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ABSTRACT 

 

Wastewater treatment is an essential life process that enhances water quality as 

population and urbanization are increasing proportionally. The increase in 

population alongside the increase of wastewater treatment plants’ significance, lead 

to an increase in electricity demand to power the plants. All the mentioned factors 

together spell negative impacts on the environment that need to be mitigated 

urgently. Applying a life cycle assessment (LCA) for the process becomes essential. 

This study evaluates the LCA of a wastewater treatment plant in Nabatieh, South 

Lebanon. The studied treatment includes a preliminary stage, an oxidation ditch, and 

UV disinfection. The plant is powered by a source that is solely dependent on diesel 

combustion.  The assessment is conducted using the software SimaPro 9.0 following 

ISO 14040 standards. Using CML-IA method several impact categories studied such 

as abiotic depletion of fossil fuels, global warming, and abiotic depletion of material 

in general. As a result, electricity showed the highest contributing factor on most of 

the impact categories. Moreover, the most affected category was the global 

warming. To reduce this impact, several scenarios were considered for powering the 

plant.  The scenarios include alternative combinations of renewable (solar, wind, and 

hydroelectric energy) and non-renewable (natural gas, crude oil, and biomass) 

energy sources. Five different alternatives were compared.  Result comparison 

showed that the scenario that depends on 53% fossil fuels, 45% several renewable 

energy sources, and 2% biomass, has the most enhancement on the most affected 

category which is the global warming and several others. However, due to renewable 

sources’ initial demand of material, it showed a deterioration in the effect of the 

abiotic depletion of material category. Also, other categories, such as freshwater 

ecotoxicity, were affected by the construction phase and wastes disposed during the 

transition to renewable energy sources. This interpretation is considering the 

environmental impact without the economic aspect. When introducing the economic 

aspect, the same scenario is the most expensive and costly one. This paper does not 

give a conclusive optimal solution, considering the Lebanese economic situation, yet 

it shows that it is possible to reach an improvement of 80% and more in certain 

sectors when introducing renewable energy sources.  

Keywords: Life cycle assessment, Wastewater Treatment, Oxidation Ditch, Lebanon, 

Electricity, Renewable Energy, Fossil Fuels, Environment, SimaPro  
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Chapter One 

Introduction 

This first chapter introduces the study. It describes the thesis and states clearly the objectives 

of this research. 

1.1 Background: 

In the last hundreds of years, the world has faced a growth in population which led to a growth 

in industrialization and urbanization. The consequences of this growth were the increased 

demand for clean water and energy needs. Also, this led to an increase in environmental 

pollution and a negative effect on water, soil, and air. The need for wastewater treatment 

plants (WWTP) had become high for it reduces the pollution in the water and enhances its 

quality which makes wastewater safe to be disposed of in open water resources. However, 

WWTP are a source that effect the environment in many ways.  

WWTP is dedicated to decrease the pollutants in water and to increase the water quality. For 

the wastewater to be treated it shall pass through several processes that include, preliminary, 

primary, secondary, and tertiary stages. Moreover, it requires other processes to be completed 

that contribute in affecting the environment. These processes include energy consumption, use 

of chemical reagents, sludge treatment, disposal techniques of water and sludge, 

transportation, and the bio-treatment process itself. These processes lead to an environmental 

concern which is due to the emissions. 

On the other hand, WWTP is considered one of the industrial growths that heavily depends on 

electricity usage. Electricity is used in pumping, powering machines, and operating the plant 

(Morrison, Srinivasan, & Ries, 2016). Note that more than 50% of the energy consumption in 

WWTP is used by the secondary treatment (bio-treatment). (Pabi, Amarnath, Goldstein, & 

Reekie, 2013) One of these treatments is the oxidation ditch that, according to Masuda et 

al.(2018), has advantages over other advanced system, since it has lower energy consumption. 
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In Lebanon, some of the WWTP industries depend on governmental power sources. These 

power sources are dependent on fossil fuels. According to Wehbe (2020) several alternatives 

could be attained to optimze the electricty in Lebanon.Optimization is suggested to be, along 

with the fossil fuels usage, dependent on renewable energies such as, solar power, wind power, 

and hydropower. Renewable energies are power sources that are in the last decades known for 

the decrease in emissions. However, these energies still can affect the environment. This effect 

is probably happening during the extraction of raw materials, transportation of the materials to 

the plant location, and the end-of-life waste-management period. (Mahmud, Huda, Farjana, & 

Lang, 2020). Other power sources are minimally used like biomass power that uses biological 

aspects to generate power.  

