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Abstract: This study evaluates the use of Indonesian natural zeolite as a sustainable warm-mix 

additive for Thin Layer Asphalt Concrete incorporating Pure Asbuton B-50/30. Unlike most 

Warm Mix Asphalt (WMA) studies that rely on commercial synthetic additives and petroleum 

binders, this study investigates locally sourced clinoptilolite zeolite as a mineral foaming additive 

for Asbuton asphalt mixtures. The optimum asphalt content was determined as 5.95% using the 

Marshall mix design method, while natural zeolite was incorporated at 1.5% of the total mixture 

weight. The addition of natural zeolite enabled the mixture to be produced at 145°C, lower than 

the conventional Asbuton mixing temperature of 165-170°C specified in the 2025 Indonesian 

Highway Specifications. The zeolite modified mixture achieved a Marshall stability of 1,179.56 

kg and a Marshall Quotient of 410.99 kg/mm, indicating adequate structural performance under 

reduced temperature production. The improved workability is attributed to the release of 

crystalline water from the zeolite framework, which generates a temporary foaming effect that 

lowers binder viscosity and enhances aggregate coating. A production stage emission assessment 

showed that the normalized CO₂ reduction was approximately 4.88 kg CO₂ per ton of asphalt 

mixture. Under a theoretical national scale overlay scenario, this corresponds to an upper bound 

reduction potential of approximately 2.04 billion kg CO₂ compared with conventional hot mix 

asphalt production. These findings demonstrate that regional natural zeolite can serve as a 

technically feasible and environmentally beneficial alternative to commercial synthetic WMA 

additives for Asbuton pavement applications. 

Keywords: CO₂ emissions; natural zeolite; pure asbuton B-50/30; thin layer asphalt concrete; 

warm mix asphalt 

1. Introduction 

Buton Rock Asphalt (Asbuton) is a natural rock asphalt 

originating from Buton Island in Southeast Sulawesi, with 

deposits spread across various locations throughout the 

island. The total deposits of Asbuton on Buton Island, 

Indonesia, are estimated at around 677 million tons1-3). 

However, the asphalt in Asbuton has a low penetration rate, 

indicating that the asphalt is hard and cannot be used 

directly as a binder in asphalt mixtures4). For its use, a 

softener (modifier) is required. In addition, the asphalt 

content in Asbuton is strongly bound to its mineral 

components, making the separation process challenging 

and thus reducing its demand3,5). One method to separate 

pure bitumen from Asbuton minerals is through an 

extraction process using organic solvents6,7).  

Besides extraction, Asbuton separation can also be 

achieved through a semi-extraction process. This involves 

isolating the bitumen from Asbuton minerals and then 

reducing some of the mineral content, leaving fewer 

minerals in the Asbuton compared to its original state7,8). 

Despite this, both Pure Asphalt from Granular Asbuton 

Extraction B-50/30 and semi extracted Asbuton have some 

limitations when compared to oil based asphalt. One 
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significant limitation is the higher mixing and compaction 

temperatures required for Asbuton mixtures, as reported in 

previous studies2,3). This issue is particularly evident in the 

heating temperatures needed for combining aggregate and 

asphalt in the Asphalt Mixing Plant (AMP). According to 

the 2025 Highways Specifications, Asbuton and semi 

extracted Asbuton mixtures require a heating range of 

170°C-176°C or even higher whereas oil based asphalt 

mixtures can be processed at lower temperatures, typically 

between 155°C and 162°C9-11). 

Several research studies have developed Warm Mix 

Asphalt (WMA) technology with additives capable of 

lowering mixing and compaction temperatures without 

sacrificing mix performance11,12). Commercial additives 

such as Aspha-Min®, Asphaltan B®, Sasobit®, Advera®, 

WAM Foam®, and Evotherm® have been widely reported 

to be able to improve mix workability at lower production 

temperatures13-15). Among these additives, synthetic 

zeolites, especially sodium aluminosilicate, are widely 

used because of their ability to store around 18-21% of 

crystallization water that can be released during heating, 

thus producing a foaming effect that reduces asphalt binder 

viscosity and simplifies the mixing process16,17). Liu et al. 

reported that the addition of synthetic zeolites to warm 

asphalt mixes can reduce viscosity and improve 

mixability18). However, most WMA studies are still 

dominated by commercial petroleum-based asphalt 

binders and synthetic additives, including synthetic 

zeolites, which have cost economic limitations due to 

relatively high production and procurement costs. 

