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A B S T R A C T 

Polyhydroxyalcanoates (PHAs) are promising biodegradable plastics that can replace 

conventional petroleum-based plastics and mitigate oceanic pollution. High organic 

wastewater has been examined as a potential substrate for lowering the manufacturing 

cost of PHAs. In this study, the three main indicators, including net present value (NPV), 

internal rate of return (IRR), and payback period (PBP), were used to calculate the 

economic feasibility of PHA production. For a project lifetime of 20 years, the cost of the 

PHA manufacturing process reached $994,143. The annual process operation cost was 

$159,711. The payback period was 6.79 years, and the internal return rate was 16%. 

However, if costs increased by 20%, the benefits would decrease by 25%. Since the price 

of PHAs is higher than that of conventional plastic, various government supports are 

expected to stimulate the market of PHAs potentially. This study successfully determines 

the techno-economic analysis of PHA production to form high-strength wastewater with 

MMC as the microbial source. 

 

 
1. Introduction  
 

The use of plastics has increased dramatically since the 1950s 

due to numerous advantages, such as their versatility and resistance 

(Schmaltz et al., 2020). In 2015, the weight of the annual plastic 

production was nearly equal to the combined weight of the human 

population (Martín-Lara et al., 2021). Due to the surge in production 

and extensive use of disposable plastic products, plastic pollution 

has become an urgent environmental issue (Lu et al., 2018). Many 
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nations are implementing efforts to combat plastic pollution at 

regional, national, and global scales, for example, choosing other 

materials as a substitute. Bioplastics are eco-friendly materials that 

can replace petroleum-based plastics since they are biodegradable 

and made from renewable resources  (Lamberti et al., 2020). 

Biodegradable bioplastics can significantly reduce carbon 

emissions associated with the exploitation of resources (Di Bartolo 

et al., 2021). Over the past few decades, there have been numerous 

launches of bioplastics products, including polylactic acid (Guo et 

al. 2021), polyhydroxyalkanoates (PHAs) (Shen et al., 2023), 

polybutylene succinate (Nanni et al., 2021), and thermoplastic starch 

(Dorigato et al., 2020). Additionally, there are bio-polyethylene 

terephthalate (bioPET) and bio-polyethylene (bioPET), which 

resemble non-renewable substances (Rahman et al., 2021). 

However, although bioplastics have been in commercial use for 

nearly a century, the sales volume has not grown significantly. 

Based on the 2019 study conducted by the European Bioplastics 

Association, the worldwide output of bioplastics in 2018 amounted 

to 2.11 million tons, which represented 0.6 percent of the total 

plastic production (Niaounakis, 2019). It is projected to increase to 

289 million tons by the year 2025. Bioplastics are expected to have 

significant growth in market share in the near future. This is 

primarily driven by the global shift away from petroleum-based 

plastics towards biodegradable alternatives, which aims to address 

environmental issues (Serafim et al., 2008). 

PHAs have gained attention recently due to their numerous 

advantages, such as easy synthesis, UV resistance, and durability 

(Gholami et al., 2016; Mannina et al., 2019). These properties make 

them suitable substitutes for polyethylene (PE), polyethylene 

terephthalate (PET), and polypropylene (PP). 

The PHA production process is divided into acidification, PHA 

production, and downstream processing. Firstly, carbon sources are 

converted to VFA in a fermentation process. Secondly, PHA is 

produced in the mixed microbial cultures (MMC) cells following the 

acidification process by utilizing VFA. The downstream process 

(DSP) is the final stage for extracting PHA from the microbial cells. 

Following these three techniques, PHA can be synthesized as 

bioplastic materials (Fernández et al., 2015). The method of 

producing PHA using various engineered microbial communities 

has been proposed as a potential technique to reduce production 

costs and environmental harm. However, the majority of the 

research was done on the production of PHAs using pure cultures or 

pure substrates such as acetate and glucose (Serafim et al., 2008), 

and, as a result, PHA has become a prohibitively expensive material 

driven by the high production cost. Due to their natural origin, 

biodegradability, and functionality, PHAs have attracted 

considerable interest as a viable alternative to traditional plastics. 

However, the production cost of PHAs is high, projected to be 20–

80% higher than those associated with petrochemical-based plastics 

(Fernández et al., 2015).  

