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Abstract. Geothermal energy, as a part of green and renewable energy, has been widely developed in the world to replace the current conventional 
fossil energy. Peut Sagoe is an active volcano in the northern part of Sumatra. The volcanic mountain has not been completely explored for geothermal 
and energy reserves study. This is due to the volcano locates in a high topography and surrounded by dense tropical forest, which makes it challenging 
to deploy geophysical instruments in the area. The Landsat 8 thermal infrared and meteorological data from 2013 – 2020 were used to estimate the 
energy resources by calculating the radiative heat flux (RHF) and measuring the energy lost annually through the heat discharge rate (HDR). We also 
used the normalized differential vegetation index (NDVI) for vegetation analysis, and estimation of its emissivity data. The mono-window algorithm 
was used to calculate the land surface temperature (LST). The Stefan–Boltzmann equation was utilized to analyze thermal infrared data for RHF, and 
ambient temperature and relative humidity data were acquired from the Indonesian Meteorological Agency (BMKG) database. The results showed 
that low vegetation values and high LST of 25°C–35°C were found in crater areas, which indicate the underground thermal activities of the mountain. 
It demonstrates that the maximum RHF values were 55 W/m2 in 2013 and 37 W/m2 in 2020. The HDR data were calculated by applying 15% of the 
RHF data, and the amounts of energy lost were 132.5 MWe and 64.5 MWe in 2013 and 2015 respectively. It increased to 186.4 MWe in 2017 and 89 
MWe in 2020. Based on these predicted results, we conclude that the combination of thermal infrared imagery of Landsat 8 and meteorological data 
is an effective approach in estimating geothermal energy potential and energy loss of volcanoes situated in remote areas. 
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1. Introduction 

Indonesia lays at the confluence of three plates, Indo-Australia, 
Eurasia, and the Pacific, makes the region the third largest 
volcanic area in the world, reaching up to 30% (Bogie et al., 
2008; Suryadarma et al., 2010). This condition allows a large 
amount of geothermal energy to be stored in Indonesia, which 
is predicted to be 29 GW from 331 geothermal sites. At the same 
time, there are only 1698.5 MW or 9.3% from 11 locations with 
installed power plants (Kandari et al., 2020). In the province of 
Aceh (northernmost of Sumatra), although there are many 
active volcanoes, none of these volcanoes have been developed 
into power plants. It is necessary to conduct several integrated 
studies as an effort to accelerate the development of geothermal 
powerplants, i.e., the Seulawah volcano with an estimated 
energy of 230 MWe (Marwan et al., 2022). The water and 
temperature characteristics of the volcano have been assessed 
using geochemical method (Idroes et al., 2019). Geothermal 
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identities of the mountain were also studied by integrated 
geophysics methods, such as magneto telluric and transient 
electromagnetic (Ismail et al., 2021; Marwan et al., 2019b; 
Marwan et al., 2021), remote sensing imagery of Landsat series 
for monitoring thermal activities from 2010 – 2020 (Zaini et al., 
2021), and the use of UAV sensors for high-resolution thermal 
monitoring (Marwan et al., 2021).  

Moreover, the other active volcanic mountain, the Jaboi 
volcano located at Weh island, has not been studied 
comprehensively with an estimation of 80 Mwe (Yanis et al., 
2022a). The geothermal manifestations, such as crater and hot 
spring have been developed into tourist site to accelerate the 
community's economy development (Borović and Marković, 
2015; Marwan et al., 2020). Besides the geothermal energy of 
Geuredong volcano in the center of Aceh (Yanis et al., 2022b), 
and the Peut Sagoe volcano in the Pidie district have never been 
explored using geochemical and geophysical methods, so the 
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energy capacity of the volcano cannot be predicted (Yanis et al., 
2020b; Zaini et al., 2022). This is because the volcanoes situate 
a high topography, so instrument mobility is very challenging. 
Figure 1 shows the topography of the Peut Sagoe volcano 
visualized from the Shuttle Radar Topography Mission (30 m for 
1 pixel). The volcano has four peaks on the north-east side of 
the Peut Sagou and a crater 2.830 m above sea level, indicating 
volcanic activity in the subsurface. The common obstacles to 
volcanic exploration in Indonesia are generally the locations of 
the volcanoes in high terrain situations and the surrounding 
tropical forests compared to other regions (Bogie et al., 2008; 
Mansoer and Idral, 2015). 