Natural zeolite is a potential alternative because it has a 

porous aluminosilicate structure that can accommodate 

cations such as Na⁺ and Ca²⁺ as well as water molecules 

within its framework19). In addition to acting as a filler, 

natural zeolite can also act as a WMA additive by releasing 

water during heating, thereby helping to form a foaming 

effect, and reducing production temperature 

requirements20,21). The use of zeolite can improve energy 

efficiency by reducing heat requirements during mixing, 

which is consistent with current sustainability-oriented 

research on environmentally friendly transportation 

infrastructure22-24). Several studies have shown that Bayat 

natural zeolite is able to reduce mixing and compaction 

temperatures to around 30 °C21,23). Zou et al. reported that 

natural zeolite can improve the workability of the mixture 

and enable production processes at lower temperatures due 

to the release of physically bound water during heating13). 

Liu et al. also showed that zeolite modified asphalt 

mixtures are still able to maintain Marshall stability at 

lower mixing temperatures25). From an environmental 

aspect, the reduction in production temperature has been 

associated with a reduction in fuel consumption and CO₂ 

emissions during the asphalt production process. 

Although the effectiveness of zeolite in WMA systems has 

been widely reported, most previous studies have focused 

on petroleum asphalt binders and commercial or synthetic 

additives18). Studies integrating locally sourced natural 

zeolite with Pure Asbuton B-50/30 in warm mix asphalt 

systems remain limited26,27). Moreover, the relationship 

between Marshall mixture performance, reduced 

production temperature, fuel consumption, and production 

stage CO₂ emission reduction has not been sufficiently 

explained in an integrated framework for Asbuton 

mixtures. 

This study aims to evaluate Indonesian clinoptilolite 

natural zeolite as a mineral foaming additive for Warm 

Mix Asphalt incorporating Pure Asbuton B-50/30. The 

evaluation includes the characterization of volumetric and 

mechanical mixture performance using Marshall 

parameters, assessment of the potential reduction in 

mixing and compaction temperature, and estimation of 

production stage fuel consumption and CO₂ emissions. 

The novelty of this study lies in integrating Indonesian 

Pure Asbuton B-50/30 with locally sourced natural 

clinoptilolite zeolite and linking laboratory scale Marshall 

performance with a production stage CO₂ emission 

assessment for a national scale pavement maintenance 

scenario. 

This study contributes to the Green Asia Strategy by 

promoting the use of regional natural asphalt and locally 

available zeolite minerals in a lower temperature asphalt 

production system. The proposed approach supports 

material localization, reduces dependence on commercial 

synthetic WMA additives, and provides a practical 

pathway for production stage CO₂ mitigation in pavement 

maintenance. 

2. Material And Methods 

2.1. Materials 

The materials used in this study consisted of Pure Asbuton 

B-50/30, natural clinoptilolite zeolite, and crushed 

aggregates. Pure Asbuton B-50/30 was obtained from a 

local supplier, PT Cipta Wahana Persada, Surabaya, 

Indonesia. Natural clinoptilolite zeolite was supplied by 

PT Ecopal, West Java, Indonesia. Crushed aggregates were 

obtained from PT Bumindo Sakti, Mojokerto, Indonesia. 

The selection of these materials was intended to support 

the use of locally available pavement resources for lower 

temperature asphalt production. 

2.2. Sample Preparation 

Pure Asbuton B-50/30 was obtained from the extraction 

results according to the results of previous research28). 

Zeolite is dried in an oven at 105°C for 24 hours before use 

and sieved until it passes sieve No. 200 (0.075 mm)29). The 

coarse and fine aggregate fractions used are crushed stone, 

for the coarse fraction retained by sieve No. 4 (4.76 mm) 

with a maximum size: (9.50 mm). While the fine fraction 

passes sieve No. 4. Filler (Filler Material): Material that 
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passes sieve No. 200 (0.075 mm). 

