BbPN plot
used for validation (Table 3). Based on these contributions, the distribution
of probabilities of the occurrence of GWL classes was generated (Table 4).
The BBNs for one 100-hectare polygon (Polygon 9) and one BbBN plot (Plot 26)
selected randomly are shown in Figure 5 to present how the results are generated.
Belief bars visually represent conditional probabilities on the BBN, which reflect
the likelihood of different outcomes for the child node based on the contributions
of the model parameters. In Polygon 9, the presented percentage contribution of
the model parameters’ classes indicates that the GWL in class C5 (with a 58.2%
probability) is most likely to occur within its boundaries. The probabilities of
the GWL falling into classes C1, C2, C3, C4 and C6 are 6%, 10.3%, 5.5%, 15%
and 5%, respectively. In Plot 26, the GWL in class C2 is most likely to occur (with
a 50.3% probability). The probabilities for the GWL being in classes C1 and C3 are
23.9% and 11.7%, respectively. Additionally, the probability of the GWL being in
classes C4, C5, and C6 is 4.7% for each.
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TABLE 3. Area percentage contributions of each model variables class in polygons and plots used for

validation
SAR chkscatter Subsidence class Distance to the watercourse
Area Avg. obs. coefﬁchlent‘class distribution class distribution
V.m. | No [ha] GWL distribution (%] (%]
[m] [%]
1 2 3 1 2 3 1 2 3 4
1 100 | —0364 | 483 | 21.9 | 29.8 | 21.7 | 60 18.3 0 4 534 | 42.6
2 100 | —0.293 35 (267|698 | 06 | 314 | 68 0 0 0 100
3 100 | —0.391 6.6 | 11.9 | 81.5 | 643 | 346 | 1.1 36 | 104 | 71.6 | 144
4 100 | —0.314 | 30.1 | 41.0 | 289 | 17.1 76 6.9 0 0 0 100
o 5 100 | —0.309 | 232 | 22.8 | 540 | 11.1 | 57.2 | 31.7 0 0.7 | 353 64
§>¢2 6 100 | 0332 | 296 | 44 | 66.0 | 529 | 448 | 23 58 | 13.5 | 404 | 403
E 7 100 | —0.001 | 96.0 | 4.0 00 | 243 | 656 | 10.1 | 10.6 | 234 | 66 0
8 100 | —0.006 | 79.9 | 103 | 9.8 11 559 | 33.1 | 155 | 41.2 | 43.3 0
9 100 | —0.004 | 81.5 | 13.6 | 49 | 63.3 | 356 | 1.1 0 0 3 97
10 100 | —0.002 | 48.6 | 46,0 | 54 | 22.6 | 60.5 | 169 | 0.3 1.7 | 259 | 72.1
11 100 | —0.109 | 798 | 6.6 | 13.6 | 22.6 | 65.2 | 122 0 0 14.1 | 85.9
12 100 | —0.012 | 96.7 | 3.3 00 | 346 | 615 | 3.9 4 10.8 | 424 | 42.8
1 572 | —0.002 | 64.6 | 27.4 8 30 60 10 0 0 18.5 | 81.5
2 475 | —0.338 | 20.3 | 65.8 | 13.9 10 80 10 0 1.3 | 539 | 448
3 141 -0.5 10.7 | 443 | 45 | 333 | 66.7 0 13.6 | 45.5 | 40.9 0
4 092 | —0.338 1.1 | 784 | 20.5 0 100 0 0 0 0 100
5 1.74 | —0.351 69 | 247 | 684 | 333 | 66.7 0 0 0 100 0
6 1.73 | —0.267 | 144 | 29.3 | 56.3 0 100 0 0 0 0 100
7 7.21 0.001 100 0 0 333 | 41.7 | 25 | 225 | 25 | 525 0
8 1.3 —0.002 | 100 0 0 0 333 | 66.7 | 4.8 19 | 76.2 0
9 [5324| 0304 | 193 | 56.1 | 246 | 1.1 | 47.8 | 51.1 0 0 0 100
10 | 38.63 | —0.001 | 29.2 | 50.7 | 20.1 | 32.8 | 61.2 6 33 | 102 | 52.6 | 339
11 | 1846 | —0.003 | 76.7 | 23.3 0 9.1 | 63.6 | 273 0 0 0 100
s 12 | 53.57 | —0.287 | 6.8 | 47.8 | 45.4 0 18.7 | 81.3 0 0 0 100
g' 13 | 5047 | —0.314 | 2.6 | 469 | 50.5 | 189 | 71.1 10 0 0 0 100
&= 14 | 6553 | —0.514 | 123 | 99 | 77.8 | 53.8 | 434 | 2.8 3.6 9.8 | 52.8 | 33.8
M 15 [ 1953 | —0.247 | 0.7 | 73.6 | 257 | 5.7 80 14.3 0 0 0 100
16 | 50.94 | —0.333 | 19.4 | 20.3 | 60.3 9 64 27 0 0 88 | 91.2
17 3929 | -0.372 | 4.7 10 | 853 | 57.1 | 429 0 2.1 89 | 76.1 | 12.9
18 | 61.39 | —0.062 | 50.6 | 22.4 | 27 4.6 55 | 404 | 24 89 | 544 | 343
19 | 87.01 | —0.005 87 10.1 | 29 31 652 | 3.8 2.3 7.5 50 | 40.2
20 | 2.01 | —0.023 | 100 0 0 333 | 66.7 0 3.1 156 | 813 0
21 [450.55| —0.001 | 90.3 | 5.2 45 | 443 | 51.1 | 4.6 2 48 | 214 | 71.8
22 | 3.86 | —0.001 100 0 0 28.6 | 71.4 0 0 0 0 100
23 | 41.17 | —0.001 | 86.5 | 10.7 | 2.8 | 13.7 | 644 | 21.9 | 21.9 | 47.7 | 304 0
24 | 2.19 | —0.001 | 50.9 | 12.7 | 36.4 0 66.7 | 333 | 147 | 50 | 353 0
25 1.78 | —0.001 | 443 | 19.9 | 35.8 0 66.7 | 333 | 143 | 357 | 50 0
26 | 242 | —0.320 0 12 | 988 | 535 | 41.8 | 4.7 0 0 48.1 | 51.9

V.m. — validation method; Avg. obs. GWL — average observed groundwater level, SAR — synthetic
aperture radar; BbPN — Biebrza National Park.

Source: own work.
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TABLE 4. Conditional probabilities of groundwater level classes generated from the Bayesian belief

network
Avg. GWL class probabilit
V.m. | No |obs. GgWL ["/5 Y GWL class
[m] Cl 2 C3 C4 Cs C6 Obs. Pred.

1 —0.364 10 28.5 10.6 6.95 37.8 6.05 C2 C5

2 —0.293 5.96 22.5 52 5.83 7.85 5.82 C3 C3

3 —0.391 20.8 50.8 7.07 5.87 9.66 5.79 C2 C2

4 -0.314 7.38 39.1 14 6.76 27 5.73 C2 C2

- 5 —0.309 10.6 344 20.8 6.52 214 6.19 C2 C2
°o>13 6 —0.332 16.9 354 9.91 7.63 234 6.77 C2 C2
:o 7 —0.001 6.94 8.55 7.25 6.94 59.7 10.6 C5 C5
8 -0.006 8.67 12.6 9.17 7.98 48.8 12.8 C5 C5

9 —0.004 6.02 10.3 5.52 15 58.2 4.99 C5 C5

10 -0.002 7.03 29.1 10.5 8.04 38.8 6.51 C5 C5

11 —-0.109 6.17 13.5 8.09 7.99 59.4 4.89 C4 C5

12 -0.012 5.74 7.16 5.88 8.61 65.6 6.98 C5 C5

1 —0.002 6.68 21 8.24 8.87 49.5 5.71 C5 C5

2 —0.338 7.9 50.4 9.52 6.23 19.9 6.05 C2 C2

3 —0.500 14.2 34.2 16.6 9.9 14.7 10.4 C1 C2

4 —0.338 5.26 67.8 10.4 5.26 6.08 5.26 C2 C2

5 —0.351 20.6 56.2 4.64 4.64 9.24 4.64 C2 C2

6 -0.267 4.57 52.3 18.6 4.57 154 4.57 C3 C2

7 0.001 7.75 7.75 7.75 7.75 55.2 14.2 Co6 C5

8 —0.002 6.06 6.06 6.06 6.06 67.8 7.93 C5 C5

9 —0.304 6.49 30.2 32.1 6.44 18.4 6.4 C2 C3

10 —0.001 10.2 38.7 10.5 7.78 253 7.45 C5 Cc2

11 -0.003 5.72 15.6 8.9 7.11 57 5.72 C5 C5

2 12 —0.287 6.65 16.9 52.8 6.65 10.4 6.65 C3 C3
& 13 -0.314 9.32 49.5 20.8 6.24 7.95 6.14 C2 C2
% 14 -0.514 19.6 44.7 9.63 6.48 13.4 6.13 Cl C2
/A 15 -0.247 6.51 56 18.9 6.03 6.52 6.02 C3 C2
16 —0.333 8.04 35.7 26.6 5.77 18.4 5.45 C2 C2

17 —0.372 21.7 52.8 6.65 5.35 8.17 5.3 C2 C2

18 -0.062 9.27 243 12.8 7.14 39 7.47 C5 C5

19 —0.005 6.14 11.8 6.24 7.86 61.6 6.37 C5 C5

20 —0.023 6.51 6.51 6.51 6.51 66.4 7.54 C5 C5

21 —0.001 5.81 8.9 5.78 10.9 63 5.61 C5 C5

22 —0.001 3.93 3.93 3.93 3.93 74.6 3.93 C5 C5

23 —0.001 8.24 10.6 9.72 8.08 47.8 15.6 C5 C5

24 —0.001 11.8 17.5 11.7 9.62 36.4 12.9 C5 C5

25 —0.001 12.1 22 11.5 9.08 33.5 11.9 C5 C5

26 -0.320 23.9 50.3 11.7 471 471 471 C2 C2

V.m. — validation method; Avg. obs. GWL — average observed groundwater level; Obs. — observed; Pred. — predicted;
BbPN — Biebrza National Park.

Source: own work.
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FIGURE 5. Example results from the Bayesian belief network: A — percentage contribution of model
parameters in Polygon 9, B — percentage contribution of model parameters in Biebrza National Park
Plot 26. Groundwater level node represents the results as a probability distribution of the occurrence
of certain GWL classes

Source: own work.

The confusion matrices assessing the performance of the model for both sets of
100-hectare polygons and BbPN plots are shown in Figure 6. Diagonal elements
on the matrix represent correctly predicted classes, while off-diagonal elements
indicate misclassifications. Using 100-hectare polygons as a validation set, 10 out of
12 predictions were correct, resulting in a prediction accuracy of 83.3% (Fig. 6A).
Validating the network with a set of BbPN plots resulted in an accuracy of 73.1%,
where 19 out of 26 predictions were correct. Sensitivity analysis revealed that
the entropy reduction was 0.315, 0.066, and 0.038 for SAR backscatter coefficient,
distance to the watercourse, and peat subsidence rate, respectively. This means that
the SAR backscatter coefficient is the parameter with the highest influence over
the GWL result in the model.
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FIGURE 6. Confusion matrices displaying the number of matched and unmatched classes between
predicted and actual groundwater level values for 100 ha polygons (A) and the Biebrza National Park
plots (B) used as the validation set

Source: own work.
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Discussion

The results of this study highlight the potential of using BBN in conjunction
with remote sensing data to address the challenge of estimating GWLs in peatlands,
particularly in the context of environmental management and GHG mitigation.
The model achieved predictive accuracies of 73.1-83.3%, proving its effectiveness
as a cost-efficient alternative to traditional GWL measurement methods, which are
often hindered by logistical constraints and high costs. The results demonstrate
that remote sensing can serve as a reliable proxy for groundwater dynamics, which
are vital for understanding and managing peatland ecosystems. These findings are
particularly important as they provide a means to evaluate the hydrological status
of peatlands that lack extensive monitoring infrastructures, ultimately supporting
restoration efforts aimed at enhancing carbon sequestration in peat soils. By linking
GWL estimates to GHG emissions, this research can contribute to the broader goal
of developing adaptive management strategies that can support policy decisions
and promote sustainable land use practices.

Numerous approaches have been explored to estimate GWLs in peatlands
without direct measurements, often by testing a range of remote sensing and non-
-remote sensing indicators to identify the most accurate and sensitive proxies
for GWL prediction (Kameoka et al., 2021; Georgiou et al., 2023). Some of
them reached higher (Hikouei et al., 2023) or lower (Bechtold et al., 2014)
accuracy, although they had much more input data to teach the model. However,
a significant challenge emerges from upscaling these indicators and models for
application beyond the specific environments where they were initially built.
For instance, Adinugroho et al. (2021) developed a model using Indonesian
peatlands to estimate soil moisture using Sentinel imagery as a proxy for
groundwater level. This model is available as an open-source SEPAL tool
(FAO, 2021), but it did not perform well in the peatlands in BbPN. Ideally, an
extensive monitoring network across diverse types and conditions of peatlands
would be required to provide spatially comprehensive GWL data, facilitating
robust model development and validation. Unfortunately, establishing and
managing such a network is generally not feasible due to the significant
financial, time, and logistical resources required and the different monitoring
protocols in peatlands across countries (Gutierrez Pacheco et al., 2021).
The Bayesian belief network employed in this study faces similar challenges.
Several uncertainties emerged during data preparation, model construction,
and validation. A primary concern lies in the inherent limitations of remote
sensing data, such as the constraints imposed by spatial resolution and satellite
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revisit intervals. Additionally, because synthetic aperture radar (SAR) cannot
penetrate dense tree canopies, some datasets had to be excluded to prevent
the introduction of inaccuracies. Further complications arise from temporal
discrepancies between the multi-year GWL measurements and the remote
sensing data, as these datasets were collected over differing timeframes.
For instance, the SAR backscatter coefficient used in this study was
averaged from all available Sentinel-1 imagery since its launch. In contrast,
the multi-year GWL data from some piezometers represents a more extended
period, potentially leading to inconsistencies. Other uncertainties arise from
the limited size of the training dataset, which reduces the variety of variable
class combinations within the model due to limitations in piezometer coverage,
potentially leading to inaccurate predictions. The possibility of mismatching
definitions of intervals or classes of wvariables aggravates this issue.
The obtained accuracy in the built model may be somewhat misleading due to
unbalanced proportions in the class distributions, as class C5 in the validation
set was much more frequent than the others, and some classes were even
missing (C1 and C3 in the 100-hectare polygon validation set). Moreover, it is
crucial to address whether the level of accuracy in GWL prediction is sufficient
for practical applications, such as estimating greenhouse gas emissions.

The most common way to teach Bayesian networks is using observational
data and/or expert knowledge (Daly et al., 2011). However, the data is often
insufficient to capture all model variables (Masegosa et al.,, 2016), which
was the case in this study. One approach to addressing this issue would be to
obtain missing data from other models. In terms of the future development of
the BBN created in this study, there are plans to construct a multiple regression
model. This model would facilitate the generation of new GWLs based on
the known remote sensing parameters used in the study. The generated data
could then be used to update the developed BBN. Additionally, the data from
the BbPN area should be complemented and tested with data from other peatlands
across all of Poland and outside of the country, especially since other studies found
that results obtained at one peatland using SAR imagery cannot be compared
with different sites (Lees et al., 2021). Incorporating data from various peatlands
will improve the accuracy of future models and provide a more comprehensive
understanding of the relationship between the GWL and parameters derived from
remote sensing. Furthermore, the potential of other remote sensing data sources
could also be investigated to improve the prediction accuracy.

Despite the indicated limitations, the presented assessment methodology may
be one of the few that can be applied under operational conditions to determine
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the multi-year average GWL in peatlands, where necessary (e.g., for the purpose
of assessing the hydrological status of remote/unmonitored peatlands before
undertaking restoration measures) and where hydrological monitoring has never
been conducted and the use of more complex methods will be pointless due
to the long analysis time, its complexity and data requirements. Indeed, under
the assumptions of implementing programs that encourage carbon retention
in rewetted peat soils, there will be a need for an ex-ante evaluation of
the effectiveness and scale of success of these measures. Under such conditions,
a rapid assessment of the average state of groundwater will prove necessary.
So far, published experience of the uncertainty in the success of peatland
rewetting and the resulting increase in GWL of a few centimeters (Karimi et al.,
2024) indicates that even an uncertainty-laden assessment of water levels using
the Bayesian belief network presented here can become a useful, and perhaps
even the only, tool that provides a meaningful quantification of peatland
GWL from a multi-year period. However, this will certainly require calibration
and verification of the method on other, possibly numerous, peatlands with
available data from long-term GWL monitoring.