The price of PHAs polymer is between 2.2 and 5.0 Euros per 

kilogram, while that of traditional oil-based plastic is always less 

than 1 Euro per kilogram. In other words, the price of PHA is 

approximately three times higher, which is destined to hinder the 

utilization of this bioplastic (Gholami et al., 2016; Mannina et al., 

2019). Triggered by the need to expand bioplastic usage, this 

research aims to perform the techno-economic analysis of the PHA 

production to form high-strength waste (i.e., molasses) by using 

MMC as the microbial source. 

 

2. Materials and methods 

 

2.1 Scope of PHA production process 

 

The boundaries for this study's techno-economic analysis of the 

PHA production process include acidification, PHA accumulation, 

and downstream processing (DSP), as presented in Figure 1. The 

lifetime of the equipment of the PHA production system is assumed 

to be 20 years, as recommended by Fernández-Dacosta et al. (2015) 

and Shahzad et al. (2017). Acidification is the first step of PHA 

production (Salehizadeh & Van, 2004). The COD concentration of 

the molasses used in this study was 556 g/L, which would be 

anaerobically converted to the VFA throughout this bioprocess. The 

produced VFAs included acetic acid of 4087 mg/L, propionic acid 

of 2430 mg/L, and butyric acid of 8151 mg/L. These VFAs 

subsequently served as a substrate for the process of PHA 

accumulation. During the accumulation process in a sequencing 

batch reactor (SBR), MMC could aerobically produce PHA from the 

acidification process and accumulate in their cells. Thus, PHA-rich 

biomass was obtained as a main product of the PHA accumulation. 

However, the PHA cannot be used while located inside the biomass. 

The DSP is the final process for extracting the VFA produced from 

the microbial cells as the final product. 

DSP starts with separating biomass via physical methods. After 

that, there are two options for PHA extraction: (1) chemical 

digestion or mechanical disruption is used to dissolve the non-

cellular PHA material, and (2) solvent extraction is used to solubilize 

the PHA. Following the extraction stage, precipitation, filtration, 

sedimentation, and other options for higher-value products, such as 

liquid-liquid extraction or air classification, are applied. PHA must 

be purified in the final phase by redissolving it in water or ethanol. 

Numerous DSPs are available, including alkali-surfactant (Li et al., 

2015), surfactant-hypochlorite, and dichloromethane solvent 

(Serafim et al., 2008). The DSP model in this study uses the 

extraction method with a dichloromethane (DCM)--based solvent. 

The advantage of this method is the high efficiency achieved in 

extracting intracellular PHA. DCM can produce PHA with a purity 

of 99.9% by weight at a boiling point of 40 degrees Celsius. Because 

of the low boiling point, it is simpler to recycle the solvent, and the 

entire process consumes low energy. The extracted PHA could be as 

high as 82.2% by biomass weight (Fernández-Dacosta et al., 2015). 

 

2.2 Techno-Economic evaluation of PHA production process 

 

The PHA production process is typically divided into three 

stages: acidification, PHA production, and downstream processing. 

The acidification process is the initial step in the production of PHA. 

Firstly, significant carbon sources are biologically converted to VFA  
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Figure 1 The process of PHA production. (a. acidification fermenter, b. PHA accumulation fermenter, c. centrifuge, d. air dryer, e. DCM reactor, 

f. filter, g. solid phase dryer, h. DCM evaporator, i. DCM condenser, j. ethanol precipitation reactor, k. filter, l. dryer, m. condenser, n. vacuum 

distillation.) 

 

in a fermentation process. Secondly, the mixed microbial cultures 

(MMC) produce and accumulate PHA in their cells following the 

acidification process by utilizing VFA generated from the first step; 

consequently, the PHA-rich biomass is obtained. However, the 

accumulated PHA cannot be used inside the cell. The downstream 

process (DSP) is the final stage for extracting the produced PHA 

from the microbial cells. Following these three techniques, PHA can 

be synthesized as bioplastic materials. The literature compared the 

capacity for producing PHA using various substrates and cultures 

and evaluated the most economically advantageous from a 

technological standpoint. 