2.3. Characterization 

Evaluation of the physical properties of Pure Asbuton B-

50/30 was carried out based on ASTM and SNI standards, 

including penetration (ASTM D5/SNI 2441) which 

represents the level of hardness, kinematic viscosity 

(ASTM D2170/SNI 06-6441) which is used as a reference 

for mixing and compaction temperature, softening point 

(ASTM D36/SNI 2434) which indicates thermal 

sensitivity, ductility (ASTM D113/SNI 2432) which 

describes the ability to elongate before breaking, solubility 

(ASTM D2042/SNI 06-2440) which reflects the purity of 

the binder, and specific gravity (ASTM D70/SNI 2442) 

which indicates the density of bitumen. Zeolite was 

characterized using X-ray diffraction (XRD) to identify 

their chemical structure. XRD analysis was conducted to 

identify the crystalline phases of natural zeolite. XRF 

analysis was performed using a Malvern Panalytical X-ray 

fluorescence spectrometer to determine the elemental and 

oxide composition30). 

2.4. Mix Design and Preparation 

Figure 1 presents a schematic of the experimental 

workflow that summarizes the stages of material 

preparation, mix design, specimen preparation, and 

Marshall testing. The asphalt mix design was developed 

based on the 2025 Highway Specifications with reference 

to the Marshall procedure according to SNI 06-2489 and 

ASTM D1559. The mix consists of coarse aggregate, fine 

aggregate, filler, Pure Asbuton B-50/30 as a binder, and 

natural zeolite as an additive31-33).  

The asphalt content range was determined by estimating 

the middle asphalt content based on aggregate gradation 

and binder absorption requirements, then rounded to the 

nearest 0.5% interval. Based on these calculations, the 

middle asphalt content or PB was obtained at 5.7%. At a 

total mixture weight of 1200 g, Marshall specimens were 

prepared at five variations of asphalt content, namely 4.7%, 

5.2%, 5.7%, 6.2%, and 6.7%. Each variation of asphalt 

content was made in three replicate specimens to obtain 

representative volumetric and mechanical data31,32). The 

optimum asphalt content is determined through an analysis 

of the relationship between asphalt content and Marshall 

parameters, including density, stability, flow, voids in the 

mixture or VIM, voids in mineral aggregates or VMA, 

voids filled with asphalt or VFA, and Marshall Quotient or 

MQ33). Based on this evaluation, the optimum asphalt 

content was obtained at 5.95%. 

2.5. Warm-Mix Procedure with Natural Zeolite  

Natural zeolite is first mixed dry with hot aggregate for 10-

12 minutes until it reaches a temperature of 130°C. The 

natural zeolite used is 18 grams or 1.5% of the total 

mixture weight of 1200 grams for each mixture variation. 

For example, at a medium asphalt content of 5.7%, 68.4 

grams of asphalt, 1131.6 grams of aggregate, and 18 grams 

of natural zeolite are used. The amount of zeolite is in 

accordance with the recommendations for use in Warm 

Mix Asphalt (WMA) mixtures based on SNI 1737:2011 

and other WMA guidelines. After that, Pure Asbuton B-

50/30 is added, and all ingredients are stirred for 10 

minutes. The mixing and compaction process is carried out 

at a temperature of 135-145°C, which is lower than the 

conventional mixing temperature of Pure Asbuton B-50/30, 

which is around 165-170°C according to the 2025 

Highway Specifications. 

2.6. Performance Evaluation 

The determination of the optimum asphalt content was 

carried out using 15 Marshall specimens, covering five 

variations of asphalt content with three replications for 

each variation. Based on these results, the optimum asphalt 

content was set at 5.95%, then used in the preparation of 

three additional specimens with variations of natural 

zeolite of 0%, 1%, and 1.5% of the total mixture weight. 