To study the environmental impacts on different environmental categories a life cycle 

assessment (LCA) method is followed. LCA is a tool that is beneficial for the decision-making 

process as it analyses potential environmental loads. Assessing the environmental performance 

is important for it gives the ability to make decisions and ensure environmental protection, 

according to ISO 14040:2006.The software used to assess the life cycle of the process, to 

comprehend a life situation, and to compare different alternatives are Gabi and SimaPro (2020) 

software. Also, during an LCA specific impact categories are chosen to be assessed and they are 

related to the air, water, and soil environment.  

Most of LCA studies focused on energy use that is proven to be the most contributing process. 

(Morrison, Srinivasan, & Ries, 2016) (Guven, Eriksson, Wang, & Ozturk, 2018) (Kamble, Singh, 

Kazmi, & Starkl, 2019) (Piao, Kim, Kim, & Kim, 2016) (Polruang, Sirivithayapakorn, & Talang, 

2018) . Researchers mostly optimize the source of the using the electricity such as optimizing 

the biological treatment. The study different alternatives that decrease the power usage.  

However, to our knowledge, few optimized the source of powering the plant.  

1.2 Aim of the study: 

The purpose of the LCA is to study the potential environmental impacts of the Nabatieh WWTP, 

based on the data provided. Moreover, enhancing the electricity sector in Lebanon will enhance 

the LCA for the WWTP since the plant depends on electricity and requires an electricity source. 
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1.2.1 Objectives: 

1. Define case study WWTP located in Nabatieh 

1.1. Define the boundaries 

1.2. Define the function units and processes 

2. Collect detailed operation data of current WWTP understudy that allows developing a 

life cycle inventory (LCI) according to the process.  

3. Estimate life cycle impact assessment (LCIA) for the obtained LCI and environmental 

impact on the WWTP 

3.1. Choose the most affecting process in the system that will be focused on 

optimization  

4. Identify the process that leads to the optimization of the process and define the 

alternative scenarios (power sources) for the process chosen  

5. Interpret and compare the scenarios. 

6. Have a clear summary and conclusion about the study 

1.3 Significance of the study:  
This study covers several factors when it comes to LCA for a WWTP. First, it conducts a 

complete LCA for an oxidation ditch plant, not commonly existing in other studies as per 

author’s knowledge. Moreover, the study shows different alternatives to modify the power 

supply to the WWTP. This study the impact of optimizing the power sources in Lebanon 

reflecting this optimization on WWTP. 

1.4 Structure of the thesis:  
The rest of the manuscript is structured as follows:  

 Chapter 2 presents a literature review previously conducted about this topic. Moreover, it 

points out the gaps of the literature and the research question of the study. 

 Chapter 3 Describes the methodology followed. Moreover, it defines the model and 

materials considered.  

 Chapter 4 includes the data collected for the current scenario and defines the future 

scenarios that are used.  

 Chapter 5 presents the results and impact categories 
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 Chapter 6 analysis, comparing and interpretation of results  

 Chapter 7 discussing the scenarios 

 Summary and a conclusion are presented wrapping up the manuscript and highlighting 

the results and outcomes of this study along with suggestions for the future development 

of the topic.  
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Chapter Two 

Literature Review 

Wastewater treatment and its complementary processes including the power sources 

processes have a lot of emissions that affect the environment through its different impact 

categories (global warming, ozone depletion, abiotic depletion, etc.…). Therefore, these 

processes are the center of the studies' attention of several researchers. Several studies are 

conducted to assess these effects through the LCA of the process(es). Through research, LCA for 

different techniques of a treatment plant and others assessing different power systems have 

been encountered.  

This chapter presents some of the previous studies that were encountered in the literature 

process and discusses some of the outcomes. This chapter is divided into different sections. 

First, it presents studies evaluating different techniques used in treatment plants. Second, LCA 

for electricity and different power sources effects are introduced. The third section describes 

studies that focus on electricity and its effect on the WWTP. Finally, gaps of literature and 

research questions are displayed. 

2.1 Life cycle assessment of wastewater treatment plant 

Many previous studies had evaluated different scenarios and techniques for WWTP. Some 

included the construction and demolition phases of the WWTP, and others ignored them and 

mainly focused just on the operational phase. The main goal of the studies was to enhance and 

lower the negative impact on the environment and on the human health. This is applied by 

enhancing the WWTP process, aiding the process through adding food waste, optimizing 

electricity, or applying different disposal methods. Different techniques and results were 

studied. These papers suggest several scenarios that enhance the different environmental 

categories. The tables below summarize several studies and their results. (Piao, Kim, Kim, & 

Kim, 2016) (Polruang, Sirivithayapakorn, & Talang, 2018) (Guven, Eriksson, Wang, & Ozturk, 

2018) (Awad, Alalm, & El-Etriby, 2019)  
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Table 1  LCA for WWTP Piao et al (2016) 

[1] Wenhua Piao (2016) Life cycle assessment and economic efficiency analysis of integrated management of wastewater treatment plants 

Consideration of the study Impact categories studied Method used 

The study evaluated different scenario that has: 