In this study, the four main indicators, including net present 

value (NPV), benefit-cost ratio (BCR), internal rate of return (IRR), 

and payback period (PBP), were used to calculate the economic 

feasibility of PHA production. The project was estimated for a 

period of 20 years with a discount rate of 8% (Gunjal & Amankwah, 

1999) and a loan interest rate of 7.9% (Shi et al., 2021). A sensitivity 

analysis was then used to evaluate a projected return on investment 

based on cost increase and profit decline assumptions of the 6.25 

CMD PHA production system. 

 

2.3 Statistical analysis 

 

The studies were performed thrice, presenting the findings as 

the average value plus or minus the standard deviation. The 

statistical analysis was conducted using the SPSS program, and 

significance was evaluated.  

 

3. Results and discussion 
 
3.1 PHA production yield analysis 

 

  Table 1 shows a comparative analysis of the prior research on 

PHA production involving the utilization of various substrates or 

different microbial cultures. Several researchers studied municipal 

wastewater, protein-rich saline waste, and food industrial 

wastewater as substrates to produce PHA facilitated by MMC 

(Morgan-Sagastume et al., 2015; Roibás-Rozas et al., 2021; Lai et 

al. 2022). The PHA production yields were around 40% to 42%. 

Mohanrasu et al. (2024) and Zhang et al. (2013) used a commercial 

medium to produce PHA by pure culture, while the PHA yields were 

54% and 39%, respectively. However, the PHA production yield of 

53.3% was obtained by using the molasses wastewater as the 

substrate with MMC as the inoculum in this study. The production 

yield of PHA of 54% was slightly 0.7% (Table 1) higher than this 

study since the pure substrate of glucose was used for PHA 

production by pure culture (Mohanrasu et al., 2024). However, a 

cost-effective PHA production process could be expected if the PHA 

production system can reach a high-yield production performance 

from high-strength organic wastewater by MMC. Hence, the 

economic assessment was done as follows in Table 1. 

 

3.2 Basic information of the PHA production process   

 

The PHA manufacturing process consists of three stages, as 

mentioned in section 2.1. The size of PHA’s production system in 

this study is assumed to be 6.25 cubic meters per day (CMD) of 

molasses. The concentration of molasses waste was 556 g COD/L, 

but it was diluted to the final concentration of 25 g COD/L. The 

molasses substrate costs $20,531 annually (Arshad et al., 2019). The 

sizes of acidification and PHA accumulation systems were estimated 

to be 500 m2 and 300 m2, respectively. This study assumed the 

project's lifetime was 20 years (Fernández-Dacosta et al., 2015; 

Shahzad et al., 2017). Since the acidification and PHA accumulation 

systems are similar to the two-stage biogas production system, the 

installation cost for both systems were approximately $555,387 (Li 

et al., 2015). The model solvent used in this experiment was 

assumed to be dichloromethane. Because DCM is a solvent similar 

to chloroform, it could extract 82% PHA from the biomass 

(Fernández-Dacosta et al., 2015). Accordingly, the cost of DSP was 

higher than the cost of fermentation. DCM could contribute to 

approximately 79% of the total cost of the PHA-producing process. 

In this study, the price of DSP was estimated to be $438,756. The 

total capital cost of the PHA manufacturing process was $994,143. 

As presented in Table 1, the assumptions for techno-economic 

analysis are the capital cost of PHA production, which included 
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acidification, PHA accumulation, and DSP, with an amount of 

$994,143 (Fernández-Dacosta et al., 2015; Arshad et al., 2019). The 

maintenance cost was 3% of the capital costs, the labour cost was 

10% of the capital costs, and utilities constituted 1% of the capital 

costs. The overall operation cost was $159,711, including 

maintenance, labour, utilities, and materials. The revenue came from 

the produced PHAs (Fernández-Dacosta et al., 2015). In this study, 

the yield of PHAs was assumed to be 53.58% PHA/VSS. The DSP 

in this study could extract up to 82.2% from the biomass as 

aforementioned. Thus, 227 kgs of PHA were estimated to be 

produced daily, or 82,890 kgs of PHA could be produced annually. 

The selling price of PHA was $4/kg. Thus, the total revenue of this 

process was $330,753 per year.

 

Table 1 PHAs production yield and rate in different substrate and microbial cultures 

Substrate Culture Reactor type 
PHAs production yield 

(%) 
Reference 

Municipal wastewater Mixed culture 
Sequencing batch 

reactor  
40.0 PHAs/VSS 

Morgan-Sagastume et al. 

