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Abstract 
Environmental management of fish processing industry in Indonesia is evaluated as the worst level. 

There are many treatment systems for fish processing. A clear decision-making approach for the best 

processing system has not been established. There is a need for an evaluation model that takes into account 

not only the cost of the system, but also its impact on the surrounding environment, including human health 

and biodiversity and so on. In addition, it is necessary to provide evaluation criteria that are easy to 

understand for general consumers. 

In this thesis, a comprehensive Life Cycle Assessment (LCA) is carried out in order to evaluate the 

multiple environmental-health impacts of the biological wastewater treatment of the fish processing 

industry, through its life cycle. To this aim, the Life-cycle Impact Assessment Method based on Endpoint 

Modeling (LIME) method was considered as the main LCA model. The proposed methodology is based on 

an endpoint modeling framework that uses the conjoint analysis to calculate damage factors for human 

health, social assets, biodiversity, and primary production, based on Indonesia's local data inventory. A 

Quantitative Microbial Risk Assessment (QMRA) is integrated with the LIME modeling framework to 

evaluate the damage on human health caused by five major biological treatment technologies, including 

Chemical Enhanced Primary Clarification (CEPC), Aerobic Activated Sludge (AS), Up-flow Anaerobic Sludge 

Blanket (UASB), Ultrafiltration (UF) and Reverse Osmosis (RO) in this industry. And finally, a Life Cycle 

Costing (LCC) is carried out, considering all the costs incurred during the lifetime. 

This model provides a determination of the best treatment technology for Indonesia in terms of 

environmental issues and cost of system. The Java region was considered as the area of study in this 

research, since the biggest fish processing factories are in this area. The result shows Scenario8 

(CEPC/UASB/UF/RO) is the best configuration for fish processing industry in Java. The LCA results 

revealed that air pollution and gaseous emissions from electricity consumption have the most significant 

environmental impacts in all scenarios and all categories. The combined utilization of the UF and RO 

technologies in the secondary and tertiary treatment processes results in reducing the health damage 

caused by the microbial diseases, which contributes significantly to reducing overall environmental 

damage. The main cause of humane health damage due to microbial disease is E. coli. The results also show 

using more advanced technologies increase the LCC but decrease the total cost which represents sum of 

environmental cost and LCC.   
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Chapter 1. Introduction 

1.1. Background and literature review: 
Indonesia’s fish processing industry has been ranked among all industrial units, with the worst water 

pollution level, due to limited access to wastewater management technologies [1]. The effluent from the 

fish processing factories contains a high level of organic wastewater concentration, which is partially 

attributable to the challenges of enforcing water pollution regulations. Therefore, it is vital to introduce 

legal systems and effective policies to integrate climate and water goals in this industry.  

Biological treatment can be considered the most effective technology for such a sewer, discharged 

from the fish processing factories. However, the implementation of biological wastewater treatment 

technologies is usually accompanied by consuming massive amounts of chemicals and energy, resulting in 

both air and water pollutions, which could cause adverse environmental impacts [2]. Hence, in this 

research, a comprehensive Life Cycle Assessment (LCA) will be carried out in order to evaluate the multiple 

environmental-health impacts of the biological wastewater treatment of the fish processing industry, 

through its life cycle. 

Life Cycle Assessment (LCA) presents a standardized and sophisticated approach that quantitatively 

evaluates the environmental impacts of techniques, processes, or services throughout their entire value 

chains [3]. The LCA stands out to assess the Wastewater Treatment Plants (WWTPs) beyond the trade-off 

between process efficiency and final effluent quality, considering resource and energy consumption, air 

emissions, and waste generation.  

HamdyAwad, Mohamed Gar Alalm Hisham Kh, El-Etriby, et al. conducted a Life Cycle Assessment 

(LCA) on a wastewater treatment facility in Gamasa, Egypt, with the aim of investigating the environmental 

and economic benefits of improving the WWTP in developing countries. The study was conducted in four 

different scenarios [4]. They underline the importance of considering LCA in the development of WWTPs 

in developing countries [4]. Thaís A.S. Lopes, Luciano M. Queiroz, Ednildo A. Torres, Asher Kiperstok, et al. 

applied LCA to the Brazilian WWTP and evaluated its environmental damage using the CML method [5]. 

YagoLorenzo-Tojaa, Ian Vázquez-Rowe, Sergio Chenel, Desirée Marín-Navarro, María Teresa Moreira, 

Gumersindo Feijoo et al. analyzed 113 WWTPs in regions across Spain using a methodology that combines 

Life Cycle Assessment (LCA) and Data Envelopment Analysis (DEA) [6]. Pyrène Larrey-Lassalle, Laureline 

Catel, Philippe Roux, Ralph K. Rosenbaum, Miguel Lopez-Ferber, Guillaume Junqua, Eléonore Loiseau, et al. 

proposed a comprehensive operational approach to implement LCA within the Environmental Impact 

Assessment [7]. Xiaodi Hao, Xiangyang Wang, Ranbin Liu, Shuang Li, Mark C.M. van Loosdrecht, HanJiang 

et al. used an LCA approach to assess the overall environmental impact of WWTP in China and the potential 

resource/energy recovery Compared with the options [8]. Despite the popularity and applicability of the 

LCA, there are still some critical concerns regarding its application as an ideal and perfect decision-making 

methodology in the WWTP. Firstly, the previous LCA studies have mainly focused on environmental 

impacts such as eutrophication, acidification, toxic chemicals, and biotoxicity of water pollution. Few 

studies have evaluated the health damages such as diarrheal infections caused by microorganisms in 

wastewater [9].  

The second challenging issue is related to the complexity of the multi-criteria assessment in the LCA 

models, which deals with developing a composite index based on weighting the different environmental 

impacts of the WWTPs. Shunwen Bai, Xiuheng Wang, Gjalt, Huppes, Xinyue Zhao, and Nanqi Ren used 

several specific weighting methods to assess the robustness of the ranking of scenarios regarding WWTP 

in China [10]. In addition, Bingxiong Lu, Xiangyuan Du, Simin Huang et al. performed an LCA on China's 

WWTP and used Eco-indicator 99 as the impact assessment weighting method [11]. Thi Kieu Loan Nguyen, 
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Huu HaoNgo, Wenshan Guo, Soon Woong Chang, Dinh Duc Nguyen, Tien Vinh Nguyen, Duc Long Nghiem et 

al. used endpoint-level ReCiPe weighted results to investigate environmental issues related to the 

construction phase of a wastewater treatment plant (WWTP) [12]. Generally, the four main weighting 

methods used in the LCA models include: “Alternative Indicators (AI)”, “Distance to Target (DtT) method”, 

“Panel method”, and “Economic Assessment method” [13]. The main LCA models that use AI are MIPS/CED 

and Ecological Footprint [14].   

DtT method sets target values for emissions (inventory) and environmental impacts (characterization 

results) and calculates weights based on the degree of deviation from the targets and goals. The main DtT-

based LCA methods are Ecological Scarcity and EDIP 97 [14]. In this method, target values are identified, 

and set based on national policies and environmental standards. In the panel method, weights are assigned 

based on respondent’s judgments through questionnaires and group discussions [13]. The main LCA 

method that uses the panel method is Eco-indicator 99[14]. The economic evaluation method is based on 

using data from contingent valuation studies widely used in the LCA models such as ExternE 2005, EPS 

2000, and the Japanese version of the Life-cycle Impact Assessment Method based on Endpoint Modeling 

(LIME) [14]. Table 1 shows the recent LCA studies in WWTPs. 
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Table 1 Recent LCA studies in WWTPs 
Area Goal Assessment 

Model 

LCA Method Impact Category Reference 

Romania To assess the environmental 

profile of the entire water 

services system for Iasi city, 

Romania 

LCA CML2000, 

Ecological 

scarcity 

(endpoint) 

Environmental damages [15] 

France To assess the impacts of water 

consumption linked to different 

wastewater treatment 

technologies 

LCA ReCiPe Human health, Ecosystems, 

Resources 

[16] 

Canada To compare the environmental 

performances of black water 

source-separation (BWS) and 

conventional WWTP 

LCA Impact-2002+ Human health, Ecosystem 

quality, Climate change, 

Resources 

[17] 

China To evaluate the life cycle and 

local environmental impacts of 

source separation systems 

LCA LIME2 Freshwater use, Global 

warming, Acidification, 

Eutrophication 

[18] 

USA To determine which 

constructed wetlands for 

wastewater have the lowest 

environmental impacts 

LCA Eco-indicator99, 

(CML 2 Baseline 

2000 is used in 

part) 

Environmental damages [19] 

Italy To compare the environmental 

performance of different 

scenarios for wastewater and 

sludge disposal in a wastewater 

treatment plant in Italy 

LCA ReCiPe midpoint Climate change, Fossil 

depletion, Freshwater 

eutrophication, Human 

toxicity, Particulate matter 

formation, Photochemical 

oxidant formation, 

Terrestrial acidification 

[20] 

Australia To evaluate and compare the 

environmental performance of 

fourteen pulp and paper 

effluent treatment technology 

configurations 

LCA CML–IA baseline 

4.1 

Eutrophication, human 

toxicity, freshwater aquatic 

ecotoxicity, GHG emissions 

[21] 

USA To evaluate the environmental 

and economic impacts of ion 

exchange technology 

LCA + Cost 

analysis 

TRACI 2.1 Environmental damages, 

Operation cost 

[22] 

Japan To assess the environmental 

and economic impacts of 

sewage sludge 

LCA+ LCC USES-LCA model Global warming potential, 

Acidification potential, 

Human toxicity potential, 

Land use, Cost 

[23] 

Sweden To investigate the use of 

quantitative microbial risk 

assessment (QMRA) can be an 

adequate way of integrating 

pathogen impact potential in 

LCA 

LCA+ 

QMRA 

ReCiPe Human health [24] 
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1.2. What will be elucidated in this research: 
Following recent and previous studies, this research aims to conduct a comprehensive LCA of the 

WWTPs in Indonesia’s fish processing industry, using an economic evaluation method. To this aim, the 

LIME method was considered as the main LCA model. The proposed methodology is based on an endpoint 

modeling framework that uses the conjoint analysis to calculate damage factors for human health, social 

assets, biodiversity, and primary production, based on Indonesia's local data inventory. The conjoint 

analysis includes the results of a survey in Indonesia. Secondly, a Quantitative Microbial Risk Assessment 

(QMRA) is integrated with the LIME modeling framework to evaluate the damage on human health caused 

by five major biological treatment technologies, including Chemical Enhanced Primary Clarification (CEPC), 

Aerobic Activated Sludge (AS), Up-flow Anaerobic Sludge Blanket (UASB), Ultrafiltration (UF) and Reverse 

Osmosis (RO) in this industry. Thirdly, a Life Cycle Costing (LCC) is carried out, considering all the costs 

that will be incurred during the lifetime of the WWTPs, and finally, the best technology will be selected 

based on the results. 