Geophysics and geochemistry methods are successfully 
applied to geothermal areas, but the methods require significant 
financial support and are time-consuming (Chan et al., 2018; 
Mohan et al., 2018). Various exploration methods need to be 
developed to increase geothermal energy utilization. Remote 
sensing is an emerging method that can be applied to examine 
volcanic activities. The remotely  sensed data are available for 
long periods and can be accessed freely (Chan et al., 2018; Yanis 
and Marwan, 2019), such as the geothermal potential analysis 
of the southwestern area of Saudi Arabia (Lashin and Al Arifi, 
2014), Eastern Macedonia (Gemitzi et al., 2021), and several 
geothermal fields in Italy (Silvestri et al., 2020a). In addition, the 
use of remote sensing data was not only for the analysis of 
volcanic potential, but it also allows for the calculation of the 
energy produced, as well as the estimation of the level of energy 
loss every year, which is helpful for economic analyses in the 
development of geothermal power plants (Mia et al., 2013; 
Sekertekin and Arslan, 2019). This technique was also 
successfully applied to the Hatchobaru–Otake geothermal area 
in Japan (Mia et al., 2019), Tuzla geothermal area in Turkey 

using ASTER data during the day and Landsat 8 data at night 
(Sekertekin and Arslan, 2019), and several volcanoes in 
Indonesia (Bogie et al., 2008; Morifuji et al., 2021). 

Thermal infrared (TIR) sensors from the Landsat series 
are the primary data source in calculating various remote 
sensing parameters for geothermal studies (Darge et al., 2019; 
Van der Meer et al., 2014), such as ground surface temperature 
analysis, which is useful for detecting shallow thermal anomalies 
and which serves as an indicator of thermal information related 
to faults or volcanic complexes. In this study, we use a 
combination of Landsat 8 and meteorological data for the 
continuous monitoring of the thermal activities of the Peut 
Sagoe volcano, which can help determine the changes in 
thermal behavior in the hydrothermal system and the most 
active thermal areas for future development scenarios and in 
predicting future possible eruptive events (Mia et al., 2013; 
Sekertekin and Arslan, 2019). In addition, Landsat series data 
can be used to compute the amount of energy produced 
through the radiative heat flux technique and the amount of 
energy lost through radiative heat loss (Chan et al., 2018; 
Watson et al., 2008). 
 
2. Geological Setting of Peut Sagoe Volcano 

The formation setting or rock distribution of geological 
structures on Sumatran Island, Indonesia is strongly influenced 
by tectonic activities from the Eurasia and Indo-Australia Plates 
(Bradley et al., 2017; Sieh and Natawidjaja, 2000). In addition, 
on the mainland, there is a fault called the Great Sumatran Fault 
(GSF), which has a length of 1500 km from Lampung Indonesia 
to the Andaman Sea, India (Ghosal et al., 2012; Natawidjaja and 
Triyoso, 2007; Yanis et al., 2021a).

 
 

 
Fig. 1. The digital elevation model (DEM) showed the topography of the volcano at an altitude of 2.5 km. The black line is the boundary of 
rock formations based on geological data (Bennet et al., 1996). 
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The Sumatran fault is divided into 20 segments, which has 
caused earthquakes of different magnitudes (Mosher et al., 
2008). However, in the northern part of Aceh the fault is divided 
into two parts: the Aceh segment extends to Aceh Island and 
has not shown significant earthquake activity (Muksin et al., 
2018; Yanis et al., 2020a), and the Seulimum segment extends 
to Weh Island with a lot of earthquake activity and is a 
productive economic area (Rizal et al., 2019; Yanis et al., 2021b, 
2020a). These two segments play a key role in the creation of 
various volcanoes in Aceh (Hochstein and Sudarman, 2008; 
Marwan et al., 2019b), including the Peut Sagoe volcano (Zaini 
et al., 2022).  