 Different WWTP processes 
o A2O process 
o Conventional Activated Sludge Process (CAS) 
o MLE process 

 Sludge management system 
o Anaerobic sludge digestion 
o Sludge dewatering 

 Waste sludge disposal 
o Landfill 
o Biogas energy generation 

 Global Warming Potential 
(GWP) 

 Acidification Potential (AP) 

 Human Toxicity Potential 
(HTP) 

 Eutrophication Potential 
(EP) 

The study compared different 
methods: 

 CML 2001 

 EDIP97 

 ReCiPe  

Aim 
 Study the effect of several WWTP processes, sludge management system, and waste sludge disposal to have the 

best alternative that aids and enhances the environment. 

Results 

 The three methods had similar results and contribution for categories, however, EDIP97 showed a difference in 
some results where it was similar for ReCipe and CML 2001  

 Because of the high electricity consumption and chemicals consumption, A2O process had the highest impact 
among the three processes. 

 For the several impact categories, A2O had the highest impact on AP and HTP but the lowest impact on EP. 
Moreover, CAS had the lowest impact on all the categories except for the EP that was affected the most by MLE 
process. 

 Having anaerobic digestion, improved mainly the AP and GWP compared to sludge dewatering. However, it 
slightly contributed to the EP and HTP. 

 Incineration showed the highest reduction for all the impact categories.  
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[2] Huseyin Guven et al. (2018): Life cycle assessment of upgrading options of a preliminary wastewater treatment plant including food waste 

addition 

Consideration of the study Impact Categories Method used 

 Investigating how upgrading the preliminary plant has 

environmental impacts. 

 Considering different scenarios to evaluate: 

o S 0: Current simple preliminary treatment.  

o S 1: Addition of primary treatment. 

o S 2: Addition of high rate activated sludge process. 

(HRAS) 

o S 3: Addition of high rate activated sludge process 

combined with the addition of food waste to the 

wastewater. 

 Climate Change 

 Fossil Depletion 

 Marine Eco-Toxicity 

 Marine Eutrophication 

 Terrestrial Eco-Toxicity  

 Human Toxicity  

 Terrestrial Acidification 

 Freshwater Eco-Toxicity 

 Freshwater Eutrophication 

 

 

 ReCIPe 

Aim  This study aims to compare different scenarios of WWTP and deduce from the LCA how the addition 

enhancement of preliminary treatment improves the impact categories. 

Results  All the alternative scenarios performed better than the current state, except the second one which proved to 

be worse when it comes to climate change. The addition of food waste had a great impact on the reduction of 

the effect; it was not the best scenario in all the impact categories yet it was better than the current state in all 

the impact categories. 

Table 2 LCA of WWTP Guven et al. (2018) 
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[3] Hamdy Awad et al. (2018): Environmental and cost life cycle assessment of different alternatives for the improvement of 

wastewater treatment plants in developing countries 

Consideration of the study Impact Categories Method used 

 Investigating whether the addition of a tertiary 

treatment and anaerobic digestion of sludge improves 

the WWTPs in developing countries. 

 Considering different scenarios to be evaluated: 

o The first scenario is the current state (include 

grit removal, aeration tank, secondary settling 

tank, and disinfection tank) 

o The second scenario includes the addition of a 

tertiary phase to the WWTP. 

o The third scenario includes the addition of 

anaerobic digestion of sludge  

o The fourth scenario is adding a combination of 

anaerobic sludge digestion and tertiary phase.  

 Global Warming 

 Abiotic depletion 

 Terrestrial Ecotoxicity 

 Eutrophication 

 Ozone layer depletion 

 Photochemical 

oxidation 

 Acidification 

 Freshwater Ecotoxicity 

 

 

 CML 2000 

 

 Aim  This study aims to compare different scenarios of alterations of WWTPs and study the effect of the 

addition of tertiary treatment and anaerobic digester addition. 

Results  The addition of both anaerobic digester and tertiary treatment (forth scenario) showed the highest 

environmental benefits as compared to all the previous scenarios. 

Table 3 LCA of WWTP Awad et al 2018 
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Table 4 LCA for WWTP Polrung et al 2018 

[4] Sucheela Polruang, et al (2018): A comparative life cycle assessment of municipal wastewater treatment plants in Thailand 

under variable power schemes and effluent management programs 

Consideration of the study Impact Categories Method used 

 As for the wastewater treatment process, this study 

focused on the effluent management programs which 

includes: 

o Discharge to waterways 

o Reuse for watering plants and transport by 

pipes 

o Reuse for water plants and transport by trucks 

 Optimization of power sources (refer to table 7) 

Alternatives were applied to 7 different treatment plants in 

Thailand.  