This thesis is organized as follows: Chapter 2 presents the developed modeling framework. Chapter 3 

represents the application of the model in a real case study in Indonesia. Chapter 4 represents data 

inventory for LCA, LCC and QMRA. Chapter 5 discusses the assessment results. The conclusion of this study 

is presented in the last part of this thesis.  
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Chapter 2. Model development 
Figure 1 shows a conceptual modeling framework that is proposed in this study. The modeling 

framework includes three main parts: 1) the  LIME sub-model, which estimates environmental damages of 

the different WWTPs, using real data from Indonesia 2) the LCC-sub model, which estimates the life cycle 

cost of the different WWTPs, using cost data inventory; and 3) the QMRA model, which estimates the 

microbial risk of the wastewater pollution.  

The LIME sub-model is used for a comprehensive endpoint assessment based on estimating damages in 

four endpoint groups of Human Health (HH), Social Assets (SA), Biodiversity (BD), and Primary Production 

(PP). HH damage indicates malnutrition and infectious diseases due to respiratory diseases caused by air 

pollutants such as NOx, SO2 and photochemical ozone. Its damage is expressed in DALY (Disability-Adjusted 

Life Year). SA damage includes the loss of crops and the use of minerals, and energy resources. Its damage 

is expressed in cost of social assets. BD damage quantifies species that are extinct due to climate change 

and environmental issues. Its damage is expressed in EINES (Expected Increase in Number of Extinct 

Species). PP damage is due to ecological changes that impede forest growth and its damage is NPP 

(expressed in net primary production). Each of the endpoint domains includes different sub-categories 

shown in Table 2. 

The final score is based on the environmental damage cost, which includes HH, PP, SA and BD damage 

and cost of the system. All damages: DALY, cost of social assets, EINES and NPP are expressed in terms of 

cost damages for clear comparison between all scenarios based on the conjoint analysis results as weighing 

method. Integration into single evaluation criteria helps the easy decisions for the optimal system. The 

weighing method is shown in Section 2.1.1. 
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Figure 1 The conceptual modeling framework 

 

Table 2 Definition of the sub-categories in each endpoint domain in LIME sub-model 

HH BD SA PP 

- Climate 

change 

- O3 

- PM2.5 

- Water 

Source 

-Forest resource 

-Climate change 

-Fossil resource 

-Mineral resource 

-Land use 

-Fossil resource 

-Mineral resource 

 

-Forest resource 

-Fossil resource 

-Land use 

-Mineral resource 
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2.1. Weighting Method and damage assessment for 

LCA: 

2.1.1. Weighting Method: 
The weighting method used in the LIME model is based on the conjoint analysis through conducting a 

comprehensive statistical survey in all G20 countries (including Indonesia) by different respondents. 

Conjoint analysis has been widely used in market research and has recently been applied to research in 

environmental economics [25]. This method is therefore expected to contribute greatly to increasing the 

level of research into weighting methodology, in which an international consensus has yet to be established 

[25]. The conjoint analysis helps determine how the respondents will value different scenarios (i.e., 

traditional WWTP, advanced WWTP, etc.) and what combination of those scenarios is most influential in 

decision making, as shown in Figure 2. The conjoint analysis determines the marginal willingness to pay 

for 4 types of environmental damage: HH, SA, PP, BD. And all damage is converted cost damage using the 

weighting result of conjoint analysis. In this section, the mythology for weighting and the weighting results 

are shown. 

 

 
Figure 2 Example of the conjoint analysis for decision making in the LIME model, considering 

traditional and advanced WWTPs 

 

The utility when a respondent (j) chooses an option (i) as 𝑈𝑖𝑗. In the random utility model, 𝑈𝑖𝑗 consists 

of a fixed term observable by the researcher; 𝑉𝑖𝑗 and unobservable to the researcher; 𝜖𝑖𝑗. 

 

 𝑈𝑖𝑗 = 𝑉𝑖𝑗 + 𝜖𝑖𝑗 (2.1) 

 

The correlation between the damage factors can be expressed using the following linear regression model, 

which was adopted by Lime3 [9]: 
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 𝑉𝑖𝑗 = β1𝑥1𝑖 + β2𝑥2𝑖 + β3𝑥3𝑖 + β4𝑥4𝑖+𝛽𝑇𝑎𝑥𝑥𝑃𝑖 (2.2) 

 

𝑉𝑖𝑗 refers to the amount of utility that the respondent (j) can receive from selecting the scenario (i). Here, 

the utility indicates total satisfaction from avoiding damages, which can be expressed in terms of 

respondents' revealed preference.  𝑥𝑛𝑖 (n:1,2,3,4) represents the four damage factors of HH, SA, BD, and PP, 

respectively. β𝑛 (n:1,2,3,4) refers to the degree of change in utility due to change in each damage factor. 

β𝑇𝑎𝑥  shows the degree of change in utility due to payment of one extra unit of the environmental tax 

(𝑥𝑃𝑖) for avoiding different damages. The probability that an individual (j) chooses option (i); 𝑃𝑖𝑗  from from 

a set of choices; 𝐶 = {1,2,∙∙∙, 𝑘} is expressed as the probability that 𝑈𝑖𝑗  is greater than the utility;  𝑈𝑘𝑗  of 

choosing any other option as follows; 

 

 𝑃𝑖𝑗 = 𝑃𝑟[𝑈𝑖𝑗 > 𝑈𝑘𝑗 , ∀𝑗 ∈ 𝐶, 𝑘 ≠ 𝑖] 

= 𝑃𝑟[𝑉𝑖𝑗 − 𝑉𝑘𝑗 > 𝜖𝑖𝑗 − 𝜖𝑘𝑗, ∀𝑗 ∈ 𝐶, 𝑘 ≠ 𝑖] 
(2.3) 

 

Assuming that 𝜖𝑖𝑗 , 𝜖𝑘𝑗  follow type I extreme value distribution, 𝑃𝑖𝑗  is represented by the following 

conditional logit model [9]. 

 

 
𝑃𝑖𝑗 =

𝑒𝑥𝑝(𝑉𝑖)

∑ 𝑒𝑥𝑝(𝑉𝑘)𝑘
 (2.4) 

 

The maximum likelihood (LL) estimation method was used to estimate the optimal values of β as follows, 

which was adopted by Lime3 [9]: Another option is to apply the likelihood function to it as is without taking 

the logarithm, or to apply the score function to it by differentiating the log-likelihood function [27]. The 

reason for applying the log-likelihood function is that taking the log allows you to go from the product form 

to the sum form, which makes the differential calculation easier [27]. 

 

 Max LL = ∑ ∑ 𝑙𝑛

𝑗𝑖

𝑃𝑖𝑗  (2.5) 

 

Assuming the respondents will choose the best combination of scenarios that provides the highest utility, 

the estimated values of β for each type of damage, based on data collected from 200 respondents in 

Indonesia, are reported in Table 3. 

 

Table 3 Values of β estimated by the LIME model [9] 

β1 β2 β3 β4 β𝑇𝑎𝑥 

-0.63 -0.016 -0.0069 -0.0072 -0.0023 

 

According to the results, one lost day of healthy life will result in a 0.63 reduction in respondents' utility. 

The Marginal Willingness to Pay (MWTP) an extra unit of the environmental tax for avoiding different 

damages, can be calculated as follows [9]:  

 

 𝑀𝑊𝑇𝑃𝑛 =
β𝑛

𝛽𝑇𝑎𝑥
 (2.6) 

 

The concept of MWTP was used to convert the unit of all damage factors into the monetary unit. 
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It is necessary to adjust the units of MWTP because the units of 𝑥1, 𝑥2, 𝑥3, 𝑥4, and 𝑥5 are different. In 

case of 𝑀𝑊𝑇𝑃1, β1 represents the preference for losing one day per capita per year and β𝑝 represents the 

preference strength for losing a dollar per household per year. It means that the unit of 𝛽1  is 

[1 (𝑑𝑎𝑦 𝑝𝑒𝑟𝑠𝑜𝑛 𝑦𝑒𝑎𝑟⁄⁄ )⁄ ] and the unit of 𝛽𝑝 is  [1 ($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝑦𝑒𝑎𝑟⁄⁄ )⁄ ]. Therefore, the unit of 𝛽1 𝛽𝑝⁄  is 

[($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) (𝑑𝑎𝑦 𝑝𝑒𝑟𝑠𝑜𝑛⁄ )⁄ ]. The unit of 𝑀𝑊𝑇𝑃1 is converted from [($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) (𝑑𝑎𝑦 𝑝𝑒𝑟𝑠𝑜𝑛⁄ )⁄ ] 

to [$ 𝐷𝐴𝐿𝑌⁄ ] based on the following equation.  