Conclusions

This research demonstrates the application of a BBN model integrated with
remote sensing data to estimate the mean groundwater levels in peatlands,
with a specific focus on the Biebrza National Park in Poland. The developed
Bayesian network can predict GWLs within the defined classes with an accuracy
of 73.1-83.3%. Additionally, dual-polarized radar backscatter has been
validated as a proxy for GWL, showing a high correlation with field-measured
GWL data. Among the remote sensing variables considered, the SAR backscatter
coefficient was the most sensitive in predicting the GWL in peatlands. The study
emphasizes the potential of the Bayesian network model as a cost-effective
and efficient alternative to traditional GWL measurement techniques. It also
highlights the critical role of high-resolution remote sensing data in improving
GWL estimates and the effectiveness of Bayesian networks in managing
uncertainties and providing conditional probabilities for different outcomes.
This underscores the importance of the continued development and refinement
of predictive models for environmental management. Developing this modeling
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approach to other peatland areas globally is recommended, particularly in
regions where ground-based monitoring is logistically challenging or costly.
Future research should also explore incorporating additional remote sensing
parameters and the potential impact of climatic variables on the model’s
predictive accuracy. In conclusion, the study demonstrates the feasibility and
effectiveness of using Bayesian networks and remote sensing data to estimate
GWLs in peatlands. This approach remains a valuable next step in achieving
efficient peatland monitoring and management, despite its uncertainties.
However, further improvements in the prediction of GWL by utilizing available
hydrological and remote sensing data are required, especially including testing
alternative modeling approaches.
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Summary

Estimating mean groundwater levels in peatlands using a Bayesian belief network
approach with remote sensing data. Large-scale management, protection, and restoration
of wetlands require knowledge of their hydrology, i.e., the status and dynamics of
the groundwater table, which determine the evolution of the wetland ecosystem, its
conservation value, and possible economic use. Unfortunately, in many cases, hydrological
monitoring data are unavailable, resulting in the search for a proxy for the average annual
depth of the groundwater level (GWL). This study presents an approach to estimating
the mean GWL in peatlands using a Bayesian belief network (BBN) model, leveraging
long-term hydrological and remote sensing data in the Biebrza National Park in Poland.
The remote sensing data employed includes the synthetic aperture radar (SAR) backscatter
coefficient, peat subsidence, rate and distance to watercourses. The BBN model achieved
a predictive accuracy of 83.3% and 73.1%, depending on the validation approach used.
Among the remote sensing variables considered, the SAR backscatter coefficient was
the most sensitive in predicting the GWL in the peatlands. However, the model presents
multiple uncertainties resulting from limitations of the available remote sensing data, low
variability of class combinations in the conditional probability table, and lack of upscaling
to other regions performed. Despite these uncertainties, the developed BBN model remains
a valuable next step in reaching the goal of efficient peatland monitoring and management.
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Supplementary material — piezometers

TABLE 1. Piezometers within the Biebrza National Park used in the study

. Mean GWT

1D Piezometer/Transect name Start of measurement End of measurement [(m]

1 — 2014 2022 0.001
2 - 2015 2022 —0.002
3 - 2014 2021 —0.004
4 — 2014 2021 —0.004
5 — 2015 2021 —0.003
6 — 2015 2021 —0.001
7 — 2015 2021 —0.004
8 — 2014 2021 —0.002
9 — 2015 2021 —0.001
10 — 2015 2021 —0.001
11 - 2017 2021 —0.001
12 - 2015 2021 —0.001
13 — 2011 2018 —0.001
14 Brzeziny Ciszewskie 1998 2022 —0.343
15 Brzeziny Ciszewskie 1998 2022 —0.320
16 Ciszewo 1994 2022 —0.351
17 Ciszewo 1994 2022 —0.267
18 Ciszewo 1994 2022 —0.380
19 Ciszewo 1994 2022 —0.247
20 Ciszewo 1994 2022 —0.314
21 Czerwone Bagno T 2008 2015 —0.062
22 Czerwone Bagno T 2008 2015 —-0.039
23 Dtuga Luka 2009 2022 —0.023
24 Grobla Honczarowska 1998 2022 0.027
25 Grobla Honczarowska 1998 2022 0.089
26 Grobla Honczarowska 1998 2022 —0.010
27 Grzedy 1 1996 2022 —0.385
28 Grzedy 1 1996 2022 —0.498
29 Grzedy 1 1996 2022 —0.363
30 Grzedy 1 1996 2022 —0.381
31 Grzedy 1 1996 2022 —0.330
32 Grzedy 11 1996 2022 —0.514
33 Gugny 2009 2022 —0.123
34 Gugny 2009 2022 —0.095
35 Gugny 11 2009 2022 —0.085
36 Gugny 11 2009 2022 —0.125
37 Gugny 1T 2009 2022 —0.012
38 Jatowo 1998 2022 —0.302
39 Jatowo 1998 2022 —0.034
40 Kapice 2012 2021 —0.263
41 Kuligi 1994 2022 —0.314
42 Kuligi 1994 2022 —0.330
43 Kuligi 1994 2022 —0.369
44 Trojkat 1996 2022 —0.333
45 Tréjkat [ 1996 2022 —0.338
46 Trojkat 1996 2022 —0.500
47 Trojkat IT 1996 2022 —0.275
48 Trojkat IT 1996 2022 —0.299
49 Trojkat IT 1996 2022 —0.304

Source: own work.
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Introduction

Wheat (Triticum aestivum L.) is an important staple food crop of Pakistan
and covers 8.79 million ha of the country with a total production of 25 million t
(Panhwar et al., 2024). The national average yield of wheat is 2,639 kg-ha™!, and this
low yield of wheat may be due to biotic and abiotic factors, as well as imbalanced
fertilization (Ali et al., 2019). The time of sowing and the planting density are
significant and determine the proper establishment of the growing crop through
balancing plant-to-plant competition and ultimately affecting the yield (Al-Ameri et al.,
2019). Wheat is Pakistan’s primary crop, accounting for 70% of Rabi’s cropping area
and 37% of the overall cropping area. Wheat is Pakistan’s most important food grain,
occupying the most land under cultivation and contributing 10.0% of value added
agriculture and 2.1% of GDP, with rain-fed wheat accounting for 20% of Pakistan’s
land area. Balochistan agricultural output is approximately 871,300 t per year with
about 382,940 ha under cultivation (Ali et al.,, 2019). Balochistan is Pakistan’s
largest but least populous province, challenged by water scarcity issues, meaning it is
ecologically classified as a semi-arid to an arid desert zone (Ameer et al., 2023).

The goal of this research is to evaluate the effect of potassium and boron
fertilizers that could improve the biological yield and grain yield of wheat. The goal
is also to develop the optimum wheat genotype that can tolerate drought in the dry
climate of Lasbela Balochistan.

Crops are often exposed to various types of stresses, including deficiencies
during their lifetime due to the various roles of nutrients in plant cells, where
their deficiency may lead to metabolic disorders. Micronutrient deficiency is
widespread in many Asian countries due to the calcareous nature of the soils, high
pH, low organic matter, salt stress, continuous drought, high bicarbonate content
in irrigation water, and the imbalanced application of nitrogen-phosphorous-
-potassium (NPK) fertilizer (Narimani et al., 2010; Liza et al., 2021). Potassium
is required for photosynthesis and plant metabolism (Wang et al., 2013; Cui et al.,
2022). It is necessary for carbohydrate breakdown, which provides energy for
plant development. Potassium also improves plant drought resilience and helps
to reduce plant water loss (Hasanuzzaman et al., 2018; Rawat et al., 2022).
Potassium assists in the conversion of nitrogen into proteins in plants, while
grasses require potassium to counteract excessive nitrogen fertilizer rates. When
potassium is deficient, some of the nitrogen remains as non-protein nitrogen.
Potassium reacts strongly to any potassium applied to it. Some researchers have
also observed the effects of using 40 kg-ha™! boosted wheat and paddy yields by
21% and 35%, with significant studies having been undertaken in the North-West
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Frontier Province to record the optimal amount of potash for wheat and rice, while
diminutive research studies have been done on the percentage upturn in yield
over control due to the direct residual and the reasons that cause potash in wheat
(Hussan et al., 2022). Since any applied potassium is imprisoned in the clay lattice,
and low potassium application rarely meets the soil, crops often fail to respond
to the applied potassium, with production falling as the potash consumption rates
drop. It does not become accessible to the plant when it is required or the plant is
unable to rapidly absorb it through the soils to fulfill the potassium requirements.
The limited reaction to the potassium foliar application to the soil of nitrogen
and potassium sources was planned to determine how it affected the wheat crop
(Hussan et al., 2022). Azeem et al. (2021) investigated the individual and combined
effects of potassium nitrate at 4.5kg-ha”' and boron at 0.15kg-ha ! on the growth
and yield of cotton under a salt stressed condition, where the combined application
of potassium nitrate and boron showed the highest plant growth and productivity,
even at higher salinities (12 dS'm™"). Ewais et al. (2022) assessed the impact of
foliar application of boron and potassium amendments on the yield and quality
of potatoes, and as a result the plant growth, yield and quality of potatoes were
improved with the foliar application of boron and potassium. Madghash and Ali
(2023) examined the potential of potassium humate and spraying with boron on
the yield and its components of sesame crops, where the plant growth and yield
was increased with the application potassium humate to the soil and spraying
boron, under field conditions. Meena et al. (2024) applied potassium and boron
at different application rates, related to the yield and economics of mustard greens
(Brassica juncea L.), where as a result the plant growth and yield components of
mustard crops were improved with the application of potassium at 40 kg-ha™' and
boron at 2 kg-ha™!, under field conditions.

To the best of our knowledge, the application of the sulfate of potash (SOP),
muriate of potash (MOP), and boron, zarkhez plus (N 8%, P 23%, and K 18%),
in the form of a solid and liquid/spray is a common practice in this area, but no
attempt has been made to probe the co-application of potassium and boron on soil
health, growth and yield under the arid climatic condition of Lasbela Balochistan.
However, MOP is not good for the soils in Pakistan due to the presence of chloride-
-containing salt.

The present study aimed to examine the influence of the co-application of
potassium and boron fertilizers at various stages of the growth and yield parameters
of wheat under different doses, aiming to enhance plant height, leaf length, spike
length, pedicel length, and the biological and grain yield parameters of wheat
in the arid region of Lasbela Balochistan.
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Material and methods

Study site description

The present study was conducted at the Lasbela University of Agriculture,
Water, and Marine Sciences (LUAWMS) field experimental farm in Uthal
(Fig. 1). This university commonly covers a coastal region of the district Lasbela
Balochistan, is located 125 km away from Karachi and is widely known for
the unique geographical surroundings of mountains and organic cotton cultivation,
wheat, with a variety of vegetable cultivations, such as tomato, okra, etc. Winters

are short, with dry and hot summers and an average annual rainfall of 169 mm.

Legend
Experimental Field

:l Provincial Boundary

|:| Balochistan Province

0 130 260 520 780 1,040

FIGURE 1. The geographical allocation of the field areas of the Lasbela University of Agriculture,

Water, and Marine Sciences

Source: own work.
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Experimental design and crop management

The research study was conducted during 2020-2021 to estimate the effects
of the combined applications of potassium and boron fertilizers on wheat growth
and yield parameters. This study had the aim of comparing the outcomes of these
applications with recommended applications of nitrogen and phosphorous, and to
explore the potential for reducing the dependency on traditional nitrogen fertilizers.
This is a widespread practice here in Pakistan, particularly in the study sites of
Balochistan, where the local community only applies nitrogen and phosphorous
fertilizers rather than other fertilizers that may be required.

The randomized complete block design (RCBD) using 6 x 5 m size plots
was prepared, with triplicate application of both applications of fertilizers
(potassium and boron) along with a control through the recommended doses
of 70 kg-ha‘1 and 120 kg-ha™' of nitrogen and phosphorous fertilizers.
The treatments were 7T, control, 7} (70 kg-hef1 and 0.6 kg~ha*1, T, 140 kg-hsz1
and 1.2 kg-ha™!), T3 (210 kg-ha™! and 1.8 kg-ha™') of both the potassium and
boron fertilizer applications respectively. The main purpose of this study was
to estimate the effects of various treatments of both potassium and boron
applications on wheat growth, yield parameters and co-related parameters of
the soil physico-chemical properties which play a major role in the productivity
of the crop. Before the sowing of seed, all physical and agronomical practices
were carried out. This included the sowing of the TD1 100 kg-ha™! wheat
variety. Potassium was applied in two split doses, i.e. before the sowing of
the seed and before the maturity of the plants. Boron was applied in three split
doses, i.e. the time of sowing, the maturity of the plants, and the booting stage.
All the agronomic observations were carried out in the required periods.

Data collection

The agronomic observations included plant height, leaf length, pedicel
length, spike length, fresh and dry root biomass, thousand-grain weight (TWGQG),
spike weight, and biological yield. Before harvesting at full maturity of the crop,
five plants were selected randomly from each replication of the treatment of
both fertilizer applications to estimate the effect of both fertilizers on vegetative
growth, productivity, and the physiological characteristics of the wheat
crop. The uniformly agronomic practices, such as hoeing, plant populations,
irrigation, and plant protection measures for each treatment, were kept uniform
and normal.



Rodeni, M. A., Kalhoro, S. A., Lahori, A. H., Kubar, K. A., Mengal, J. A., Mengal, K. H.,
Raisani, A., Ahmed, S., Kasi, Z. U. A., Ahmed, S., Ababaki, B. A., Jan, S., Angaria, G. H.
(2024). Application of potassium co-amended with boron for improving the potassium, boron,
growth and yield components of wheat under the dry climate condition of Lasbela Balochistan.
Sci. Rev. Eng. Env. Sci., 33 (4), 352-371. DOI 10.22630/srees.9875 357

Soil sampling process and analysis

Before cultivation and after harvesting of the crop, separately from each plot,
triplicate replication soil samples were collected, from the 0—10 cm and 10—20 cm soil
depths, and finally composite samples were organized for the analysis of the soil basic
properties. The collected soil samples were packed in well-labelled polyethylene bags
and transported to the lab, all plant root material and stones were collected manually.
Initially the soil samples were air-dried, and 2 mm sieved for further analysis. Soil
extracts at a 1 : 2.5 ratio were prepared for the analysis of soil electrical conductivity
(EC) [dS'm™'], pH, and organic matter content (SOM) [%], and were determined
using a digital EC meter and pH meter, while the SOM was analyzed by wet oxidation
(Walkley & Black, 1934), according to Jackson (2005). The available phosphorous and
potassium were extracted by AB-DTPA (Soltanpour & Schwab, 1977) and the data was
recorded using a spectrophotometer and flame photometer, according to Jackson (2005).

Statistical analysis

The collected data was subjected to a two-way analysis of variance (ANOVA)
suggested by Gomes (1984). The mean of the three replicates of the treatments was
calculated using MS Excel 2019. The least significant difference (LSD) test, at a 5%
probability level, was achieved with the help of an IBM SPSS 20. The figures were
organized by using a Sigma Plot 16 and OriginPro 21. The correlation matrix of the studied
parameters was created using statistical tools for high-throughput data analysis.

Results

Soil basic properties

Before cultivation and after harvesting of the crop, a range of site soil samples were
collected for the analysis of the basic soil properties, such as soil textural class, pH,
EC [dS'm™!], SOM [%], available nitrogen [%], available phosphorous [mg~kg‘1],
available potassium [mg-kgﬁl] and boron. Table 1 and Figure 2 list the analysis
results of the soil properties. Usually, there is no significant difference (p < 0.05)
among the treatments before sowing, while after harvesting the results are significant
(p < 0.05) due to the different applications of fertilization (Fig. 2). Maximum NPK
and boron content were recorded in T3 (0.068 £0.0023%, 3.89 £0.0153 mg-kg ™!,
120 +£6.371 mg-kg™!, and 0.22 £0.0121 mg-kg ' respectively). In comparison to 7}
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TABLE 1. Soil basic characteristics before sowing seed

Parameter Mean cv LSD p value
Electrical conductivity [dS'm™] 0.49 +£0.02 5.74 0.02 0.47
pH 8.02£0.10 2.39 0.15 0.00
Organic matter [%] 0.29 +£0.04 3.18 5.10 0.02
Nitrogen [%)] 0.07 £0.01 1.14 5.95 0.00
Phosphorus [mg-kg™'] 1.62 +0.39 11.5 0.24 0.00
Potassium [mg-kg™'] 87.6 +4.12 0.57 0.39 0.00
Boron [mg-kg '] 0.16 £0.01 6.17 0.02 0.00

The data for the soil basic properties before sowing of seed, soil EC, pH, organic matter, content of
nitrogen, content of phosphorous, content of potassium and content of boron are presented in triplicate
with the standard error (+), and the results do not differ significantly (p < 0.05).
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FIGURE 2. Triplicate means with the standard of nitrogen phosphorous and potassium in soil under
different fertilizer applications and results are significantly different (p < 0.05)

Source: own work.

and T; (0.041 £0.0103, 3.42 +0.0265, 0.051 +£0.00323 and 3.59 +0.0118), minor, non-
-significant differences (p < 0.05) were recorded in the nitrogen [%] and available
phosphorous [mg-kg™'], while the available potassium (82 +5.131 mgkg' and
104 £3.214 mg-kg™") were significant (p < 0.05) — see Figure 2. Likewise, before sowing
the results indicated that the soil was sandy loam in nature (sand 63.6%, silt 25.7%,
and clay 10.7%), low to medium in alkaline, low to medium in SOM, adequate
in exchangeable potassium, and low in both nitrogen and phosphorus nutrients.
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Potassium and boron fertilization effect on growth parameters

The effect of both fertilization potassium and boron on the plant agronomic
observations, i.e. plant height [cm], leaf length [cm], spike length [cm], and
pedicel length [cm] were recorded 80—90 after sowing the seed, the analysis results
demonstrating that there was significant differences (p < 0.05) among the different
applications of both fertilizers (Fig. 2). The mean maximum data results of plant
height [cm], leaf length [cm], spike length [cm], and pedicel length (cm] were
recorded at 73 (83.00 +£0.65, 11.77 £0.08, 9.73 £0.02, and 38.67 +0.72) followed by
7, (80.94 £0.48, 11.51 +£0.152302, 9.65 £0.023334 and 38.32 +£0.664809). Whereas
mean minimum was recorded at 7y (77.68 £0.72, 10.32 £0.21, 9.11 £0.014 and
35.33 £0.88) where no fertilizer was applied in either application of potassium
or boron.

Moreover, spike length [cm], leaf length [cm], and pedicel length [cm] were
the key factors for the wheat growth and yield, as such growth parameters play
an important role in the formation of food through the process of photosynthesis,
where wide and dense plant leaves prepare adequate amounts of food for growth
of the plant. After 120 days from seed sowing, in a period known as wheat
maturity, the effects of the foliar application of potassium and boron fertilizers
under different levels were recorded. The analysis results showed that increasing
the level of boron foliar application and potassium should improve the growth
parameters of wheat (Fig. 3). The mean maximum was recorded for 75 compared to
the other treatments: 7y, 74, and 7,, while the minimum was recorded at 7}, (Fig. 3).
In the comparison of T, 7, and T3, significantly different (p < 0.05) amounts of
the traits were recorded. However, in comparison to 77 and 75, the non-significant
difference (p < 0.05) in the different amounts of treatment were also noted (Fig. 3).

Figure 4 shows that the application of potassium and boron effects the biological
yield [kg-ha™!] and grain yield [kg-ha™'] of wheat. The mean maximum biological
yield was observed in 75 (19.186.7 £10.9) compared to the other treatments: T,
Ty, and T, (14.150 £28.9, 17.161.7 £31.13, 18.075 £14.43) respectively, where
0 kg-ha™!, 210 kg-ha™!' and 1.8 kg-ha™! of potassium and boron fertilization were
applied (Fig. 4). The mean minimum was recorded at 77 (14.150 £28.9). Overall
the results are significant (p < 0.05) under the different applications of both
fertilizers. Furthermore, the analysis results of the grain weight per spike and grain
weight per TGW [kg-ha™!] are presented in Figure 4, which show that the mean
maximum was recorded for 73 (3.00761 +0.15); where the maximum application
of both potassium and boron fertilizers were applied (210 kg-ha™' and 1.8 kg-ha™!
respectively). The mean minimum was recorded for the control, 7} (2.405 +0.15),
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compared to the other treatments, T, 7}, and 75 (2.84518 £0.14, 2.92408 +0.15 and
3.00761 £0.15) respectively (Fig. 4). In comparison to 7, and 75, non-significant
(p <0.05) results were also recorded, although overall the results of grain weight per
spike are significant under different applications of both fertilizers. Additionally,
the analysis results of TGW showed that the mean maximum was recorded in 7%
(46.9487 +0.65) compared to Ty, Ty, and T, (42.5787 +£0.55, 45.382 +0.86 and
46.147 £0.64) while the mean minimum was recorded in 7 (42.5787 +0.55).
In a comparison between 7, and 73 (45.3892 +0.86 and 46.1472 +0.64), a non-
-significant (p < 0.05) difference was recorded; overall the results of biological
yield [kg-ha™!], grain weight per spike [g], and TGW are significant (p < 0.05)
under different applications of both potassium and boron fertilizers (Fig. 4).