 

 Global Warming 

 Abiotic Depletion 

 Eutrophication 

 Photochemical 

Oxidation 

 

 

 CML 2000 

 

 Aim  One of the objectives of this study was to compare different scenarios of alternations of WWTPs and 

deduce from the LCA the best effluent management program. 

Results  The effluent management contributed the most in eutrophication so reuse for watering scenario aided in 

decreasing the impact on the environment. Moreover, using pipelines proved to be the better choice 

compared to the truck usage as it had the lower impact in all the categories. 



 

10 

 

2.2 LCA for Electricity schemes: 
Previous section introduced studies that refer to the LCA for a WWTP and some several 

methods for enhancement. It is important to study the effect of the power generation on the 

LCA since electricity is one of the most contributing factors. Hence, in this section, some LCA 

studies on electricity schemes are presented. 

It is essential to note that the studies presented in this section are independent of the WWTP 

and involve different electricity schemes and their LCA. 

Renewable energy is the center of attention for many researchers nowadays for its 

enhancement of the environmental impacts for most of the studied categories. Hence, many 

studies were encountered that discussed this matter and compared the presence of renewable 

energy sources to fuel power. Since it is commonly assumed to be a near-ideal alternative, it is 

very important to check the validity of this assumption. LCA are done to see all the results of 

using different sources of renewable and non-renewable energy sources. Other studies focused 

on decreasing the CO2 emissions to enhance the effect on environmental categories. Below are 

tables summarizing the research papers. 
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[1] Parvez Mahmud et al. (2019): Life-cycle impact assessment of renewable electricity generation systems in the United States 

Consideration of the study Impact Categories Method used 

Comparing the environmental impact of the 

following renewable energy sources: 

 Solar photovoltaic 

 Biomass 

 Hydropower 

 Global Warming 

 Fossil fuel depletion 

 Eutrophication 

 Ozone layer depletion 

 Photochemical oxidation (Smog) 

 Acidification 

 Ecotoxicity 

 Carcinogenic 

 Noncarcinogenic 

 Respiratory effect 

 

 

 ECO Indicator 99, TRACI 

 CED 

 ECO Points 97 (RMF) 

 IPCC 

 CML 2000 

 Recipe 

 

Aim  This study aims to compare the LCA of different renewable energy sources and evaluate their 

impact. 

Results  Hydropower plants showed the most effect on human health, while biomass had the most effect 

on resources.  

 In general, solar PV was the most environmentally friendly source. 

Table 5 LCA for Power Sources Parves et al (2019) 

  



 

12 

 

  

[2] Benedek Kiss et al. (2020): Environmental assessment of future electricity mix - Linking an hourly economic model with LCA 

Consideration of the study Impact Categories Method used 

 Comparing electrical generation LCA for 

increasing the usage of renewable energies.   

 It includes 3 alternative scenarios: 

- Decarbonization 

- Delayed  

- No Target Scenarios 

 The first 2 have a target of reducing carbon 

emissions by 95%, with minor differences 

between them, while the third does not set 

any specific target. 

 Main target is to have 95% decrease of 

carbon by 2050. 

 

 Non-Renewable 

 Renewable 

 Global Warming 

 Abiotic Depletion 

 Eutrophication Potential 

 Ozone Layer Depletion 

 Photochemical  

 Acidification Potential 

 Ecosystem Quality 

 Human Health 

 Resources 

 

 

 CED 

 CML 2000 

 ReCIPe 

 

Aim  To investigate a case study in Hungary, basing the analysis on a previously established model for South 

Eastern European Countries (SEERMAP).  

Results  Renewable penetration and cross border trading will improve the LCA when properly analyzed and applied, 

with adding RE directly reducing the GWP directly until reaching 2050. Adding RE in a delayed manner 

reduces the GWP after a few years and eliminates the use of natural gas to reach the set target.  

 The no target scenario reduces the GWP uniformly through the years, without reaching the 95% target 

reaches in the other 2 scenarios.  

Table 6 LCA of power sources Bendek et al (2020) 
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2.3 LCA for WWTP and Power Process: 
In section 2.1, LCA studies for WWTP are presented. Results and interpretation are 

always linked to electricity consumption since most of the discussion in the 

research focuses on “high consumption of the electricity” which highly contributes 

to the environmental categories.  

Moreover, Bravo et al. (2011) focused on showing that the electricity had a large 

effect on the environment while treating wastewater because energy is consumed 

while pumping, primary, secondary, and tertiary treatment and in disinfecting. The 

study focused on climate change and abiotic depletion impact categories and the 

reason is that these impacts are highly affected by electricity. That is due to CO2 

emissions and the consumption of fossil fuels that result in increasing the depletion 

of these non-renewable fuel sources. Results show that the environmental 

performance of the WWTP would be enhanced by increasing biogas production 

through improved anaerobic digestion of sewage sludge. This issue was also 

discussed in other studies that were mentioned in the previous section. (Awad, 

Alalm, & El-Etriby, 2019) (Guven, Eriksson, Wang, & Ozturk, 2018) 

 Prolung et al. (2018) besides effluent management scenarios in WWTP, focused on 

changing and studying future schemes for electricity in Thailand and study its effect 

and its enhancement on the WTTP process. It aims to compare future electricity 

schemes that power a WWTP in Thailand according to the different energy sources 

percentages. Impact categories and methods used are mentioned in Table 4. 