 

𝑀𝑊𝑇𝑃1 [$ 𝐷𝐴𝐿𝑌⁄ ]

=
𝛽1

𝛽𝑝
 [($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) (𝑑𝑎𝑦 𝑝𝑒𝑟𝑠𝑜𝑛⁄ )⁄ ] × 365 [𝑑𝑎𝑦 𝑦𝑒𝑎𝑟⁄ ]

× 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑜𝑟𝑙𝑑 [ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑]

÷ 𝑇ℎ𝑒 𝑤𝑜𝑟𝑙𝑑 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 [𝑝𝑒𝑜𝑝𝑙𝑒] 

(2.7) 

 

In case of 𝑀𝑊𝑇𝑃2, β2 represents the preference for losing 1[$] social assets per year per person. It means 

that the unit of 𝛽2  is [1 ($𝑠𝑜𝑐𝑖𝑎𝑙 𝑎𝑠𝑠𝑒𝑡𝑠 𝑝𝑒𝑎𝑟𝑠𝑜𝑛 𝑦𝑒𝑎𝑟⁄⁄ )⁄ ] . So, the unit of 𝛽2 𝛽𝑝⁄  is 

[($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) ($𝑠𝑜𝑐𝑖𝑎𝑙 𝑎𝑠𝑠𝑒𝑡𝑠 𝑝𝑒𝑟𝑠𝑜𝑛⁄ )⁄ ] . The unit of 𝑀𝑊𝑇𝑃2  is converted from 

[($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) ($𝑠𝑜𝑐𝑖𝑎𝑙 𝑎𝑠𝑠𝑒𝑡𝑠 𝑝𝑒𝑟𝑠𝑜𝑛⁄ )⁄ ] to [$ $𝑠𝑜𝑐𝑖𝑎𝑙 𝑎𝑠𝑠𝑒𝑡𝑠⁄ ] based on the following equation. 

 

 

𝑀𝑊𝑇𝑃2 [$ $𝑠𝑜𝑐𝑖𝑎𝑙 𝑎𝑠𝑠𝑒𝑡𝑠⁄ ]

=
𝛽𝑆𝐴

𝛽𝑇𝑎𝑥
 [($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) ($𝑠𝑜𝑐𝑖𝑎𝑙 𝑎𝑠𝑠𝑒𝑡𝑠 𝑝𝑒𝑟𝑠𝑜𝑛⁄ )⁄ ]

× 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑜𝑟𝑙𝑑 [ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑]

÷ 𝑇ℎ𝑒 𝑤𝑜𝑟𝑙𝑑 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 [𝑝𝑒𝑜𝑝𝑙𝑒] 

(2.8) 

 

In case of 𝑀𝑊𝑇𝑃3, β3 represents the preference for losing 1 species per year. It means that the unit of 𝛽3 is 

[1 (𝐸𝐼𝑁𝐸𝑆 𝑦𝑒𝑎𝑟⁄ )⁄ ] So, the unit of 𝛽3 𝛽𝑝⁄  is [($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) 𝐸𝐼𝑁𝐸𝑆⁄ ]. The unit of 𝑀𝑊𝑇𝑃3 is converted from 

[($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) 𝐸𝐼𝑁𝐸𝑆⁄ ] to [$ 𝐸𝐼𝑁𝐸𝑆⁄ ] based on the following equation. 

 

 

𝑀𝑊𝑇𝑃3 [$ 𝐸𝐼𝑁𝐸𝑆⁄ ]

=
𝛽𝐵𝐴

𝛽𝑇𝑎𝑥
 [($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) (𝐸𝐼𝑁𝐸𝑆)⁄ ]

× 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑜𝑟𝑙𝑑 [ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑] 

(2.9) 

 

In case of 𝑀𝑊𝑇𝑃4, β4 represents the preference strength for losing 100 million tons primary production 

per year. It means that the unit of 𝛽4  is [1 (100 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑡𝑜𝑛 𝑦𝑒𝑎𝑟⁄ )⁄ ] . Therefore, the unit of 𝛽4 𝛽𝑝⁄  is 

[($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) (100 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑡𝑜𝑛)⁄ ] . The unit of 𝑀𝑊𝑇𝑃4  is converted from 

[($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) (100 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑡𝑜𝑛)⁄ ] to [$ 100 million tons⁄ ] based on the following equation. 

 

  

𝑀𝑊𝑇𝑃4 [$ 100 million tons⁄ ]

=
𝛽𝑃𝑃

𝛽𝑇𝑎𝑥
 [($ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑⁄ ) (100 𝑚𝑖𝑙𝑙𝑖𝑜𝑚 𝑡𝑜𝑛𝑠)⁄ ]

× 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑜𝑟𝑙𝑑 [ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑] 

(2.10) 

 

Now, the world population is 7,052,000,000 and the number of households in the world is 1,794,600,980 

[9]. The final MWTP result is shown in the following table. They represent the willingness to pay for 

avoiding one unit of damage. 
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Table 4 MWTP result in SimaPro [9] 

𝑀𝑊𝑇𝑃1 [$ 𝐷𝐴𝐿𝑌⁄ ] 𝑀𝑊𝑇𝑃2 [$ $𝒔𝒐𝒄𝒊𝒂𝒍 𝒂𝒔𝒔𝒆𝒕𝒔⁄ ] 𝑀𝑊𝑇𝑃3 [$ EINES⁄ ] 
𝑀𝑊𝑇𝑃4 

[$ 100 million tons⁄ ] 

2.5 × 104 1.8 5.3 × 109 5.5 × 109 

 

2.1.2. Damage assessment for LCA: 
Climate change and air pollution are one of the big causes of human health damage. Climate change 

refers to temperature increase, and it leads to an increase in infections [9]. Air pollution refers to PM2.5 or 

O3 and they lead to an increased risk of respiratory illness [9]. The Human Health (HH) damage due to 

climate change and air pollution is estimated by the following equation [9]: 

 

 𝐻𝐻 = 𝐷𝐹𝑎𝐻𝐻 × 𝐺𝑊𝑃  (2.11) 

 

 𝐷𝐹𝑎𝐻𝐻 = ∆𝑇𝐸𝑀𝑃 × 𝑅𝑅 × 𝐼𝑁𝐶 × 𝐶𝐴𝑃 × 𝐻𝐷  (2.12) 

Where: 

HH: Total damage due to climate change [𝐷𝐴𝐿𝑌𝑠] 

𝐷𝐹𝑎𝐻𝐻: Damage from climate change per 1 kg CO2 emissions [DAYLs/ kgCO2] 

𝐺𝑊𝑃 : Global Warming Potential [kgCO2] 

∆𝑇𝐸𝑀𝑃: Increase in temperature due to 1[𝑘𝑔] of additional CO2 emissions [℃/ kgCO2] 

𝑅𝑅 : Rate of increase in relative risk per 1[℃] increase in temperature [(%) ℃⁄ ] 

𝐼𝑁𝐶 : Base mortality rate [%] 

𝐶𝐴𝑃 : Population [𝑝𝑒𝑜𝑝𝑙𝑒] 

𝐻𝐷 : DALY for the death of one person [𝐷𝐴𝐿𝑌𝑠 𝑝𝑒𝑜𝑝𝑙𝑒⁄ ] 

 

The Social Assets (SA) damage due to loss of resources “s” (i.e., Fossil Fuels) can be expressed as the 

amount of money needed to invest a portion of the revenue generated by extracting a resource from other 

assets to generate similar revenue after that resource is depleted. SA damage is calculated using “User cost” 

concept. The User Cost Approach is a kind of measuring the depreciation of non-renewable resources. This 

method is proposed by EI Serafy and is first used to examine the real income [26]. Now it is mainly used to 

examine the non-renewable resources asset value loss [26]. Social assets damage is calculated based on 

user cost using the following equation [9].  

 

 𝑆𝐴 =
𝑈𝑠𝑒𝑟 𝑐𝑜𝑠𝑡

𝑃𝑠
× 𝑀𝑠 (2.13) 

Where: 

User cost: User costs of fossil fuel “s” [[$ 𝑦𝑒𝑎𝑟⁄ ]] 

𝑆𝐴: Social Assets damage [$] 

𝑃𝑠: Production of resource “s” per year [𝑘𝑔] 

𝑀𝑠: Consumption of resource “s” [𝑘𝑔] 

 

User cost is calculated following outlines. The asset from fossil fuel “s” extraction in “n” years is given as 

follows: 
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∑(𝑅𝑠) =

𝑅𝑠 {1 −
1

(1 + 𝑟)
𝑅𝑆𝑠
𝑃𝑠

}

1 −
1

1 + 𝑟

𝑛

0

 
(2.14) 

 

 𝑅𝑠 = 𝑃𝑠𝑉𝑠 (2.15) 

Where: 

𝑅𝑠: Income from the extraction of resource “s” per year [$ 𝑦𝑒𝑎𝑟⁄ ]  

𝑉𝑠: Unit price of fossil resource “s” [$ 𝑘𝑔⁄ ] 

𝑅𝑆𝑠: Total amount of resource “s” that can be extracted [𝑘𝑔] 

r: Discount rate [-] 

 

On the other hand, the asset of a constant income in permanent is given as follows: 

 

 ∑ 𝑋 =
𝑋

1 −
1

1 + 𝑟

∞

0

 (2.16) 

Where: 

X: Constant income per year in permanent assumed in user cost [$ 𝑦𝑒𝑎𝑟⁄ ] 

 

 

When the asset from fossil fuel “s” extraction in “n” years is equaled with the asset of a constant income in 

permanent, we can get the following equation. 

 

 𝑋 = 𝑅𝑠 {1 −
1

(1 + 𝑟)𝑛𝑠,𝑐
} (2.17) 

 

Therefore, user cost is calculated in the following equation. 