(2015) 

 

Protein-rich saline waste Mixed culture 
Sequencing batch 

reactor 
42.0 PHAs/VSS 

Roibás-Rozas et al. 

(2021) 

Food industry 

wastewater 
Mixed culture 

Sequencing batch 

reactor  
40.0 PHB/VSS Lai et al. (2022) 

Glucose Bacillus megaterium Batch 54.0 PHAs/CDW Mohanrasu et al. (2024) 

Luria-Bertani (LB) broth Pseudomonas putida  Batch 39.0 PHAs/CDW Mohanrasu et al. (2024) 

Molasses wastewater Mixed culture 
Sequencing batch 

reactor  
53.3 PHA/VSS This study 

 

 

 
Figure 2 The diagram of PHA production with its size and cost: (a) substrate (Arshad et al., 2019), (b) acidification fermenter, (c) PHA 

accumulation fermenter, (b+c) (Li et al., 2015), (d) DSPs (Fernández-Dacosta et al., 2015), (e) PHA product price (Gholami et al., 2016; 

Mannina et al., 2019)  production process: A, B (Arshad et al., 2019; Fernández-Dacosta et al., 2015), C,D,E (Fernández-Dacosta et al., 2015), F 

(Arshad et al., 2019), G (Gholami et al., 2016) 

 

Table 2 The total cost of PHA production processes 

Items PHA production process (USD) 

Capital cost  

Capital investment (A) 994,143 

Operation costs (C+D+E+F=B)  

Maintenance (C) (3% of capital costs) 29,824 

Labour (D) (10% of capital costs) 99,414 

Utilities (E) (1% of capital costs) 9,941 

Material (F) 20,531 

Total (A+B) 159,711 

Revenue  

PHA ($4/kg) (G) 330,753 

 

Table 3 Economic analysis of PHA production 
Project  NPB* 

(USD) 

NPC* 

(USD) 

NPV* 

(USD) 

BCR 

(NPB/NPC) 

PBP  

(year)  

IRR 

(%) 

PHAs production $2,948,300 $2,340,690 $607,733 1.26 6.79 16.31 

*Assumption of the project period for 20 years; Assumption of the discount rate of 8% (Gunjal & Amankwah, 1999); Assumption of the loan 

interest rate of 7.9% (Zhang et al., 2013) 

3.3 Techno-economic evaluation 

 

As given in Table 2, the study's results showed that the NPV for 

the PHAs duction system was positive and the BCR was greater than 
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one; thus, the proposed project was considered financially feasible 

(Gunjal & Amankwah, 1999). Second, the average interest rate on 

loans offered by Taiwan Bank was 7.9% from July 1961 to March 

2017 (Zhang et al., 2013), and the IRR results indicated that the 

annual rate of return of 16.3% was for 20 years. The IRR of PHAs’ 

production system in this study was 8.4% higher than the interest 

rate on loans in Taiwan. This proves that it is worth investing in the 

project. The PBP in this study was 6.21 years, compared with the 

3.25–4.5-year PBP from the study (Shahzad et al., 2017). Although 

many revenue-generating fuels exist, including biodiesel, biogas 

(heat and electricity), and PHA, this study focuses on PHA 

production and is the only revenue-generating system. As a result, 

this system is absolutely worth investing. 

The price of PHA to be calculated in this study is $4/kg. This is 

the average price of PHA (Mannina et al., 2019). As per the result 

of sensitive analysis, when the revenue of PHA decreases by 20%, 

it is still profitable. That is to say, the price of PHA in this system 

can be $3.2/kg. The production cost of fossil-based plastics is less 

than $1 per kilogram (Gholami et al., 2016). Therefore, upgrading 

PHA's production technology will be a challenge in the future. 

According to the findings of the sensitive analysis, the PHA project 

remains a worthy investment even if the total revenue is reduced by 

20%. Consequently, the price of PHA could be as low as $3.2/kg, 

compared with the current average price of $4/kg (Mannina et al., 

2019). As the production cost of fossil plastics is less than $1/kg 

(Gholami et al., 2016), improving the production technology has 

become a critical issue for future developments of PHA. 