Prolung et al. (2018) considered different power sources as shown in Table 7. As a 

result of their consideration, the scenario with having the least Natural gas 

contributed to the best reduction in the impact categories contribution. 

Energy 
Source: 

After 5 
years (%) 

After 20 
years (%) 

Coal/Lignite 27 23 
Natural Gas 47 37 
Renewable 
Energy 

18 20 

Nuclear 0 5 
Others 2 15 

Table 7 Electricity Schemes considered by Prolung et al (2018) 
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2.4 Goal of the papers: 
2.4.1 Gaps in literature: 

No previously published paper, within the knowledge of the author, covered an 

oxidation ditch WWTP thoroughly while analyzing its impact categories. A previous 

study on oxidation ditch focused on greenhouse gases emitted by the process and 

not any other impact categories. The results for this paper concluded that the 

oxidation ditch process has the least GHG emission since it has the lowest electricity 

consumption (Masuda, Sano, Hojo, Li, & Nishimura, 2018) 

Electricity usage is the most effective aspect in the LCA for WWTP, so many studies 

focus on dealing with this side of the problem. However, most studies opted to 

decrease the usage of electricity. They achieved this by manners of changing the 

WWTP to include processes that require less power and dealt with it independent 

of the type of power production. Prolung et al (2018), study different electricity 

powering scenarios. However, their study focused on Thailand’s electricity sector 

where the optimization of Thailand uses different power sources and percentages 

as compared to the suggested for Lebanon’s electricity sector.  

Moreover, Wehbe’s (2020) presents alternative scenarios for electricity does not 

include a detailed assessment and focused mainly on the economical aspect. 

2.4.2 Research Question: 

1. What is the most affected impact category by the studied WWTP having an 

oxidation ditch? 

2. How much does optimizing the electricity sector improve the environmental 

effect of the WWTP in Lebanon? 

The goal of this study as mentioned earlier is to perform LCA for the treatment 

plant located in Nabatieh Lebanon and optimize of the electricity and power 

sources of the plant. 
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Chapter Three 

Methodology and Materials 

This chapter covers the methods followed in obtaining the LCA for the WWTP. It 

describes the approach followed by using SimaPro 9.0 to obtain the LCA for the 

current scenario. Moreover, the chapter includes data about the case study WWTP. 

Finally, a representation of alternatives for powering the plant and the 

corresponding LCAs is done. 

This chapter is divided into two sections. The first, describes thoroughly methods 

followed while conducting the study. Following that a section that presents the case 

study, data and materials used in the study. 

3.1 Methodology 

3.1.1 Wastewater Treatment Plant 

To complete the study, a full-scale WWTP was selected. The plant is in South 

Lebanon, Nabatieh district. The plant treats domestic wastewater with an average 

monthly flow of 4900 𝑚3/𝑑𝑎𝑦  

3.1.1.1 Site Visits: 

Site visits were done to identify the processes of the WWTP and data collection. 

The wastewater undergoes preliminary, secondary, and tertiary treatment of the 

plant. Figure 1 shows the layout of the WWTP in Nabatieh. 

 

Figure 1 Layout for Nabatieh WWTP 
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3.1.1.2 Data Collected 

Influent and effluent data were collected by referring to previous studies as well as 

reports from the Council for Development and Reconstruction (CDR). Data collected 

from CDR are limited to the tests they do in the lab and to the influent data they get 

from the plant which includes water emissions, air emissions, and chemicals input.  

As discussed earlier, the WWTP as a system process needs several processes to 

complete the treatment which includes electric power and transportation process. 

Currently, the treatment plant is powered by a Zahrani powerplant that uses 100% 

diesel oil as a power source. Sludge, produced because of the treatment of 

wastewater, is transported to the landfill. The transportation process is related to 

the volume of sludge and the transported distance holding this amount. 

3.1.1.3 Calculation 

There are direct emissions and indirect emissions. Direct GHG emissions produced 

from the bio-treatment were calculated using the Bridle Method that is shown in 

Appendix (1). Some assumptions were considered based on literature for the 

calculation of GHG. 