 

 𝑈𝑠𝑒𝑟 𝑐𝑜𝑠𝑡 = 𝑅𝑠 − 𝑋 = 𝑃𝑠𝑉𝑠 (
1

1 + 𝑟
)

𝑅𝑆𝑠
𝑃𝑠

 (2.18) 

 

The temperature increase is one of the causes of Biodiversity damage. Temperature rising reduces the 

climatically suitable area for plants. The Biodiversity Damage (BD) is estimated based on the expected 

increase in the number of extinct species due to the rise in temperature [9]: 

 

 𝐵𝐷 = 𝐷𝐹𝐵𝐷 × 𝐺𝑊𝑃  (2.19) 

 

 𝐷𝐹𝐵𝐷 = ∆𝑇𝐸𝑀𝑃 × 𝐴𝑐 × 𝐿𝑐 × 𝐷𝐹𝑙𝑎𝑛𝑑,𝑐 (2.20) 

Where: 

BD: Biodiversity Damage due to climate change [EINES] 

𝐷𝐹𝐵𝐷: Expected number of extinct species form 1[𝑘𝑔] CO2 emissions [𝐸𝐼𝑁𝐸𝑆 𝑘𝑔𝐶𝑂2⁄ ] 

∆𝑇𝐸𝑀𝑃: Increase in temperature due to 1[𝑘𝑔] of additional CO2 emissions [℃ 𝑘𝑔𝐶𝑂2⁄ ] 

𝐴𝑐: Land area [𝑚2]   

𝐿𝑐: Growing area degradation per 1[℃] increase in temperature [% ℃⁄ ] 

𝐷𝐹𝑙𝑎𝑛𝑑,𝑐: Increase in the number of extinct species per 1[𝑚2] growing area degradation [𝐸𝐼𝑁𝐸𝑆 𝑚2⁄ ] 
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The Primary Production (PP) damage decreases vegetation production due to vegetation removal and 

changes in the vegetation's growing environment. In the LIME, the damage is assessed using the amount of 

Net Primary Production (NPP) lost per land-use area. Net primary production represents the total amount 

of organic matter produced by a plant in a year using solar energy, water and carbon dioxide for 

photosynthesis, minus the amount of organic matter lost through the plant's respiration. The details of the 

calculation are given in [9]. 
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2.2. Quantitative microbial risk assessment (QMRA): 
It is noted that, the LIME can only evaluate the human health damage caused by air pollution or global 

warming. Therefore, in order to be able to assess the health damage of wastewater pollution, a separate 

Quantitative microbial risk assessment (QMRA) model was developed based on the dose-response method 

and linked to the LIME.  The main pathogens which were considered in the QMRA, include: 1) Escherichia 

coli O157:H7; 2) Salmonella spp.; 3) Campylobacter from bacteria, rotavirus, adenovirus, and norovirus 

from viruses, and 4) Cryptosporidium parvum and Giardia spp. from protozoa. All the selected pathogens 

cause gastrointestinal (GI) illness [28]. The pathogen does can be estimated, using the following formula: 

 

 𝐷 = 𝐶𝑀𝑉𝑒𝑥(1 −
𝜂𝑝𝑎𝑟

100
) (2.21) 

Where: 

D: Pathogen dose [MPN] 

𝐶𝑀: Microbial concentration of the influent water  [𝑀𝑃𝑁/𝑚𝑙] 

𝑉𝑒𝑥 : Quantity of the influent water [ml] 

𝜂𝑝𝑎𝑟: Removal rates of alternative technologies for various pathogens [%] 

MPN: Most Probable Number of infectious units 

 

The probability of infection due to microorganisms is estimated, using the following dose-response model 

[28]: 

 

a) Beta-Poisson dose-response model 

 

 𝑃𝑖𝑛𝑓(𝐷) = 1 − [1 + (
𝐷

𝑁50
) (2

1
𝜌 − 1)]

−𝜌

 (2.22) 

Where: 

𝑃(𝐷): Probability or risk of pathogen dose (D) [-] 

𝑁50 : The amounts of pathogen dose (D) which can infect 50% of the exposed society [MPN] 

𝜌: Pathogen infectivity [-] 

 

b) Exponential dose-response model 

 

 𝑃𝑖𝑛𝑓(𝐷) = 1 − 𝑒𝑥𝑝(−𝑟𝐷) (2.23) 

Where: 

r: Model coefficient [-] 

 

c) Annual risk of infection 

 

 𝑃𝑖𝑛𝑓(𝐴)(𝐷) = 1 − [1 − 𝑃𝑖𝑛𝑓(𝐷)]
𝑛

 (2.24) 

Where: 

𝑃𝑖𝑛𝑓(𝐴)(𝐷): The estimated annual probability or risk of infection from “n” exposures per year due to a single 

pathogen dose “D” [-]. 

 

The health risk was expressed in disease burden, i.e., Disability-Adjusted Life Years (DALY) per person per 

year as follows [28]: 
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 𝐷𝐴𝐿𝑌𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛 = 𝑃inf (𝐴)(𝐷) × 𝑃𝑖𝑙𝑙 × 𝐷𝐵𝑃𝐶 × 𝑓𝑠 (2.25) 

Where: 

𝐷𝐴𝐿𝑌𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛: DALY per person per year [DALY/year] 

𝐷𝐵𝑃𝐶: Disease burden per case [DALY/year] 

𝑓𝑠: Susceptibility fraction [-] 

𝑃𝑖𝑙𝑙: Risk of disease given infection or morbidity [-] 

 

Furthermore, it is necessary to know the number of people who access the treated water of a WWTP 

in order to assess the health damage caused by treated water from a WWTP. Water consumption per 

person in Indonesia is 517.3 [𝑚3 𝑝𝑒𝑜𝑝𝑙𝑒 𝑦𝑒𝑎𝑟⁄⁄ ] [29]. So, the water usage per person per day in Indonesia; 

𝑉𝑊 is calculated by the following equation. 

 

 𝑉𝑊 = 517.3 [𝑚3 𝑝𝑒𝑜𝑝𝑙𝑒 𝑦𝑒𝑎𝑟⁄⁄ ] ÷ 365 [𝑑𝑎𝑦 𝑦𝑒𝑎𝑟⁄ ] = 1.417 [𝑚3 𝑝𝑒𝑜𝑝𝑙𝑒 𝑑𝑎𝑦⁄⁄ ] (2.26) 

 

The water volume subtracting the removed sludge volume from water flow is the amount of water volume 

which can be use as treated water. A water flow is 100[𝑚3 𝑑𝑎𝑦⁄ ]. The amount of water volume which can 

be use as treated water is calculated by following equation. 

 

 

𝑉𝐹 [𝑚3 𝑑𝑎𝑦⁄ ] = {100[𝑚3 𝑑𝑎𝑦⁄ ] × 𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦[𝑘𝑔 𝑚3⁄ ]

− 100[𝑚3 𝑑𝑎𝑦⁄ ]

× ( Influent SS loadings [𝑘𝑔 𝑚3⁄ ] × 𝑆𝑆 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [%]

+ Influent TSS loadings [𝑘𝑔 𝑚3⁄ ] × 𝑇𝑆𝑆 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [%])}

÷ 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦[𝑘𝑔 𝑚3⁄ ] 

(2.27) 

Where: 

𝑉𝐹: The amounts of water volume which can be use as treated water [𝑚3 𝑑𝑎𝑦⁄ ] 

 

Both influent and effluent water density are assumed to be 1000 [𝑘𝑔 𝑚3⁄ ] for simplicity. The number of 

people who access the treated water from a WWTP in Indonesia can be calculated by the following equation. 

 

 𝑁𝑤 = 𝑉𝐹 [𝑚3 𝑑𝑎𝑦⁄ ] ÷ 1.417 [𝑚3 𝑝𝑒𝑜𝑝𝑙𝑒 𝑑𝑎𝑦⁄⁄ ] (2.28) 

Where: 

𝑁𝑤: Number of people who access the treated water from a WWTP in Indonesia [𝑝𝑒𝑜𝑝𝑙𝑒] 

 

The total health damage due to microbial disease from the treated water of a WWTP is calculated by the 

following formula.  

 

 𝐷𝐴𝐿𝑌𝑓𝑎𝑐𝑡𝑜𝑟𝑦 = 𝐷𝐴𝐿𝑌𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛 × 𝑁𝑤 (2.29) 

Where:  

𝐷𝐴𝐿𝑌𝑓𝑎𝑐𝑡𝑜𝑟𝑦 : The total health damage due to microbial disease from the treated water of a WWTP 

[DALY/year] 
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2.3. Life-cycle cost analysis: 
The total cost of the system consists of construction cost, land cost, and operation cost, which can be 

calculated as follows: 

 

 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 = 𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 + 𝐿𝑎𝑛𝑑 𝑐𝑜𝑠𝑡 +  ∑{𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 × (1 + 𝑟)𝑛}

20

𝑛=1

 (2.30) 

Where: 

r: Discount rate [-] 

n: Number of years [years] 

 

Construction cost is estimated from the material cost used for construction. It is calculated by the following 

equation. 

 

 𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 [$] =
𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑐𝑜𝑛𝑐𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 [$]

𝑇ℎ𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑠𝑡 𝑡𝑜 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 [−]
 (2.31) 

 

The ratio of material cost to construction cost [-] is 0.159 [30]. Operation cost consists of material cost, 

labor cost and electricity cost. It is expressed as the annual cost and calculated by the following equation. 

 

 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 [$ 𝑦𝑒𝑎𝑟⁄ ]

= 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 [$ 𝑦𝑒𝑎𝑟⁄ ] + 𝐿𝑎𝑏𝑜𝑟 𝑐𝑜𝑠𝑡 [$ 𝑦𝑒𝑎𝑟⁄ ]

+ 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑠𝑡 [$ 𝑦𝑒𝑎𝑟⁄ ] 

(2.32) 

 

Material cost for construction, material cost for operation, labor cost and electricity cost are calculated 

based on usage and the cost per unit amount. The material cost for construction and operation are 

calculated by the following equations. 