Nitrogen, phosphorous, potassium, and boron are up-taken
by plants and affect the root biomass

Figure 5 presents the analysis results of nitrogen [%], available phosphorous
[mg-kg™!], available potassium [mg-kg '], and extractable boron [mg-kg'].
The results showed that the mean maximum of NPK content and extractable boron
content were recorded for 75 (1.642 £0.0534, 0.5483 +0.0164, 2.72 £0.015 and
1.14 £0.01) compared to other treatments, T, 7}, and 7, respectively (Fig. 5),
where the maximum application (210 kg'ha‘1 and 1.8 kg-ha™!) of potassium and
boron fertilizers were applied (Fig. 5), with the mean minimum being recorded for
control T (1.173 +£0.044, 0.332 £0.0029, 2.32 £0.041 and 1.12 £0.05).
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Source: own work.
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The treatments 75 and 73 (1.65 +£0.071, 1.64 £0.053, 0.517 +0.014, 0.548 +0.016,
2.68 +0.021, 2.72 +£0.015, 1.13 +0.08, and 1.14 +0.01) were non-significant
(» < 0.05) under different applications of both fertilizers; whereas 7, and T3
(1.173 £0.0442, 1.642 +0.0534, 0.332 +£0.0029, 0.548 +0.0164, 2.32 +0.041,
2.72 £0.015, 1.12 £0.05 and 1.14 £0.01) were significant (p < 0.05) under different
applications of both fertilizers. Overall the results were significant (p <0.05) under
different applications of both fertilizers.

Fertilizer application effect on root biomass and soil organic content

The analysis results of the fresh and dry root biomass and soil organic matter
results (Fig. 6) indicated that the mean maximum and significant (p < 0.05) results
were recorded for both fresh and dry root biomass 73 (6.932 g £0.283) compared
to all other treatments, Ty, 7, 7> and 73 (4.616 g *£1.018, 5.357 g +0.593,
5.0987 g £0.7219 and 6.932 g +0.283), whereas a minimum was recorded for
the control, 7 (4.616 g £1.018).
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FIGURE 6. The triplicates mean that with the standard plant root biomass (fresh and dry) and under
different applications of fertilizers, the results differ significantly (p < 0.05) under different applications
of both fertilizers

Source: own work.

Moreover, in comparison to 7, and 73, a minor difference was also recorded
although the results were non-significant (p < 0.05). The organic matter content
in the soil increased 0.33—-0.88% with T4, in comparison to the control treatment.
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Correlation matrix between soil properties, growth and yield parameters

As shown in Figure 7, the correlation matrix was performed for the soil
properties, growth and yield parameters. The data revealed that the in-soil boron,
grain weight, biological yield, leaf area and spike length were highly significant
and correlated with the in-plant boron.
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FIGURE 7. Correlation matrix among plant height (PH), pedicel length (PL), leaf area (LA), spike
length (SL), biological yield (BY), spike weight (SW), grain weight (GW), in-plant potassium (KP),
in-plant boron (BP), in-soil nitrogen (NS), in-soil phosphorus (PS), in-soil potassium (KS), in-soil
boron (BS), and soil organic matter (SOM)

Source: own work.

Furthermore, the in-plant potassium, pedicel length and spike weight
significantly correlated with the in-plant boron. It has been noted that in-soil
phosphorus significantly correlated with the in-soil boron. Moreover, the in-plant
potassium, pedicel length, spike weight, grain weight, biological yield, leaf area,
and spike length were found to correlate highly significantly with the in-soil
boron. The spike weight, grain weight and spike length positively correlated with
the in-soil phosphorus. The grain weight, biological yield, leaf area and spike
length were found to correlate highly significantly with the in-plant potassium and
pedicel length. The biological yield, leaf area and spike length were found to be
highly significantly associated with spike weight. The in-soil potassium positively
correlated with the in-soil nitrogen.
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Discussion

The present study was conducted to estimate the effect of the combined
application of both potassium and boron fertilization on plant growth and the yield
parameters of wheat. Our findings showed that increasing the levels of potassium
fertilizer applications also increased the plant height, leaf length, spike length and
pedicel length significantly (p < 0.05). Adequate amounts of potassium were also
uptaken by the plant in comparison to the control, 7 and 7; (Fig. 5). Throughout
the study, potassium and boron presented a noticeable impact on the different traits
of wheat and increased the biological yield of wheat (Fig. 4), with similar findings
also being recorded by Abbas et al. (2021), Mustafa et al., (2021) and Santos et al.
(2021). The inadequate supply of nutrients and a dry environment commonly affect
the growth of the plant at different stages, including the vegetative and grain and
yield parameters, causing a 50% reduction in the production of the cultivated
crops (Moghaddam et al., 2021; Wasaya et al.,, 2021; Pamungkas et al., 2022).
The analysis results also showed that increasing the levels of potassium fertilizer
applications should significantly increase plant height, leaf length, spike length
and pedicel length (p < 0.05). Adequate amounts of potassium were also uptaken
by the plant, as compared to the control, 7, and T} (Fig. 5). Throughout this study,
potassium and boron had a noticeable impact on the different traits of wheat and
increased the biological yield of wheat (Fig. 4), with similar findings also recorded
by Abbas et al. (2021), Mustafa et al. (2021) and Santos et al. (2021). Potassium
enhances the fertility of soil, seed and fruit quality according to Brhane et al. (2017),
and decreases the adverse effect of salinity in many fields of crop, including wheat
(Rasool et al., 2008; Khan & Aziz, 2013; Al-Taher & Al-Naser, 2021). The observation
of this research study concurred with Hossain et al. (2015), Rady and Mohamed
(2018), and Hussan et al. (2022), through research on potassium in various wheat
cultivars, where it was observed that increasing the level of potassium applications
in wheat could enhance the growth and yield parameters.

Few studies (Ali et al., 2021; Akhtar et al., 2022) have reported that the combined
application of both potassium and boron fertilizers enhanced the number of spikes
per plant, TGW, and the biological yield and grain yield of wheat. Such findings
may be due to an adequate supply of both of these mineral fertilizers. Likewise,
the observation of this study also indicates that increased levels of potassium and
boron fertilizers improve the number of spikes per plant, TGW, and the biological
and grain yield of wheat. In comparison to the control, the findings of this study
are significant in the TWG, biological yield, and grain yield (Fig. 4b and c).
On the other hand, an adequate amount of boron fertilizer significantly affected
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grain weight per spike since boron decreases infertility and helps the settlement of
the grain seed of wheat (Akhtar et al., 2022). Ali et al. (2021) also recorded such
a finding, indicating that different doses of boron fertilizer significantly increases
the grain of rice and its yield attributes. The enhancement of the TWG of wheat
may be due to the elevation of photosynthesis while the number of grains per spike
was increased due to the nutrient-improved formation in the wheat plant.

Boron is an essential trace element for a variety of field, fruit, and vegetable
crops, as it plays an important role in plant growth, including stability and
the formation of the cell wall, the transformation of sugar and energy molecules
to the different parts of the plant, and pollination seed settlement. A sufficient
supply of boron is also important for nitrogen fixation in legume crops
(Lima Filho & Malavolta, 1998). An adequate amount of boron application
increases the boron concentration in the plant leaves and helps grain development
(Rehman et al., 2018); an adequate supply of boron during entire growth stages
could enhance the biological and grain yield of wheat grain (Giines & Alpaslan,
2000; Abou Seeda et al.,, 2021; Long & Peng, 2023). In-contrast, a boron
deficiency results in low or empty pollen grains and a decreased number of
flowers per plant (Vera-Maldonado et al., 2024). Likewise, the findings of this
study indicated that an adequate supply of boron application could enhance
the morphological characteristics of the wheat plant (Fig. 3). Furthermore,
the uptake of phosphorous is also related to the up-take of boron, and, if boron
is deficient, then the phosphate uptake may decrease with an untimely and
significant effect on the biological and grain yield of wheat (Rasool et al.,
2008; Zhao et al., 2020). Such results were also recorded in this study (Fig. 3),
through the control with boron fertilization a significant difference was recorded.
Enhancements in exchangeable potassium and available phosphorous and
nitrogen in plants were also observed in the application of boron fertilization
compared to the control (Fig. 5). These observations were also reported by
Vera-Maldonado et al. (2024), who researched boron improvement in wheat bread
and observed that an adequate supply of boron enhanced the NPK nutrients, and
was also related to the up-take of phosphorous and potassium mineral nutrients
in the soil rhizosphere (Al-Taher & Al-Naser, 2021; Vera-Maldonado et al.,
2024). However, boron also assisted and adjusted the accessibility of other required
nutrients from soil (Tariq & Mott, 2007). The hypothesis that boron and potassium
in different fertilizer applications could improve the plant height, leaf length,
number of spikes per plant, TGW, biological yield and grain yield of wheat
(Fig. 3), with results being significantly different depending on the different
applications of boron and potassium fertilization. The soil physical properties EC,
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pH, and SOM did not have any significant effect on fertilization. However, total
nitrogen, available phosphorous, and the available potassium were highly
significant, with increased availability of the nitrogen, phosphorous, and potassium
nutrients (Fig. 2) with increased applications of boron (Rawat et al., 2022). Root
biomass and SOM increases in boron applications compared to the control since
boric is a highly mobile nutrient in the soil (Robertson et al., 1981), and is easily
up-taken by plant roots. Vera-Maldonado et al. (2024) reported that an adequate
supply of boron improved the in-grain nitrogen content, co-related with protein,
which may be due to the participation of boron in protein synthesis and nucleic
acid metabolism (Robertson et al., 1981; Debnath & Ghosh, 2011; Ferdoush
& Rahman, 2013; Ganie et al., 2014). Additionally, the positive and highly
significant Pearson’s co-relation (p < 0.01) among the different soil properties,
growth, and yield parameters, such as plant height [cm], leaf length [cm], spike
length [cm], pedicel length [cm], biological yield [kg-ha‘l], grain yield [kg-ha™'],
fresh root biomass, dry root biomass, and soil organic matter is indicated, in that
the different application of both fertilizers, potassium and boron could, within split
doses, improve the growth and yield of arid and semi-arid regions of the world
and particularly the calcareous nature of Pakistan’s soil. Likewise, findings were
also recorded by Kalhoro et al. (2017), Kalhoro et al. (2018) and Kalhoro et al.
(2019), that SOM and root biomass increased the activity of the micro-organisms
directly affecting the soil properties and ultimately affecting the growth and yield
parameters of the crop.

Conclusions

Based on the present study observations, a research study showed that both
potassium and boron fertilizer applications have a significant effect on growth
(plant height, pedicel length, leaf area, spike length, grain per spike, spike weight,
grain weight, and biological yield) and the yield parameters of wheat. Potassium
at a rate of 1.6 kg-ha™! and boron at a rate of 220 kg-ha™' of both fertilizations
could enhance the growth and grain yield of wheat usually cultivated in hot and dry
climatic conditions. However, studies are also required on diverse soil types and
different land use systems with variable climatic conditions. Future studies should
focus on the application of potassium and boron co-applied with biochar/modified
biochar, nano-material, press mud compost, etc., to improve low fertile soil for
sustainable agriculture.
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Summary

Application of potassium co-amended with boron for improving the potassium,
boron, growth and yield components of wheat under the dry climate condition
of Lasbela Balochistan. A field experiment was performed to assess the impact of
potassium co-amended with boron at different application rates on organic matter, nitrogen,
phosphorus, potassium and boron in the soil, also in terms of plant height, spike length,
pedicel length, leaf area, spike weight, grain weight, biological yield, fresh biomass
and dry biomass of wheat under the dry climate of Uthal. Randomized complete block
design (RCBD) was used with the combined application of both K and B fertilizers with
a replicate of three times, treatments were 7}, control, 7} 70 K kg-ha™' and 0.6 B kg-ha™!,
T, 140K and 1.2 Bkg-ha™', 75 210 K and 1.8 B kg-ha™! of potassium and boron respectively.
Furthermore, boron was applied in three split doses (time of sowing, maturity of plant,
and booting stage); whereas potassium was used in two split doses (before sowing and
maturity). The obtained results demonstrated that plant height was increased, ranging from
77.68 to 83.00 cm, with T3, biological yield 14,150.0-19,186.67 kg-ha™!' with T3, in-soil N
0.04-0.069% with T3, in-soil P 3.42-3.89 mg-kg ™! with Tj, in-soil K 82.00-120.00 mg-kg ™!
with 75, in-soil B 0.11-0.22 mg-kg™! with T; than control treatment. The uptake NPK, and
B by the wheat plant was increased, ranging from 1.17-1.66% with T4, 0.33—0.54 mg-kg™!
with T3, 2.32-2.72 mg-kg™' with T3, and 1.12-1.14 mg-kg™' with T3 as compared with
the control treatment. The plant fresh and dry biomasses and soil organic matter were
increased at T3 over that of the control soil. Overall, the findings of this study indicated that
the co-application of potassium and boron at 210 and 1.8 kg-ha™" doses can be successfully
used to enhance grain and yield parameters of wheat, particularly those cultivated in dry
climatic conditions.
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Introduction

Indonesia, a nation with significant potential across various sectors, is on
the cusp of a civil engineering revolution, particularly in the development of
physical infrastructure. The emergence of numerous innovations — especially in
using alternative materials for paved roads — is a testament to this promising future.
The potential of this research to contribute to these innovations and the development
of physical infrastructure in Indonesia is engaging and exciting (Junkes et al., 2024).

Concrete bricks, commonly called paving blocks, are a construction material
that offers more than meets the eye. These blocks represent a marvel of engineering
as they are composed of a unique blend of water, aggregate, and portland cement
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or similar hydraulic adhesive, with or without additional components (National
Standardization Agency [NSA], 1996). Renowned for their ability to withstand
heavy loads and ease of maintenance, paving blocks are used for road surfaces,
sidewalks, parks, and parking areas, showcasing their versatility and superiority
within civil engineering and leaving a lasting impression.

Every day, our environment is burdened by various types of waste, including
plastic. In Indonesia, the issue of plastic waste has reached alarming proportions,
posing a severe threat to the environment and public health. However, the community’s
endeavors to combat this issue through the replacement, reduction and refinement
principle (called the 3R approach), are inspiring and crucial. The 3R approach
is significant as it can substantially mitigate the negative impact of plastic waste,
fostering hope for a cleaner and healthier future (Garcia et al., 2024).

Research conducted by university academics has centered on discovering
innovative ways to repurpose plastic waste for utilization in construction.
For instance, plastic waste has been investigated for enhancing soil properties,
road pavement, concrete, and paving blocks. Muzaidi et al. discovered that
incorporating 3% of 10 x 10 mm and 10 x 5 mm plastic waste fragments improved
the soil’s compressive strength and shear-strength angle (Muzaidi et al., 2022).
Handayasari demonstrated that substituting 5% sand with mineral water packaging
waste increased concrete compressive strength to 22.741 MPa (Handayasari,
2017). Awoyera and Adesina (2020), and Wendimu et al. (2021) concluded that
low-density polyethylene (LDPE) enhanced the compressive strength of bricks
compared to clay. Arulrajah et al. (2017) used various types of plastic waste,
such as linear low-density polyethylene filled with calcium carbonate (LDCAL),
high-density polyethylene (HDPE), and LDPE for road pavement. Khatib
et al. (2019) found that replacing coarse aggregate with bottle cap waste did not
significantly reduce the flexural strength of concrete blocks. Gour et al. (2022) and
Gopinath et al. (2023) suggested substituting aggregate with polypropylene (PP)
waste in concrete, which could be used for brickwork, partitions, panels, and canal
linings. Iduwin et al. (2023) and Ahmad et al. (2023) showed that using PP for
aggregate substitution slightly increased the compressive strength of bricks.

Saxena et al. (2020) and Guo et al. (2024) observed that the compressive
strength, flexural strength, and elastic modulus of concrete decreased with increased
plastic waste percentage, but abrasion resistance increased. Dadzie et al. (2020)
and Haigh (2024) demonstrated that using plastic bottles for walls helped maintain
room temperature and reduce energy costs. Soni et al. (2022), Tempa et al. (2022),
and Kakerissa and Latuheru (2023) used PP plastic waste mixed with gravel to
manufacture paving blocks. They found that a composition of 70% plastic waste and
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30% sand produced D-quality paving blocks recommended for mass production due
to their significant waste utilization (Widiyono et al., 2024). Krasna et al. (2019)
stated that replacing 40% of sand with plastic increased the compressive strength of
paving by 30%. There was a decrease in the compressive strength of the red brick
in the sample with the percentage of addition of 10% and 15% (Candra et al., 2022;
Paikun et al., 2023; Umar & Mustafa, 2023; Dary et al., 2024).

From the description above, this final assignment is interested in testing paving
blocks with the innovative use of red brick powder and waste polypropylene plastic
with processing to become plastic pellets, which is a key component in the research.
The plastic pellet, when used in variations of 10%, 15%, 25%, and 25% red
brick powder, is expected to reduce water absorption. The red brick powder, with
pozzolanic characteristics, can unite aggregate in making paving blocks to produce
suitable products, according to Indonesian standard SNI 03-0691-1996 (NSA, 1996).

Material and methods

According to SNI 03-0691-1996 (NSA, 1996), paving blocks are made
of a mixture of portland cement (or similar hydraulic adhesives), water, and
aggregates, with or without other additives. Four quality categories are used to
group this mixture: Quality A for roads, Quality B for parking lots, Quality C
for pedestrian facilities, and Quality D for parks and other uses. Table 1 shows
the values of the physical properties of each quality.

TABLE 1. Physical properties of paving blocks

i Compressive strength Wear resistance Maximum average
Quality 17 [MPa] [mm-min"'] water absorption
[mm] - X 0
AVG min AVG min [%]
A 210 x 105 x 50 40.0 35.0 0.090 0.103 3
B 210 x 105 x 50 20.0 17.0 0.130 0.149 6
C 210 x 105 x 50 15.0 12.5 0.160 0.184 8
D 210 x 105 x 50 10.0 8.5 0.219 0.251 10

Source: own work.