3.1.2 Optimizing Power Source (Future Scenarios): 

The treatment plant is powered by the power generated by Electricity de Liban and 

does not depend on private power sources. Moreover, the electricity sector in 

Lebanon needs optimization. Therefore, optimizing the power generation across 

the country is needed. This enhancement is presented by N. Wehbe (2020). She 

presented different scenarios for electricity distribution in Lebanon in an optimum 

way, by the year 2030. The study shows different power production scenarios 

during the years 2020 until 2030. The scenarios are a different distribution of 

combining conventional fuel-powered power plants with renewable energy sources 

such as solar photovoltaic, hydroelectricity, wind power generation, and biomass.  

The production data and supply of electricity were calculated with Ecoinvent 

Databases provided by SimaPro 9.0(2020) software depending on the mix 

presented in each scenario. 
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3.1.3 SimaPro software: 

After collecting data needed, LCA is conducted using SimaPro version 9 software. 

SimaPro is a tool designed to perform high-quality LCAs released and developed by 

Pre-Consultants, based in the Netherlands. It is system modeling and assessment 

software. It analyses and monitors sustainability performance data. (Herrmann & 

Moltesen, 2015). SimaPro follows steps as recommended by ISO 14040:2006 

standards.  

To start the LCA using SimaPro, first, the goal should be defined. Second, the 

inventory area should be filled in with the process, system, and stages followed in 

the studied project. One could either choose an existing inventory from databases if 

it is applicable for the needed case and if enough data to create an inventory does 

not exist to define the inventory or can create their inventory. Next, the software 

calculates the impact assessment for chosen categories. Several methods exist in 

the software. Finally, when results are calculated, interpretation is performed for 

the result to decide and finalize the LCA. 

3.1.3.1 Impact Category 

The impact category considered are studied using CML-IA is a method that is 

developed by group of scientists in Center of Environmental Science of Leiden 

University in September 2016. The impact assessment method implemented is 

defined for the midpoint approach. The following impact categories are considered 

using this method: (CML, 2016) 

Table 8 Impact Categories 

Impact Category  Concerned with: Related to: Expressed in  

Abiotic depletion (AD)  Human welfare  

 Human health 

 Ecosystem health 

 Extraction of 

minerals 

 Extraction of 

fossil fuels 

Kg of Sb1 

and MJ 

Global Warming (GW)   Material welfare  

 Human health 

 Ecosystem health 

 Emissions of 

greenhouse 

gases (GHG) to 

air 

Kg of CO2 

                                                      
1 Symbol of Anatomy 
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Ozone Depletion (OD)  Human health 

 Animal health 

 Terrestrial 

ecosystem 

 Aquatic 

ecosystem 

 

 Emissions of 

greenhouse 

gases 

Kg of 

CFC2-11 

eq 

Eutrophication   Water Conditions  Emissions of 

nutrients to air, 

water, and soil 

Kg of PO4 

eq 

Acidification  Soil 

 Groundwater 

 Surface water 

 Organisms 

 Ecosystems 

 Materials 

(buildings) 

 

 Emissions of 

SOx and NOx 

mainly. 

Kg of SO2 

Freshwater 

ecotoxicity (FW) 

 Fresh water  Emissions of 

toxic substance 

to water, air, 

and soil 

Kg of 1,4 - 

DB3 

Photochemical 

oxidation (PO) 

 Human health 

 Ecosystem 

 NMVOs Kg of C2H4   

 

 

3.1.4 Interpretation: 

This step includes a full interpretation of the results. This is done by comparing the 

results obtained and supporting it by referring to old studies. The best scenario is 

identified after the comparison of the scenarios and a sensitivity analysis 

completed. Moreover, a risk analysis for the most affected impact category is 

conducted. 

3.1.5 Functional Unit: 

The functional unit is chosen to be able to compare several scenarios under similar 

conditions Flow rate is used as the functional unit for this study. It is defined as 

                                                      
2 Chlorofluorocarbons  
3 Dichlorobenzene  
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4900 cubic meters per day (m3 /d) of input wastewater of the WWTP. The 

functional unit can also be converted to 1 cubic meter of wastewater treated by a 

scaling factor of 1/4900. All data are described per m3 of wastewater. 

3.2 Data Inventory 
This section introduces the WWTP understudy and data used from WWTP to obtain 

the results needed. Moreover, it will introduce the different scenarios for the 

electricity in Lebanon 2030 for optimization.  

3.2.1 Case Study 

The wastewater treatment plant located in Nabatieh district, south Lebanon. The 

WWTP treats sewage from the surrounding villages in the district and discharges 

the wastewater out to an open water source.  

 

 

 

 

 

 

 

 

Nabatieh plant is designed to treat 10900 m3/d however it is working to treat, 

approximately, half of this capacity which is 4900 m3/day. Using advanced biological 

treatment, oxidation ditch, Nabatieh WWTP can treat 98% of organic matter, 99% 

suspended solids, and 97% total nitrogen thus meeting the treatment plant 

standards. 

