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Abstract. Palm oil is a strategic commodity for Indonesia, accounting for 

approximately 42% of the global supply. The increase in palm oil production 

has led to a growing volume of waste, particularly palm oil boiler ash, which 

contains biogenic silica with potential economic value. This study aims to 

develop a Soft System Methodology (SSM)-based model for optimizing the 

production of biogenic silica powder from palm oil boiler ash as an 

adsorbent to improve food packaging quality. The research applied Soft 

Systems Methodology, supported by Rich Pictures, Input–Process–Output 

(IPO) modeling, and the CATWOE framework. A conceptual model 

integrating biogenic silica characteristics and food safety requirements was 

developed. The results show that SSM effectively describes the complexity 

of biogenic silica utilization systems. Rich Picture illustrates relationships 

among waste sources, production processes, quality testing, risk assessment, 

and environmental impacts. The IPO model clarifies the transformation of 

inputs into value-added adsorbent products. The conceptual food safety 

model includes biogenic silica characteristics (porosity, moisture content, 

and SiO₂ content) and food safety parameters (microbiological, bacterial, 

and shelf-life testing). In conclusion, the proposed model supports 

systematic improvement through process standardization and raw material 

quality control, contributing to sustainable waste utilization and enhanced 

food packaging quality. 

1 Introduction 

According to data from the Palm Oil Plantation Fund Management Agency (BPDPKS), the 

palm oil industry generates approximately 60 million tons of waste, including liquid and solid 
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waste (palm powder). Every year, Indonesia is predicted to make more than 2 million tons of 

boiler ash from palm oil processing plants. Boiler ash is the waste from the combustion 

process of shell and fiber in the boilers of palm oil mills.. Agro-industrial waste can cause 

severe pollution if not properly managed. The bio-refinery concept can be applied to agro-

industrial waste [1]. Sustainable techniques that can reduce environmental damage, produce 

valuable products from agricultural and food processing waste, and promote overall 

sustainability [2]. Agroindustrial waste has potential for energy and heavy metal remediation, 

e.g., bioadsorbents can effectively remove heavy metals from wastewater [3]. Agro-industrial 

wastes can be used for sustainable industrial processes. New technologies and applications 

are being developed to valorize agro-industrial waste [4].  

Boiler ash is utilized as a partial replacement for sand in the production of concrete wall 

paving blocks. Production of biogenic silica from palm boiler ash can add value while 

reducing potential environmental risks [5]. Silica gel from palm kernel shell ash is effective 

as a moisture absorber for medicine bottle packaging [6]. For example, risk assessment held 

on cheese characteristics [7].  

 This study aims to develop a Soft Systems Methodology (SSM)-based model to optimize 

the production of biogenic silica powder from palm oil boiler ash as an adsorbent to improve 

food packaging quality. The research applied Soft Systems Methodology, supported by Rich 

Pictures, Input–Process–Output (IPO) modeling, and CATWOE analysis, to capture system 

complexity, stakeholder interactions, and regulatory constraints. 

2 Material And methods 

Palm oil boiler ash is a waste product rich in silica (biogenic silica) and has the potential to 

be used as a raw material in the development of environmentally friendly adsorbents, 

particularly for food packaging applications. Palm oil boiler ash produced from the 

combustion of palm oil in the boiler unit of a palm oil mill is shown in Figure 1 below. 

 
Fig. 1. Palm Oil Boiler Ash 

Palm oil production data at one of the palm oil mills in Garut, West Java, is shown in Table 

1 below. 
Table 1. Palm oil production data 

Data December 

2023 

December 

2024 

July 2025 

Fresh Fruit Bunch   28.704.600 29.102.130 14.068.140 

Rendemen (%) 19,11 19,09 20,25 

 

Stages to build a soft system methodology [8] to build the Conceptual Food Safety Model 

shown in Figure 2.  
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Fig 2. Soft system methodology stages for the food safety model  

 

2.1 Problem exploration situation 

This initial stage involves gathering information about the problem and drawing on literature, 

field observations, and interviews with the palm oil industry, food experts, and regulators to 

understand the context of palm oil boiler ash utilization and food packaging issues.  
 