 

 

Material cost for construction [$]

= ∑(𝑈𝑠𝑎𝑔𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 material [𝑘𝑔 𝑜𝑟 𝑚3]

𝑖

× 𝑇ℎ𝑒 𝑢𝑛𝑖𝑡 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [$ 𝑘𝑔 𝑜𝑟 𝑚3⁄ ]) 

(2.33) 

 

 

Material cost for operation [$ 𝑦𝑒𝑎𝑟⁄ ]

= ∑(𝑈𝑠𝑎𝑔𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 material [𝑘𝑔 𝑜𝑟 𝑚3 𝑦𝑒𝑎𝑟⁄ ]

𝑖

× 𝑇ℎ𝑒 𝑢𝑛𝑖𝑡 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [$ 𝑘𝑔 𝑜𝑟 𝑚3⁄ ]) 

(2.34) 

Where: 

i: The types of the material [-] 

 

Land cost, electricity cost and labor cost are calculated as follows: 

 

 Land cost [$] = 𝐿𝑎𝑛𝑑 𝑢𝑠𝑒 [𝑚2] × 𝑈𝑛𝑖𝑡 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑙𝑎𝑛𝑑 [$ 𝑚2⁄ ] (2.35) 
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Electricity cost [$ 𝑦𝑒𝑎𝑟⁄ ]

= 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑡𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑟𝑖𝑜𝑛 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 [𝑘𝑊ℎ 𝑦𝑒𝑎𝑟⁄ ]

× 𝑈𝑛𝑖𝑡 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 [$ 𝑘𝑊ℎ⁄ ] 

(2.36) 

 

 

Labor cost [$ 𝑦𝑒𝑎𝑟⁄ ]

= 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠 [𝑃𝑒𝑜𝑝𝑙𝑒]

× 𝑈𝑛𝑖𝑡 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑙𝑎𝑏𝑜𝑟 [$ 𝑝𝑒𝑜𝑝𝑙𝑒 𝑚𝑜𝑛𝑡ℎ⁄⁄ ] × 12[𝑚𝑜𝑛𝑡ℎ𝑠 𝑦𝑒𝑎𝑟⁄ ] 

(2.37) 
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Chapter 3. Case study and scenario definition 
Table 5 shows the number of active fish processing factories located in the different regions in 

Indonesia. The Java region was considered as the area of study in this research, since the major largest fish 

processing factories with an average influent wastewater capacity of 100 m3/d are located in this area [31]. 

Table 6 represents the chemical composition of influent wastewater used in fish processing factories in this 

region. The effluent limits of treated water quality specification were reported in Table 7. 

  

Table 5 Active fish processing factories in Indonesia [31] 

Sumatera 13,947 

Java 26,840 

Bali 5,231 

Kalimantan 8,880 

Sulawesi 5,137 

Maluku-Papua 1,767 

 

Table 6 Chemical characteristics of influent wastewater in the fish processing factory in Indonesia 

 BOD1 

[mg/L] 

COD2 

[mg/L] 

TSS3 

[mg/L] 

SS4 

[mg/L] 

Influent 1400 [31] 2900 [31] 1900 [31] 4000 [32][33] 

1 Biochemical Oxygen Demand 

2 Chemical Oxygen Demand 

3 Total suspended solids 

4 Settleable Solids 

 

Table 7 Effluent limits of treated water quality specification 

 
BOD 

[mg/L] 

COD 

[mg/L] 

TSS 

[mg/L] 

SS 

[mg/L] 

Limits 75 [31] 150 [31] 100 [31] - 

 

Five main WWTPs which are considered in this study include: 1) Chemical Enhanced Primary 

Clarification (CEPC); 2) Aerobic Activated Sludge (AS); 3) Up-flow Anaerobic Sludge Blanket (UASB); 4) 

Ultrafiltration (UF), and 5) Reverse Osmosis (RO).  A brief description of these WWPTs is given in Figure 3. 

The values of the removal efficiency of the selected WWTPs are reported in Table 6. 

 

Table 8 Removal efficiency of the selected WWTPs in this study [21] 

 Removal efficiency (%) 

COD BOD TSS SS 

CEPC 54 58 86 88 

AS 62 52 37 37 

UASB 68 68 0 0 

UF 77 75 96 96 

RO 89 91 100 100 

 

In this study, nine different scenarios were considered based on possible combinations of the WWTPs, 

which can pass Indonesia's standard water pollution levels. The maximum concentration of BOD, COD, and 
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TSS in the discharged wastewater is allowed to be 75 [mg/L], 150 [mg/L], and 100 [mg/L], respectively 

[31]. The scenario definition and water pollution levels in effluent water in each scenario are given in Table 

9 and Table 10. According to CIA - The World Factbook, the Central bank discount rate of Indonesia is 

6.37[%] [34]. So, the discount rate is set as 7[%]. 

 

Table 9 Scenario definition in this study 

Scenario No. Primary treatment Secondary treatment Tertiary treatment 

1 CEPC AS UF 

2 CEPC UASB UF 

3 CEPC AS + UASB UF 

4 CEPC AS RO 

5 CEPC UASB RO 

6 CEPC AS+UASB RO 

7 CEPC AS UF+RO 

8 CEPC UASB UF+RO 

9 CEPC AS+UASB UF+RO 

 

Table 10 Water pollution levels in effluent water of the proposed scenarios 

Scenario No. 

 

BOD 

concentration 

[mg/L] 

COD 

concentration 

[mg/L] 

SS 

concentration 

[mg/L] 

1 56.3 146 18.8 

2 47.4 97.4 29.8 

3 18.0 46.8 18.8 

4 26.9 52.6 0.00 

5 22.7 35.1 0.00 

6 8.61 16.8 0.00 

7 6.19 13.2 0.00 

8 5.21 8.77 0.00 

9 1.98 4.21 0.00 

 

Table 11 Assessment precondition 

Items Number 

Flow rate 𝐹𝑟  [𝑚3 𝑑⁄ ] 100 

Lifetime 𝐿𝑡 [𝑦𝑒𝑎𝑟𝑠] 20 

Number of facility (Region) [Pieces] 26840 

Discount rate [%] 7 
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Figure 3 Brief description of the selected WWTPs in this study 
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Chapter 4. Data inventory 
The LCA data inventory denotes the appropriate inputs and outputs from each WWTP. Inventory flows 

in this study include inputs of water, material, energy, land, and energy carriers and outputs of air and 

water pollutions. Table 12 shows the basic components used in the construction, operation, and land 

occupation of the selected WWTPs. Land occupation [𝒎𝟐 𝒎𝟑 𝒅⁄⁄ ] 

 

Table 12 Basic components used in the selected WWTPs in this study 

Component  CEPC AS UASB UF RO 

Construction [𝒌𝒈 𝒎𝟑⁄ ]1 

Fresh concrete 0.0360 

[35][36] 

0.0780 

[35][36] 

0.0120 

[35][36] 

0.00300 

 [37] 

0.00328 [37] 

Ordinary steel 0.00128 

[35][36] 

0.00276 

[35][36] 

0.000425 

[35][36] 

0.000760 

 [37] 

0.000760 

 [37] 

Glass fiber (direct roving) 0.0000294 

[35][36] 

0.0000637 

[35][36] 

0.00000998 

[35][36] 

0.000150  

[37] 

0.000150 

 [37] 

Aluminum 0.0000131 

[35][36] 

0.0000283 

[35][36] 

0.00000435 

[35][36] 

0 0 

Polyethylene, high 

density (HDPE) 

0 0.0000793 

[35][36] 

0.0000122 

 [35][36] 

0 0 

Operation (Chemicals) [mg/L]2 

Hydrated lime 400  

[38] 

0 0 0 0 

Aluminium sulfate, 14% 

solution 

10  

[38] 

0 0 0 0 

Anionic surface-activate 

agents (Anionic polymer) 

6  

[38] 

0 0 0 0 

Sodium hydroxide, 97% 0 0 0 4.20 

 [37] 

4.20 

 [37] 

Nitric acid, 98% 0 0 0 1.85 

[39] 

0 

Plastic products which 

are not elsewhere 

classified (Filters for the 

prefilters) 

0 0 0 0.260  

[37] 

0.260  

[37] 

UF SPIRAL wound 

modules  

0 0 0 0.510 

 [37] 

0.510 

 [37] 

Land occupation [𝒎𝟐 𝑷𝑬⁄ ]3 Land occupation 

[𝒎𝟐 𝒎𝟑 𝒅⁄⁄ ] 

Resources, building site, 

land use, land occupation 

0.05 

 [40] 

0.185  

[40] 

0.065  

[40] 

0.083 

 [41] 

0.25 

 [41] 

Electricity consumption [𝒌𝑾𝒉 𝒎𝟑⁄ ]1 

Electricity, Indonesia 0.38  

[21] 

1.03  

[21] 

0.37 

 [21] 

0.94 

 [21] 

1.90 

 [21] 
1. Cubic meter of treated water 

2. Liter of treated water 

3. Population equivalent 
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4.1. Data inventory for LCA: 
The LIME comprehensive database was used for inventory regarding the different construction and 

operation and electricity generation processes in this study. The overall structure of the data inventory 

flows used in LIME is shown in Figure 4. 