The mixture evaluation included density or Gmb, stability, 

flow, VIM, VMA, VFA, and Marshall Quotient or MQ, 

which was carried out referring to SNI 2489:2018, ASTM 

D6927, and related ASTM/SNI standards31,32). These 

parameters represent the volumetric and mechanical 

characteristics of the mixture, while the analytical 

discussion is presented separately in Section 4. 

2.7. CO₂ Emission Assessment 

The energy assessment was conducted using a quantitative 

approach to compare diesel consumption and CO₂ 

emissions between conventional asphalt production and 

warm mix based on Pure Asbuton B-50/30 with natural 

zeolite34,35). Primary production data, including fuel 

consumption, mixing temperature, and production 

capacity, were obtained from PT. Bumi Karya Utama, 

while data on the efficiency of temperature reduction by 

natural zeolite was obtained from PT. Ecopal. The asphalt 

requirement estimation was calculated based on secondary 

data on the area of national, provincial, and district roads 

in 2023, considering road dimensions and layer thickness. 

CO₂ emissions were calculated using a diesel emission 

factor of 2.6 kg CO₂/L36,37), with fuel consumption of 10 

L/ton for the conventional mix and 8.125 L/ton for the 

warm mix of Pure Asbuton B-50/30 and zeolite. The 

analysis system boundary was limited to the production 

stage, excluding transportation and field applications, so 

the results represent a comparison of energy requirements 

and emission reduction potential from the application of 

warm mix technology of Asbuton and zeolite. Therefore, 

the results should not be interpreted as a full life-cycle 

assessment, but rather as a production-stage comparative 

emission estimate.  
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Fig. 1: Schematic Diagram of the Warm Mix Asphalt Mixture 

3. Results and Discussion 

3.1. Characterization of Natural Zeolite 

Figure 2 shows the results of XRD analysis of natural 

zeolite clinoptilolite from West Java, Indonesia. Based on 

the difactogram, the main peaks are seen at 2θ values of 

10.16°, 11.5°, 13.06°, 21.98°, 22.68°, 23.74°, 28.36°, and 

30.32°,44,65,66 which is characterization of natural 

zeolite clinoptilolite38). 

The XRF characterization results in Table 1 show that the 

clinoptilolite zeolite used is dominated by SiO₂ at 70.0% 

and Al₂O₃ at 7.7%, which confirms its characteristics as a 

silica-rich aluminosilicate zeolite with good thermal 

stability. The content of alkali and alkaline earth oxides, 

especially K₂O (7.77%) and CaO (6.76%), acts as a 

balancing cation in the zeolite framework and contributes  

 

Fig. 2: XRD analysis of natural zeolite 

to the ability to release crystalline water upon heating. In 

addition, the presence of Fe₂O₃ at 5.57% indicates the 

presence of a minor phase common in Indonesian natural 

zeolites. This release of bound water from the zeolite 

structure produces a temporary foaming effect on the 

asphalt binder, which reduces viscosity and allows mixing 

and compaction at lower temperatures, thereby reducing 

heating energy requirements and CO₂ emissions during 

warm asphalt production39,40). 

3.2. Binder Performance  

The pertalite-based extraction of Asbuton yielded a 

bitumen fraction whose properties closely match the 

performance criteria expected for pavement materials. Its 

Table 1: XRF analysis of natural zeolite 

Compound Conc (%) Compound Conc (%) 

Al 6.4 Al2O3 7.7 

Si 55 SiO2 70 

P 0.94 P2O5 1.1 

K 13.9 K2O 7.77 

Ca 11.2 CaO 6.76 

Ti 0.64 TiO2 0.43 

V 0.01 V2O5 0 

Mn 0.18 MnO 0.09 

Fe 9.97 Fe2O3 5.57 

Cu 0.22 CuO 0.098 

Zn 0.04 ZnO 0.009 

Rb 0.07 Rb2O 0.026 

Sr 0.869 SrO 0.36 

Zr 0.11 ZrO2 0.052 

Ba 0.3 BaO 0.08 

Re 0.1 Re2O7 0.04 
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penetration value reflects a suitable level of hardness for 

use at elevated temperatures, while the kinematic viscosity 

at 135 °C indicates adequate fluidity to ensure proper 

aggregate coating during mixing. The softening point 

demonstrates strong resistance to deformation, and the 

ductility at 25 °C shows that the material can endure minor 

strains without cracking. In addition, the specific gravity 

above 1.0 confirms a density consistent with conventional 

bitumen, supporting accurate volumetric considerations in 

mixture design. Taken together, these results demonstrate 

that the extracted Pure Bitumen Asbuton B-50/30 satisfies 

the required specifications for road-paving applications. 