2.2 Create a "rich picture”  

A visual representation of the problem situation highlights relationships, conflicts, and 

perspectives. To develop a comprehensive systemic model for the production and utilization 

of biogenic silica powder from palm oil boiler ash as an adsorbent in food packaging, this 

research uses one of the Soft System Methodologies, namely the Rich Picture. A Rich Picture 

is a holistic view of the system that includes process flow, stakeholders, elements, and 

interactions. A Rich Picture is a holistic view of the system, including the process flow, 

stakeholders, elements, and interrelationships between elements related to sustainability. It 

also discusses the environmental, social, and economic [9]. The rich picture is flexible across 

different types of research, such as build a traceability system for the rental equipment model, 

especially in the oil and gas industry [10]. This method is used to describe the complexity of 

the system in biogenic silica production, to describe interactions among stakeholders, and to 

map the linkages between sustainability and food safety. Steps to develop the Rich Picture 

are: 

1) Identification of Stakeholders and Key Elements of the System  

2) Material and Information Flow Tracing 

3) Visual Representation in Rich Picture 

4) Integration of Sustainability Elements 

5) Conduct and Revise Rich Picture Diagram 

The process of creating a rich picture is shown in the flowchart in Figure 3. 
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Fig. 3.  Develop Rich Picture Stage 

2.3 Root definition formulation (CATWOE analysis) 

Identify and analyze Customer, Actor, Transformation, Weltanschauung, Owner, 

Environment to build the root definition of the ideal system.  

 

2.4 Conceptual model creation 

Following the rich picture, conceptual models are developed to represent the various systems 

and processes involved.  

 

2.5 Comparison 

The conceptual models are compared against the real-world situation, facilitating discussions 

among stakeholders to identify discrepancies and areas for improvement [11]. Comparing 

the model with the real situation to find gaps and potential interventions. 

 

2.6 Identify feasible and desirable changes 

Develop a list of changes that are systemically feasible, socially relevant, and acceptable to 

stakeholders. 

 

2.7 Action 

Action steps are formulated based on the insights gained, enabling iterative improvements to 

the system.  
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3 RESULT AND DISCUSSION 

3.1   Problem exploration situation 

Palm oil boiler ash has a high silica (SiO2) content of 50-60%. From 20 tons of harvested oil 

palm fruit bunches per hectare, 154 kg of silica is produced. The silica produced by oil palm 

plants is called biogenic silica. Production of biogenic silica from palm boiler ash can add 

value while at the same time reducing potential environmental risks [5]. Palm oil production 

data are shown in Table 2.  

 
Table 2. Palm oil production (2024) 

Region Palm oil 

production (ton) 

Sukabumi 10617,17 

Cianjur 3,32 

Garut 26789,48 

Tasikmalaya 67,81 

Subang 1210 

Pangandaran 239,63 

Banjar 8,26 

(source:jabarprov.go.id) 

Palm oil boiler ash has been utilized in various applications across a range of industrial 

sectors and materials. This utilization demonstrates the potential of palm oil industrial waste 

as a value-added material that supports sustainability. A summary of the various forms of 

palm oil boiler ash utilization and the reporting year is presented in Table 3. 

 
Table 3. Utilization of palm oil boiler ash 

Utilization of palm oil boiler ash Year  

Partial replacement of sand in the manufacture of 

concrete 

2021 

Clay bath mix material  2015 

Fertilizer for Ultisol soil 2010 

Adsorbent for drug packaging 2015 

Zeolite-based catalyst 2022 

Geo Polymer Concrete reinforcement  2023 

Improves chloride and sulfate resistance in mortar 2024 

The relationship between input, process, and output in the development of a food safety 

model is shown in a diagram. This diagram shows how the characteristics of biogenic silica 

as input are analyzed through a series of adsorption and laboratory testing processes, resulting 

in a conceptual food safety model as the research output. The process diagram is shown in 

Figure 4. 