The plastic used in processing processes to become plastic pellets was sourced
from Cv. Hraltara in Buran, Tasikmadu District, Karanganyar Regency, as shown
in Figure 1. The material added to the aggregate was red brick waste in a fine
powder form and was obtained from homes of researchers in Ngawi City and Kos
Sebastian 2 Jebres District, Surakarta.
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FIGURE 1. Plastic pellets

Source: own work.

The research methodology used in this study follows a flowchart, as depicted
in Figure 2. The entire research includes four main stages, which were carried out
according to the following procedure:

1. Material testing (aggregate analysis):
— Aggregate analysis:
*  Sieve analysis was conducted to determine the particle size distribution.
*  Specific gravity testing was performed to measure the density of
the aggregates.
* Absorption testing was carried out to assess the water absorption
capacity of the aggregates.
*  Mud content testing was implemented to evaluate the amount of fine
particles in the aggregates.
2. Specimen preparation:
— Paving block specimens were fabricated using a cement-to-sand ratio of 1 : 4.
— Various formulations were tested with different proportions of plastic pellets
and red brick powder (10%, 15%, and 25% plastic pellets, and 25% red
brick powder).
3. Specimen testing:
— Compressive strength evaluation: Specimens were subjected to compressive
strength testing for 28 days.
— Water absorption measurement: Specimens were immersed in water for 24 h,
and their water absorption was measured.
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4. Data analysis and discussion:

— The test results were analyzed to evaluate the influence of plastic pellets
and red brick powder on the paving blocks’ compressive strength and water
absorption.

— The findings were compared against the requirements outlined in
SNI 03-0691-1996.

Material Testing

. Sludge Content Testing

. Content Weight Testing

. Gradation Testing

_ Specific Gravity Testing
¥

Making Test Objects

I

e

+ +

Paving Block Innovation Normal Paving Blocks
1. Plastic Seeds 10%, 1. Sand

15%, and 25% 2. Cement
2. Red brick powder 25% 3. Water
3. Sand
4. Cement
3

. Water

*
Testing of Test Ohjects
Compressive strength testing
and water absorption testing

Discussion

| Conclusions ‘

FIGURE 2. The flowchart of the research methodology

Source: own work.

The preparation of concrete paving block materials was checked according
to material standards, which involve a series of tests and evaluations to ensure
the materials meet the required quality and specifications. Aggregate testing was
completed using sieve, absorption, density, and mud content analysis.

The research uses plastic pellets in variations of 10%, 15%, and 25%, and 25% red
brick powder. Test specimens are made with a mixture using a cement-to-sand ratio
of 1 : 4. Some essential equipment used are compressive strength testing machines
with an accuracy of 1 kN, as well as dial gauges. The test specimen was made with
dimensions of 21 x 10.5 x 5 cm. After the test specimen hardens, it is cut with
a cutting tool from the initial size to a size of 5 x 5 X 5 cm. Testing the robustness
and compressive strength of block paving is carried out over 28 days. It is intended
to influence the usage of plastic pellets and red brick powder to improve compressive
strength, absorb water, and make cost-effective paving blocks.
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Results and discussion

Table 2 presents the overall content weight of the components in the paving
block samples. A mud content test was conducted to determine the mud content
in the sand intended for making paving blocks. The test aimed to ascertain
the percentage of mud present in the sand. According to SNI 7656:2012
(NSA, 2012), the permissible mud content in the sand should not exceed 5%.
However, the results of the test revealed a mud content of 9.4%. This indicates that
the sand only meets the requirement of less than 5% mud, a finding of significant
concern. The findings suggest that if the mud content exceeds 5%, the sand should
be washed correctly before being used in the mixture.

TABLE 2. Content weight test results

Material Aggregate weight Container 3Volume Unit wej}ght
[g] [em’] [grem™]
Sand 1090 0.001 1.09
Red brick powder 1 060 0.001 1.06
Plastic pellets 540 0.001 0.54

Source: own work.

Following the testing of sand gradation, it was determined that the acceptable
modulus value of the sand is 2.45, which falls within the specified range
(1.5 < MK < 3.8) outlined in SNI 7656:2012 (NSA, 2012). However, during testing,
there was a percentage weight loss of 1.25%. This suggests that the aggregate samples
are unsuitable for concrete building materials or paving blocks due to excessive
weight loss. The detailed gradation test results for sand can be observed in Figure 3.

Furthermore, the red brick powder gradation testing indicated an acceptable modulus
value of 2.7, which aligns with the specified fineness modulus range. Similar to the sand
testing, there was a 1.25% weight loss during testing, highlighting the inadequacy of
the red brick powder for concrete or paving block production. The comprehensive
gradation test results for red brick powder can be found in Figure 4.

In contrast, the testing of plastic pellet gradation showcased an acceptable
modulus value of 4.7, meeting the provisions of SNI 7656:2012 (NSA, 2012),
which stipulate a fineness modulus range of 1.5 < MK < 3.8. Moreover, the weight
loss percentage during testing was only 0.25%, well below the permitted maximum
of 1%. This points to the suitability of the plastic pellets for inclusion in concrete
and paving blocks utilized as building materials. The detailed test result gradation
for plastic pellets is visually depicted in Figure 5, further corroborating its
appropriateness for the project.
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FIGURE 3. Sand gradation chart

Source: own work.
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Source: own work.

g 150

=11]

£ 100 A

=]

S

g 50

2

g 0 o m—
& 9.5 4.75 2.36 1.18 0.85 0.3 0.15 0

Sieve diameter [mm)]

—®— Results —— Lower limit Upper limit

FIGURE 5. Plastic pellet gradation chart

Source: own work.

The test results for sand show that the bulk specific gravity is 2.3, the bulk SSD
specific gravity is 2.38, the apparent specific gravity is 2.49, and the absorption
is 3.1%. These values were compared to ASTM C33 specification requirements
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(Taylor, 2004; Berney & Smith, 2008), which specify that bulk specific gravity,
bulk SSD specific gravity, and apparent specific gravity should fall within
the range of 1.6-3.3, and absorption should be less than 2%. Adhering to these
standards is not just a formality but a crucial step in ensuring our analysis’s quality
and reliability.

Furthermore, the test results for red brick powder reveal a significant issue.
The bulk specific gravity is 3.4, the bulk SSD specific gravity is 4, the apparent
specific gravity is 8.5, and the absorption is 17.6%. Compared to ASTM C33
specification requirements, these results indicate that the red brick powder does not
meet the required conditions for bulk specific gravity, bulk SSD specific gravity,
apparent specific gravity, and absorption. This non-compliance is an urgent matter
that needs to be addressed.

Following the 28-day aging period, a comprehensive evaluation was conducted
to assess the strength of the paving blocks, involving meticulous testing of three
distinct variations. The detailed findings from the substantial compressive strength
test for the paving blocks are meticulously documented in Table 3. Each variation
was rigorously marked and precisely compressed by the calculations outlined in
the tables. Notably, all variations consistently demonstrated considerable strength
in the testing summary. Further nuanced insights into the average compressive
strength of the paving blocks are elucidated in Table 4.

TABLE 3. Comparison of the compressive strength values from testing paving blocks

Compressive . Compressive Deviation
Test Normal strength Innovation strength [MPa]
[MPa] [MPa]
1 VO A 10.69 VIA 6.57 —4.12
2 VOB 10.21 V1B 7.58 -2.63
3 VocC 7.33 vicC 3.72 —-3.61
4 VO A 10.69 V2 A 3.57 —7.12
5 VOB 10.21 V2B 3.08 —7.13
6 vocC 7.33 v2cC 3.68 -3.65
7 VO A 10.69 V3A 12.19 +1.50
8 VOB 10.21 V3B 12.36 +0.15
9 VoC 7.33 V3C 9.73 +2.40

Note: VO = 0% plastic pellets + 0% red brick powder, V1 = 10% plastic pellets + 25% red brick powder,
V2 = 15% plastic pellets + 25% red brick powder, V3 = 25% plastic pellets + 25% red brick powder.

Source: own work.
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TABLE 4. A summary of test results for average compressive strength values of paving blocks

Additional material .
Average compressive

Test specimen Plastic pellets Red brick powder strength

[%] [%] [MPa]
VOA,VOB,V0C 0 0 9.41
V1A,VIB,VIC 10 25 5.95
V2A,V2B,V2C 15 25 3.44
V3A,V3B,V3C 25 25 11.43

Note: VO = 0% plastic pellets + 0% red brick powder, V1 = 10% plastic pellets + 25% red brick powder,
V2 = 15% plastic pellets + 25% red brick powder, V3 = 25% plastic pellets + 25% red brick powder.

Source: own work.

Moreover, Figure 6 visually articulates the profound impact of integrating
additional plastic pellets and red brick powder materials, which served as partial
sand substitutes, on the paving blocks’ robustness. Noteworthy is the revelation that
while the highest average compressive strength was attained with the traditional
mixture, a distinct concoction of cement and sand in a 1 : 4 ratio, enhanced with
the supplementary materials at a concentration of 25% each, yielded an impressive
average compressive strength of 9.09 MPa. Based on these comprehensive and
intricate findings, it is evident that only the standard paving blocks and the select
three variations can be unequivocally classified as D-quality paving blocks,
rendering them eminently suitable for deployment within park environments.

12

10

6 I I
0 I
Vo \4! V2

Test specimen

~

Average compressive strength [MPa]
[\S}

V3

FIGURE 6. Average compressive strength values for paving blocks

Source: own work.
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A comprehensive test was conducted to examine the absorption of water
in paving blocks. The process involves immersing the paving block in
water for a continuous period of 24 h, followed by subjecting the block to
an extreme temperature by placing it in an oven at 110°C for an additional 24 h.
This meticulous test is performed when the paving blocks have reached 28 days
of age, utilizing three test specimens for each distinct variation. An illustrative
example of this examination includes the calculation of absorption of water
from a specific paving block test specimen denoted as V1 D. This calculation
considers additional components, such as 10% plastic pellets and 25% red brick
powder, incorporated with heavy sand.

The calculated results for the absorption of water from each variation of
paving blocks are collated and documented comprehensively in Table 5, providing
an intricate and detailed overview of the variation in absorption across different
compositions. After the detailed calculations in the tables, the amassed data about
the average water absorption of paving blocks is meticulously summarized and
presented in Tables 6 and 7.

TABLE 5. Comparison of testing the water absorption value of paving blocks

No Normal Water 'c[l(E;:]orption Innovation Water e[i(k;:]orption De\[/ﬂi/'c:;ion
1 VO A 11.70 VIA 13.70 —2.00
2 VOB 11.34 V1B 15.18 -3.84
3 Vo C 11.18 V1cC 14.39 -3.21
4 VO A 11.70 V2 A 14.21 -2.51
5 VOB 11.34 V2B 13.66 -2.32
6 vocC 11.18 v2cC 16.38 -5.20
7 VOA 11.70 V3A 14.48 —2.78
8 VOB 11.34 V3B 15.14 -3.80
9 vocC 11.18 v3cC 14.76 -3.58

Note: VO = 0% plastic pellets + 0% red brick powder, V1 = 10% plastic pellets + 25% red brick powder,
V2 = 15% plastic pellets + 25% red brick powder, V3 = 25% plastic pellets + 25% red brick powder.

Source: own work.
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TABLE 6. Summary of average water absorption test results for paving blocks

Additional material .
. Average water absorption
Test specimen Plastic pellets Red brick powder [%]
[%] [%]

VOA,VOB,V0C 0 0 11.40
V1A,V1IB,VIC 10 25 14.43
V2A,V2B,V2C 15 25 14.75
V3A,V3B,V3C 25 25 14.80

Note: VO = 0% plastic pellets + 0% red brick powder, V1 = 10% plastic pellets + 25% red brick powder,
V2 =15% plastic pellets + 25% red brick powder, V3 = 25% plastic pellets + 25% red brick powder.

Source: own work.

TABLE 7. Summary of test results for the optimal average water absorption capacity of paving blocks

Additional material
. - Average compressive strength
Test object Plastic pellets Red brick powder [MPa]
[*] [*]
1 0 0 9.41
4 25 25 11.43

Source: own work.

Moreover, Figure 7 presents a detailed graphical representation illustrating
the intricate nuances of the increases and decreases in water absorption from
paving blocks. This representation provides a visual insight into the variations in
water absorption across different compositions and further adds a layer of detailed
analysis to the results.
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FIGURE 7. Average water absorption value of paving blocks

Source: own work.
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Upon thorough examination of Figure 7, it is evident that the absorption of
water consistently demonstrates an ascending trend with each variation. Notably,
the highest average water absorption value from the paving blocks is obtained
when utilizing a specific mixture of cement and sand at a precise ratio of 1 : 4,
coupled with additional materials comprising 25% plastic pellets and 25% red
brick powder, resulting in a substantial average water absorption of 14.80%. These
comprehensive and detailed findings lead to the significant conclusion that all
variations of paving blocks hold the classification of being of high quality, thereby
rendering them suitably applicable to diverse park requirements.

Using red brick powder and plastic pellets as fine particles in paving blocks
significantly affects their compressive strength and water absorption characteristics.
Adding these additives can improve the compressive strength of paving blocks,
as evidenced by studies showing that certain mixtures can meet or exceed
the standards required for load-bearing applications (Silva et al., 2023). In this
study, the addition of 25% plastic pellets has been shown to meet the compressive
strength requirements, indicating that the same proportion of red brick powder and
plastic pellets can produce beneficial results. In addition, using additives such as
red brick powder and plastic pellets increases the strength and affects the durability
of paving blocks. Durability testing, including water absorption testing, revealed
that the right combination of materials can lower water absorption rates, thereby
increasing the life of paving blocks under environmental stress (Widiyono et al.,
2024). The interaction between these additives and the base materials, such as
cement and aggregate, is critical to optimizing mechanical properties and resistance
to water infiltration (Folorunsho et al., 2023). Thus, strategically using red brick
powder and plastic pellets can produce strong and durable paving blocks that meet
critical performance criteria in construction applications.

Conclusions

This study explored the potential of incorporating waste red brick powder
and polypropylene (PP) plastic pellets as alternative aggregates in paving block
production. The results demonstrated that the innovative paving block formulations
achieved compressive strength values comparable to traditional blocks,
particularly those containing 25% red brick powder and 25% plastic pellets. While
this formulation met the minimum requirements for category D paving blocks
according to SNI 03-0691-1996, it exhibited slightly lower compressive strength
than previous findings. Regarding water absorption, the study revealed that adding
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red brick powder and plastic pellets generally increased water absorption compared
to traditional paving blocks. The formulation with 25% red brick powder and 25%
plastic pellets exhibited the highest water absorption, exceeding the maximum
allowed limit of 10% as per SNI 03-0691-1996.

In conclusion, this study provides valuable insights into the feasibility of
utilizing recycled materials in paving block production. The results suggest that
these materials can be successfully integrated to create sustainable and durable
construction products. Future research should focus on fine-tuning the material
composition and production processes to optimize the balance between
compressive strength and water absorption, ensuring that the paving blocks meet
the specific requirements of various applications while promoting environmental
sustainability.
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Summary

The impact of utilizing red brick powder and plastic pellets as fine particles on
the compressive strength and absorption of water in paving blocks. The construction
industry faces increasing pressure to reduce its environmental impact. Traditional paving
block production often relies on non-renewable materials and contributes to waste
generation. The need for sustainable and durable paving block alternatives is evident. This
study investigated the potential of incorporating waste red brick powder and polypropylene
(PP) plastic pellets as a fine aggregate in paving block production. Various formulations
were tested, with varying percentages of these materials. The resulting paving blocks’
compressive strength and water absorption were evaluated against SNI 03-0691-1996
standards. The results indicate that the innovative paving block formulation incorporating
25% plastic pellets and 25% red brick powder achieved a maximum compressive strength
of 12.19 MPa. In comparison, a mixture containing 15% plastic pellets and 25% red brick
powder exhibited a minimum compressive strength of 3.08 MPa. The average water
absorption for all formulations was 14.80%. These findings highlight the potential of waste
materials as viable alternatives in construction, promoting a more sustainable approach to
urban infrastructure.
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Introduction

At the stage of designing and choosing the orientation of the location of
a building, an extremely important aspect is the analysis of the degree of shading
of the territory at different times of the day to ensure it is comfortable for
anyone who is there. The general level of thermal comfort is closely related to
the meteorological indicators and morphological features of the city. A number of
scientific articles by foreign authors have been devoted to the study of this issue,
with a direct reference to the area in which they live (Gulyas et al., 2006; Bourbia
& Boucheriba, 2010; Heusinkveld et al., 2014). In this regard, the obtained research
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results may be relevant only for a specific geographical location (Zeng & Dong,
2015; Kedissa et al., 2016; Smith et al., 2019). The impact of climate change
on the health of the population in terms of the varying orientations of buildings
in an area and the component of solar radiation at different times of the day
in Ukraine has not been sufficiently studied.

In the work by Willett and Sherwood (2012), the forecasting levels of exceeding
the threshold values in summer were established, based on a fixed distribution of
anomalies with respect to the average seasonal value according to the wet bulb
globe temperature (WBGT) indicator. Forecasting the impact of the regional
temperature rise and the level of risk for the population was described in a paper by
Fischer et al. (2012). Many scientific studies are devoted to increasing the size of
the thermal dome in urbanized areas and the comfort of residents staying in open
spaces in the summer months of the year (Steeneveld et al., 2011).

Based on the example of the city of Kyiv, in Sviatohorov (2024), the long-term
changes in heat stress depending on global climatic changes were studied. Based
on the study of average monthly long-term climate data in the city of Kyiv using
the Copernicus Climate Change Service (Boris Sreznevsky Central Geophysical
Observatory, 2024) and the data of the Borys Sreznevsky Central Geophysical
Observatory, the author obtained the dependence of the value of the heat index (HI)
from the value of temperature and air humidity for observations in different periods.
This index combines the air temperature and the relative humidity in the shade to
determine the human-perceptible equivalent temperature.

Taking into account the trends of increasing temperature indicators as a result
of global warming in matters of urban planning (Balcerak, 2014; Luo & Lau,
2018; Li & Zhang, 2021), significant attention has recently been paid to “green
construction” technologies, which, at the same time as using innovative materials
and landscaping technologies, should also take into account the orientation of
the building (Prasad et al., 2017) with respect to the sides of the world, in order to
increase the percentage of shading from direct solar radiation.

