* water

Article

Analyzing the Benefit-Cost Ratio of Sediment Resources by
Remote Sensing Data in the Ping River Basin, Thailand

Prem Rangsiwanichpong

check for
updates

Citation: Rangsiwanichpong, P;
Melesse, A.M. Analyzing the
Benefit-Cost Ratio of Sediment
Resources by Remote Sensing Data in
the Ping River Basin, Thailand. Water
2022, 14,2071. https://doi.org/
10.3390/w14132071

Academic Editors:
Stephane Rodrigues and

Maria Mimikou

Received: 7 June 2022
Accepted: 25 June 2022
Published: 28 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2,#() and Assefa M. Melesse 2

Department of Water Resources Engineering, Faculty of Engineering, Kasetsart University,

Bangkok 10900, Thailand

2 Department of Earth and Environment, AHC-5-390, Florida International University, 11200 SW 8th Street,
Miami, FL 33199, USA; melessea@fiu.edu

Correspondence: prem.r@ku.th

Abstract: Sediment is one of the important natural resources on the Earth. Information on sediment
resources is key to making decisions regarding soil resources management and mitigation during
sediment hazard events. Thus, this research analyzed and mapped the benefit-cost ratio (BCR) of
sediment in the Ping River using a Geographic Information System (GIS). Furthermore, the benefit
of sediment was analyzed using a new application of the Revised Universal Soil Loss Equation
(RUSLE) with a spatial resolution of 1 km?. The results reveal that the potential of annual soil loss
and sediment deposition in the Ping River Basin (PRB) were approximately 825 and 530 m3/km?-y,
respectively. In addition, the results indicated that there was a higher BCR in the upstream area of
the PRB where there was greater sediment deposition. The average benefit of sediment in the PRB is
USD 4280/km?y. It is expected that the BCR of the sediment resources map analyzed in this research
will help policy-makers for decision-making on the benefits of sediment resources in Thailand.

Keywords: sediment; benefit-cost ratio; GIS; remote sensing; RUSLE; spatial analysis; Ping River Basin

1. Introduction

Annually, billions of tons of sediment are produced globally, with the major source of
sediment being water erosion [1]. Soil erosion is the displacement of soil, which depends
on the relationship between precipitation, surface runoff, and the soil properties of each
area. The soil properties affecting resistance to erosion are the percent of sand, clay, and
silt, the soil elasticity, and the grainsize distribution. Recently, soft computing techniques
have attracted more attention to estimating the soil properties [2—4]. Soil erosion by water
flow also delivers large amounts of sediment to downstream areas such as reservoirs, lakes,
and dams. Sediment yield caused by water runoff can impact water quality, agricultural
productivity, and dam capacity [5,6]. Therefore, a method for analyzing soil erosion is
necessary for the estimation of sediment yield. In past decades, field experiments, numeri-
cal, and empirical methods have been developed for estimating soil erosion [7,8]. In 1997,
Renard et al. [9] developed the Revised Universal Soil Loss Equation method (RUSLE) for es-
timating annual soil degradation based on the Universal Soil Loss Equation method (USLE).
The RUSLE method is widely used for analyzing soil erosion analysis. Several researchers
have used USLE and RUSLE for estimating long-term soil loss [10-12]. In addition, remote
sensing and GIS have been applied to analyze soil erosion and sediment deposition in river
systems [13-16]. Nevertheless, assessing sediment deposition is also equally important.
Thus, Rangsiwanichpong et al. [17] developed a new technique for sediment deposition
analysis in Thailand based on the original RUSLE method. Recently, several researchers
have also recommended Rangsiwanichpong’s method for analyzing sediment deposition
in the ungauged basin [18,19]. Chuenchum and Tang [18] applied Rangsiwanichpong’s
method for estimating sediment yield in the Lancang-Mekong River. The results showed
a strong correlation between the sediment yield from the modified RUSLE and observed
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data. Presently, sediments from lakes, rivers, and canals are widely used for construc-
tion materials [20,21], such as material to manufacture lightweight aggregate, material to
manufacture bricks, and binder in concrete works [22-28]. In Thailand, brick production
mostly uses local soil mixed with sawdust, rice husk, and sediment from the river, such
as sand and clay. In addition, brick production has been using traditional construction
material in the northern part of Thailand. Moreover, the brick plant leads approximately
THB 2800 million to the rural economy [29]. Therefore, Rangsiwanichpong et al. [30], with
the aim of broadening people’s awareness about the benefits of sediment resources, applied
anew RUSLE-based technique to assess the benefit of sediment yield in Thailand.