BIO Web of Conferences 219, 02003 (2026) https://doi.org/10.1051/bioconf/202621902003

ICFSE 2025

5

Page 9 of 17 - Integrity Submission Submission ID trn:oid:::3618:133483799

Page 9 of 17 - Integrity Submission Submission ID trn:oid:::3618:133483799



 
Fig. 4. Process Diagram (Input Process Output) 

 

In the input stage, the study utilizes food ingredients and biogenic silica characteristics as 

initial variables. These characteristics are essential in determining the performance of 

biogenic silica as an adsorbent in food packaging. The process stage includes adsorption and 

laboratory testing to evaluate biogenic silica's interactions with specific components of the 

food system. The output stage produces a conceptual food safety model that summarizes the 

relationships among material properties, the adsorption process, and their implications for 

food safety. This model serves as an analytical framework for understanding the potential 

application of biogenic silica in food systems.  

Results from the Focus Group Discussion with the National  Research and Innovation 

Agency indicate that the characteristics of biogenic silica powder used as an adsorbent in 

food packaging were identified, namely: SiO2 content, powder form, pore size, surface area, 

moisture content, and density. Modeling of cause-and-effect relationships between process 

and material variables. This modeling aims to understand system dynamics and reveal 

feedback mechanisms that influence the effectiveness of the adsorption process. These 

relationships are represented as causal loop diagrams in Figure 5. 

 
Fig. 5. Causal Loop Diagram 

 

A Causal Loop Diagram (CLD) shows the relationship between physical, chemical, and 

environmental variables that affect the adsorption rate. CLD containing two loops, such as R 

(Reinforcing loop) and B (Balancing loop). The primary focus of the system shown in CLD 

• Food 

• Biogenic 
Silica 
Characteris
ticInput

• Adsorption  
check

• Laboratory 
testing 

Process • Conceptual 
Food Safety 
Model 

Output
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is the adsorption rate. To describe the structure of the system analyzed in the causal loop 

diagram (CLD), the system is divided into several main subsystems based on material 

characteristics, environmental conditions, chemical composition, and manufacturing 

processes. This division aims to identify key variables that affect biogenic silica adsorption 

performance. Details of the subsystems and their constituent variables are presented in Table 

4. 
Table 4. Subsystem in CLD 

Sub System Content 

Biogenic silica characteristic      

(adsorption rate) 

Particle size, surface area, pore size, 

temperature, and moisture content 

Environmental and storage 

conditions 

Room temperature, RH, air 

circulation 

Chemical composition  SiO2 content, soil condition. 

Manufacturing process 

Burning temperature, cleaning 

treatment 

 

The biogenic silica adsorption system comprises four main subsystems that interact with 

one another. The biogenic silica characteristic subsystem plays a dominant role because it 

includes physical variables such as particle size, surface area, pore size, temperature, and 

moisture content. The environmental and storage conditions subsystem, which provides for 

room temperature, relative humidity (RH), and air circulation, contributes to material 

stability and consistent adsorbent performance during storage and use. Variations in these 

conditions can alter the physical properties of biogenic silica, thereby affecting adsorption. 

The chemical composition subsystem, particularly the SiO2 content and soil conditions, 

determines the purity and chemical structure of the biogenic silica produced. This factor 

determines the quality of the initial material and influences the adsorbent-adsorbate 

interaction. The manufacturing process subsystem, which includes combustion temperature 

and cleaning treatment, plays a role in controlling pore structure formation and contaminant 

levels in biogenic silica. The interaction between these subsystems forms a feedback 

mechanism in CLD that, overall, determines the effectiveness of the adsorption process and 

its implications for food safety. 