The complete test results are presented in Figure 3.  

3.3. Gradation Compliance  

After the preparation and characterization of the materials, 

the optimization of the asphalt mixture composition was 

conducted using the Thin Layer Asphalt Concrete 

gradation specified in the applicable standards. A total 

aggregate mass of 1200 g was blended through an iterative 

trial-and-adjust method until the resulting gradation curve 

aligned with the specified upper and lower Thin Layer 

Asphalt Concrete limits. As illustrated in Figure 4, the 

cumulative passing curve of the designed blend lies 

consistently within the allowable envelope and closely 

follows the ideal gradation line, indicating a well-graded 

aggregate structure capable of providing adequate 

interlock, appropriate void distribution, and good 

workability during mixing and compaction. Following the 

establishment of a compliant aggregate blend, the mixture 

design proceeded with determining the optimal asphalt  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Fig. 3: Test Results of Characteristics of Pure Asbuton B-50/30 Chart, (a) Penetration on 25 °C (0.1 mm), (b) Kinematic Viscosity 

135 °C (cSt), (c) Soft Point °C, (d) Ductility in 25 °C (cm), (e) Specific Gravity 
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Fig. 4: Thin Layer Asphalt Concrete Gradation Analysis Results Graph 

content. An initial Optimum Asphalt Content of 5.7% was 

calculated based on the gradation and volumetric 

requirements, and this value was subsequently verified 

through laboratory testing at five asphalt content levels 

spaced at 0.5% intervals. Evaluation of density, air voids, 

VMA, VFA, and Marshall parameters confirmed the final 

Optimum Asphalt Content as the binder content that 

ensures sufficient aggregate coating, a balanced void 

structure, and an optimal combination of stability and 

durability for the Thin Layer Asphalt Concrete 

mixture23,28,31). 

3.4. Optimum Asphalt Content  

Figure 5 presents the detailed behavior of the mixture 

across different asphalt contents based on the Marshall and 

volumetric parameters. The density curve shows an 

increase toward the optimum asphalt content, indicating 

improved aggregate packing and efficient binder 

distribution, before leveling off at higher binder levels. 

Stability follows a similar trend, rising as the binder begins 

to enhance aggregate interlock, then decreasing once 

excessive asphalt reduces structural resistance. Flow 

values increase steadily with higher asphalt content, 

reflecting greater mixture flexibility but also signaling the 

onset of plastic deformation when the binder becomes 

excessive. 

The volumetric results also align with expected asphalt 

mixture behavior. Voids in the Mix (VIM) decreases as 

more binder fills the internal voids, emphasizing the need 

to maintain the voids within specification to avoid bleeding 

or insufficient durability. Void in Mineral Aggregate 

(VMA) shows a slight upward adjustment at higher asphalt 

contents, ensuring that the aggregate structure retains 

adequate space to hold the binder. Meanwhile, Voids 

Filled with Asphalt (VFA) increases proportionally with 

asphalt content, illustrating the proportion of aggregate 

voids occupied by the binder and identifying the threshold 

at which binder saturation becomes excessive. The 

Marshall Quotient decreases at higher asphalt levels, 

indicating reduced mixture stiffness and greater 

susceptibility to deformation23,31). 