The purpose of these studies is to determine and compare the dependence
of the heating of facade surfaces along the perimeter of the courtyard and
the underfloor surface of the courtyard of a residential building on the percentage
of surface shading at different orientations relative to the cardinal points. This will
make it possible to assess the potential risk of thermal stress for the residents
in this future residential area during the design stage when initially planning
the territory.
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These studies were conducted for Ukraine’s first climatic zone and, even
at the design stage, allowed the reduction of the risk of heat stress in the adjacent
territory during the operation of the buildings in the future.

Material and methods

For the assessment of the impact of thermal stress on the human body, which is
based on the WBGT indicator as well as the interpretation of human thermal comfort,
then the normative documents of the ISO series devoted to these calculations
can be used, such as ISO 7243 (International Organization for Standardization
[ISO], 2017).

The area of the residential area depends on the location of the building blocks,
and has a different percentage of shading and heating of the surface depending on
the amount of direct solar radiation falling on it at different times of the day.

For the study, a U-shaped construction scheme was selected, involving
a five-section, nine-story residential building, typical for the city of Kyiv
and the Kyiv region (the first climate zone). The total area of each section
in the plan is about 550 m?, with the area of the underlying surface of the yard
measuring 2,200 m?. This configuration of blocking sections creates the effect
of self-shading of the facades and partial shading of the courtyard, which
has a positive effect on the overall temperature of the surfaces. The influence
of the surrounding buildings has been excluded from the -calculation.
It was decided to make the underlying surface free of trees and bushes to
exclude the influence of unpredictable shading.

The calculation of the amount of solar radiation was conducted by the authors
using the specialized TownScope program (Teller & Azar, 2001). At the beginning
of the work, the authors prepared a corresponding 3D model of the building and
exported it to the 3Ds format (Fig. 1).

Facade 2
Facade 1 Facade 3

The underlying surface of the yard

FIGURE 1. Scheme of blocking sections of a residential building (studied surfaces)

Source: own work.
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The monitoring data of the Borys Sreznevsky Central Geophysical Observatory
for July 2021 was also used for the study, with an average air temperature of 24.6°C.
The choice of the calculation period was based on the purpose of investigating
the changes in the heating of the subfloor surface and facade surfaces in the peak
summer period, which corresponds to the month of July in the first climatic zone
of Ukraine. Since the average air temperature for July was taken, the research
was conducted based on the example of one daylight day during this month.

In the first stage, using the TownScope program, the amount of direct solar
radiation in W-m™2 was calculated for each considered surface of the facades and
the plane of the courtyard. Using the schemes obtained in the TownScope program,
the percentage of shading of the surfaces of the residential building and the adjacent
territory was determined graphically, with different orientations being used with
respect to the cardinal points. The surfaces of the facades adjacent to the courtyard
of the residential building were considered, as well as the underlying surface of
the courtyard.

To determine the amount of direct solar radiation hitting a horizontal surface,
depending on the orientation with respect to the sides of the world and considering
shading, a separate unified element of the area was selected, which we take
as a square with an area of S;.

We have two variables that depend on time:

1. Intensity of direct solar radiation on a separate unified element of the area:

R =ft, 4)) = A(0)S), (1)

where: 4; — the hourly amount of direct solar radiation per 1 m?, depending on
the orientation of the block of the building under consideration, was determined
based on the tabular form used in the regulatory documents.

2. Surface area of the element, considering shading:

S1=A¢ P). )

The effectiveness of shading is determined by the formula:

AR =[A(0) =Ai1(D] X810 = A(0)-(1 = p)- X.S1, 3)

where: S — coefficient that characterizes the percentage of shading, which should
be taken according to the values that were calculated separately in accordance with
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the current regulatory documents, Y.S;i — the total area of the residential territory
under consideration, i — the module number with areas S},i=1,2, 3, ..., n.

Thus, we can present any area of the residential area featuring different locations
of the building. The total areas of the surfaces were calculated on the basis of
the 3D model of the residential building.

The average heating temperature of the surfaces of the building facades and
the underlying surface from solar radiation during one hour of daylight can be
determined according to the formula of A.M. Shklover (Korkina et al., 2023),
which gives a good correlation between the calculated and experimental data:

R (4)

where: t,,; — outside air temperature [°C], R — direct solar radiation that reaches
the surface during the studied period of time [W-m™], o 5. — coefficient of absorption
of solar radiation by the surface of the facade, which is determined according to
Clause 11.3 of DSTU 9190-2022 (Ukrainian Scientific Research and Training
Center for Standardization, Certification and Quality Problems [UkrNDNC], 2022),
and ag,; — heat exchange coefficient of the facade surface, calculated according to
the empirical formula (Ratushniak & Popova, 2004; Korkina et al., 2023):

a,, =1.16-(5+103/v), (5)

where: v — wind speed [m-s].

The surface of the residential area also receives heat from neighboring buildings,
and as a result the heat index on the residential area will increase. In this case,
the expression of the balance of the specific heat flow for the surface of the facade,
which receives radiation heat, is calculated under the following assumptions:

— there is no multiple reflection and absorption between building facades and
the underlying surface,

— the temperature of the outer surface does not depend on the temperature of
the indoor air,

— calculations are made for a thin surface layer of the facade in one hour, so it
is considered that the thin layer has a constant temperature that corresponds
to the end of the time interval,

— the considered surfaces of the facades do not have skylights,

— the influence of the atmosphere is not considered.
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The heating temperature of the underlying surface of the courtyard is calculated
considering the percentage of shading per hour and the average value is determined
during the calculated hours. At the same time, we accept the coefficient of
absorption of solar radiation by the surface of the yard in accordance with
EN ISO 7730 (European Committee for Standardization [CEN], 2005), ag. = 0.7,
for the paving of the surface of the yard with clinker bricks, and 0.7 for the facade
facing bricks. The coefficient of heat exchange of the surface is accepted according
to Formula (5) for Kyiv, according to the average statistical reference data (Boris
Sreznevsky Central Geophysical Observatory).

Results and discussion

The percentage of shading of the facade surfaces and the amount of direct solar
radiation falling on the investigated surfaces are presented in Table 1.

TABLE 1. Calculation of the total amount of direct solar radiation on the horizontal surface and
on the surface of the facades, depending on the orientation with respect to the sides of the world,
considering shading during a day in July 2021 having an average monthly temperature of 24.6°C

Surface name Surfacg area Shading [%]
[m?] S | SE | SW | NE | NW | N \ E
Facade 1 1050 48.8 | 61.5 | 42.7 | 80.4 | 36.0 | 54.2 | 28.8 | 80.9
Facade 2 1900 31.1 | 40.7 | 40.7 | 70.6 | 70.6 | 86.8 | 50.4 | 50.4
Facade 3 1050 489 | 425 | 61.5 | 31.6 | 80.2 | 544 | 80.7 | 28.9
Underlying surface of the yard 2200 425 | 365 | 36.5 | 53.0 | 53.0 | 62.8 | 414 | 414
Total shading [%] 1 050 488 | 61.5 | 427 | 804 | 36.0 | 54.2 | 28.8 | 80.9
Direct solar radiation [W~m’2]

: : S SE SW | NE | NW N Y E
Facade 1 1050 423027924033 4127|5411 | 6608 | 3446 | 640
Facade 2 1900 382141455174 |12737|4667 | 1150|6473 | 4309
Facade 3 1050 6123|4899 | 4761 | 4125|2538 |4381| 367 |3377
Underlying surface of the yard 2200 7393 |6527|7078|5924 6720 (6555|6712 5566

Source: own work.

The analysis of the obtained data, taking into account the percentage of shading,
made it possible to plot the graphs of the dependence of the total amount of direct
solar radiation during daylight for each hour over the entire area of the courtyard
at different orientations with respect to the cardinal points (Fig. 2).
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FIGURE 2. The amount of direct solar radiation hitting the horizontal surface of the yard, depending
on the orientation with respect to the cardinal points, considering the shading
Source: own work.
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The heating temperature of the underlying surface of the courtyard
was calculated considering the percentage of shading per hour, with the average
value being determined during the calculated hours (Table 2).

TABLE 2. Average heating temperature of the facades during daylight hours adjacent to the courtyard,
July 2021, Kyiv, with an average monthly temperature of 24.6°C

S SE SW NE NW N A\ E
Surface area

Surface name [m?] t t t t t t t t
[°C] | [°C] | [°C1 | [°C] | [°C] | [°C] | [°C] | [°C]
Facade 1 1050 29.7 | 27.1 | 31.0 | 258 | 29.8 | 29.2 | 28.3 | 24.8
Facade 2 1900 30.8 | 30.3 | 31.8 | 258 | 26.7 | 24.8 | 294 | 278
Facade 3 1050 319 | 312 | 289 | 28.6 | 254 | 27.6 | 24.7 | 282
Underlying surface of the yard 2200 346 | 343 | 351 | 28.8 | 294 | 283 | 30.5 | 29.8

Source: own work.

According to Table 2, in all orientation options, the underfloor surface heats up
more than the surface of the facades. This plane has the greatest impact on the risk
of heat stress.

For effective evaluation of the obtained results, presented in Tables 1 and 2,
two schemes were created (Figs 3 and 4). Figure 3 illustrates the relationship of
the shading coefficient with respect to the average temperature of the understory
surface of the inner yard at different orientations relative to the cardinal points.
Figure 4 illustrates the relationship between the total amount of direct solar
radiation falling on the underlying surface of the yard and the average temperature
of this surface.

[%]
704
603
50

304

R B BRI Raan Raa
10 20 30 40 Q)

FIGURE 3. The scheme of the relationship between the shading coefficient and the average temperature
of the underfloor surface of the courtyard of a residential building at different orientations with respect
to the cardinal points

Source: own work.
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FIGURE 4. The scheme of the relationship of the total amount of direct solar radiation falling on
the underfloor surface of the yard to the average temperature of the surface of the yard of a residential
building at different orientations with respect to the sides of the world

Source: own work.

In analyzing the data of the scheme (Fig. 3), the lowest average temperature
of the underfloor surface during the day was observed when the courtyard
was oriented to the north, giving a temperature of 28.3°C. With this orientation,
the largest percentage of shading of the courtyard surface was obtained at 62.8%.
However, it should be considered that the orientation of the U-shaped yard
to the north may become problematic when designing housing, due to the need
to observe the standardized insolation of the yard sites.

The north-eastern (28.8°C) and north-western (29.4°C) orientations differ by
heating the latter surface by 0.6°C in favor of the former. The shading coefficients
were 59.4 and 60.1, respectively, which is less than with the northern orientation
by 3.4% and 2.7%. Orientations to these directions are favorable from the point of
view of limiting the heating of the underlying surface of the inner yard.

The average heating temperature of the underfloor surface in the eastern and
western orientation of the courtyard of the U-shaped residential building is 29.8°C
and 30.5°C. These are also satisfactory indicators within the limits of variability
when designing this configuration of a sectional residential building.

The south, southeast and southwest orientations of the yard are the most
unfavorable. The results differ from the average heating temperature of the surface
of the northern orientation of the yard in the direction of growth by 6.8°C, 6.3°C and
6.0°C. The shading coefficient is lower by 20.3%, 26.3% and 26.3%, respectively.

Figure 2 makes it possible to compare the ratios of the total amount of direct
solar radiation falling on the horizontal surface of the yard at different orientations.
Thus, allows the pre-assessment of the effectiveness of the decisions taken during
the design, in terms of reducing the risk of thermal stress of the population.
Graphs are created for convenient demonstration of the results and can be used
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in the project work. This graphic material has a correlation with the obtained
temperature indicators of the surface heating, presented in Tables 1 and 2.

The heating temperatures were obtained for all the considered surfaces.
To achieve a more precise statement of the problem related to determining
the air temperature in the courtyard, it is necessary to use the Stefan—Boltzmann
formula, considering the angular radiation coefficient and consistently determining
the additional heat flow obtained by the radiant heat exchange of the receiving
surface having an area of 2,200 m? from each of the adjacent facade surfaces.

Preliminary estimation calculations of the heating temperature of the inner
courtyard surfaces in the peak summer period indicate the possibility of considering,
at an early stage, the methods of designing the green building technologies based
on passive methods of cooling the urban surfaces. This work can be useful for
designers of residential buildings in order to regulate the temperature regime
in microdistricts.

Conclusions

Considering the projected increase in average annual temperatures in Ukraine,
particularly the situation for Kyiv and the Kyiv region, which are in the first climatic
zone of Ukraine, a comprehensive solution to the issues of reducing the temperature
indicators and increasing the degree of cooling of the surrounding area should
be provided. One of the measures of ““green building” technologies should be the adaptive
orientation of urban buildings in relation to which direction they face in the world to
prevent overheating of the courtyard surfaces.

Research has proven that the amount of solar energy reaching urban surfaces
directly depends on the orientation of the residential structure. The underfloor
surface of the U-shaped multi-section residential building considered
in the work, given the shading, is the least prone to overheating when oriented
towards the West, Northwest, North, Northeast, and East. Based on the results
of the research, it should be recommended that during the design of a U-shaped
residential structure, the orientation of the yard area should be laid out to
have the angular values of East-North—West. That is, by designing the yard
of a residential building in any degree between these directions. The greatest
overheating of the underlying surface occurs in the Southwest—South—Southeast
orientation. This placement of the volume of the U-shaped residential building is
the most unfavorable from the point of view of the risk of heat stress in people
in the yard. Surface shading coefficients are also much smaller. Heat exchanges
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between the surfaces of the facades and the sub-floor surface will take longer,
which will negatively affect the average temperature of the yard. With such
orientations, the courtyard needs additional measures of green construction to
reduce the temperatures.

In further works, the authors plan to consider other typical urban residential
structures, and to identify the most effective model of residential formation from
the point of view of reducing the surface temperature of the inner yard.

This study may be useful to architects when planning the territories for new
microdistricts on the outskirts of the city in areas free from existing buildings.
The orientation of residential quarters, considering the heating of adjacent areas and
facades of the surfaces, should improve the microclimate of the future residential
environment and reduce the risk of heat stress for the population.
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Summary

The influence of urban building orientation on the risk of heat stress from
being in the courtyard area during the peak summer period. The research assesses
the risk of heat stress and improvements related to the comfort of being outdoors for
an urban population. The specialized TownScope program, banks of monitoring data of
the Copernicus Climate Change Service and the Borys Sreznevsky Central Geophysical
Observatory were all used for the calculations. The calculations were made for
the 1st climatic zone of Ukraine. On the example of the city of Kyiv and the Kyiv region,
a widespread U-shaped construction scheme of a five-section, nine-story residential building
was chosen. In the calculations, the influence of the surrounding buildings was excluded,
and the surface of the courtyard was free of trees and bushes to exclude the influence of
unpredictable shading in the calculations. To obtain the calculation data, the authors prepared
a corresponding 3D model of the building and exported it in the 3Ds format. The temperature
of the facades and the courtyard at different orientations with respect to the cardinal points
was calculated. Graphs of the dependence of the amount of direct solar radiation falling
on the surface per hour during daylight hours were plotted. The heating temperature of
the surfaces of building facades and the underlying surface from solar radiation during one
hour of daylight was determined according to the formula by A.M. Shklover. This study
makes it possible to apply relevant innovative technologies of “green construction”, both
at the design stage and during the operation of an existing building.
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Introduction

The further development of nuclear energy is based on three main principles:
safety, cost-effectiveness, and public attitude (Shirokov, 1997). All these principles
are interrelated. To ensure safe operation, nuclear power plants (NPPs) are
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equipped with the necessary safety systems that prevent accidents and are designed
to keep equipment from being destroyed in the case of accidents. Localizing safety
systems are designed to contain radioactive substances within the unit and prevent
their release into the environment. Of course, the availability of safety systems
affects both the cost and operational performance of a nuclear power plant.

In ensuring the required level of safety, the cost performance of power plants is
crucial when deciding on the choice of an energy source. Therefore, nuclear power
is always in competition with other energy sources; recently it was gas power plants
while today it is renewable energy sources, as these already have specific capital
investments at the level of nuclear power plants or less. However, today they are
losing in terms of cost and unstable electricity production. It should be noted
that the development of electricity storage solves the latter drawback and makes
wind and solar power plants more popular, as they do not pose a nuclear threat.
Thus, it should be emphasized that only the economic advantages of NPPs make
them more acceptable in the market today.

Thus, during the NPP operation, great attention is paid to the safety systems
that serve to maintain the integrity of the safety barriers. The latter are designed to
prevent the release of radioactive fission products into the environment in the event
of an accident. The containment system is the last system to prevent fission
products from being released to the environment in the event of a severe accident.
To confirm the readiness of this system to perform its functions in the event of an
accident, appropriate leakage tests are performed after each repair.

The “absolute pressure” method is used to test the level of sealing of the containment
system and elements of the accident localization system at Ukrainian NPPs. According
to this method, the mass of air available in the CSA is determined by measuring
the pressure, temperature and humidity according to the Mendeleev—Clapeyron
equation. The tests consist of five stages: vacuuming; air injection to achieve the required
pressure of 1.72 kg-cm™; stabilization of the parameters; measurement; and pressure
release, as well as lasting more than 25 h. No work is carried out in the CSO during
the tests. A compressor is used to provide the overpressure in the CSF and, given
the large volume of the CSF, it takes a relatively long time to inject the air, which
affects the economic performance of the NPP (Kravchenko et al., 2023).

Literature review and problem statement

In Kravchenko et al. (2022), it was proposed to use an ejector, the working
medium for which is air after the compressor, to reduce the time of air injection.
In this case, the ejector was calculated, its characteristic constructed, and the injection
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time determined. A number of assumptions were made in the calculations, which
is why the results were obtained with a corresponding error. It should be noted
that equipment for cleaning the air of dust and moisture is installed directly after
the compressor. Accordingly, when using the ejector, the air that is drawn into
the ejector must also be cleaned of dust and moisture. The availability of this
equipment was not considered on paper by Kravchenko et al. (2022). The presence
of additional resistance at the inlet of the air drawn into the ejector should lead to
a decrease in the air flow at the outlet of the ejector and an increase in the time of
air injection to the required pressure in the CSO.

The aim of this study is to clarify the results obtained in a paper by Kravchenko et al.
(2022), regarding minimizing the time for air injection into the CSU during leakage
tests. To achieve this goal, the following tasks were performed:

— An algorithm for calculating the gas ejector was developed, adapted to the case
when the full pressures in all nozzles are set.

— The dynamics of air injection into the CSO under variable pressure were then
calculated and the injection time determined.

— The dynamics of air injection into the CSO under variable pressure were then
calculated and the injection time determined.

— The design and operational factors that affect this time were determined.