 

3.2 Create a “rich picture.” 

3.2.1 Sstakeholders and key elements of the system 

Stakeholders involve communities producing boiler ash waste (palm oil mills), biogenic 

silica industry players, the food packaging sector, and end users. Include environmental 

(waste reduction, circularity), social (food safety testing), and economic (added value of 

waste products) aspects. Implementing a HACCP system involves the continuous application 

of record-keeping, monitoring, corrective actions, and all relevant activities outlined in the 

HACCP plan [12]. HACCP ensures food safety by determining critical control points and 

establishing preventive measures [[13]. LCA enables systematic evaluation of the 

environmental performance of potentially sustainable strategies, from raw materials to end-

of-life products [14]. 

 

3.2.2 Visual representation in rich picture 

Using visual symbols to describe processes, actors, and interactions between components. 

Added Life Cycle Assessment (LCA) flow and AI-based modeling for optimal production 

location determination to the subsequent research.  
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3.2.3 Integration of sustainability elements 

This rich picture incorporates the three main pillars of sustainability: Environmental, Social, 

and Economic. It also includes a food-safety evaluation component to ensure that biogenic 

silica is safe for use in food packaging. Integrating agricultural waste by-products offers a 

sustainable alternative by reducing waste and improving concrete properties [15].  

 

3.2.4 Conduct and revise the rich picture diagram 

The draft rich picture was validated through discussion with the participants. The Rich 

Picture Diagram is shown in Figure 6 below. 

 
Fig. 6. Rich Picture Diagram 

 

The description of the image above is as follows: 

1. Value chain of biogenic silica that begins with raw materials, boiler ash from palm oil.  

2. The extraction process into biogenic silica powder is held in laboratories.  

3. Formulation into adsorbents for food packaging  

4. Quality testing (SiO2 content, porosity, moisture content) 

5. Food safety testing (bacterial, microbiological) 

6. Food life shield testing  

3.3 Root definition formulation (CATWOE analysis) 

To obtain information about the system under review, an analysis was conducted using the 

CATWOE framework. This analysis aimed to identify key stakeholders, transformation 

processes, and environmental contexts that influence the use of palm oil fuel ash as a biogenic 

silica source, food safety, and its application as an adsorbent. The results of the identification 

of each CATWOE element are presented in Table 5.  

 

 

BIO Web of Conferences 219, 02003 (2026) https://doi.org/10.1051/bioconf/202621902003

ICFSE 2025

8

8

Page 12 of 17 - Integrity Submission Submission ID trn:oid:::3618:133483799

Page 12 of 17 - Integrity Submission Submission ID trn:oid:::3618:133483799



Table 5. CATWOE analysis 

Customer Food Industry 

Actor Researcher, palm oil plantation 

Transformation  From palm oil fuel ash to biogenic silica, and 

then as an adsorbent 

Weltanschauung Utilizing agro-industrial waste into value-

added products supports sustainable food 

production systems and the circular economy. 

Owner Palm oil processing companies, research 

institutions, local governments, and 

packaging business owners 

Environment Food safety regulations, environmental 

regulations, availability of waste, and 

technology  

 

Customers (C) 

Customers: The parties that receive the main benefits from this system are the food industry. 

The use of boiler ash waste as a biogenic silica adsorbent has the potential to produce food 

packaging with a longer, safer shelf life, while also opening new economic opportunities for 

the surrounding community.  

 

Actors (A) 

The leading actors in this system include researchers, producers of biogenic silica, and 

players in the food packaging industry. Their roles vary, ranging from technology 

development and implementation of production processes to food quality and safety testing 

and environmental impact assessment.  

 

Transformation process (T) 

The core transformation of the system is converting palm oil boiler ash waste into biogenic 

silica powder, which is then used as an adsorbent in food packaging, thereby improving food 

product quality and reducing environmental impact. This transformation process reflects the 

principles of the circular economy, in which industrial waste is processed into value-added 

products.  

 

Worldview (W) 

The worldview underlying this system is that using industrial waste as an alternative resource 

can create sustainable solutions for the food and environmental sectors. This system not only 

aims to address waste issues but also to increase economic value and public awareness of 

environmentally friendly products.  