Figure 6 integrates the key Marshall and volumetric 

parameters to refine the determination of the Optimum 

Asphalt Content. The stability, Void in Mineral Aggregate 

(VMA), and flow curves all remain within the permissible 

limits for Thin Layer Asphalt Concrete mixtures across the 

tested binder contents, confirming that the structural and 

deformation related properties of the mix behave 

satisfactorily throughout the range. In contrast, the Voids 

in the Mix (VIM) and Voids Filled with Asphalt (VFA) 

parameters exhibit stricter compliance boundaries, 

meeting specification requirements only between asphalt 

contents of 5.7% and 6.2%. This constraint is critical, as 

VIM ensures adequate air voids for long-term durability, 

while Voids Filled with Asphalt (VFA) controls the 

proportion of aggregate voids filled with binder to prevent 

excessive plasticity or premature bleeding. 

By aligning these performance indicators with the overall 

mixture behavior observed previously such as the peak 

density and stability trends shown in Figure 6 the 

acceptable range for asphalt content is narrowed to 5.7–

6.2%. The midpoint of this range, 5.95%, is adopted as the 

Optimum Asphalt Content, representing the binder level 

that provides the best balance between strength, durability, 

and volumetric stability in the Thin Layer Asphalt 

Concrete mixture. 

With the Optimum Asphalt Content established, the 

mixture design proceeds to the modification stage by 

incorporating Pure Asbuton B-50/30 and natural zeolite. 

The addition of natural zeolite aims to enhance mixture 

performance particularly workability, moisture resistance, 

and reduced mixing temperature thereby improving the 

overall functionality of the asphalt mixture for surface-

layer pavement applications. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

Fig. 5: Marshall Characteristic Test Chart, (a) Density, (b) Stability, (c) Flow, (d) VIM, (e) VMA, (f) VFA, (g) MQ

3.5. Warm Mix Performance  

After determining the optimum asphalt content of 5.95%, 

natural zeolite was incorporated into the mixture using the 

dry addition method. A fixed zeolite dosage of 1.5% by 

total mixture weight, equivalent to 18 g per 1,200 g batch, 

was added directly to the heated aggregate at 

approximately 130°C and mixed for 10-12 min to ensure 

uniform distribution. Pure Asbuton B-50/30 was then  
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Fig. 6: Determination of Optimum Asphalt Content 

added, and the mixture was blended prior to Marshall 

specimen preparation. 

Marshall testing was performed on the zeolite-modified 

mixture containing 5.95% binder and 1.5% natural zeolite 

at a reduced production temperature of 145°C. The mixture 

achieved a Marshall stability of 1,179.56 kg, VIM of 

4.25%, VMA of 17.08%, flow of 2.87 mm, VFA of 

75.09%, and MQ of 410.99 kg/mm. These values indicate 

that the zeolite modified mixture satisfied the Thin Layer 

Asphalt Concrete specification requirements and retained 

adequate structural performance despite the lower 

production temperature. 

The improved workability can be attributed to the release 

of crystalline water from the zeolite framework during 

heating. This release generates a temporary foaming effect 

in the binder, reducing its effective viscosity and 

improving aggregate coating. As a result, Pure Asbuton B-

50/30, which normally requires a production temperature 

of approximately 165-170°C, could be processed at 145°C 

while maintaining satisfactory Marshall and volumetric 

performance. These findings confirm the technical 

feasibility of using natural zeolite as a mineral warm mix 

additive for Asbuton asphalt mixtures23). 

Figure 7 shows the Marshall characteristics of the mixture 

incorporating 1.5% natural zeolite, indicating that the 

mixture falls within the specification range of the33). This 

compliance supports the study's hypothesis that the 

addition of natural zeolite used to reduce the mixing 

temperature in warm-mix asphalt does not compromise the 

mechanical integrity of the mixture. Stability, flow, and 

volumetric parameters (VIM, VMA, VFA) confirmed that 

the addition of zeolite at lower mixing temperatures still 

produced a structurally adequate mixture, indicating that 

the warm-mix approach is technically feasible for Asbuton 

based asphalt.  

3.6. CO₂ Emission Reduction  

In this study, heating energy calculations were performed 

using production fuel requirement data from PT. Bumi 

Karya Utama. The heating energy calculation data is 

explained as follows: 

 Asphalt Production in 1 day = 200 ton 

 Production time in 1 day = 8 hours 

 Fuel production in 1 ton = 10 liter  

 Mixing Temperature in AMP = 155 °C 

And here are other supporting data obtained from PT. 