Based on a geological map provided by (Bennet et al., 
1996), the Peut Sagoe volcano is 15 km from the intersection of 
the two GSF segments in a northwest-southeast direction, with 
the Samalanga-Sipopok fault crossing from southwest–
northeast on the northeast side of the mountain, which caused 
the 2016 Pidie Jaya earthquake which has significantly 
damaged infrastructure (Marwan et al., 2019a). 
Morphologically, this volcano comprises numerous rocks, 
including Pleistocene andesite and basaltic, and Meucampli and 
Uneun formations in the form of quartzite and sandstone rocks 
dating from the Pleistocene to the Lower Miocene epochs, as 
seen in Fig.1. According to an unpublished document record 
from the Geological Agency, the Peut Sagoe volcano erupted 
multiple times, including in 1919, 1920, 1979, 1998, and most 
recently in 2000, when ash rain fell. However, because the 
volcano is in an area that is difficult to access, there are very 
limited local geological studies published 

3. Data and Methodology 

3.1 History of the Landsat Series 

The USGS launched the Landsat civil satellite program in 1965, 
while the Landsat 1 was launched on July 23, 1972. After 
Landsat 5 stopped operating in November 2011, Landsat 6 
failed to orbit (Aufaristama et al., 2018). The Landsat satellites 
that still provide services are Landsat 7 and Landsat 8. The OLI 
and TIRS sensors are used by Landsat 8, and ETM+ sensors are 
found on Landsat 7 (Chan et al., 2018; Yanis et al., 2020b). 
Landsat 7 is an eight-band satellite launched on April 15, 1999, 
using the ETM+ sensor concept. This satellite was designed to 
operate for up to 5 years with a 16-day repeat acquisition. The 
main operational principle of Landsat 7 was to collect or 
acquire, archive, process, and distribute scientific data 
consistently (USGS, 2015). Since May 2003, a problem in the 
scan line correction on Landsat 7 has caused irreparable 
damage. However, it has been established that the radiometric 
and geometric sensors are unaffected (Williams et al., 2006). 
After February 25, 2010, one of Landsat 7's eight bands is a 
single-band thermal band with a resolution of 30 m instead of 
60 m (Qin et al., 2011). 

Using the TIRS sensor, the Landsat series has been used 
for geothermal energy applications for the past 50 years (Chan 
et al., 2018). Many studies on geothermal exploration have 
demonstrated this application, including the use of Landsat 7 
and Landsat 8 to identify or map potential geothermal areas by 
calculating the value of geothermal anomalies in the form of 
surface temperature (Mia et al., 2014; Muñoz, 2014; Qin et al., 
2011), using a combination to map lineament zones in 
geothermal areas (Mwaniki et al., 2015), and using different 
bands to map geothermal manifestations in a potentially 
geothermal aquifer (Yanis et al., 2020b). Furthermore, with 
radiative heat flux (RHF) and radiative heat loss (RHL), Landsat 
7 and Landsat 8 can be utilized to calculate the amount of 
energy lost from a geothermal area (Mia et al., 2013; Sekertekin 

and Arslan, 2019). In this study, we used Landsat 8 thermal 
infrared data from 2013 to 2020 to estimate the amount of 
energy using the RHF technique and energy lost annually 
through the heat discharge rate (HDR). 

3.2 Data Processing for the Landsat Series 

Radiometric is the primary correction required for preparing 
satellite data. This correction is necessary to repair inaccuracies 
caused by the satellite's movement during orbit (Qin et al., 
2011), compensate for the blurring impact of the atmosphere, 
and convert digital number data to spectral light. However, 
there are no standards for preprocessing satellite image data, 
needing additional attention from satellite image data 
processors to provide more precise findings (Campbell, 2011). 
In addition, the normalized difference vegetation index (NDVI) 
is calculated as a parameter that provides an overview of the 
land cover/vegetation density of a region's surface of the Earth. 
Multichannel images generally reveal additional aspects of 
vegetation density or other density-related characteristics, such 
as biomass (Weng et al., 2004). The NDVI value is generated by 
comparing the brightness of the red-light band with the 
brightness of the near-infrared light band as a greenish 
vegetation value. Mathematically, the NDVI is calculated using 
eq. (1).  

NDVI =  
(NIR−RED)

(NIR+RED)
,              (1) 

NDVI is the normalized difference vegetation index, and NIR 
and RED are bands 5 and 4, respectively. It is also possible to 
assess a region's fractional size by computing the value of a 
region's land cover vegetation fraction, which is also known as 
proportional vegetation (PV). Equation 2 shows that the 
vegetation fraction can be any value between 0 and 1. 