 

 
Figure 4 Overall structure of the data inventory flows used in LIME 
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Figure 4 Overall structure of the data inventory flows used in LIME (Continued) 

 



29 
 

 
Figure 4 Overall structure of the data inventory flows used in LIME (Continued) 

 

The dataset shown by Bonton, A., Bouchard, C., Barbeau, B., and Jedrzejak, S. were referenced as the 

inventory data for the UF spiral-wound modules. The following table provides it. 
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Table 13 The inventory data of UF spiral-wound modules [37] 

Component SimaPro component name Value Unit Method 

Polyester 
polyester fabric, piece goods, dyed 

product 
0.00014 𝑘𝑔 𝑚3⁄  Module autopsy 

Polysulfide miscellaneous plastic 0.00003 𝑘𝑔 𝑚3⁄  Module autopsy 

N, N 

dimethylformamide 
nitrogen 0.00012 𝑘𝑔 𝑚3⁄  

US patent 

4277344 

MPD (meta-phenylene 

diamine) 

organic chemistry industrial 

products which are not elsewhere 

classified 

0.00000135 𝑘𝑔 𝑚3⁄  
US patent 

4277344 

TMC (tremetol 

chloride) 

organic chemistry industrial 

products which are not elsewhere 

classified 

0.00000348 𝑘𝑔 𝑚3⁄  
US patent 

4277344 

Solvent CFC-113 trichlorofluoromethane 0.00017 𝑘𝑔 𝑚3⁄  
US patent 

4277344 

Fiberglass/plastic 

epoxy (outer shell) 
glass fiber (direct roving) 0.000075 𝑘𝑔 𝑚3⁄  Module autopsy 

Phosphoric acid phosphoric acid, 85% 0.00000936 𝑘𝑔 𝑚3⁄  
US patent 

4765897 

Polypropylene 

(spacers) 
polypropylene 0.00015 𝑘𝑔 𝑚3⁄  Module autopsy 

Epoxy resin (glue) epoxy resin 0.000034 𝑘𝑔 𝑚3⁄  Module autopsy 

Hardener (glue) 
cellulose adhesives and plastic 

adhesives 
0.000021 𝑘𝑔 𝑚3⁄  Module autopsy 

PVC (permeate tube) reclaimed PVC pipe 0.000052 𝑘𝑔 𝑚3⁄  Module autopsy 

Modules transport 
truck transportation service, 1.5t 

truck, loading ratio average 
0.00078 𝑡𝑘𝑚 𝑚3⁄  

Modules 

manufactured in 

Michigan, USA 

IPA (isopropanol) isopropyl alcohol 0.000017 𝑘𝑔 𝑚3⁄  
US patent 

4970034 

Energy for CFC-113 

recycling 
electricity, Indonesia 0.0005 𝑘𝑊ℎ 𝑚3⁄  

Evaporation rate 

of solvent 

 

The process of making the dataset for SIMAPRO (See Appendix) from the information in Table 12 is 

explained in the Section 4.1.1 to Section 4.1.5. 

 

4.1.1. Construction and operation materials: 

The amount of construction used by a WWTP in 20 years is calculated by equation (4.1).  

 

 𝑀𝑐  [𝑘𝑔] =  𝑁𝑐  [𝑘𝑔 𝑚3⁄ ] × 𝐹𝑡  [𝑚3 𝑑⁄ ] × 365 [𝑑 𝑦𝑒𝑎𝑟𝑠⁄ ] × 𝐿𝑡  [𝑦𝑒𝑎𝑟𝑠] (4.1) 

Where: 

𝑀𝑐: Amount of construction material used by a WWTP in life span [𝑘𝑔] 

𝑁𝑐: Numbers shown in Table3.4 under “Construction material” [𝑘𝑔 𝑚3⁄ ] 

𝐹𝑡: Flow rate of a WWTP [𝑚3 𝑑⁄ ] 

𝐿𝑡: Life span [𝑦𝑒𝑎𝑟𝑠] 
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The amount of operation used by a WWTP per year is calculated by equation (4.2).  

 

 𝑀𝑜  [𝑘𝑔 𝑦𝑒𝑎𝑟⁄ ] =  𝑁𝑜 [𝑘𝑔 𝑚3⁄ ] × 𝐹𝑡  [𝑚3 𝑑⁄ ] × 365 [𝑑 𝑦𝑒𝑎𝑟𝑠⁄ ] (4.2) 

 

Where: 

𝑀𝑜: The amounts of operation materials used by a WWTP per year [𝑘𝑔 𝑦𝑒𝑎𝑟⁄ ] 

𝑁𝑜: The numbers shown in Table3.4 under “Operation (Chemical) material” [𝑘𝑔 𝑚3⁄ ] 

𝐹𝑡: Flow rate of a WWTP, in my case, it is 100 [𝑚3 𝑑⁄ ] 

 

In SIMAPRO software, the input units of the concrete and nitrogen processes are [𝑚3] and the input 

units of filters are [𝐽𝑃𝑌]. Therefore, it is necessary to convert the input units of concrete and nitrogen from 

[𝑘𝑔] to [𝑚3]. In addition, it is also necessary to convert the unit of filters from [𝑘𝑔] to [𝐽𝑃𝑌]. Table 14 and 

Table 15 provides the coefficient for converting the unit. 

 

Table 14 The densities of concrete and nitrogen 

Concrete density Unit Reference 

2.3 𝑡𝑜𝑛 𝑚3⁄  [42] 

Nitrogen density Unit Reference 

1.25 𝑘𝑔 𝑚3⁄  [43] 

 

Table 15 The unit cost of filters 

Item Number Unit Reference 

Filters 4135 𝐽𝑃𝑌 𝑘𝑔⁄  [44] 

 

4.1.2. Land occupation: 

Land occupation data for CEPC, AS, and UASB are given per population equivalent (PE). PE represents 

the ratio of the daily load of the discharged wastewater from the industrial factories to the load of sewage 

produced by an inhabitant in the household area [40]: 

 

  𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 [𝑃𝐸] =
𝐵𝑂𝐷 𝑙𝑜𝑎𝑑 𝑓𝑟𝑜𝑚 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦 [𝑘𝑔 𝑑⁄ ]

𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 𝐵𝑂𝐷 𝑙𝑜𝑎𝑑 [𝑘𝑔 (𝑖𝑛ℎ𝑎𝑏×𝑑𝑎𝑦)⁄ ]
 (4.3) 

 

The value of the BOD per capita is estimated at 0.054 [𝑘𝑔 (𝑖𝑛ℎ𝑎𝑏 × 𝑑𝑎𝑦)⁄ ] [40]. BOD load from a WWTP is 

calculated in the following equation. 

 

 

𝐵𝑂𝐷 𝑙𝑜𝑎𝑑 𝑓𝑟𝑜𝑚 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦 [𝑘𝑔 𝑑⁄ ]

= 𝐼𝑛𝑒𝑓𝑓𝑢𝑙𝑒𝑛𝑡 𝐵𝑂𝐷 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑔 𝐿⁄ ] × 𝐵𝑂𝐷 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 [−]

×  𝐹𝑡[𝑚3 𝑑⁄ ] ÷ 1000 

(4.4) 

 

Then, the land occupation of a WWTP is calculated by equation (4.5) in case of CEPC, AS and UASB or by 

equation (4.6) in case of UF and RO.  

 

 𝐿𝑎𝑛𝑑 𝑢𝑠𝑒 [𝑚2] = 𝐿𝑎𝑛𝑑 𝑢𝑠𝑒 𝑝𝑒𝑟 𝑃𝐸 [𝑚2 𝑃𝐸⁄ ] × 𝑃𝐸 [𝑃𝐸] (4.5) 

 

 𝐿𝑎𝑛𝑑 𝑢𝑠𝑒 [𝑚2] = 𝐿𝑎𝑛𝑑 𝑢𝑠𝑒 𝑝𝑒𝑟 1 𝑚3 𝑑⁄  [𝑚2 (𝑚3 𝑑⁄ )⁄ ] × 𝐹𝑡  [𝑚3 𝑑⁄ ] (4.6) 
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4.1.3. Electricity consumption: 

Electricity consumption by a WWTP per year are calculated by equation (4.7). 

 

 𝑀𝑒 [𝑘𝑊ℎ 𝑦𝑒𝑎𝑟⁄ ] =  𝑁𝑒 [𝑘𝑊ℎ 𝑚3⁄ ] × 𝐹𝑡  [𝑚3 𝑑⁄ ] × 365 [𝑑 𝑦𝑒𝑎𝑟𝑠⁄ ] (4.7) 

Where: 

𝑀𝑒: The amounts of electricity consumption by a WWTP per year [𝑘𝑊ℎ 𝑦𝑒𝑎𝑟⁄ ] 

𝑁𝑒: The numbers shown in Table3.4 under “Electricity consumption” [𝑘𝑊ℎ 𝑚3⁄ ] 

 

4.1.4. Electricity consumption: 

Emissions to water consist of COD and TSS. COD emission to water is calculated by the following 

equation.  

 

 

𝐶𝑂𝐷 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑡𝑜 𝑤𝑎𝑡𝑒𝑟 [𝑘𝑔]

= 𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝐶𝑂𝐷 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑔/𝐿] × (1 −
𝜂𝐶𝑂𝐷

100
) × 𝐹𝑡  [𝑚3 𝑑⁄ ]

× 365 [𝑑 𝑦𝑒𝑎𝑟𝑠⁄ ] × 𝐿𝑡  [𝑦𝑒𝑎𝑟𝑠] 

(4.8) 

 

TSS emission to water is calculated by equation (4.9) because not only untreated TSS (Suspended solid), 

but also untreated SS (settleable solids) can be included in effluent as suspended solids. 

 

 

𝑇𝑆𝑆 𝑒𝑚𝑖𝑠𝑠𝑜𝑛 𝑡𝑜 𝑤𝑎𝑡𝑒𝑟 [𝑘𝑔]

= 𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑇𝑆𝑆 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑔/𝐿] × (1 −
𝜂𝑇𝑆𝑆

100
)  × 𝐹𝑡  [𝑚3 𝑑⁄ ]

× 365 [𝑑 𝑦𝑒𝑎𝑟𝑠⁄ ] × 𝐿𝑡  [𝑦𝑒𝑎𝑟𝑠]

+ 𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡  SS 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑔/𝐿] × (1 −
𝜂𝑆𝑆

100
) × 𝐹𝑡  [𝑚3 𝑑⁄ ]

× 365 [𝑑 𝑦𝑒𝑎𝑟𝑠⁄ ] × 𝐿𝑡  [𝑦𝑒𝑎𝑟𝑠] 

(4.9) 

Where: 

𝜂𝐶𝑂𝐷: COD removal rate [%] 

𝜂𝑇𝑆𝑆: TSS (Suspended solid) removal rate [%] 

𝜂𝑆𝑆: SS (settleable solids) removal rate [%] 

 

4.1.5. The amount of waste: 

Removed SS (settleable solids) is assumed to be waste during the treatment process. The amount of 

waste is calculated in equation (4.10).  

 

 

𝑇ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒 [𝑘𝑔 𝑦𝑒𝑎𝑟⁄ ]

= 𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑆𝑆 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑔/𝐿] × 
𝜂𝑆𝑆

100
× 𝐹𝑡  [𝑚3 𝑑⁄ ]

× 365 [𝑑 𝑦𝑒𝑎𝑟𝑠⁄ ] 

(4.10) 
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4.2. Data inventory for LCC: 
The unit costs of raw material, electricity, land, and energy are reported in Table 16.  