Ecopal related to the use of natural zeolite can reduce the 

temperature and production time as follows: 

 Warm Asphalt Mixing Temperature = 135 °C 

 Production time in 1 day = 5 hours 

The results of research in the Laboratory related to the use 

of Pure Asbuton B-50/30 production and the addition of 

natural zeolite are as follows: 

 Mixing Temperature for Pure Asbuton B-50/30 = 

165 °C 

 Mixing Temperature for Pure Asbuton B-50/30 + 

Natural Zeolite = 145 °C 

Based on previous research, asphalt production requires 

significant amounts of industrial diesel fuel28). To produce 

1 ton of conventional asphalt, around 10 liters of diesel is 

needed. However, the production of Pure Asbuton B-50/30 

combined with Natural Zeolite requires less diesel, namely 

around 8.125 liters per ton. The use of this combination of 

Asbuton and Natural Zeolite not only reduces diesel 

consumption but also has the potential to reduce gas 

emissions, thereby providing better environmental benefits 

compared to conventional asphalt production. In this 

research, gas emissions resulting from asphalt production 

are calculated with the assumption that 1 liter of industrial 

diesel can produce 2.6 kg of CO2 gas36,37). In general, roads 

are categorized into three types, namely: National Roads 

(Primary Collector 1), Provincial Roads (Primary 

Collector 2 & 3), and Regency/City Roads (Primary 

Collector 4) with each criterion shown in Table 2. 

With a total road length of 550,735 km or the equivalent of 

550,735,000 meters, improvement efforts are still needed, 

both in the form of overlays and routine maintenance, 

depending on the results of road condition surveys. This 

research aims to estimate CO2 gas emissions produced 

during the asphalt production process needed for roads of 

this length in Indonesia. The improvements analyzed in 

this research are assumed to be road maintenance in the 

form of overlays according to the road class. Some related 

data is presented in Table 3, while the calculation of CO2 

gas emission requirements is presented in Table 4. 

The analysis in Tables 3 and 4 shows that overlay repairs 

along 550,735 km of roads require approximately 418 

million tons of asphalt, resulting in CO₂ emissions of 10.8 

billion kg when using conventional asphalt. In contrast, the 

application of Pure Asbuton B-50/30 with 1.5% natural 

zeolite reduces emissions to 8.8 billion kg CO₂, achieving 

a decrease of about 2 billion kg. This environmental 

benefit aligns with the mechanical performance results, 

where mixtures containing 5.95% binder and 1.5% zeolite 

mixed at 145 °C satisfied all Thin Layer Asphalt Concrete 

specifications, including stability, VIM, VMA, and MQ 

requirements. The improved workability at reduced 

temperatures is attributed to the transient foaming effect 

generated by the release of crystalline water from the 

zeolite, which lowers binder viscosity and enables 

effective aggregate coating. Consequently, Pure Asbuton  
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Fig. 7: Marshall Characteristic Test Chart, (a) Water Content, (b) Density, (c) Stability, (d) Flow, (e) VIM, (f) VMA, (g) VFA, (h) MQ 

B-50/30 normally requiring 165 - 170 °C can be processed 

efficiently at 145 °C, demonstrating the synergistic 

advantage of the Asbuton zeolite system. 

Overall, the national scale CO₂ emission reduction 

estimated in this study should be understood as a 

theoretical maximum scenario. The calculation assumes 
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Table 2: Length of Roads by Province and Level of Government Authority in 202341) 

Road Length (Km) 

National Road (Primary Collector 1) 47,817 

Provincial Road (Primary Collector 2 & 3) 55,430 

Regency / City Road (Collector 4) 447,488 

Total Road Length 550,735 

Table 3: Total asphalt mixture production in 2023 

Road Length (m) Wide (m) Overlay Thick (m) Asphalt Specific Gravity 

(Ton/m3) 

Total (In Tons) 