PV =  (
NDVI− NDVIs

NDVIv−NDVIs
)

2
,    (2) 

The NDVIs is the NDVI values in soil areas, NDVIv is the NDVI 
values in densely vegetated regions, and PV is the 
vegetation/land cover fraction. The emissivity value is 
calculated using the PV value obtained from eq. (2), which is 
defined as a surface's ability to transform heat energy into 
radiant energy. Emissivity is a crucial characteristic in 
determining the value of land surface temperature, computed 
mathematically using eq. (3). 

ε = m × PV + n,                     (3) 

where m and n are variables determined separately on the 
emissivity of soil and vegetation with values of 0.004 and 0.986 
(Weng et al., 2004). Furthermore, the brightness temperature 
data, a measure of microwave radiation emission into the 
Earth's atmosphere, are calculated, collected, and analyzed. 
According to the below equation for calculating brightness 
temperature, variations in spectral emission can be expressed 
in Kelvin units, and therefore, the temperature value is 
computed using eq. (4). 

BT =  (
K2

(
K1
L⋋

 +1)
) − 273,    (4) 

The BT is a temperature sensor, K1 and K2 are the thermal 
conversions constant bands–x, and L⋋ is the spectral radian 
band–x (watt/(m2*srad*μm). In addition, the value of land 
surface temperature (LST) will be determined, which is the 
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temperature of an object's outermost section that is influenced 
by the object's physical qualities, such as emissivity, thermal 
conductivity, and specific heat capacity (Romaguera et al., 
2018). The radiation temperature coming from infrared 
radiation is referred to as LST, defined as the average surface 
temperature of a surface displayed in pixels calculated using eq. 
(5). 

LST =
BT

1 + (
⋋ ×BT

P
) ln(ε)

,    (5) 

where LST denotes land surface temperature in Kelvin, PV is 
the percentage of vegetation, and ⋋ denotes the wavelength in 
band 10, which is 11.5 m as the TIRS band's effective 

wavelength. The outcome of calculating h × 
c

s
, which is 14380 

μmk, is P. The investigation of the LST anomalies is an 
important factor in determining whether a geothermal area has 
the potential to be developed. As a result, many LST studies 
have been conducted around the world, such as the one 
conducted by (Qin et al., 2011) in Tengchong, China, using 
Landsat ETM+. 

3.3 Radiative Heat Flux (RHF) 

Geothermal systems are defined by detecting geothermal 
anomalies determined by the presence of a high-temperature 
gradient. The RHF represents the radiant heat flux as an energy 
loss event in a geothermal area in three ways: radiation, 
conduction, and convection. The estimation of heat loss is 
usually conducted using geochemical methods (Ramírez-
González et al., 2019). The parameter variables used in the RHF 
equation include the atmospheric transmissivity value obtained 
based on the results of the calculations using the NASA 
calculator on https://atmcorr.gsfc.nasa.gov/. The surface 
temperature value (LST) of the volcanic area, and the ambient 
temperature value obtained from Indonesian Agency for 
Meteorology (BMKG), which is shown in Table 1.  

By subtracting the temperature of the geothermal area from 
the temperature of the area with the same topography, the RHF 
computation can be based on the Stefan–Boltzmann law, which 
is mathematically written as follows (Mia et al., 2013). 

Qr  =  τ σ ε (Ts
4  −  Ta

4),   (6) 

where τ is atmospheric transmissivity, σ is the Stefan–
Boltzmann constant (5.6704 × 10−8 Wn−2 K−4), ε is emissivity, Ts 
is the value of the land surface temperature, and Ta is the 
background temperature in the form of ambient temperature. 
The RHF value that has been obtained is then used to determine 
the amount of energy from a geothermal system that requires 
the value of energy loss, and the amount of energy lost in a 
geothermal area is calculated by adding the pixel values with 
positive RHF values and multiplying by the pixel area. For 
example, the pixel area for Landsat 8 (A = 30 × 30 m) can be 
computed using the equation below. 

RHL =  (∑ RHF+) × A,     (7) 

where RHF+ is the number of positive RHF values in the area 
used, and A is the pixel area used for Landsat data collection 
(Mia et al., 2019). To estimate heat loss that is not affected by 
the sun's rays, it is necessary to calculate the total heat loss. The 
HDR calculation is performed using eq. (8). 