However, the current study aimed to estimate the potential of applying the benefit-cost
ratio approach to sediment resources in the Ping River Basin (PRB) using remote sensing
data and a GIS technique. The goal this study is to present economic values on sediment
for sustainable management of sediment resources at the PRB. In addition, the specific
objectives of the study are to (1) estimate soil erosion and sediment deposition rates in the
PRB, (2) broaden people’s knowledge on benefit of sediment resources, and (3) compare
the positive and negative effect of soil erosion based on the benefit-cost ratio (BCR).

2. Study Area

The Ping River Basin (PRB) is located in Northern Thailand, between latitudes 15.7° N
and 19.8° N, and longitudes 98° E and 100.1° E. The PRB is the largest of the eight river
basins which form the Chao Phraya River system. With the basin area of about 34,537 km?,
the PRB covers approximately 22 percent of the Chao Phraya River system (Figure 1). The
topography of PRB can be divided into three categories consisting of mountains and hills,
lowland plains, and valleys. The length of the Ping River is approximately 740 km with its
channel being from 150 to 350 m wide and its depth 5 to 15 m [31].
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Figure 1. Ping River Basin.
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Furthermore, the average annual discharge of the Ping River is 62 m?/s, contributing
around 24% of the total average annual river flow of the Chao Phraya River Basin [32].

The climate of the PRB is influenced from the Northeast Monsoon in dry season
(November to mid-March) and the Southwest Monsoon in wet season (mid-May to Septem-
ber) [33]. Under these conditions, the PRB has three characteristic seasons: (1) summer
season (mid-February to mid-May), (2) rainy season (mid-May to October), and (3) winter
season (November to mid-February). Annual rainfall in the PRB averages approximately
1131 mm, and more than 90% of rainfall occurs in the wet season [34]. The average monthly
rainfall and accumulated rainfall in the PRB are shown in Figure 2.

250 1200
Monthly Rainfall

—&— Accumulated Rainfall

200 1000
. €
€ £
£ 800 =
E 150 E
c ©
ke 600 =
o o
> 3
= 100 o
) >S5
< 400 g
=

50 <

200
0 0

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Figure 2. Monthly and accumulated rainfall in the Ping River Basin.

3. Methods and Materials

This research aimed at analyzing the benefit-cost ratio of sediment resources using
Geographic Information System (GIS) data to estimate the benefits and costs from sediment
yield in the PRB. The RUSLE was applied to analyze soil erosion in each grid cell. The
RUSLE method, based on the USLE, was developed by the US Department of Agriculture.
The RUSLE has been broadly used for estimating average annual soil loss in mountains,
forests, and agricultural area. The RUSLE is an empirical soil loss model which can be
analyzed using Equation (1). The parameters of RUSLE were calculated using a separate
equation, of which inputs were obtained from digital elevation model (DEM) and satellite
imagery (Table 1).

A=RxKxLSxCxP D

where

A is the mean annual soil loss per unit area (Mg/ha-y);

R is the rainfall erosivity factor (MJ-mm/ha-h-y);

K is the soil erodibility factor (Mg-h/M]-mm);

LS is the topographic factor (dimensionless);

C is the cover-management factor (dimensionless);

P is the conservation practice factor (dimensionless).

The rainfall erosivity factor (R) was analyzed using rainfall data during 2000-2020
(20 years) based on the recommended equation from the Land Development Department
of Thailand [35]:

R = (0.4669 x Pr) — 12.141559 2)
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where R is the rainfall erosivity factor and Pr is the mean annual rainfall (mm).

Table 1. Description of the data sources.

No Type of Data Data Description Name of Service that Provides the Data
1 Digital elevation model (DEM) 1 km? resolution. U.S. Geological Survey.
Land use map for the year 2018 was Land Development Department of
2 Land use data obtained in GIS format. Thailand (LDD).
. Monthly rainfall data during . .
3 Rainfall data 2000-2020. Thai Meteorological Department (TMD).
4 Normahzedh]?éfeffﬁgtcae Vegetation MODIS, MOD13A2 data during National Aeronautics and Space
(NDVI) 2000-2020. Administration (NASA).
' Dredging costs. Royal Irrigation Department of Thailand
5 Sediment costs Water erosion costs (RID).
’ Based on research of Schwegler [36].
6 Sediment benefits Sediment price in each province. The Ministry of Commerce (Thailand).
Standard K factor values based on
soil type of Thailand (clay: 0.05, silt: Land Development Department of
7 K factor values 0.19, and sand: 0.3) Thailand (LDD).
(5 km? resolutions).
P factor values were classified into six =~ Based on experiment of Wischmeier and
8 P factor values

slope categories for crop areas. Smith [37].