National Road 47,817,000 14 0.07 2.3 107,779,518 

Provincial Road 55,430,000 7 0.06 2.3 53,545,380 

Regency / City Road 447,488,000 5 0.05 2.3 257,305,600 

Grand Total (In Tons) 418,630,498 

Table 4: Total CO2 Gas Emissions 

Production Total (In Tons) 
1 liter of fuel 

(2.6 Kg CO2) 

1 ton production 

(liter) 

Total CO2 Gas 

Emissions 

Conventional Asphalt 418,630,498 2.6 10 10,884,392,948 

Pure Asbuton B-50/30 + 

Natural Zeolite 

418,630,498 2.6 8.125 8,843,569,270 

that the entire Indonesian road network (approximately 

550,735 km) undergoes overlay maintenance in 2023, with 

an overlay thickness ranging from 0.05 to 0.07 m. In 

practical implementation, overlay activities are conducted 

progressively in accordance with annual maintenance 

schedules, budget availability, and pavement condition, 

rather than being applied simultaneously across the whole 

network. Accordingly, the reported CO₂ reduction 

represents an upper bound environmental potential, 

highlighting the maximum benefit achievable through 

large scale adoption of natural zeolite warm mix Asbuton 

technology, rather than an estimate of actual annual 

emission reduction. 

To improve scientific comparability and universal 

applicability, the CO₂ emission reduction can also be 

expressed on a normalized basis per ton of asphalt mixture. 

Based on the assumption that 1 liter of diesel fuel produces 

2.6 kg of CO₂, conventional asphalt mixture production 

generates approximately 26 kg CO₂ per ton of asphalt 

mixture (10 liters of fuel per ton). In contrast, the 

production of Pure Asbuton B-50/30 combined with 

natural zeolite requires only 8.125 liters of fuel per ton, 

corresponding to 21.125 kg CO₂ per ton. Therefore, the 

application of the Asbuton natural zeolite system results in 

an estimated CO₂ emission reduction of about 4.88 kg CO₂ 

per ton of asphalt mixture, demonstrating the 

environmental advantage of the proposed warm mix 

technology. 

4. Conclusion 

This study demonstrates that Indonesian natural 

clinoptilolite zeolite can be used as a mineral-based warm-

mix additive for Thin Layer Asphalt Concrete 

incorporating Pure Asbuton B-50/30. The incorporation of 

1.5% natural zeolite by total mixture weight enabled the 

mixture to be produced at 145°C, approximately 20°C 

lower than the conventional production temperature of 

Pure Asbuton B-50/30. At an optimum asphalt content of 

5.95%, the zeolite-modified mixture satisfied the Marshall 

and volumetric specification requirements, achieving a 

Marshall stability of 1,179.56 kg, VIM of 4.25%, VMA of 

17.08%, flow of 2.87 mm, VFA of 75.09%, and MQ of 

410.99 kg/mm. The improved workability at reduced 

temperature is attributed to the release of crystalline water 

from the zeolite framework, which generates a temporary 

foaming effect and enhances aggregate coating. From an 

environmental perspective, the production stage 

assessment showed that the Asbuton natural zeolite warm 

mix system can reduce CO₂ emissions by approximately 

4.88 kg CO₂ per ton of asphalt mixture compared with 

conventional hot mix production. Under a theoretical 

national scale overlay scenario, this reduction corresponds 

to an upper bound potential of approximately 2.04 billion 

kg CO₂. However, this national scale value should be 

interpreted as a theoretical maximum, not as an actual 

annual emission reduction. Overall, the findings indicate 

that locally sourced natural zeolite can support lower 

temperature Asbuton based asphalt production while 
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maintaining adequate mixture performance and reducing 

production stage CO₂ emissions. This approach supports 

sustainable pavement maintenance through the use of 

regional materials, reduced dependence on commercial 

synthetic WMA additives, and improved environmental 

performance. Because the emission assessment was 

limited to the production stage, future studies should 

extend the analysis to a full life cycle assessment, 

including material transportation, field compaction, 

maintenance, and end of life processes. Future research 

should also investigate microstructural interactions, 

moisture susceptibility, long term field performance, and 

the effects of alternative zeolite dosages and activation 

methods to broaden the applicability of the Asbuton 

natural zeolite warm mix system. 
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