 

Table 16 Unit costs of raw material, electricity, land, and energy used in this study 

Items Value Unit Reference 

Electricity 1051 𝑅𝑝 𝑘𝑊ℎ⁄  [45] 

Land 17.93 $ 𝑓𝑡2⁄  [46] 

Labor 183 $ 𝑝𝑒𝑜𝑝𝑙𝑒 𝑚𝑜𝑛𝑡ℎ⁄⁄  [47] 

Steel 504 $ 𝑡𝑜𝑛⁄  [48] 

Fiberglass 625 $ 𝑡𝑜𝑛⁄  [49] 

Aluminum 1777 $ 𝑡𝑜𝑛⁄  [50] 

Lime 17 𝑅𝑠 𝑘𝑔⁄  [51] 

Anionic polymer 1.25 $ 𝑝𝑜𝑢𝑛𝑑⁄  [52] 

Concrete 300 $ 𝑚3⁄  [53] 

HDPE 54.81 ¢ 𝑝𝑜𝑢𝑛𝑑⁄  [54] 

Alum 120 𝑅𝑠 𝑘𝑔⁄  [55] 

Membrane cleaning agent (NaOH) 375 $ 𝑡𝑜𝑛⁄  [56] 

Nitric Acid 262.5 $ 𝑡𝑜𝑛⁄  [57] 

Filters 889 𝐽𝑃𝑌 𝑝 (215 𝑘𝑔)⁄  [58] 

UF spiral-wound modules 800 $ 𝑝 (26 𝑘𝑔)⁄  [59] 

 

The average labor load for the selected WWPTs is given in Table 17.  

 

Table 17 Average labor load for the selected WWTPs 

WWTP Labor/year 

CEPC, AS and USAB 13 

UF 17 [41] 

RO 12 [41] 

 

 

  



34 
 

4.3. Data inventory for QMRA: 
It is assumed that, drinking discharged water from the WTTPs will cause gastrointestinal (GI) illness. 

The quantity of the influent water (𝑉𝑒𝑥) and frequency per year (n) are reported in Table 18. 

 

Table 18 Quantity of the influent water and its frequency per person 

Exposure source 𝑉𝑒𝑥[mL] Frequency per year n [th/year] 

Drinking 2,800 [60] 365 

 

The pathogen removal rates of the selected WPPTs and input parameters used in the QMRA are given in 

Table 19 to Table 21. 

 

Table 19 The log removal (𝜼𝑳𝒐𝒈) of the selected WTTPs for various pathogens1 

 E. coli 

[-] 

Campyl

obacter 

[-] 

Salmon

ella spp

. 

[-] 

Adenov

iruses 

[-] 

Norovi

ruses 

[-] 

Rotavir

us [-] 

Crypto

sporidi

um [-] 

Giardia 

spp. 

[-] 

Reference 

CEPC 1.06 0.955 0.955 2.6 2.6 2.6 0.14 0.62 [61] 

AS 1.5 1.5 1.5 1.25 1.25 1.25 0.75 0.75 [62][63] 

UASB 1.1 1.2 1 0.7 0.2 0 0.3 0.3 [64] 

UF 5 5 4.5 4.5 4.5 4.5 6.2 6.35 [65][66][67] 

RO 5.5 5.5 5.5 4.85 4.85 4.85 8 8 [68][69][67] 
1. 𝜂𝑝𝑎𝑟 = 100 × (1 − 10−𝜂𝐿𝑜𝑔) 

 

Table 20 The microbial concentration of influent water 

Microorganisms Concentration [𝑀𝑃𝑁/100 mL] Reference 

E. coli 31,622,777 [62] 

Campylobacter 3162 [63] 

Salmonella spp. 10,000 [62][63] 

Adenoviruses 316 [62][63] 

Noroviruses 316 [62][63] 

Rotavirus 3162 [62] 

Cryptosporidium 100 [62][63] 

Giardia spp. 3162 [62] 
 

Table 21 Input parameters used in the QMRA 

Pathogens Beta-Poisson Exponential Reference 

𝜌 [-] N50 [-] r [-] 

E. coli 0.2019 1,120 – [62] 

Campylobacter 0.145 896 – [70][71] 

Salmonella spp. 0.3126 23,600 – [70] 

Adenovirus – – 0.4172 [71][72][73] 

Norovirus – – 0.722 [74][75] 

Rotavirus 0.27 5.6 – [62] 

Cryptosporidium parvum – – 0.004 [76] 

Giardia spp. – – 0.0199 [76] 
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The values of morbidity, disease burden per case, and susceptibility fraction are shown in Table 22.  

 

Table 22 Morbidity, disease burden per case, and susceptible fraction 

Pathogens Morbidity 

𝑃𝑖𝑙𝑙|𝑖𝑛𝑓 [-] 

Maximum disease 

burden DBPC 

[DALY/year] 

Susceptibility 

fraction 

𝑓𝑠 [-] 

Reference 

E Coli 0.4 0.055 0.9 [77][62] [62][78] 

Campylobacter 0.35 0.00335 0.9 [77][79][78] 

Salmonella spp. 0.2 0.0446 0.9 [77][79][78] 

Adenovirus 0.5 0.0534 0.9 [80][62][78] 

Norovirus 0.55 0.0006 0.9 [77][79][77] 

Rotavirus 0.67 0.0084 0.06 [76][66][77][62] 

Cryptosporidium 0.45 0.00195 0.9 [76][62][78] [77] 

Giardia spp. 0.45 0.00225 0.9 [76][78][77] 
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4.4. Distinguishing between Indonesian data and non-

Indonesian data: 
The following figure represents the distinguishing between Indonesian data and non-Indonesian data.  

 

 
Figure 5 Distinguishing between Indonesian data and non-Indonesian data 

 

In this study, as shown in Figure 5, some of the input data include data that are not from Indonesia, because 

they are difficult to obtain. One of the future tasks is to replace the data that are not currently from 

Indonesia with Indonesian data. 
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Chapter 5. Result and discussion 
The SimaPro 7.1.8 software was used to carry out the LCA in this study. The results of the assessment 

in four endpoint categories of Human Health (HH), Social Assets (SA), Biodiversity (BD), and Primary 

Production (PP) are reported in Table 23.  

 

Table 23 Endpoint assessment results in the selected scenarios, including total environmental 

damage 

Scenario  HH11 HH22 PP SA BD Total 

damage 

DALYs 1,000 $ DALYs 1,000 $ Ton 1,000 

$ 

1,000 

$ 

(10−6 EINES) 1,000 $ 1,000 $ 

1 1.19 60.9 28.1 1,440 56.3 6.21 91.0 2.75 29.7 1,630 

2 0.892 45.6 28.7 1,470 43.7 4.86 68.3 2.11 22.9 1,610 

3 1.36 69.5 27.2 1,390 62.7 6.92 104 3.10 33.5 1,610 

4 1.62 83.0 27.9 1,430 72.7 8.05 124 3.66 39.6 1,680 

5 1.32 67.7 28.4 1,450 60.1 6.71 101 3.02 32.7 1,660 

6 1.79 91.2 19.4 996 79.1 8.76 137 4.03 43.6 1,280 

7 2.05 105 0 0 89.2 9.90 157 4.56 49.4 322 

8 1.75 89.5 0 0 76.6 8.56 135 3.94 42.7 276 

9 2.22 113 0 0 95.6 10.6 170 4.94 53.5 348 
1. Human health damage caused by air pollution or global warming et. calculated by the LIME 

2. Human health damage due to microbial diseases caused by wastewater pollution calculated by the QMRA model 

Discount rate was assumed at 7% 

 

As can be observed from the results, the adverse impacts associated with the endpoint categories of HH1, 

SA, and BD in scenarios 1-6 are less than others. On the other hand, the estimated damage due to microbial 

diseases (HH2) is almost zero in scenario 7-9. Although the combined use of UF and RO technologies in 

secondary and secondary treatment processes has led to an increase in total electricity consumption, it has 

reduced the health damage caused by microbial diseases, which significantly reduces the overall 

environmental damage in Scenarios 7-9.  Figure 6 represents the main cause of HH2 is E. coli and how the 

combination of the UF and RO technologies in the tertiary treatment has led to a significant improvement 

in pathogen removal efficiency in these scenarios. 
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Figure 6 Relationship between E. coli concentration and HH2 damage 

 

Among scenarios 7-9, scenario 8 performs better in reducing the total damages. In this scenario, UASB 

technology is employed in the secondary treatment process, which uses less electricity, due to utilizing 

biogas to supply the required electricity for wastewater treatment. Conversely, scenario 4 is the worst 

scenario with the most adverse impacts associated with all endpoint categories. This scenario deploys AS 

and RO technologies for the secondary and tertiary treatment processes separately, resulting in a large 

amount of electricity consumption in the whole treatment process. Besides, due to the low pathogen 

removal rate of the treatment technology, the rate of DALYs caused by E. coli has increased in this scenario 

(See Table 24). 

 

Table 24 Estimation of the DALYs caused by the E. coli in the selected scenario 

Scenario No. 𝑃𝑖𝑛𝑓(𝑑) 

[−]  

𝑃𝑖𝑛𝑓(𝐴)(𝑑) 

 [−] 

𝐷𝐴𝐿𝑌𝑝𝑒𝑟 𝑦𝑒𝑎𝑟
* 

[ ] 

1 9.65 × 10−2 1 1.39 

2 1.78 × 10−2 1 1.39 

3 1.02 × 10−2 0.976 1.36 

4 3.72 × 10−2 1 1.39 

5 8.09 × 10−2 1 1.39 

6 3.28 × 10−3 0.698 9.70 × 10−1 

7 4.16 × 10−7 1.52 × 10−4 2.11 × 10−4 

8 1.05 × 10−6 3.82 × 10−4 5.31 × 10−4 

9 3.26 × 10−8 1.19 × 10−5 1.65 × 10−5 
*Assuming a WPPTs with 100 m3/d influent capacity 
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Figure 7 represents the adverse impact associated with each endpoint category in the selected scenarios. 