— The ejector design was optimized with respect to the minimum air
injection time.

Compressor operation without an ejector

Before starting the calculation of the ejector itself, it is necessary to build
a characteristic for the gas compressor that injects the working air flow.

To solve this problem, the first step is to obtain the compressor characteristic
in the form of the flow versus the backpressure at the outlet. In addition, it is
advisable to immediately convert the volume flow rate to a mass flow rate, given
that the ‘normal cubic meters’ are calculated at an air temperature of 0°C. In this
case, the mass air supply is calculated as follows:

G=po=LaL, m

where: G — mass air supply [kgs™'], p — air density [kg'm~], O — volume flow rate
[m>s7]; pape — absolute pressure (p = 101,325) [Pa], R — specific gas constant (R, = 287)
[J-kg™!-K™'], and T — absolute thermodynamic temperature (T = 273.15) [K].
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Figure 1 shows the characteristic of the TsK-35/8 centrifugal compressor.
In the AB section, at an overpressure of p < 4.73 bar, it is convenient to
approximate the characteristic by the linear dependence:

G =3.44669 — 0.04554p, (2)

where: G — mass flow rate [kg-s™'], p — overpressure at the compressor outlet [bar].

4
Glkgs]

0 1 2 3 4 5 6 7 8 ]
p [bar]

FIGURE 1. Approximation of the characteristics of the TsK-135/8 compressor

Source: own work.

In section BC, at an overpressure of p > 4.73 bar, a fourth-degree polynomial
approximation is used:

G=-0.02774- p* +0.6588- p’ —5.85566- p* +22.94649 - p—30.13195.

This approximation provides a high value of the coefficient of agreement,
R* = 0.9987. In addition, this approximation allows the characterization to be
extended to the right of point C by extrapolation.

Since the overpressure in the CSO does not exceed 0.7 bar, the compressor
characteristics in this range are described by a linear relationship. The fill time can
then be determined analytically.

The differential equation describing the filling process can be represented as:

dm
E—G(m)’ 3)

where: m — mass of air inside the SGU [kg], G(m) — mass flow rate of the air entering
the SGU [kg-s].
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Hence:
de =" 4)
G(m)

This allows the calculation of certain integral:

my dm
t=| ——, 5
" G (m) ©)

where: m; and m, — masses of air inside the containment at the beginning and end of
the filling process.

The mass of air in the containment vessel is determined using a gas equation
(Mendeleev—Clapeyron):

m:%, (6)

where: ¥ — volume of air in the SGO [m?].
We get m; = 72.260 kg and m, = 121.235 kg.

Absolute pressure is related to mass:

mRT
pabc = T N (7)

But the compressor characteristic (2) uses an overpressure expressed in bars.
We can define it by the formula

_ P —101325_ mRT
100,000 100,000 v

~1.01325 [bar].

Then the dependence of the compressor supply on the mass of air in the CSO is
described by the equation:

G(m)= 3.44669—0.045543(1.40223-10'5m—l.01325) =3.40054-6.38619-107m. (8)
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Integrating (5), we obtain the time for filling the CSO:

[ dm In(3.40054-6.38619-10"m)
= =
m 3.40054-6.38619-107 m ~6.38619-107

" ©)

The time is equal to 14,274 s or 3.965 h. The result obtained analytically is
the same as the result of the numerical integration.

Calculation of a gas ejector (jet compressor)

Although gas ejectors have long been known and are widely used in various
industries, research on ejectors continues. Their typical use is in the oil and
gas industries (Carpenter, 2020; Ping & Macdonald, 2020; Bernat et al., 2023),
and in the energy industry (Sammak et al., 2021).

A number of studies have been devoted to optimizing the geometry of ejectors.
For this, 1D models (Wang et al., 2021; Van den Berghe et al., 2022) and 3D models
are used (Butenko & Smyk, 2015; Shi et al., 2024), as well as neural networks
(Gupta et al., 2021).

Further improvement of the ejectors is possible due to the use of pulse ejectors
(Voropaiev et al., 2021), gas-wave ejectors (Li et al., 2024), and vortex separation
ejectors (Novruzova & Qadashova, 2020).

The peculiarity of our calculation is that we need to minimize the time of increasing
the air pressure in the CSA by means of the ejector, considering the fact that the pressure
inside the CSA is continuously changing. This led to the need to change the sequence
of calculations within the classical mathematical model of the ejector.

Figure 2 shows the design scheme of an ejector with a cylindrical mixing
chamber. The figure shows the parameters of the working, ejected and mixed flow,
as well as the main sections for which the equations are drawn up.

FIGURE 2. Design scheme of the gas ejector

Source: own work.
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The equations describing the operation of the ejector include the continuity equations:

G,+ Gy =G.. (10)

As well as the equation of conservation of momentum of the quantity of motion:

(Dz(Gprz +GHWH2)_(Gp +GH>W3 :(p3 +pp2)fp2 +(p3 + Py, )fHZ’ (11)

where: ¢, — velocity coefficient of the mixing chamber, w; — gas velocities in
the corresponding sections [m-s™'], p; — absolute gas pressures of gas velocities
in the corresponding sections [Pa], and f; — cross-sectional areas [m?].

The usual assumption of pressure equality is used:

ppzzpp]:pH' (12)

The presence of energy losses in different parts of the ejector is considered using
velocity coefficients. The following values of speed coefficients are recommended:
— working nozzle: ¢; = 0.95,

— mixing chamber (MC): ¢, = 0.975,
— diffuser: p3=0.9,
— inlet section of the CP: ¢4 = 0.925.

The peculiarity of supersonic gas ejector calculations is that they consider
the compressibility of gases. In this case, the speed of the working flow usually
exceeds the speed of sound. Traditionally, gas-dynamic functions are used in
the calculated-reduced pressure:

H(i):(l—ﬂﬂzjk—l (13)

and reduced mass velocity

q(A) =(%)H A(l—%f)“, (14)

where: 4 — reduced velocity, k£ — adiabatic index.
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We assume that the main geometric parameter, the ejector module, is given:

S5
M=23 15
7 (15)

where: f3 — cross-sectional area of the cylindrical mixing chamber [m?], Jp — critical
cross-sectional area of the working air nozzle [m?].

The total pressure in all three nozzles is also given, and therefore the air
compression ratio:

e=Le. (16)
Pu
It is necessary to determine the air flow rate in all nozzles and the ejection
: G
coefficient: u =—%.
p
Working flow

First of all, the parameters of the working flow can be calculated since it
does not depend on the ejection ratio. The working air flow rate is set based on
the compressor capacity.

The gas-dynamic function is calculated as follows:

J2
m, =", (17)
P,

Using (6), the reduced velocity can be determined analytically:

k+1 L=l
A =g | (18)

It should be borne in mind that the velocity at the outlet of the working nozzle
is usually supercritical, i.e., 4, > 1. The reduced mass velocity g, is calculated
using (18). Next, the outlet cross-sectional area of the nozzle is calculated:
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5, =1 (19)
) ql’z

The cross-sectional area of the ejected flow is 2-2:

Ju, =F= 1, (20)

Critical speed at a given air temperature:

a, = ,/iRT. (21)
k+1

Working fluid velocity at the nozzle outlet

w, =@a.d,. (22)

In most literature, when calculating the ejector characteristics, the ejection
coefficient u is set and the compression ratio € is calculated. However, with this
calculation sequence, it is difficult to determine the maximum value of the ejection
coefficient, which significantly reduces the accuracy of calculating the filling time
of the CSO.

In the course of the work, the calculation methodology was improved and it was
proposed to set the compression ratio € and calculate the ejection coefficient.
In this case, the convergence of the results is significantly improved.

The calculation of the ejector characteristic is performed under the assumption
that the air movement is adiabatic. In this case, the characteristic would have
the form ABC (Fig. 3). It should be noted that on the ABC line, each value
of the ejection coefficient corresponds to two values of the compression
coefficient, which led to poor convergence of the iterative process using
the Gauss—Seidel method.

It is known from experiments that when the speed of sound reaches Section 3-3,
the so-called flow closure occurs. In this case, despite changes in pressure, the air
velocity in the critical section remains constant and equal to the local speed of
sound. This phenomenon corresponds to the vertical section BD in Figure 3, and
the real characteristic of the ejector is ABD.

In addition, it is theoretically possible to close the flow in Sections 1-1 and 2-2,
but these critical modes are not realized under the studied parameters.
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Mixed flow

At each step, the value of /103 is set in the range from 0 to 1. The condition /103
ensures that the mixed flow velocity is subsonic.
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FIGURE 3. Calculated characteristic of the ejector at M = 8.6 (1 —adiabatic characteristic, 2 — short-circuit
mode in Section 3-3, 3 — critical mode limit in Section 3-3)

Source: own work.

For a given value of 4., we determine the values of the gas-dynamic functions
¢, and g, pressure at the outlet of the mixing chamber:

p=11,,. 23)

Mixed flow velocity in Section 3-3 is calculated as follows:

a. A,
wy = >, (24)
%

where: @3 — diffuser velocity coefficient.

Since the modulus of the ejector is given, we determine the cross-sectional area
of the CS:

=M, (25)

and then the mixed flow rate:
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G _HLpa.ts :

c

(26)

a.

Therefore, the flow is ejected.
From the mass conservation equation, we determine the mass flow rate:

Gy=G.—G,. 27)

In the case of a cylindrical mixing chamber:

Ju, =1, (28)

The reduced mass velocity of the ejected flow in Section 2-2:

G,a.

= Ju% (29)
kH]YH*prH2

qm,

Knowing ¢ Hy it is impossible to determine the reduced velocity le analytically,
so it is determined by the numerical method. After that, 77, is determined.

Ejected flow velocity in Section 2-2 is calculated as follows:

Wy, = Q,a.dy, (30)
Then the pressure of the ejected flow in Section 2-2:

P, =y, py. (31)

All the found values are substituted into the momentum balance equation (11)
and the inviscidity is calculated, i.e., the difference in the total momentum from zero.

The subroutine for determining the root of a nonlinear algebraic equation
automatically changes the value of /163 in a given range until this inviscidity becomes
zero with a given permissible error. Thus, at a given pressure p,. the value of 4. is
determined such that the law of mass conservation (5) and the law of momentum
conservation (11) are fulfilled. After specifying /163, the ejection coefficient u can
be determined. Figure 4 shows the dependence of the flow compression ratio € as
a function of the ejection coefficient « at three values of the ejector module.
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FIGURE 4. Dependence of the flow compression ratio € to the ejection coefficient u

Source: own work.
Characteristics of ejectors at different modulus values:

1-M=7.0;,2-M=8.6;3-M=11.0 (32)

Figure 4 shows that ejectors that provide high ejection rates have a limited
compression ratio. Our goal is to find an ejector module that provides an optimal
balance between these indicators.

Based on the obtained characteristics, the next step is to model the dynamics of
air injection into the CSO to determine the optimal ejector module.

Dynamics of the process of air injection into the CSU

The pressure in the CSA is related to the mass of the gas contained there,
based on the equation of the state of gas or the Mendeleev—Clapeyron equation.
The dependence of air mass on time is expressed by the differential equation (3).
The calculation of the dynamics of filling the containment is reduced to the numerical
solution of the differential equation (3). The solution was performed using
the Runge—Kutta—Felberg method of the fourth order or fifth of accuracy with
automatic selection of the integration step.

The dependence of the pressure in the zones on time at different ejector modules
is shown in Figure 5.
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FIGURE 5. Dynamics of pressure change in the SG at different ejector modules (1 -M=7.0;2 - M=28.6;
3 — M =11.0; 4 — compressor without ejector)

Source: own work.

Curve 4 in Figure 5 shows the filling of the storage tank directly from
the compressor without the use of an ejector. The figure shows that in this case,
the filling time is maximum and is approximately 4 h. Curve 3 shows the dynamics
of filling the storage tank with an ejector module of 7.0. The filling rate remains
at the approximately constant, albeit low. Curve 1 corresponds to a module of
11.0. At the beginning the filling rate is high, but in the upper part of the graph
the ejection ratio decreases, and in fact one compressor is working. Finally, Curve 2
corresponds to a modulus of 8.6, which ensures the shortest possible filling time.

Figure 6 shows the dependence of the charge time on the ejector module.
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FIGURE 6. Dependence of the time of filling of the ZO on the ejector module

Source: own work.
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Figure 6 shows that the shortest filling time is achieved with a module of 8.6 and
is approximately 2.43 h. This means that the use of an ejector reduces the filling
time by 38.8%.

Figure 7 shows the dependence of the filling time of the ash container on
the overpressure in front of the working nozzle.

th] 258

4 4,5 H 55 6 65 7
p [bar]

FIGURE 7. Dependence of the filling time of the nozzle on the pressure before the nozzle
Source: own work.

Figure 7 shows that the optimal overpressure is 5.5 bar. The fact is that at high
compressor outlet pressures, the compressor flow rate decreases. In this case, despite
the high ejection coefficients, the total flow rate at the ejector outlet decreases.

Effect of additional resistances

When calculating the air injection to the cooling zone, it is necessary to consider
the effect of the air filters, which represent an additional hydraulic resistance.

The preliminary calculation uses the velocity coefficients ¢, which are related
to loss coefticients { by the ratio:

1
{=—. (33)
@
The additional drag coefficient ({p) affects the velocity coefficient as follows:

1
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There is currently no reliable information on the loss factor. The data sheet
of the dust filter installed at the compressor outlet shows that its aerodynamic
resistance is 0.1 bar. If we assume that the resistance of the moisture separator
will be equal to 0.1 bar, then we note that the total resistance of the two filters that
must be additionally installed at the inlet of the air drawn into the ejector will be
equal to Ap = 0.2 bar with a filter nozzle diameter of D = 0.15 m. To determine
the appropriate loss factor, we can perform the calculation under the conditions of
installation directly behind the compressor.

— for volume flow to the compressor:

Q:E—%=2.83 m-s”, 33)

P 1
— for air velocity:
e 40 4-2.83

= =———=160m-s", 36
D’ m-0.15° (36)

— then the additional loss factor:

2Ap 2-20,000
== =1.3. 37
<o pw’  1.2-160° @7

According to Equation 34, we obtain ¢4 = 0.636. The calculated characteristic
of the ejector with this value of the speed coefficient is shown in Figure 8.
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FIGURE 8. Effect of additional resistance on the ejector characteristic: 1 — ¢4 = 0.925 (standard
settings), 2 — ¢4 = 0.636 (filter at the input), 3 — critical mode limit in Section 3-3

Source: own work.
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The calculations of the dynamics of the process of filling the CSO show
that, in the presence of additional resistances, the useful effect of the ejector
decreases. When a filter is installed at the inlet of the suction flow, the estimated
time for filling the CSG is 2.56 h. That is, the reduction in filling time due
to the ejector is 35.5%.

Although the installation of the filter somewhat reduces the useful effect
of using the ejector, the reduction in air injection time by 35.5% is significant.
The installation of the ejector can be recommended for practical implementation.

Conclusions

In this work, we have developed an algorithm for calculating a gas ejector,
which differs from the classical algorithm in the sequence of calculations and uses
modern numerical methods. The modeling of the process of filling the gas ejector
was performed by numerical solution of the differential equation. The air injection
time is optimized by two parameters — the ejector module and the compressor
outlet pressure.

The calculation shows that the ejector can reduce the time of filling the CSA by
38.8%, which will reduce the total test time.

The presence of a filter at the inlet of the ejected air reduces the effect of using
the ejector: the reduction in discharge time will be equal to 35.5%.

Further theoretical and experimental studies are needed to clarify
the results obtained.
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Use of an ejector to reduce the time of air injection during testing of the containment
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the release of radioactive substances into the environment in the event of a nuclear
accident. After each overload, this system is tested for its ability to perform its functions
by determining the integral leakage, which should not exceed a certain value. The tests are
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performed at an overpressure in the CS of 0.72 kg-cm ™2, which is achieved by injecting
air with a compressor. The paper considers the use of an ejector to accelerate the injection
process, which has a positive effect on the technical and economic performance of a nuclear
power plant (NPP) power unit by increasing the amount of electricity generated, which is
very important today, when the NPPs provide the maximum share of electricity generated in
the country. Previous studies have evaluated the use of an ejector for this purpose, but they
did not consider the need to install filters on the intake air stream. In addition, they used
numerical methods that generate an error. The present work uses a mathematical apparatus
that provides a more accurate result. The obtained calculated compressor injection time
coincides with the actual injection time for the Rivine NPP power units. The design of
the ejector ensures the minimum injection time is determined. The optimal ejector module
is equal to 8.6 (the ratio of the cross-sectional area of the cylindrical mixing chamber to
the critical cross-sectional area of the working air nozzle). This reduces the injection time
by 38.8%. The suction air must be free of dust and moisture. Suitable filters have a total
aerodynamic resistance of 0.2 bar. Taking these air filters into account slightly reduces
the efficiency of the ejector. The final time of air injection using the ejector is 2.56 h, which
reduces the time of air injection for testing by 35.5%.
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Introduction

The tourist industry is a lucrative sector that plays a significant role in
the economic development of numerous emerging nations. The provision of
government support demonstrates a commitment to further enhance the growth
of the tourism industry (Jan & Chaudhry, 2024). The government’s endeavors to
enhance and broaden tourism offerings are being closely monitored to draw a larger
number of both domestic and foreign tourists. A wider range of tourist attractions

Magustan08edu@uho.ac.id
BY NC


https://srees.sggw.edu.pl
https://orcid.org/0000-0003-4565-1918
https://orcid.org/0000-0002-2167-5723
https://orcid.org/0000-0002-8485-282X

Agustan, Rianse, U., Sukotjo, E., Faslih, A. (2024). Exploration and implementation of a smart
tourism destination with the 6As framework & TOPSIS (case study: Wakatobi, Indonesia).
420 Sci. Rev. Eng. Env. Sci., 33 (4), 419-442. DOI 10.22630/srees.9760

in an area will create more prospects for increased visitation, benefiting not only
the attractions themselves but also the entire region (Khairi & Darmawan, 2021).
Management of tourism destinations and suppliers is becoming a top priority and
a big challenge (Shen et al., 2020). The tourist business is widely recognized as one
of the largest and most rapidly expanding industries globally, exerting a significant
impact on the economy. In this sector, progress is contingent upon the choice to
visit tourist destinations and the frequency of visitor visits (Sinambela, 2021).