 

Owners (O) 

The owners or decision makers in this system include palm oil processing companies, 

research institutions, local governments, and packaging business owners. They have the 

authority to allocate resources, make strategic decisions, and implement technology at 

laboratory or industrial scales. 

 

Environmental constraints (E) 

System constraints include food safety and environmental regulations, availability of waste 

raw materials, readiness of extraction and production technologies, and local socio-economic 

conditions and infrastructure.  
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3.4 Conceptual model creation 

A framework was developed to integrate the characteristics of biogenic silica materials with 

food safety testing parameters to ensure their suitability and safety for application.                         

A Conceptual framework for the protection of using biogenic silica as an adsorbent in food 

packaging is shown in Figure 7.   

 

 
Figure 7. Conceptual food safety model of biogenic silica as an adsorbent in food packaging. 

 

Conceptual methods indicate that the safety of using biogenic silica as an adsorbent in food 

packaging is determined by two main components: the characteristics of biogenic silica and 

food safety considerations. The attributes of biogenic silica include porosity, moisture 

content, and SiO2 content. These parameters are essential for the effectiveness of biogenic 

silica in controlling the internal conditions of food packaging. Food safety aspects are 

evaluated through a series of tests, including bacterial, microbiological, and life shield tests. 

These tests aim to ensure that the use of biogenic silica does not pose a risk of microbial 

contamination.  

3.5 Comparison  

The conceptual models are compared against the real-world situation. Comparing the model 

with the real problem to find gaps and potential interventions. Comparison of the conceptual 

model and the real situation is shown in Table 6.  

 
Table 6. Comparison of the conceptual model and the real situation 

Conceptual Model (Ideal 

Condition) 
Real-World Condition 

Food safety is ensured through 

integrated characterization of 

biogenic silica and comprehensive 

food safety testing. 

Studies and practices often separate 

material characterization from food 

safety assessment. 

Adsorption performance is 

measurable, stable, and reproducible 

Adsorption capacity varies between 

production batches 
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Controlled porosity optimized for 

moisture adsorption 
Porosity is not precisely controlled. 

Low and controlled moisture content 

Moisture content fluctuates due to 

insufficient control over the drying 

process. 

High and consistent SiO2 content 

SiO2 content depends on the composition 

of palm boiler ash. 

 

Comprehensive food safety 

evaluation before application 

Food safety testing is often partial or 

limited. 

Systematic testing for major 

pathogenic bacteria 

Bacterial tests are not routinely 

conducted. 

Complete microbiological analysis  
Microbial testing is conducted 

selectively (TPC and Salmonella) 

Shelf-life testing using active 

packaging systems 

Shelf-life evaluation remains 

conventional. 

3.6 Identify feasible and desirable changes  

A list of changes that are systemically feasible, socially relevant, and acceptable to 

stakeholders is: raw material and process control, structural variability of pores, moisture 

management, and utilization of adsorbent functionality. 

3.7 Action  

Action steps are formulated based on insights gained, enabling iterative improvements to the 

system, such as process standardization and raw material quality control.  

4 Conclusion 

This study applied the Soft Systems Methodology (SSM) to analyze and design a system for 

utilizing palm oil boiler ash waste as a raw material for biogenic silica, an adsorbent for 

sustainable food packaging. Through the Rich Picture approach, the Input–Process–Output 

(IPO) model, and CATWOE analysis, a comprehensive understanding of the system was 

obtained, integrating technical, social, economic, and environmental aspects. The analysis 

results show that Rich Picture can identify process flows from the source of waste to 

environmentally friendly food packaging products, as well as the relationships between 

actors and stakeholders. The IPO model emphasizes the importance of integrating biogenic 

silica extraction processes and product characteristic testing. A CATWOE analysis helps 

clarify the role of each system component and the environmental and regulatory constraints 

that must be considered in actual implementation. A conceptual model supports systematic 

improvement through process standardization and raw material quality control, contributing 

to sustainable waste utilization and enhanced food packaging quality. 
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