Figure 8 represents environmental damage for each cause. 

 

 
Figure 7 Percentage of the adverse impact associated with each endpoint in scenarios 1-9 
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Figure 8 The breakdown of environmental damage by the causes 

 

As can be observed from Figure 7 and Figure 8, the most adverse impact is associated with human health 

damage due to microbial diseases (HH2) in scenarios 1-6, mainly due to the low-efficiency water treatment 

process in these scenarios. According to Figure 8, the big causes are air pollution and fossil resource 

consumption from Scenario 7 to 9. Air pollution brings HH1 damage and BD damage. Electricity 

consumption-related air pollution such as PM2.5 made a significant adverse impact in the HH1 category for 

all scenarios, which is due to a direct relationship between PM2.5 inhalation and the development of 

respiratory and cardiovascular diseases. In addition, energy-related climate change negatively affects the 

climate-friendly areas needed for living organisms' growth and causes significant biodiversity damage. 

Electricity consumption also made negative impacts in the SA category for each scenario because electricity 

generation needs huge fossil resources. With the consumption of fossil resources, resource reserves are 

depleted as a social capital, which leads to increased resource royalties and costs related to resource 

extraction. Figure 9 represents the effect of electricity consumption on total environmental damage in each 

scenario. In addition, Figure 10 represents the effect of CO2 emission on total environmental damage. A can 

be observed from Figure 10, the electricity consumption leads to CO2 emission and it is main cause for HH1, 

PP, SA BD damages. CO2 emission was calculated by “IPCC GWP 20a method” in SimaPro software. 
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Figure 9 Electricity consumption Vs. total environmental damage in each scenario 

 

 
Figure 10 CO2 emission Vs. total environmental damage in each scenario 
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The LCC result is reported in Table 25, which includes construction, land, and annual operation costs. The 

major cost item is construction cost, which is followed by the land cost. The LCC in scenario 9 is the highest 

among all the scenarios, which can be attributed to the increased capital investment for the combination of 

advanced technologies such as AS+UASB in the secondary treatment and UF+RO in the tertiary treatment 

processes. Furthermore, the land use in this scenario is very high compared to the standard requirement 

for a regular WWTP.  
 

Table 25 Results of the LCC in the selected scenario 

Scenario 

No. 

Construction cost 

10,000 [$] 

Land cost 

10,000 [$] 

Annual operation 

10,000 [$/Y] 

LCC* 

10,000 [$] 

1 8.14 7.14 1.22 65.4 

2 3.70 4.29 1.05 51.0 

3 9.09 7.73 1.34 71.6 

4 8.28 7.48 1.47 75.8 

5 3.72 4.63 1.29 61.4 

6 9.11 8.06 1.58 81.9 

7 8.68 7.64 1.83 91.5 

8 4.12 4.79 1.66 77.0 

9 9.51 8.23 1.95 97.5 
Discount rate was assumed at 7% 

 

Figure 11 represents the variation of environmental damage cost and cost of the system with respect to 

treatment alternatives. 

 

 
Figure 11 Variation of environmental damage cost and cost of the system with respect to 

treatment alternatives 

 

As can be observed from this figure, there is a trade-off between environmental damage cost and cost of 

the system. In other words, if cost of the system is enough high, you can get less environmental damage. 

Treatment at a smaller cost will result in insufficient removal of pathogens, causing significant 
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environmental damage in the form of human health damage, which is a major problem for the local people. 

On the other hand, it is also inefficient to spend more money on treatment when the pathogens have been 

sufficiently removed. The best treatment configuration for the local people is the one that minimizes the 

sum of environmental damage cost and cost of the system. Table 26 and Figure 12 compares the 

environmental damages cost with the total life cycle cost in the selected scenario. The total cost reveals the 

best option in all 9 system configurations. Lower the total cost, better the system configuration. The 

environmental damage cost is higher in scenario 1-6, mainly due to lower pathogen removal efficiency. 

Therefore, the most significant environmental damage cost is attributed to the human health damage 

caused by wastewater pollution (HH2). The opposite was observed in scenarios 7-9. The utilization of UASB 

technology in the secondary treatment process and the addition of the UF to RO in the tertiary treatment 

process have reduced the cost of environmental damage. As the result, scenarios 7-9 could lower the total 

cost than scenario 1-6. This result shows the best configuration is scenario 8 (CEPC/UASB/UF/RO) for this 

case study. 

 

Table 26 The result combined environmental and cost 

Scenario No. 

Environmental damage 

10,000 [$] 

(LCA+QMRA result) 

Economic damage 

10,000 [$] 

(LCC result) 

Total 

10,000 [$] 

1 163 65.4 228 

2 161 51.0 212 

3 161 71.6 232 

4 168 75.8 244 

5 166 61.4 228 

6 128 81.9 210 

7 32.2 91.5 124 

8 27.6 77.0 105 

9 34.8 97.5 132 
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Figure 12 Variation of environmental damage cost and cost of the system with respect to 

treatment alternatives 

 

Discount rate was changed to 3% and 5 % from 7%. The impact of the change in the discount rate on the 

environmental damage cost, cost of system and total cost was considered. Environmental damage cost was 

categorized into capital damage cost and annual damage cost, and the formula (5.1) was used to calculate 

the environmental damage costs for 20 years for each environmental damage (HH1, HH2, PP, SA and BD). 

 

 𝐸𝑇 =  𝐸𝐶 + ∑{𝐸𝐴 × (1 + 𝑟)𝑛}

20

𝑛=1

 (5.1) 

Where: 

𝐸𝑇: Total environmental damage cost for 20 years for environmental damage (HH1, HH2, Pp, SA, BD) [$] 

𝐸𝐶: Capital environmental damage cost [$] 

𝐸𝐴: Annual environmental damage cost [$ 𝑦𝑒𝑎𝑟⁄ ] 

r: Discount rate [-] 

The cost of the system was also categorized into capital cost and annual cost, so the total cost of the system 

for 20 years is calculated using the discount rate (See equation (3.1)). Figure 13 shows the environmental 

damage cost for different discount rates (r=3,5,7%). Figure 14 shows the cost of the system for the different 

discount rates. Figure 15 shows the total cost (Environmental cost+ Cost of the system) for various discount 

rates. 
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Figure 13 Environmental damage cost for various discount rates (r=3,5,7%) 

 

 

Figure 14 Cost of system for various discount rates (r=3,5,7%) 
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Figure 15 Total cost for various discount rates (r=3,5,7%) 

 

According to Figures 13 to 15, The environmental damage cost, cost of the system and total cost were 

higher when the discount rate was higher. This is because a higher discount rate results in a larger value of 

the annual expenditure converted to the future value of 20 years. In addition, the trend in three types of 

cost; environmental damage cost, cost of the system, and total cost, between the scenarios, is the same. 

Therefore, a change in the discount rate does not change the ranking of each scenario.  
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Conclusion 
This thesis provides the evaluation model that takes into account not only the cost of the system, but 

also its impact on the surrounding environment, including human health, social assets, primary production 

and biodiversity. In addition, the proposed model provides evaluation criteria that are easy to understand 

for general consumers.  

That is, this research introduced the Life-cycle assessment model for determining the best system 

configuration in Indonesia in clear understanding in terms of the cost of the system and environmentally 

friendly. The proposed assessment model is a combination of the LIME model with QMRA (Quantitative 

microbial risk assessment) and LCC (Life-cycle cost) analysis. Nine different wastewater treatment 

scenarios in Indonesia’s fish processing industry were environmentally evaluated by the LCA technique 

used in the LIME-based method. The scenarios were selected, considering the combination of different 

conventional and advanced technologies in both secondary and tertiary treatment processes. The LCA was 

carried out to assess the adverse impact on the environment in four endpoint categories of Human Health 

(HH), Social Assets (SA), Biodiversity (BD), and Primary Production (PP). The LCA results revealed that the 

effect of electricity consumption on total environmental damage in each scenario was high. Electricity 

consumption leads to CO2 emission and it is main cause for HH1, PP, SA BD damages. Especially, air 

pollution and gaseous emissions from electricity consumption have the most significant environmental 

impacts in all scenarios and all categories. The adverse impacts of water pollution are more important than 

air pollution, especially in scenarios in which conventional technologies with lower bacterial removal 

efficiency are used in the tertiary treatment process. The Up-flow Anaerobic Sludge Blanket (UASB) system 

showed lower impacts on the environment compared to the traditional systems such as Activated Sludge 

(AS), due to the replacement of the purchased electricity with the electricity generated from the produced 

biogas. Merging Ultrafiltration (UF) and Reverse Osmosis (RO) in the tertiary treatment process were very 

beneficial for all impact categories due to improved effluent water quality. The main cause of human health 

damage due to microbial disease is E. coli. This research result show there is a trade-off relationship 

between environmental damage and cost of system, and the best configuration is decided by sum of them. 

The cost estimation of the selected scenarios revealed that the environmental benefits attained from the 

7th, 8th, and 9th scenarios could lower the treatment system's cost in a long time. In addition, the result 

shows the 8th scenario (CEPC/UASB/UF/RO) is the best configuration in all nine scenarios. An increase in 

the discount rate increases the total cost of all scenarios but does not change each scenario's ranking. 
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Appendix 

(SimaPro Dataset) 

 

Figure 16 SimaPro dataset for Scenario 1 

 

 

Figure 17 SimaPro dataset for Scenario 2 
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Figure 18 SimaPro dataset for Scenario 3 

 

 
Figure 19 SimaPro dataset for Scenario 4 
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Figure 20 SimaPro dataset for Scenario 5 

 

 
Figure 21 SimaPro dataset for Scenario 6 
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Figure 22 SimaPro dataset for Scenario 7 

 

 
Figure 23 SimaPro dataset for Scenario 8 
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Figure 24 SimaPro dataset for Scenario 9 

 

 
Figure 25 SimaPro dataset for UF spiral-wound modules 
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