 

3.4 Sensitivity analysis 

 

Figure 3 shows the PHA project's sensitivity analysis as costs 

increase. The total cost of the PHA project from the base case 

scenario is $4,028,656, with an NPV of $607,609. Assuming that the 

total cost of the PHA project is increased by 5% due to the current 

inflation rate, the total cost would increase to $4,231,088, and the 

NPV would be decreased to $425,600. The PHA project would still 

have a positive NPV even if the total cost of the PHA project 

increases up to 15%. Nonetheless, the project would not be worth an 

investment if it increased to 20% of the total cost due to the negative 

results of the NPV. 

 

 
Figure 3 Increasing PHA project cost 

 

 
Figure 4 Decrease in PHA project benefits 

 

As presented in Figure 4, the total revenue of this PHA project 

was $6,299,628, and the NPV over the long run was $607,609. This 

PHA project was supposed to decrease the total revenue by 5% in 

each sensitive analysis because of the inflation rate under the current 

economic situation. The total revenue of the PHA project would 

decrease from $6,299,628 to $5,984,647, and the NPV for the 

project would decrease from $607,609 to $460,194. Nonetheless, if 

the total profit of the project decreased by 25%, the NPV would be 

negative, and this PHA project would not be accepted for 

investment. 

 

3.5 Sustainable development 

 

There is rising concern among global communities and governments 

regarding the severe negative impact of using nonbiodegradable and 

conventional plastics on the environment (Bhuyar et al., 2020). 

Uncontrolled disposal of plastics in the environment could cause 

sewer blockage and environmental exposure. The problem is 

exacerbated by the lack of municipal infrastructure that could be 

utilized to collect the plastic frequently used in packaging our daily 

necessities. As a result, substantial pollution has accumulated over 

time and overrun the streets and other public spaces. Because plastic 

waste dissipates natural fuels (energy) and other natural resources, 

it has posed major environmental and economic problems (Varsha 

& Savitha, 2011). As public awareness of the harmful effects of 

plastics on the humans and the environment has grown, several 

countries have taken steps to address the issue at the regional, 

national, and global levels. Thus, utilizing PHAs could mitigate the 

environmental impact apart from achieving economic 

competitiveness. 

Plastic bags have a significant environmental impact because 

they take hundreds of years to decompose. Approximately 34 

million tons of plastic waste are generated yearly, with 

approximately 93% disposed of through landfills and oceans (Pathak 

et al., 2014). In 2015, it was reported that production of plastics and 

plastic-derived materials exceeded 300 million tons, equivalent to 

trillions of dollars in global economic value (Mekonnen et al., 2013). 

Consequently, the world urgently requires environmentally friendly 

plastic substitutes. In this regard, PHAs appear to be a possible 

solution to common plastics because they are environmentally 

friendly due to their high biodegradability and biocompatibility. 
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Bio-based plastics such as the PHA family of polymers are known 

for their environmental-friendly characteristics. PHAs are 

biodegradable and sourced from the bacterial consumption of 

glucose or fatty acids. They not only contain zero percent 

petrochemical monomers; also, they are biological polymers created 

in an aqueous phase at temperatures of <40 °C (Chen & Patel, 2012). 

Furthermore, carbon waste sources derived from agriculture and the 

sewage treatment system have been used to reduce the cost of PHA 

production. The waste carbon is thus coupled with the added value 

as it purifies the environment and realizes sustainable goals. 

 

4. Conclusion    
 

The results indicated that the 6.25 CMD PHA production 

system was financially feasible under the base run scenario. The 

NPV of the PHA production system was larger than 0, and the BCR 

of the PHA production system was larger than 1. The PBP was 6.79 

years old, and the IRR of 16% was larger than the global interest rate 

and the interest rate on loans from Taiwan Bank. This was absolutely 

a worthwhile investment. The sensitivity analysis mentioned that the 

NPV would be less than zero when the cost in this study was 

increased by 20%, or the benefit was reduced by 25%. This means 

that this project has a great ability to withstand economic changes. 

The use of high organic wastewater with MMC is certainly the way 

of the future, and adding pyruvate can improve PHA output 

production while also changing the PHV ratio in PHA. Systems that 

employ wastewater to make PHAs are commercially viable for 

locations of medium to largescale, and PHA is the future trend. 
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