HDR =  ((∑ RHFpixel+)  × A)  × C,                   (8) 

Table 1 
Parameters in the calculation of RHF 

Parameter 
Year 

2013 2015 2017 2020 

Relative humidity 
(RH) 

83.6 84.7 86.2 84.3 

Atmospheric 
transmissivity  

1 0.9 1 0.89 

Ts (LST) 35.24 30.45 38.96 33.16 
Ta (ambient 
temperature) 

26.5 25.59 26.3 26.5 

where HDR is the total heat energy loss without the influence of 
the sun (MW), RHFpixel is the positive RHF pixel of a picture, A 
is the area of each pixel (m2), and C is the coefficient between 
HDR and RHL (C = 6.49 or 15%). 

4. Results and Discussion 

4.1 Vegetation of the Volcano 

 The bands 5 (NIR) and 4 (RED) were utilized to calculate the 
NDVI value. According to the research area, these two bands 
undergo a data cutting step and data preprocessing, which is 
divided into two stages: the DN (Digital Number) to TOA 
reflectance calibration stage and the sun elevation calibration 
stage. The parameters utilized in the computations were 
derived from the Landsat data metafile for each year; the 
calibration results for both bands are depicted in Fig. 2, which 
shows a more accurate image. This is directly tied to the growth 
in the value of each pixel and the quality of the NDVI and LST 
values. 

Before calculating the NDVI data, we first performed a 
topographical analysis using DEM, as shown in Fig. 1. This 
volcano has four peaks, three of which are aligned north-south 
at an altitude of 2780 m, and a peak on the northeast side is 
characterized by barren land as a sign of ancient eruptions. 
Signs of geothermal presence can also be seen from active 
craters in volcanic areas, so the area will be dominated by low 
vegetation. Shortwave infrared data combined with bands 7, 6, 
and 4 show the same thing. The entire volcanic area is 
dominated by high vegetation, but there is a significant 
vegetation contrast in the crater area, as shown in Fig. 3a. 
Furthermore, NDVI calculations were carried out using 
reflectance spectral data from the NIR and RED spectra to 
provide a fast estimate of the presence of vegetation (Marwan 
et al., 2021; Sekertekin and Arslan, 2019).  

The NDVI calculations were conducted by utilizing band 
5 and band 4, calibrated into the reflectance spectral data. The 
NDVI value varies from −1 to 1, and unvegetated land has a 
value of −1 < NDVI < −0.03. Land having a negative NDVI 
value is designated as water land or wetlands (Weng et al., 
2004), land with an NDVI value of −0.03 < NDVI < 0.15 is 
classified as land with a very low level of vegetation, and land 
with a value of 0.15 < NDVI < 0.25 is classified as land with a 
low vegetation level, land with a value of 0.25 < NDVI < 0.35 is 
classified as land with a moderate level of vegetation, and land 
with a value of 0.35 < NDVI < 1 is classified as land with a high 
level of vegetation. Regarding (Mia et al., 2014) classified the 
range of NDVI values for healthy vegetation as a range of > 0.5, 
so we plot the value > 0.5 as a vegetated area. Briefly, we only 
present the NDVI values for the Peut Sagoe volcano in 2013 as 
shown in Fig. 3b. In 2013, the lowest NDVI value was –0.29, and 
the highest value was 0.85.  

https://atmcorr.gsfc.nasa.gov/
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Fig. 2. (a) Landsat band 4 images before correction, (b) band 4 after atmospheric calibration of the reflection stage, and (c) band 4 
after atmospheric calibration of sun elevation. 

 
A dark green scale of 0.7 to 0.8, which dominates most of the 
Peut Sagoe volcanic area this year, indicates the level of high 
and healthy vegetation. Meanwhile, other volcano areas, such 
as the crater section of the vegetation level on the Peut Sagoe 
volcano, have low values with a red scale in the −0.2–0.2 range. 
A scale indicates the existence of unoccupied land, water, or 
wetlands within this range. The Kemiki crater and lake are seen 
in the research area. Furthermore, the presence of clouds in the 
image may be seen in the low vegetation level with a red scale 
in the southern part. The altered land is identified as mixed land, 
consisting of barren land and low vegetation, using a yellow 
color scale with 0.2–0.4. Then, there is a terrain with moderate 
to high vegetation levels with a color scale of 0.5 to 0.7 on a 
bright green scale. Moreover, the vegetation fraction or the 
vegetation canopy of a region is determined as the value of the 
proportion of vegetation (PV) that has a close link with NDVI, 
particularly as a derivative, where this PV parameter is required 
for calculating the NDVI value that accounts for the effects of 

changes in vegetation in the measurement region (Chan et al., 
2018), as shown in Fig. 3c. 