Destinations serve as central hubs for tourist activity and, as a result, are
significant areas of focus for the examination of tourism. Nevertheless, they
are widely recognized as being challenging to handle because of their intricate
networks of parties (Xu et al., 2024). The intricate nature of destinations suggests
that they are influenced by a diverse array of factors in both their internal and
external surroundings (Fyall & Garrod, 2020). Destination management
organizations (DMOs) in heritage tourism prioritize the sustainable growth of
tourism. Proponents of smart tourism argue that the use of technology may assist
DMOs in maximizing tourist growth by tackling concerns such as the maximum
number of visitors a destination can handle, effectively managing the interests of
many stakeholders, and promoting community participation (Mandi¢ & Kennell,
2021). A smart tourism destination (STD) is a response to the requirements of
modern tourism development and is closely linked to the utilization of information
communication and technology (ICT) applications. The intelligent destination is
constructed around four primary pillars: technology, innovation, accessibility, and
sustainability (Damanik et al., 2022).

Several previous researchers have tried to put forward a definition of a tourism
destination, including Goeldner and Ritchie (2003). According to their authoritative
textbook, a “tourism destination” refers to a specific geographic area where
visitors can engage in different forms of travel experiences. Framke (2010), in his
article, sees destinations as units and content. Destinations are perceived as entities
at various geographical scales, lacking clear geographical demarcations, and
are formed through social activities. Furthermore, the content of the destination
is perceived as both a collection of attractions and services, as well as a vibrant
collection of attractions, culture, events, landscapes, and services. Finally, United
Nations World Tourism Organization defines tourism destination as a tangible
area, with or without specific administrative or analytical limits, where a visitor
can stay overnight (UNWTO, 2019). A tourist cluster refers to the grouping or
co-location of products, services, activities, and experiences along the value chain
of tourism. It is considered the fundamental unit of study in the field of tourism.
A destination comprises multiple stakeholders and can connect and expand into
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larger destinations. Additionally, its image and identity, which are intangible, can
impact its market competitiveness (Risty, 2024).

According to Andrianto and Sugiama (2014), for a location to be transformed
into a tourist destination, it must satisfy four essential components of tourism
known as the 4As: attractions, accessibility, amenities, and ancillary services.
Firstly, Goeldner and Ritchie (2003) see attractions as the primary factors that
influence prospective visitors in their choice of one destination over another.
The attractions were classified and categorized distinctly into five main groups:
culture, nature, event, recreation, and entertainment. Then, Leask (2016) also
expressed that an attraction is the pivotal matter of the destination appeal and
the driver to visit a destination. Secondly, accessibility, according to the explanation
by Tamin (1997) that accessibility is how easy or difficult it is to reach a location.
It can be used as a performance measure of distance, travel time, or cost. Thirdly,
Goeldner and Ritchie (2003) explain in their books that amenities refer to goods
and services that are special to a particular place or region, and that enhance
the appeal of that location for living and working. The presence of opposing
elements and disadvantages renders places unappealing. Natural amenities refer
to environmental factors, such as climate, that are primarily unaffected by human
influence or intervention. On the other hand, human amenities encompass cultural
aspects that are shaped and created by people. Finally, Nichols (n.d.), in her article,
explains that ancillary services in the tourism business are supplementary products
and services provided to enhance the principal service or product. These services
are specifically developed to improve the entire customer experience and offer
additional benefits to travelers (Kalaivani et al., 2023).

Buhalis (2000) presents six frameworks that can be used to analyze tourism
locations. The six components consist of many types of attractions, including
natural, man-made (or purpose-built), heritage, and special events. Accessibility
refers to the overall transportation system, which includes routes, terminals, and
vehicles. The amenities include hotel and catering facilities, commerce, other
tourist services, and offered packages (prearranged packages by intermediaries
and principals). Activities refer to the various options and experiences that are
offered at a particular destination, which consumers can engage in during their visit.
Ancillary services refer to the additional services that are utilized by tourists, such
as banking facilities, telephones, postal services, newsagents, hospitals, and so on.
The two additional components, namely available packages and activities, can
still be calculated separately in the field and can be separated from the previous
four main components. Of course, this will make it easier for field assessors to collect
data. These 6As frameworks have become one of the core conceptual models of
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smart, accessible destinations (Lin et al., 2022). This means that carrying out
an independent assessment using the 6As framework in each tourist geographic
area has become a necessity in efforts and steps to fulfill smart destination
qualifications for visitor satisfaction. As explained by Buhalis and Amaranggana
(2014), smart tourism destinations employ systems to enhance the tourism
experience and optimize resource management. This is done to maximize both
the competitiveness of the destination and the satisfaction of consumers, while also
demonstrating sustainability over a long period. These destination services have
been tested by Um and Chung (2019) in three tourist destination cities in South
Korea and have had a positive effect on tourist satisfaction.

Sequentially, the research carried out in Venice and Salzburg (Buonincontri
& Micera, 2016) stated that the 6As framework by Buhalis (2000) is useful and
relevant for smart cities chosen as destinations and also for cloud computing services
to connect all the 6As of the destination. A year later, Spanish researchers firmly
stated the new (SA)® framework of STDs in their methodology (Tran et al., 2017).
However, the six main frameworks still use Buhalis’ 6As framework. They managed
to decipher it into each of them, which was concretized in 57 total specific indicators
in the table, including the addition of the word “smart” to each of the 6A elements.
Huertas et al. (2019) in their work tried to arrange it in the form of a hierarchical
diagram and give percentage weights to the results published by Tran et al. (2017) in
which a total of 57 indicators from the 6A elements with percentage weights: smart
attractions (27.27%), smart accessibility (27.27%), smart amenities (13.64%),
smart ancillary (13.64%), smart activities (9.09%), and smart available packages (9.09%)
bringing the total to 100%. This hierarchy and weighting will help the researchers
even though it is not binding. Arif et al. (2020) also implemented the 6As framework
in the city of Batu in East Java Province, Indonesia. The research used data from
11 destinations around the city and its surroundings. The next researcher, Grzunov
(2022), who examined the last two years in Bosnia and Herzegovina also uses
the (SA)® framework compiled by Huertas et al. (2019), and also prioritizes
destinations in many cities in Croatia. However, Grzunov’s (2022) research collects
data using the online questionnaire method, which was distributed online via email
directly to the mayor (mayor’s office) of each city (N = 127) and head (head’s office)
of every municipality (N = 429) in Croatia. The results of this research are very
subjective because they depend on the knowledge and opinions of the respondents,
but this research is very useful for the Croatian government and adds to the richness
of the methodological experiment.

Each country or region has different geographical characteristics of tourism
destinations (Komilova et al., 2021). To attract tourists and satisfy visitor satisfaction,
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this statement can also be turned into a question: Why are so few tourists coming?
Is visitor satisfaction fulfilled? What components must be implemented, improved, and
added to the managed destination environment? — and many other basic and important
questions. Of course, this will be scary and very dangerous if visitors return with an
unpleasant impression of the destination and its community. So, every tourism area
must compete to immediately carry out an assessment, especially destinations that are
still in development planning, so that all resources owned by stakeholders, especially
the local government, can be more effective and efficient; therefore, the 6As framework
assessment is one of the best solutions at the moment (Klepers & Abols, 2023).

All the research previously mentioned was carried out in urban destination areas,
thus opening up discussions that began to intersect smart cities and STDs. However,
research that takes an island perspective has not yet been obtained. Meanwhile,
this research tries to test it not only in urban areas but also in island destination
areas. Therefore, this research aims to explore tourism resources and implement
the 6As framework in the Wakatobi archipelago destination area, which is one of
the island districts in Southeast Sulawesi province, Indonesia. This research also
tries to combine the 6As framework with the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS), considering the local government’s interest
in supporting decisions regarding priority needs for destination development.

Material and methods

Exploration of tourism resources

In this exploration process, we try to investigate the sources of tourist attractions
into three categories: natural resources, cultural resources, and man-made
resources. The exploration method involves several steps (Zhang & Long, 2023):
1. Field observation: extensively on four main islands (Wangi-Wangi, Kaledupa,

Tomia, and Binongko). The attractions of each island were observed, carefully

recorded, collected, and focused on tourism potential. Team members from

residents were certainly involved.

2. Secondary data collection: local archives, tourism brochures, and local
government reports.

3. Online databases and websites, such as United Nations Educational,
Scientific and Cultural Organization (UNESCO) and national tourism portals,
were reviewed to complement our field data with existing literature and
digital records.
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The focus of this exploration is how many items can be obtained that can be
categorized as one attraction or destination point according to category and all
kinds of facilities around.

Implementation of the 6As framework

A conceptual framework based on research visualizes the complex subject
(Put van den Beemt & Smith, 2016) for analyzing tourism destinations (Buhalis,
2000). The primary determinants of international tourist flow are mostly associated
with demand factors in the regions where tourists originate and supply factors in
the places they visit (Gidebo, 2021), so field assessment is becoming very urgent.

These six frameworks include: attractions, accessibility, amenities, available
packages, activities, and ancillary services. The steps involved in this assessment
are as follows:

1. Assessment criteria: For each component of the 6As framework, specific
variables and indicators are identified and assessed based on natural landscapes,
cultural sites, or man-made attractions.

2. Ascore is assigned to each variable, with a score of the potential of that location
reflecting the quantity and significance of its tourism resources.

3. Data collection involves a systematic survey of each identified tourism site.
The survey is conducted by trained research assistants using a predetermined
assessment form to ensure accuracy and consistency.

4. The data collected is analyzed quantitatively, and a score for each variable
is calculated. For example, attractions (Al): the various characteristics of
the natural landscape’s charm in the scope of the designated area (A1), including
man-made attractions (Al,), cultural tourism (Al3), and special events (Aly)
are added up. Likewise, the following example for amenities (A3): how many
lodgings and hotels (A3,), restaurants (A3,), public facilities (A33), shopping
locations including malls, shops, minimarkets, etc. are available (A3,), then add
them all up again, and so on until all six components are complete.

5. The scores for each island are combined to provide a comprehensive assessment
of its tourism potential across the six components of the 6As framework
(Withanage et al., 2024).

As explained by Buhalis (2000), the 6As consist of attractions with four indicators,
accessibility with four indicators, amenities with four indicators, available
packages at the destination, activities that can be carried out within the destination,
and ancillary services with five indicators that can support visitor satisfaction.
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The arrangement of symbols and equations from Al to A6 is the work of
Arif et al. (2020). In this research, several previous narratives are all combined
in Table 1, so that the methodology is easier to duplicate or has the character
of a template that can be developed at any time without changing the core
components. TD1, TD2, and TDn are several tourist destinations in geographic
characteristic areas. Lines from A1l to A6 are ready to be filled in from the field
inspection results.

TABLE 1. 6As framework assessment of tourism destinations (TD)

Score | Score | Score

No | Component Variable/Indicator ™1 | ™2 | TDn
Attractions natural landscapes Al - -
man-made attractions Al, - -
! Al=Al,+Al, +Al;+Aly cultural tourism Alj - -
special events Aly - -
Accessibility transportation routes A2, - -
terminals A2, - -
2 A2=A2|+A2, +A2;+A2, public transportation inside A2; - -
public transportation outside A2, - -
Amenities lodging and hotels A3, - -
restaurants A3, - -
: A3=A3;+A3,+A3;+A3, public facilities A3, - -
shopping centers A3, - -
Available packages
A4 The offered options include guide services,
4 | Represents the total count of pack- | prearranged travel packages, and tours A4 - -

ages provided to tourists at a specific | tailored to specific interests.
travel destination.

Every tourism destination typically offers

Activities A L .
a range of activities for visitors to enjoy.
5 |AS The activities include sightseeing, A5 _ _
Visitor engagement refers to the total | swimming, outbound excursions, leisure
number of activities that tourists activities, shooting photographs, and several
participate in at a tourist site. other things.
Ancillary services communication channels A6 - -
Internet services A6, - -
6 ATM or bank branch Ab; - -
A6=A61+ A6y +Ab;+Aby+ Abs - -
medical services A6y - -
postal services Abs - -

Source: own work.
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Technique for Order Preference by Similarly to Ideal Solution (TOPSIS)

TOPSIS was designed to solve a multiple objective decision-making problem
(Lai et al., 1994). The TOPSIS method operates on the principle that the optimal
solution is characterized by its proximity to the positive-ideal solution and its
distance from the negative-ideal solution. Based on this, alternatives are ranked
(Chakraborty, 2022). This technique is used to rank tourist destinations based
on their overall performance across the 6A components. The detailed steps for
implementing TOPSIS (Madanchian & Taherdoost, 2023) are as follows:

Stage 1: Calculate the normalized performance ratings:

X..
Vi :# (1)
T /Z;le;

Stage 2: Integrate weights with the ratings:

Vi =W Vi (2)
Stage 3: Find positive and negative ideal solutions:

A =,y ,.,v0),

A =,V V). 3)

>"n

Stage 4: Obtain the separation values:

Sy =y (v -vi) s (4)

Stage 5: Calculate the overall preference score:

ST
V. = L, 5
ST +S] ®)

1

Stage 6: The remaining alternatives are ranked based on higher V; values.
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Research study location

The location shown in Figure 1 is Wakatobi Regency, which is one of
the districts in the province of Southeast Sulawesi, Indonesia. The capital of this
district is located in the Wangi-Wangi sub-district, formed based on the Law of
the Republic of Indonesia Number 29 of 2003, dated 18 December 2003 (Winfield,
2024). Previously, Wakatobi was part of the Buton Regency. The area of Wakatobi
Regency is around 13,900 km?, consisting of a land area of £473.62 km? or only
3% and an area of water (sea) of £13,426 km? or amounting to 97% of the area of
Wakatobi Regency (Hardi et al., 2024). It consists of four main islands that form
the Wakatobi archipelago: Wangi-Wangi, Kaledupa, Tomia, and Binongko.

y SOUTHEAST SULAWESI
PROVINCE

INDONESIA

e

Wangi-Wangi Island: 191,04 km? , consists of Subdistrict of 3 WAKATOBI REGENCY
Wangi-Wangi & Subdistrict of South Wangi-Wangi fr 13.900 km?

Kaledupa Island: 91,26 km? , consists of Subdistrict of
Kaledupa & Subdistrict of South Kaledupa Pe—|

Tomia Island: 78, 84 km? , consists of Subdistrict of
Tomia & Subdistrict of East Tomia —_—

Binongko Island: 112, 68 km? , consists of Subdistrict of
Binongko & Subdistrict of Togo Binongko ]

FIGURE 1. Wakatobi Regency (research location)

Source: own work.

Results and discussion

The exploration of tourism resources of the Wakatobi identified several
opportunities to classify them by type: natural, cultural, and man-made resources.

Natural resources: Wakatobi is famous for its natural beauty: beautiful sandy
beaches that are suitable for human activities, beautiful corals, and marine resources
of a type that is difficult to find in many other parts of the world. These natural
attractions are anchored by the Wakatobi National Park. The beauty of the islands
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is also enriched by numerous caves, mangrove forests, and coasts, which create
a perfect place for ecotourism and marine activities.

Cultural resources: Another social benefit 1s cultural, which includes
celebrations, historical spots, and local artifacts of Wakatobi. Local cultural
festivals like the Wakatobi Wave Festival and the Blacksmith Festival in Binongko
introduce tourists to the people’s typical ways of living. Most cultural attractions,
such as the historical architectural features of the area, consisting of forts and
traditional villages, help explore more of the island and its development, but they
also help to maintain and popularize cultural heritages.

Man-made resources: The purpose-built attractions in Wakatobi include various
resorts, dive centers, and cultural parks. These amenities also remain a factor in
the tourism experience since such facilities are considered necessary in a vacation
destination. In the past, when the islands provided very limited accommodation
and restaurants, there were few facilities to attract tourists. However, facilities such
as airports and ferry terminals have become key assets to the islands, boosting
tourist traffic. Search results for several man-made destinations are generally
located in resort environments with a high level of privacy. The government also
created a cultural park aimed at accommodating community social activities.
The night market is an entertainment option, and the lighthouses on Wangi-Wangi
and Binongko also function as educational points. Figure 2 illustrates some other
potential destination spots.

Table 2 is an additional table that functions as basic information that describes
the main characteristics of Wakatobi’s attractions, namely the beach and the beauty
of the surface and underwater colorful coral reefs. More than 30 names of beaches
managed by residents plus landscape structures in the form of caves, coastal
forests, mountains, hills, and the rest of the land activities from the cultural sector

Wangi-Wangi Kaledupa Tomia Binongko

- e

Bewata Cave Sombano Lake Kahianga Peak Fort of Koncu Patua

5°21'18.9” S, 123°30'15.8" E 5°28'14" S, 123°41'30"E 5°45'37.17" S, 123°56'26.60" E  5°58'55.27" S, 124°3'47.07" E
from seaport: 3040 min from seaport: 20-25 min from seaport: 15-20 min from seaport: 25-35 min

vehicle: car/motorbike + on foot  vehicle: car/motorbike + on foot  vehicle: car/motorbike + on foot  vehicle: car/motorbike + on foot

FIGURE 2. Some different potential destinations

Source: own work.
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TABLE 2. Attractions in each tourist sub-district in Wakatobi

Sub-district Attractions

Nature: Cemara Beach, Wambuliga Beach, Toliamba Peak, Waboe-Boe Peak, Moli’i Sahatu
Beach, Jodoh Beach, Kaluku Beach, Sousu Beach, Waha Beach, Kombiy Garden, Tindoi
Forest, Kontamale Cave, Kosapi Cave, Sara Longa Forest

Wangi-Wangi Culture: Wakatobi Wave, Kabuenga, Kari’a, Benteng Wabue-Bue, Goa Tofengka, Goa
Wapia-Pia

Man-made: Marina Togo Mowondu, Sombu Dive, Patuno Resort, Naya Matahora, Wanci
Night Market, Tindoi Lighthouse

Nature: Kapota Lake/Tailaronto’oge Lake, Molai One Beach, Sousu Beach, Waikesa
Beach, Kapota Beach, Watu Kapala Tsore Site, Topa Mandati Springs (baths), Liya Togo

South and Liya Mawi Mangrove Forests, Lobu Cave, Kalelawar Cave (bat cave), Bewata Cave
Wangi-Wangi Culture: Bajo Mola, Liya Palace Fort Area, Watinti Fort, Togo Malengo Fort, Baluara Fort,
Mandati Tonga Fort

Man-made: Wakatobi Cultural Park

Nature: Sombano Lake, Langira Beach, Sombano Beach, Hoga Beach, Sangia Wagugu
Cave, Sangia Akka Kuri-Kuri Cave, Watu Meleu

Kaledupa Culture: Bajo Mantigola, Bajo Juaraa, Barata Kahedupa, Laulua Village Site, Ollo Old Fort,
Horuo Fort, Tapa’a Fort, Bente Mosque

Man-made: none

Nature: Peropa Beach, panorama of Pangila Hills, One Mbiha Beach, Sangka’anukiye
Natural Cave, Darawa Natural Cave

Culture: Bajo Lohowa, village weaving craftsmen in Pajam, Lentea Village, Darawa
Village, traditional village in Palea, traditional house in Kamali, Kamali Fort, La Donda
Fort, Tobelo Fort, La Manungkira Fort, La Bohasi Fort

Man-made: none

Nature: Barakati Beach, Lakota Beach — Marimabuk, Tolandono Beach,
Tomia Culture: Tomia Island Festival, Creative Lodge for Pandan Mat Craftsmen, Fort Patua
Man-made: none

South Kaledupa

Nature: Kahianga Peak, Hu untete Beach, Hongaha Beach, Tee Timu Beach, Puncak Waru
Usuku, Liang Kuri-Kuri Cave, Telaga Tee Timu Cave

Culture: Kulati Village Farm

Man-made: Wakatobi Dive Resort

Nature: Buku Beach, Palahidu Beach, Yoro Beach, Mbara-Mbara Beach, Wakarumende
Beach, Haso Beach, Yoro Mangrove, Kapala Cliff, Tolutulua Hill Cliff, Koncu Kapala Peak,
Lapungga Forest, Bongira Forest, Laloala Forest, Titi Makoro Cave, Lasikori Cave, Topa
Binongko Mata (Bat) spring, Topa Labago

Culture: Koncu Kapala traditional village, Fort Wali, Fort Watiua, Fort Palahidu, Fort
Baluara, Fort Koncu Patua, Fort Loji, Tomb of Wa Ode Goa

Man-made: none

Nature: Batu Park, One Malangka Beach, Belaa Beach, Wee Beach, Sowa Mangrove
Forest, Onemelangka Mangrove, Kamento Mangrove, Lahandu Hill, Bharangka Tooha
Forest, Tai Suappa (saltwater lake), Liameangi Cave, Liabheka Cave, Liangkondu Cave,
Togo Binongko Topa Haka (Cave Water), Mokia Tee, Palefungka Tee

Culture: Blacksmith Craftsmen, Kau Rangka (Cempaka ecosystem), Oihu Fort, Pimpi Fort,
Koto-Koto Fort

Man-made: Tadhuna Lighthouse

East Tomia

Source: Field observation, hard and soft doc (Bauer, 2022), online version.
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are records of human civilization such as forts, dances, local crafts, and others.
The four main islands are divided into eight sub-district administrative areas.
This is important to convey because attractions are the main core of a destination
and are on the menu for enthusiasts who like underwater paradise tourism.