Figure 2 Nabatieh WWTP overview 
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3.2.1.1 Treatment process: 

The WWTP includes several stages for the treatment to process. Preliminary, 

secondary, and tertiary treatment. 

Preliminary treatment: 

As the wastewater enters the plant, it is loaded with large solids of different sizes 

that must be removed in order not to hinder machines in further treatment. This 

takes place in preliminary treatment also known as pretreatment. The wastewater 

in this stage passes through a gravel pit, coarse screening, fine screening, and a de-

griter degasser.  

First, a gravel pit removes physical impurities. It removes wastes that are larger 

than 10 cm. Second, wastewater undergoes a coarse screening. Usually, the gap in 

this screening process is 4 cm. Following that, a fine screen is installed. This is 

usually installed when the primary treatment is absent. Water passes through this 

screen and prevents materials that are usually greater than 6 mm from passing it. 

Finally, grit and grease are removed by a degasser. The waste that is produced in 

this phase is sent to landfill with the sludge waste.  

Secondary treatment: 

The secondary stage of treatment removes about 85% of the organic matter in the 

process by making use of the bacteria in it. (EPA, 1998). In Nabatieh WWTP, the 

secondary treatment is an oxidation ditch. Oxidation ditch is a biological treatment 

that is designed to have three different zones. These zones differ in the available 

amount of oxygen. The anaerobic zone is usually the zone that has no oxygen. The 

anoxic zone that has a little amount of oxygen and the aerobic zone that includes a 

high amount of oxygen. The major organic compounds to be removed are in form 

of phosphorous and four forms of nitrogen.  

Figure 3 WWTP Stages 
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Tertiary treatment: 

For further treatment, the wastewater undergoes a tertiary treatment that in our 

case is the UV disinfector, ruins the DNA of bacteria that stops the escalation of 

bacteria.  

Wastewater Final Destination: 

The treated water is discharged to an open water source that flows and reaches the 

sea.  

Sludge: 

Sludge and solid materials from the wastewater are transported to a near landfill. 

3.2.1.2 Chemicals: 

The addition of chemicals is one of the processes that help in completing the 

treatment process. Mainly polymer is used to remove particulate, colloidal, and 

dissolved substances. Moreover, the addition of lime is used for the alkalinity 

correction in the nitrification process.  

Besides the chemicals that are used for wastewater treatment, since odor control is 

included in this plant the usage of sodium hydroxide, sodium hypochlorite, and 

sulfuric acid is essential to react with H2S gas emission that causes the rotten smell. 

3.2.1.3 Electricity: 

In Lebanon, treatment plants consume electricity from governmental power plants. 

In Nabatieh power is provided by the Zahrani powerplant. 

3.2.1.4 Boundaries: 

A WWTP undergoes three phases: construction, operation, and demolition phase. 

According to studies, the operational phase presents the greatest impact of all 

phases. Besides, access to the data for the construction and demolition phases is 

limited. Therefore, in this research, only the operational (use) phase will be 

evaluated. 

Moreover, data after transporting the sludge to the landfill is limited. Consequently, 

sludge treatment and landfill effects are not considered in this study. 
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3.2.2 Wastewater treatment Data: 

The input and output resulting from the treatment process were investigated. 

Wastewater quality, air quality, and the resulting waste volume data were 

collected. Moreover, other important factors are the chemical addition, power 

consumption, and transportation process.  

Table 9 Data Collected for WWTP form CDR 

Waste Product Unit Value 

Waste from screens Kg/m3 4.90E-02 

Grease Kg/m3 1.86E-02 

Grit Kg/m3 1.78E-02 

Sludge Kg/m3 9.84E-01 

Chemical Consumption 
  

Polymer Kg/m3 5.03E-03 

Lime Kg/m3 6.32E-02 

H2SO4 Kg/m3 8.95E-05 

NaOH Kg/m3 2.35E-03 

NaOCl Kg/m3 4.31E-03 

Water Emission 
  

COD Kg/m3 1.07E-02 

BOD Kg/m3 2.11E-03 

TSS Kg/m3 1.12E-03 

NTK Kg/m3 1.47E-03 

NH4- Kg/m3 9.10E-04 

Air Emission 
  

N2O Kg/m3 1.22E-03 

CO2 Kg/day 5.97E-01 

Electricity 
  

Consumption Kwh/m3 0.89 

Transportation   

Distance Km 15 

Velocity Km / hr 60 
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3.2.3 Alternative Scenarios 

The different scenarios present optimization for the energy sector for the year 

2030. The optimized scenarios for the electricity in Lebanon were suggested by 

Wehbe(2020) study paper.   