An area with PV = 0 indicates the presence of barren land, 
whereas an area with PV = 1 implies a canopy with high 
vegetation. As shown in Fig. 3d, the range of PV values in 2013 
was 0 to 1. The crater region is denoted by a red scale with a PV 
value between 0 and 0.3, indicating that this area consists of 
barren land. In addition, the clouds in the image are denoted by 
this scale. Therefore, it is important to consider the existence of 
clouds when assessing the PV value in the image. To find objects 
that can be identified as having low PV values, such as Lake 
Kemiki, it is also necessary to refer to the geological and 
geomorphological conditions of the research area. Furthermore, 
the scale is orange, and a small portion is yellow, suggesting the 
presence of an alteration zone with PV values ranging from 0.3 
to 0.6 and from 0.6 to 0.7, respectively. The color scales that 
dominate the Peut Sagoe volcano area characterized by 
moderate to high PV levels are bright green and dark green, with 
PV values of 0.7–0.8 and 0.8–1, respectively.

 
Fig. 3. (a) A shortwave infrared composite band from bands 7, 6, and 4 that can map the vegetation area, (b) the NDVI value for 2013 
that shows the vegetation level, and (c) the propagation vegetation value required as a parameter for calculating temperature.  
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4.2 Temperature Analysis 

In general, geothermal systems form because of heat transfer 
from nearby sources via conduction and convection. 
Reservoirs with high permeability can provide a site for fluid to 
concentrate below the surface, and this activity can be tracked 
through temperature changes above the surface. To compute 
the Peut Sagoe volcano's temperature, it is important to 
determine the ground surface's emissivity, a proportionate 
factor in detecting black body emission and predicting light 
emission. Furthermore, LSE aids in reducing errors while 
estimating LST values (Sekertekin and Arslan, 2019). To 
calculate the emissivity value, proportional vegetation data 
derived from the previous NDVI are utilized (Sobrino et al., 
2008). In addition, the LST value can be calculated using 
thermal infrared data, which offers speed and reliability in 
estimating the surface temperature's physical parameters and 
are faster and more cost-effective (Silvestri et al., 2020b). In this 
study, one of the TIRS bands, band 10, was utilized to calculate 
the LST value.  

The selection of band 10 as part of the TIRS band was 
because the TIRS band is typically used to calculate thermal 
anomalies, which are not solar reflections but rather solar 
radiation. LST as a geothermal anomaly is also one of the 
determinants of geothermal potential as geothermal on the 
surface is typically associated with heat sources below the 
surface and is the principal controller of the Earth's effective 
radiation temperature. According to (Qin et al., 2011), the 
Earth's ground surface temperature is influenced by external 
variables such as solar radiation and the Earth's interior. The 
latter is the most important element in raising the temperature 
on a local scale. Solar radiation, landforms, and the presence of 
earthquakes are some of the more specific factors. 
Nevertheless, the LST data are influenced by physical qualities 
like emissivity. Because they are united in total emission, 

emissivity is an essential component of LST. As a result, the 
emissivity value becomes a critical element for determining the 
accuracy of LST readings in LST computations (Sekertekin and 
Arslan, 2019). 

According to (Qin et al., 2011), this algorithm requires 
fewer parameters than other algorithms such as mono-window. 
These parameters represent the estimated LSE and brightness 
temperature parameters. Specifically, Fig. 4 depicts the 
emissivity and surface temperature data. The emissivity value 
obtained in 2013 ranged from 0.8 to 0.99, where the minimum 
value denotes barren land, no vegetation, or water area. This 
scale is shown in a light purple to indicate the existence of the 
Peut Sagoe volcano crater and waters in the form of Lake 
Kemiki. This scale characterizes cloud areas acquired by 
satellites in the computation of emissivity. At the same time, 
land with high and healthy vegetation levels is designated with 
a value of 0.99, which dominates the research area. Then, there 
is a land with moderate vegetation in the eastern section. 