The topographic factor (LS) was calculated based on the RUSLE principle using a GIS
technique described in previous research. Specifically, the L factor was computed using
Equation (3):

N ( (369% ) )
35in 0 x0.8+0.56
L= ;
(2212> X( ( sin 0 ) ) (3)

0.0896
1+ (3sin 6 x0.840.56)

In addition, the S factor was estimated using the two conditions:

Slope gradient < 9%, S = 10.8sin6 + 0.03 4)
Slope gradient > 9%, S = 16.8sin0 + 0.5 ®)
LS=LxS (6)

where A is the length of slope, 0 is the degree of slope, L is the slope length factor, and S is
the steepness factor.

The conservation practice factor (P) describes the effect of land cover and land use on
soil erosion. In this research, the P factor values were used from Wischmeier and Smith [38],
where values were classified into six slope categories for crop areas, as shown in Table 2.

Table 2. P factor values.

Land Use Type Slope (%) P Factor
Crop Areas 0-5 0.1
Crop Areas 5-10 0.12
Crop Areas 10-20 0.14
Crop Areas 20-30 0.19
Crop Areas 30-50 0.25
Crop Areas 50-100 0.33

Other All 1
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Furthermore, the cover-management factor (C) expresses the effect of vegetation cover
on soil erosion process. We generated the mean of the Normalized Difference Vegetation
Index (NDVI) from the time series MODIS images data for 20 years and used it to estimate
the C factor map as shown in Equation (7) and based on [39]:

C = (—0.7388 x NDVI) + 0.4948 @)

The NDVI is an indicator of the green vegetation density which is estimated using the
difference between the spectral reflectance values of the near-infrared (NIR) and red (RED)
bands of electromagnetic spectrum, as shown in Equation (8):

NIR — RED
NDVI= NIR + RED ®)

The erodibility factor (K) expresses the effect of water flow and the soil resistance to
particle movement. In previous research, the erodibility factor values varied between 0
to 1 Mg-h/M]J-mm [40-57]. The soil properties, such as chemistry, texture, organic matter
content, and calcium carbonate contents, are very important in the determination of soil
erodibility [58]. The USLE and RUSLE K-factor did not consider lime and carbonate
contents, which are the most important factors in calcareous soil area of Thailand. As
mentioned above, the USLE and RUSLE K-factor models were developed in the United
States soil with no carbonate content under heavy rainfall situation [59]. Therefore, using
these values in Southeast Asia, where the tropical climate and soil have a high amount of
carbonate that makes strong and large soil aggregates, provides poor results for predicting
the K factor.

Generally, carbonate rocks are present on all continents. The largest carbonate rock
area is found on the largest continent, Asia, where 8.35 million km? continuous, discon-
tinuous, or mixed carbonate rocks are present, corresponding to 18.6% of Asia’s land sur-
face [60]. In Southeast Asia, limestones cover an area of around 400,000 km?2, which are most
widespread in Vietnam, Thailand, and Indonesia [61]. Recently, Ostovari et al. [59] indicated
that the soil erodibility factor of the Middle East varied from 0.14 to 0.32 Mg-h/M]J-mm.
Pham et al. [62] analyzed soil erosion in central Vietnam, where soil erodibility varied from
0.18 to 0.32 Mg-h/MJ-mm. In Cambodia, the soil erodibility values ranged from 0.26 to
0.3 Mg-h/M]J-mm [63].

Therefore, K factors were collected from experiments and field tests from the Land
Development of Thailand (LDD).