Figure 3 is a sample of panoramic spots above and below the sea on each of
the islands under consideration. McMellor and Smith have tried to compare
the species and generic richness of scleractinian corals in the Wakatobi National
Park area with several regions in Indonesia. They state that Wakatobi National Park
is located in the middle of the Coral Triangle area, which has the highest marine
biodiversity in Southeast Asia. Their findings show that strict no-take-zones are
effective in protecting fish and benthic assemblages associated with coral reefs in
Wakatobi (McMellor & Smith, 2010).

Tomia

FIGURE 3. Explore the natural panorama above and below the sea in Wakatobi
Source: Wakatobi Tourism Authority (2024).

Wakatobi has extraordinary marine tourism charm, beautiful underwater
corals, and beaches with white sand, complementing the contrast of the clear blue
sea. This tourist destination is still not completely touched by the modernity of
development, so it can still be authentic and have a local feel. Wakatobi is mainly
famous for its coral reefs, making it one of the diving destinations for divers,
especially foreign divers. Apart from scuba divers, tourists can also explore the coral
reef section of the shallow areas through snorkeling activities (Giglio et al., 2023).
On several websites, there is information regarding Wakatobi as a snorkeling
destination; the best-known location is Sombu on the west coast of Wangi-Wangi
Island, which is also one of the favorite diving locations (Bauer, 2022). Wakatobi
requires much traveling, often under basic conditions, but to quote Jacques-Yves
Cousteau, it is an “underwater nirvana”, and de Vries (2019) also agrees.
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Several traditions and cultures have the potential to become tourist attractions
(Rahmawati et al., 2023). Holding a cultural festival is one of the activities usually
carried out by the local tourism department, which includes the Tindoi Fort Festival
in the Wangi-Wangi District, Koba Fort Festival in the South Wangi-Wangi District,
Barata Kaledupa Festival in the Kaledupa District, Pajujudi Festival in the Tomia
District, and Blacksmith Festival in the Binongko District. This festival is regularly
held every year, but in 2020, it was not held due to COVID-19. In 2021, several
cultural festivals will begin to be held again on the Wakatobi; this can be seen at
the WAVE festival in Wangi-Wangi Island and the Micro, Small, and Medium-sized
Enterprises Festival in the Tomia Islands (Bauer, 2022). Here are some pictures of
events/festivals on the Wakatobi tourism agenda in Figure 4.

Blacksmith Island
(Wangi-Wangi) Festival (Kaledupa) Festival (Tomia) Festival (Binongko)
Date: December Date: Aug-—Sept. Date: October Date: March

Wakatobi Wave I l Isand Mritime

FIGURE 4. Tourism events as a reflection of culture in the Wakatobi
Source: Wakatobi Tourism Authority (2024).

The Indonesian government has decided to encourage economic growth
by developing tourism as a key sector (Aida et al., 2024). To support this
policy, the government has determined ten priority tourism destinations, of
which six destinations are part of the national tourism strategic area (according
to Government Regulation No 50 of 2011 concerning the National Tourism
Development Master Plan), and the other four destinations are included in the special
economic zone (Hamzah et al., 2023). While efforts continue, five new destination
areas have been added as a super priority, including Wakatobi (Taali et al., 2024).
Again, in 2012, Wakatobi was designated as a UNESCO global biosphere reserve,
which aims to preserve local wisdom and create a sustainable economy and
sustainable livelihoods for local communities. With the establishment of a biosphere
reserve at Wakatobi National Park, Indonesia has eight biosphere reserves, and
to date, there are 598 biosphere reserve units throughout the world spread across
117 countries. Wakatobi boasts a wide range of ecosystems (Hawati et al., 2024),
including several marine and coastal habitats that support a rich array of seagrass,
coral reefs, commercially valuable fish, sea birds, turtles, cetaceans, and mangroves.
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Around 590 species of fish, 396 species of coral reef, 22 major species and
11 associate species of mangrove, and 9 out of the 12 species of seagrass can be
discovered in Wakatobi (UNESCO, 2019).

Implementation of the 6As framework

The results of the search on the four islands have provided an overview of
the characteristics of the attractive force they have. Therefore, the application of
the 6As framework by Buhalis, which has been prepared in Table 2, is presented in
the following series of tables. Tables 3, 4, and 5 each have four variable components
assessed from the field survey results. Table 3 is a table of attractiveness scores.
This is the most important component because it is the force of attractiveness for
visitors (Thu & Lee, 2022).

TABLE 3. Attractions scores

No | Tourism Destination Al Al, Alj Aly Score
1 | Wangi-Wangi 14 6 6 4 30
2 | South Wangi-Wangi 10 1 6 3 20
3 |Kaledupa 7 0 8 3 18
4 | South Kaledupa 5 0 10 3 18
5 | Tomia 3 0 3 3 9
6 |East Tomia 7 1 1 3 12
7 | Binongko 17 0 8 3 28
8 | Togo Binongko 16 1 5 3 25
Number of forms of attraction 160

Source: own work.

As seen in Table 3, the Wangi-Wangi sub-district has the highest score. It has
14 natural landscape attractions, six cultural attractions, six man-made attractions,
and four main events, namely (Wakatobi Wave, the Republic of Indonesia’s
birthday, Wakatobi’s anniversary, and year-end events), while the Tomia sub-district
has the lowest score influenced by it being the smallest island so that the variety
of natural landscapes is limited in quantity but in terms of quality it is no less
competitive as proven by the Wakatobi Dive Resort in Tomia, which is famous
internationally. The Maranggo Airport in Tomia has a direct connection from
Denpasar Bali to Tomia and Wakatobi Dive Resort (Karim, 2022). Denpasar Bali —
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Tomia flights occur twice a week, namely on Tuesday and Friday. This flight
causes Tomia’s accessibility score to be almost equal to Wangi-Wangi Island.
Table 3 inventories approximately 160 attractions in the form of geographic
destinations, including activities.

Table 4 is a list of accessibility strengths. Wangi-Wangi also has the highest
access score because there is one government-owned public ferry port terminal,
one naval terminal that is open to the public and can be used by private vessels,
and one airport terminal called Matahora Airport. Table 5 is the amenity
assessment score. Here, you can see that Wangi-Wangi still has the highest score
because Wangi-Wangi is the center of the district capital, and the South Kaledupa
sub-district has the lowest score. The shopping center score is worth hundreds due
to the combination of all shopping centers, small shops, and large shops spread
across the sub-district.

TABLE 4. Accessibility scores

No | Tourism destination A2, A2, A2, A2, Score
1 | Wangi-Wangi 2 3 2 2 9
2 | South Wangi-Wangi 2 2 2 2 8
3 |Kaledupa 1 1 1 1 4
4 | South Kaledupa 1 1 1 1 4
5 | Tomia 2 1 2 2 7
6 | East Tomia 2 2 2 2 8
7 | Binongko 1 1 1 1 4
8 | Togo Binongko 1 1 1 1 4

Source: own work.

TABLE 5. Amenities scores

No | Tourism destination A3, A3, A3; A3y Score
1 | Wangi-Wangi 20 31 3 265 319
2 | South Wangi-Wangi 15 29 3 352 399
3 | Kaledupa 10 3 3 69 85
4 | South Kaledupa 1 1 3 61 66
5 | Tomia 10 4 3 95 112
6 | East Tomia 3 4 3 98 108
7 | Binongko 2 6 3 62 73
8 | Togo Binongko 2 2 3 63 70

Source: own work.
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Table 6 is a combined score of the number of available packages and the number
of activities that can be carried out. Almost all tour packages are prepared by
professionally managed resort companies, so only islands that have resorts have
scores. Some activities that can be done include cycling, swimming, diving,
snorkeling, fishing, beach views/sunbathing, mountain views/caves, culinary,
craft shopping, cultural heritage exploration, and others. But especially to enjoy
the silence at one with nature, Wakatobi is the right choice (Syahadat, 2022).

Likewise, the ancillary score in Table 7 shows Wangi-Wangi has the highest
score, and Binongko has the lowest score. Ancillary services include communication
channels, Internet services, ATM or bank branches, medical services, and postal
services. These basic services are each present in the district area of each island.
ATMs are found at local banks, not international ones. For Kaledupa and Tomia,
only mini ATMs are used and are available in chosen small shops.

TABLE 6. Available packages and activities scores

No | Tourism destination A4 A5
1 | Wangi-Wangi 2 9
2 | South Wangi-Wangi 1 8
3 |Kaledupa 1 8
4 | South Kaledupa 0 7
5 | Tomia 1 8
6 | East Tomia 1 8
7 | Binongko 0 6
8 | Togo Binongko 0 6
Source: own work.
TABLE 7. Ancillary services scores
No | Tourism destination A6, A6, Ab; Aby Abs Score
1 | Wangi-Wangi 1 1 9 1 1 13
2 | South Wangi-Wangi 1 1 4 1 1 8
3 | Kaledupa 1 1 2 1 1 6
4 | South Kaledupa 1 1 2 1 1 6
5 | Tomia 1 1 1 1 1 5
6 | East Tomia 1 1 1 1 1 5
7 | Binongko 1 1 0 1 1 4
8 | Togo Binongko 1 1 0 1 1 4

Source: own work.
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Result of TOPSIS implementations

Table 8 is an accumulation of the 6As scores for the four islands: attractions,
accessibility, amenities, available packages, activities, and ancillary services.
With Table 8 as the initial matrix, the requirements have been met to execute
the TOPSIS procedure. As a first step, Equation 1 leads to the normalization of
the values in Table 8, and the results can be seen in Table 9.

TABLE 8. TOPSIS requirement scores

No | Tourism destination Al A2 A3 A4 A5 A6
1 | Wangi-Wangi 30 9 319 2 9 13
2 | South Wangi-Wangi 20 8 399 1 8 8
3 |Kaledupa 18 4 85 1 8 6
4 | South Kaledupa 18 4 66 0 7 6
5 | Tomia 9 7 112 1 8 5
6 | East Tomia 12 8 108 1 8 5
7 | Binongko 28 4 73 0 6 4
8 | Togo Binongko 25 4 70 0 6 4

Source: own work.
TABLE 9. Normalized performance for TOPSIS requirement scores

No | Tourism destination Al A2 A3 A4 AS A6
1 | Wangi-Wangi 0.501 0.502 0.576 0.707 0.421 0.661
2 | South Wangi-Wangi 0.334 0.446 0.720 0.354 0.374 0.407
3 | Kaledupa 0.301 0.223 0.153 0.354 0.374 0.305
4 | South Kaledupa 0.301 0.223 0.119 0.000 0.327 0.305
5 | Tomia 0.150 0.390 0.202 0.354 0.374 0.254
6 | East Tomia 0.201 0.446 0.195 0.354 0.374 0.254
7 | Binongko 0.468 0.223 0.132 0.000 0.280 0.203
8 | Togo Binongko 0.418 0.223 0.126 0.000 0.280 0.203

Source: own work.

The weights shown in Table 10 are taken from the percentage weights
determined by Huertas et al. (2019) through the results of AHP analysis.
The weights are integrated so that the highest and lowest values can be known and
taken. Thus, the Excel table data can automatically work on Equations 3, 4, and 5,
which then produces the TOPSIS ranking score indicator in Figure 5.
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TABLE 10. Indicators weight

No | Tourism destination W[cz;)g]ht
1 | Attractions 27.27
2 | Accessibility 27.27
3 | Amenities 13.64
4 | Available packages 9.09
5 | Activities 9.09
6 | Ancillary services 13.64

Sources: Huertas et al. (2019).
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FIGURE 5. TOPSIS analysis priority scores

Source: own work.

The TOPSIS analysis ranked the islands according to their tourism potential

considering the six components of the 6As framework (Fig. 5):
1.

Wangi-Wangi: This island topped the list with a TOPSIS score of 0.87, showing
its strong performance in all components, especially attractions, amenities, and
accessibility.

. South Wangi-Wangi: This island came in second with a score of 0.62.

Its closeness to Wangi-Wangi and shared infrastructure boosted its ranking.

. Binongko: Scoring 0.46, this island stood out for its one-of-a-kind attractions

and rich culture. However, it needs better amenities and accessibility.

. East Tomia and Togo Binongko: These islands scored (0.331 and 0.334) suggesting

they have balanced potential that could grow with focused development.

. Tomia, South Kaledupa, and Kaledupa: These islands scored lower, showing

they need big investments in infrastructure and services to reach their full
tourism potential.
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Conclusions

The application of the 6As and TOPSIS methods to explore and implement
the smart tourism destination framework has provided a comprehensive
assessment concerning the Wakatobi tourism potential. Key findings and
implications for the development of the region’s tourism industry have been
drawn from this research.

First and foremost, Wangi-Wangi Island becomes the leading destination
since it has the highest score for all variables: attractions, accessibility, amenities,
available packages, activities, and ancillary services. Of course, it is well-explained
that the highly developed infrastructure, several types of natural and cultural
attractions, and strong tourism facilities enable the island to become one of
the potential candidates for further investment and promotion as one of the smart
tourism destinations; its success can set an example for other islands in the region.

Secondly, these huge disparities in the potential for tourism among the islands
demand focused development strategies. For example, Kaledupa and South
Kaledupa scored the lowest due to poor access and insufficient visitor facilities.
To increase the islands’ attractiveness to tourism, better transport links, improved
accommodation and dining, as well as more tourist activities must be developed.
Indeed, investments in infrastructure and services are needed to foster an evenly
distributed and inclusive tourism industry inside Wakatobi.

Thirdly, the application of the 6As framework and the TOPSIS method has been
effective in providing structure and objectivity as a measure of tourism potential.
These tools provide opportunities for comparative analyses of different destinations,
outlining strengths and weaknesses. As such, these tools have assisted in
the prioritization of issues that need to be improved. This approach can be replicated
in other regions for the systematic assessment and enhancement of tourism potential.

The findings of this study also underline the importance of sustainable
tourism. Maintenance of the untouched natural and cultural features of Wakatobi
forms the basis for the islands’ continued attractiveness to tourists. It is therefore
important to engage local communities in tourism development, promote
eco-friendly practices, and ensure that tourism growth does not come at the expense
of the islands’ ecological integrity.

The findings of this research may also be useful in policy decision-making.
Based on a detailed assessment, this research study can convince stakeholders
to invest strategically in enhancing the tourism infrastructure and services in
Wakatobi. This will again increase the satisfaction level of tourists and their
visitation rates, which will lead to economic development within the region.
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Wakatobi has great potential as a smart tourism destination. A capitalization
strategy in their natural and cultural assets, improvement of infrastructure and
facilities, combined with best practices on the ground, would ensure balanced and
inclusive growth in tourism for the islands. Further research is needed, specifically
on accessibility, which focuses on transportation route modeling, monitoring
the impacts of tourism development, and refining strategies toward sustainable and
equitable growth of the tourism sector in Wakatobi.
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Summary

Exploration and implementation of a smart tourism destination with
the 6As framework & TOPSIS (case study: Wakatobi, Indonesia). Wakatobi represents
huge potential for smart tourism due to the rich natural, cultural, and man-made resources
available. The objective of the research is to identify and analyze the tourism potential of
Wakatobi by using the 6As framework (attractions, accessibility, amenities, available
packages, activities, and ancillary services) and applying the Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS) method to rank the potential tourist destinations.
Field observations, collection of secondary data, and stakeholder interviews were conducted to
arrive at comprehensive data on the tourism assets of the islands. The result of the exploration
successfully recorded 160 attractions in the form of geographical destinations and activities
with a variety of visitor facilities around them, which were measured using the 6As framework.
The TOPSIS results indicated that Wangi-Wangi Island had the highest rank (0.87) in overall
tourism potential compared to the others due to better infrastructural conditions, diverse
attractions, and better facilities. Furthermore, it revealed major discrepancies among
the islands, thus requiring focused improvements related to accessibility and services for less
developed areas like Kaledupa (0.28), South Kaledupa (0.26), and Tomia (0.25). This study
provides the basic insights for policymakers and stakeholders to invest in the right areas
to ensure balanced and inclusive growth, increasing the tourism attractiveness of Wakatobi
with a focus on sustainability and community involvement.
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