Data from the LST calculation in this study have been 
cleared by reclassifying the data value in the QA band and 
setting the cloud data value to zero. The surface temperature 
of Peut Sagoe was measured and found to range from 10.64°C 
to 35.24°C. The 2013 LST image represents territory with very 
low-temperature values ranging from 0°C to 16°C. This 
anomaly is found on top of the volcano and in other regions, 
such as hilltops in the east. Volcanoes with temperatures 
between 16°C and 18°C are located in the southern and eastern 
parts of the volcano. According to the NDVI data, this location 
has a high level of vegetation, which means that the radiation 
from the surface would be lower. Surface temperatures 
between 18°C and 25°C show that the land is at a moderate 
LST. Meanwhile, high temperatures of 25°C–35°C have been 
recorded in various areas around the crater and in the northern 
and western regions of the Peut Sagoe volcano, which are in 
direct contact with the volcano's thermal activity.    

 
Fig. 4. (a) The emissivity value obtained from the Peut Sagoe volcano, and (b) the temperature distribution calculated from the Landsat 
8 thermal data band. 
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4.3 Monitoring of Geothermal Energy 

Radiative Heat Flux (RHF) is the value of the geothermal 
radiation emitted by the Earth, which can be in the form of heat 
or geothermal flux reflected by the Earth's surface and 
reradiated as the effect of solar radiation (Mia et al., 2013). The 
RHF value is mainly used to measure energy loss in geothermal 
locations. The Stefan–Boltzmann equation is used to compute 
the RHF value, as was conducted by (Mia et al., 2017). In the 

calculation of the RHF value in 2013, the ambient temperature 
was 26.5°C, and the atmospheric transmissivity was 1 . Thus, 
the energy estimate is obtained as shown in Fig. 5. It is known 
that orange represents land with a positive value for each pixel 
to a red scale with an RHF value ranging from 0 to 35 W/m2. 
The area around the crater and a small area to the east of the 
Peut Sagoe volcano identified as altered land is occupied by land 
of this scale.  
 

 

 
Fig. 5. Radiative heat flux values of the Peut Sagoe volcano in 2013 and 2020. The RHF is only calculated in the crater and warm 
ground area because it is not affected by vegetation. 

 

 
Fig.6. The radiative heat loss value of the Peut Sagoe volcano shows the amount of energy obtained in Mwe, (a) in 2013, and (b) in 
2020. 
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The crater zone and small land in the eastern part of the Peut 
Sagoe volcano are then occupied by land with a red color scale 
and a high RHF value spanning from 35 to 54.96 W/m2. The 
area with positive pixel values is in the range of very low NDVI 
values with high LST values if it is related to the NDVI level. 
Other areas in green to yellow correspond to land with a 
negative RHF value per pixel, moderate to high NDVI values, 
and low LST values. The RHF positive pixel value in 2020 is 
depicted by a red to orange gradation color scale with 0–36.93 
W/m2, representing the region of altered land around the Peut 
Sagoe volcano's crater (Fig. 5b). The top part of the crater is 
designated as orange because it has a positive pixel value.  

In addition, no small land with a positive red color scale 
was identified in the eastern part of the year. In reality, between 
2013 and 2017, this land was detected as having a positive RHF 
pixel value. This is conceivable because the vegetation level in 
this portion is higher than that in the crater area. Furthermore, 
because the LST value was lower in 2015 and 2020 than in 2013 
and 2020, it was determined that the heat stored beneath the 
surface of the region could not be radiated because the level of 
vegetation influenced it. Moreover, the  RHL value was chosen 
which is controlled by three heat transfer events: conductive, 
convective, and radiation heat losses (Mia et al., 2017). As 
indicated in Fig. 6, the coverage area per pixel employed in this 
study was adjusted to the Landsat 8 coverage area per pixel, 
which was 30 × 30 m2. 

In 2013, a relatively high radiative heat loss 
(approximately 883.9 MWe) was obtained. The maximum 
radiative heat losses in 2015 and 2020 were calculated to be 430 
and 593 MWe, respectively. The maximum LST value, ambient 
temperature, and RHF value determine the contrast between 
the maximum RHL values for each year in this study. According 
to the research findings, the geothermal area will lose more 
energy during low ambient temperatures, low LST 
temperatures, and high RHF values. Based on the radiative heat 
flux value, it is known that land with high volcanic activity, such 
as crater areas and manifestation land marked by alteration, 
experiences energy loss. The land that endures energy loss is 
shown using a color scale grading yellow to red. The red color 

scale shows a high degree of RHL located in the crater area, 
south of the Peut Sagoe volcano. Meanwhile, the altered ground 
around the crater and the western section identified in 2013 and 
2017 show energy loss, and the high LST temperatures also 
influence the area undergoing energy loss.  