The estimated sediment yield and sediment deposition were estimated using GIS
data and spatial analysis. In addition, sediment yield and sediment deposition were ana-
lyzed using a new technique developed by Rangsiwanichpong et al. [17]. Rangsiwanich-
pong et al. [17] suggested a new technique for estimating sediment yield and sediment
deposition in Thailand by modifying the original RUSLE model. They considered the
suspended sediment flow from one grid cell to another downstream grid cell as dependent
on the sediment yield of the original grid cell from RUSLE method (Z,) compared with
the sediment yield capacity of the whole catchment (Z;). Sediment capacity is defined as
the maximum yield of sediment that is retained in each catchment based on the erosion
model. The method can detect soil erosion or sediment deposition areas, respectively, when
the actual sediment yield is above or below the sediment capacity. The new technique for
sediment yield and deposition analysis can be described using Equations (9)-(12):

Z,= f(Hy,Hy, ...,Hs) )

Yo H YL, H Y, H
Zc= f( 11}\ Ly 11}1 zZ . 11}1 2) (10)
ff;if Zy < Zc (11)

firif Z, > Zc (12)
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where Zy is the sediment yield, Z. is the sediment capacity, H; represents the parameters
in the RUSLE model, A is the area of the sub-basin, n is the number of datapoints in each
sub-basin, «; is the deposition in cell i, and {; is the degradation in cell i.

In addition, this research attempted to estimate sediment costs and benefit. For sedi-
ment costs, we integrated the costs of sediment from environmental costs based on research
by Schwegler [36]. The environmental costs caused by food wastage were estimated from
biodiversity loss and change in ecosystem services. The dredging costs were calculated by
the labor costs from the Royal Irrigation Department (RID).

For sediment benefits, the value of direct benefit of sediment was based on the sedi-
ment price in each province (Figure 3, Table 3), collected by the Ministry of Commerce [64].
The equation for calculating the sediment cost and sediment benefit are defined in Equa-
tion (13) and Equation (14), respectively.

Sco = (EVeo+DGgp) X ff; (13)
Ser = (Sp) xff; (14)

where S, is the sediment costs (USD/ m3), EV,, is the environment costs (USD/ m3), DGeo
is the dredging costs (USD/ m?), ff; is the volume of sediment (m>/km?), S,  is the benefit

of sediment (USD/m?3), and Sp is the sediment price in each province (USD/ m?).
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Figure 3. Sediment price map for the Ping River Basin.
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Table 3. Sediment price for each province [64].

Provinces Price of Sediment (USD/m3)
Chiang Mai 17.12
Lampang 7.76
Lamphun 12.80
Mae Hong Son 10.89
Tak 3.11
Kamphaeng Phet 3.33
Nakhon Sawan 10.89

This research aimed to evaluate the potential of the BCR in a sediment resource project

in the PRB area using spatial analysis. The standard BCR formula is fairly simple, as shown
in Equation (15):
LB
LG
where BCR is the benefit-cost ratio, B; is the benefit of sediment in cell i, and C; is the cost
of sediment in cell i.

In economic terms, if the costs exceed the benefits, then, solely based on this criterion,
the project should not proceed. Where the costs equal the benefits, the project should be
allowed to proceed, but with little viability. Where the benefits exceed the costs, the project
should be allowed to proceed. In the current research, the analysis of sediment benefit and
cost, in the PRB, was based on the concept of Rangsiwanichpong’s method [17].

BCR =

(15)

4. Results

The soil erosion map for the PRB was analyzed using the RUSLE model and GIS
data to determine the average annual soil loss. The potential of soil loss was estimated on
the basis of five parameters (R, LS, C, K, P) presented in Equation (1). First, the erosivity
factor (R) was estimated using annual precipitation data at meteorological stations and then
interpolated based on the inverse distance weighted method for 2000-2020. The erosivity
factor was in the range 467-528 MJ-mm/ha-h-y (Figure 4).

The erodibility factor (K) depends on the soil type data which were collected from the
Land Development Department (LDD) of Thailand. The standard K values recommended
by LDD were 0.05, 0.19, and 0.3 for clay, silt, and sand, respectively (Figure 5). Furthermore,
the topographic factor was based on the topographic data of the PRB and Equations (3)—(6).
The LS factor was in the range of 0.03-346 (Figure 6). The high values for the topographic
factor were in the mountains of the PRB. In this research, the C factor was calculated from
the relationship between the cover-management factor and the NDVI data. Higher C values
indicate sparse vegetation cover and therefore greater runoff and soil erosion potential. The
results showed that the range for the C factor was between 0.01 and 0.58 (Figure 7). The P
factor values from Wischmeier and Smith (1987) [38] were approximately equal to 1 mostly
in the upstream area of the PRB (Figure 8), which indicated that erosion management
practices have not been applied in these areas.

Thus, all the parameters of the RUSLE method were computed for annual soil erosion
and sediment capacity in the PRB area are shown in Figures 9 and 10, respectively. Based
on the results, the positive and negative values can indicate the zones of soil erosion and
sediment deposition, respectively. The soil erosion risk map indicated that the annual
soil erosion in the PRB was approximately 825 m?/km?-y. Mostly, the higher rates of soil
erosion occurred in the mountainous area of the PRB. In sediment deposition analysis, it
is difficult to estimate sediment deposition using GIS data. However, according to the
new method described by Rangsiwanichpong et al. [17], the potential annual sediment
deposition in the PRB was 530 m?/km?-y, with greater deposition in the middle area of
basin, especially in the Bhumibol Dam area (Figure 9).
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This research focused on the direct benefit of sediment for construction projects or
construction material. The sediment benefit was estimated using the sediment price for
each province, obtained from the Ministry of Commerce. The benefits and costs were
correlated with the volume of sediment or sediment deposition and topography, with
greater benefits and costs of sediment being associated with lower elevation areas, mostly
with the Ping River boundary.

In addition, this study generated cost and benefit of sediment maps, as shown in
Figures 11 and 12, respectively. The sediment cost was classified into the water erosion
cost and the dredging cost. The water erosion cost included the detachment and removal
of soil material by water. Globally, food wastage and environmental costs are caused by
water erosion. Schwegler [37] reported that the average world water erosion cost was
approximately USD 4/Mg. In addition, locally, the dredging cost was USD 0.6/m? from
the Royal Irrigation Department. The results showed that the average cost of sediments in
the PRB was USD 227/km?.y (Figure 11). The average benefit of sediment in the PRB was
USD 4280/km?-y (Figure 12).

The BCR in the PRB was generated as a map (Figure 13) which indicated that the BCR
was higher than 1 mostly in the upstream area of the Ping River, which was mostly covered
by mountainous and forest area, which had a high potential to produce sediment yield and
had a lower population than the downstream areas. On the other hand, the BCR was lower
than 1 in the downstream area of the Ping River, especially at the hydroelectric plant at
Bhumibol dam, due to reduced energy production due to sediment deposition.
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5. Discussion

Scientific management of sediment resources is important for the removal of sediment
and debris from the bottom of rivers, lakes, canals, and other water bodies. Sedimentation is
one problem caused by the natural process of silt and sand washing into downstream areas.

Much of the several million tons of sediment dredged each year from the PRB is
disposed in uplands. Recently, several investigations have developed methods for reusing
dredged sediments in the manufacturing of construction materials [65,66]. In addition,
sediment from rivers, lakes, and reservoirs can be reused as nutrient sources for agriculture.
Regarding soil fertilization using sediments with high nutrient content, 25% of costs could
be saved compared to application of chemical fertilizers [67].

In Thailand, benefit from sediment products represents approximately 9% of the total
economic production of Thailand [30]. For these reasons, the dredged sediment with good
location in the PRB is a valuable resource that can be used in economically beneficial
ways. Therefore, this research assessed the potential of the BCR for decision-making to
establish a reusing dredged sediment project in the PRB. The results showed that there
were BCR >1 values largely in the upstream area of the basin, which was covered by
forest and mountainous area. Furthermore, the benefits and costs were related to the
amount of sediment deposition and the topography. The results indicated that higher
benefits of sediment were linked with lower areas in the study area, mostly along the
Ping River boundary in the middle basin. The average benefit of sediment in the PRB was
USD 4280/km?-y.

6. Conclusions

This study estimated the potential of BCR of sediment resources in the PRB using
remote sensing data and GIS technique. Consequently, the modified RUSLE was used
to assess the benefits and costs of sediment yield in the PRB. The results indicated that
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the good BCR mostly happened in the upstream area of the basin, which was covered by
forest and mountainous area. Furthermore, we found that significantly greater benefits of
sediment in the PRB were occurring in the lower areas of the upper part due to the fact
that rainfall and other precipitation washes soil surface from the tops of mountains to low-
elevation areas. The annual benefit of sediment resources in the PRB was USD 4280/km?-y.
On the other hand, the annual sediment costs in the PRB are approximately USD 227/km?y.
However, the results of our research present new challenges for the potential of BCR in
direct benefit of sediment resources in the PRB. Further research is needed to identify
additional indirect sediment resources in the economic valuation.
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