The radiative heat loss calculation results show an 
extremely high energy estimation value ranging from 34 to 921 
Mwe due to external factors such as the sun's effect. As 
illustrated in Fig. 7, the (HDR) is calculated to achieve improved 
radiative, conductive, and convective heat loss values in the 
manifestation area and geothermal sites in general. The relation 
coefficient between radiative heat flux and radiative heat loss is 
15% when computing the HDR value (Mia et al., 2013; Mia et al., 
2017). In 2013, the HDR value in regions suffering from energy 
loss events ranged from 0 to 132.5 MWe, with the crater area 
and a small portion to the west of the Peut Sagoe volcano 
exhibiting extremely high HDR values. In 2015, 2017, and 2020, 
the most significant values for the Peut Sagoe volcano crater 
were 64.5, 186.4, and 89 MWe, respectively. In addition to the 
intriguing crater region, the HDR calculation reveals the area in 
the western section of the Peut Sagoe Volcano. This region is 
reasonably far from the Peut Sagoe volcano's crater. However, 
in 2013 and 2020, a red color scale with high HDR values 
revealed its existence.  

Overall, it can be seen in Fig.8 the change in heat flux 
energy of the Peut Sagoe volcano, where the highest RHF was 
in 2015 (77.2 MWe). The pattern of energy changes in 2013 - 
2020 showed a low value in 2013, then increased in 2017, and 
returned to a low value in 2020, indicating a change in energy 
from subsurface magmatic activity. While the RHL data used to 
estimate energy loss shows a different pattern; namely in 2013 
and 2017 the value of energy loss was very high, while the 
energy loss was low in 2015 and 2020, namely 430.4 and 59.3 
Mwe, respectively. The same pattern is also shown by the HDR 
data used for energy estimation in volcanoes, so the same 
changes are obtained with the RHL value, where the highest 
energy was acquired in 2013 (132 MWe) and 2017 (186.5 MWe), 
so that in the following year due to energy loss then obtained a 
low HDR response as in 2015 and 2020.

 
Fig. 7. Heat discharge rate value of the Peut Sagoe volcano shows the amount of energy obtained yearly in Mwe, namely, (a) 2013 and (b) 2020. 
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Fig. 8. Estimated and predicted yearly energy loss (2013 – 2020) at the Peut Sagoe volcano using radiative heat flux, heat loss, and heat discharge 
rate techniques. (a) The map showing a location of the crater from Landsat 8 true color composite, as well as documentation in the crater area taken 
in November 2020, while (b) a pattern that obtained from the energy analysis of the volcano.  

5. Conclusions 

Generally, the results of the NDVI analysis showed the 
surrounding volcanic area is dominated by dense vegetation. In 
contrast, the locations related to the geothermal manifestations, 
such as craters, hot springs, and warm ground yielded low 
vegetation values that indicates volcanic activities of the 
mountain. Furthermore, as a response to the volcanic activities, 
shortwave infrared data showed a contrast of the crater area with 
its surrounding area. Surface temperature illustrated that high 
LST values were dominated at the crater area in the range of 
25°C–35°C as compared to the surrounding area, which is 
between 16°C and 25°C. The results of calculations using 
radiative heat flux processed using thermal data and parameters 
from the Indonesian Agency for Meteorology, the energy 
estimation in the crater area was 55 W/m2 in 2013 and 37 W/m2 
in 2020. The calculated energy loss for each year using the 
radiative heat loss technique showed a reasonably significant 

energy loss: 883.9 MWe in 2013 and 430 MWe and 593 MWe in 
2015. However, the energy loss was due to an external factor 
(the effect of the sun), so the energy loss values obtained from 
the heat discharge rate were 132.5 MWe in 2013 and 64.5 MWe 
in 2015, which increased to 186.4 MWe in 2017 and 89 MWe in 
2020. The Landsat 8 data analysis revealed a good correlation 
between NDVI and the surface temperature, as well as the 
estimated loss of energy with HDR that had been corrected for 
sun and surface temperature. It can be concluded that the 
thermal infrared data of Landsat 8 can be used to estimate the 
geothermal energy reserves and monitor heat loss from any 
fumarole area effectively.  
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