 Electricity Sub-name Depends on 

S0  Current Scenario Diesel Oil 

S1 REF Reference Scenario Natural Gas 

S2 CAR Carbon Scenario Natural gas + Renewable Energies 

S3 SUB Subsidizing Scenario Renewable Energies 

S4 IND Independent Scenario Renewable Energies 

Table 10 Alternative Scenarios 

Renewable energies presented in this thesis study are: 

 Solar Power 

 Hydropower 

 Wind Power 

The following scenarios are presented thoroughly with their distributions: 

3.2.3.1 Current Case: 

Zahrani powerplant is working with a full dependency on diesel oil powerplant. 

3.2.3.2 Future (the year 2030) scenarios: 

REF Scenario:  

         

 

 

 

 

 

 

 

60%20%

9%

4%
7%

0%

REF Scencario

Natural Gas

Oil

Hydropower

Wind Power

Solar Power

Biomass

Figure 4 REF Scenario (S1) 
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The reference scenario is a scenario that shows that the Lebanese energy policy 

continued in the same manner. The implementation of new energy sources is 

minimal, and the new distribution predicted by 2030 is:  

This scenario still includes dependence on fuel sources such as natural gas and 

diesel oil by 80%, yet renewable energy sources make about 20% of the power 

generation system that will supply the Nabatieh WWTP, mainly focused on 

hydropower, which has a bigger base in Lebanon than other renewable energy 

sources. 

CAR Scenario:  

This scenario focuses on carbon emissions and aiming to reduce them by 

implementing carbon taxing. This scenario also includes fixing a minimum amount 

of renewable energy integration in the electricity plan. The distribution is shown in 

the chart in figure 5. This scenario focuses on carbon emissions and aiming to 

reduce them by implementing carbon taxing. This scenario also includes fixing a 

minimum amount of renewable energy integration in the electricity plan. The 

distribution is shown in the chart in figure 5. 

This scenario still realistically depends on fuel such as natural gas and diesel, by a 

lower percentage. It also emphasizes on wind power generation and fixes 

renewable energy sources to a minimum of 26%. This scenario is done to reduce 

53%

20%

9%

10%

8%

0%

CAR Scenario

Natural Gas

Oil

Hydropower

Wind Power

Solar Power

Biomass

Figure 5 CAR Scenario (S2) 
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emissions from the previous reference scenario, without strictly implementing 

renewable energy techniques.  

SUB Scenario: 

This scenario covers the subsidizing of renewable energy by the Lebanese 

government. When the government provides better support for renewable energy, 

the operators of many energy-consuming services, including the Nabatieh WWTP 

will be pushed to resorting to new clean energy sources. The predicted distribution 

for the power source of the WWTP for this scenario is presented in figure 6. 

The proposed support of renewable energy is expected to raise its abundance to 

40% of the total energy, which if it is provided and eased for the WWTP and will 

possibly be a positive step. 

IND Scenario:  

This presented scenario (Figure 7) targets the implantation of energy 

independence. This strategy would increase the usage of renewable energy as 

Lebanon is rich with renewable energy sources and if this scenario is applied, 

WWTP operators, in particular the ones in Nabatieh, will resort to more renewable 

energy sources. In this scenario, the proposed composition is as follows: 

40%

20%

9%

10%

19%

2%

Sub Scenario

Natural Gas

Oil

Hydropower

Wind Power

Solar Power

Biomass

Figure 6 SUB Scenario (S3) 
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S4 shows a significant jump in the use of solar energy, and since the sun is the most 

abundant internal source, this scenario encourages people to harvest the energy of 

the sun. This scenario benefits what requires a huge constant energy supply. The 

Nabatieh WWTP requires about 130000 kWh/month. If this scenario is applied, and 

import taxes are imposed, operating the plant-based on this new distribution 

becomes more feasible and a preferred option. 

In this chapter a detailed description of the WWTP in Nabatieh, Lebanon was 

presented. Input and output data taken from CDR included waste products, water, 

and air emissions, chemical addition, electricity consumption, and transportation 

data. These data were similar for the several scenarios used. Scenarios used were 

referred to by Wehbe, 2020 as an optimization for Lebanon’s electricity. 

Optimization included renewable energies, fossil fuels, and biogas. 

 

  

33%

20%9%

10%

26%

2%
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Hydropower

Wind Power

Solar Power

Biomass

Figure 7 IND Scenario (S4) 
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Chapter Four 

Results and Analysis 

This chapter introduces the results from SimaPro 9.0 software for the LCA. It shows 

the contribution and normalization results that are extracted from the software. 

These results are thoroughly explained and assessed. 

First, the contribution analysis is presented. This analysis presents the most process 

that is contributing on effecting the environment in general, and each impact 

category, specifically. Second, normalization of results is presented. Normalization 

od results are provided by the software to be able to have a one unit for the impact 

categories. Hence it is possible to compare the categories and to see which is the 

highly affected category from this system process. 

4.1 Contribution Analysis 

First, a table that shows the total characterization results of the impact categories is 

presented. These results provided by the SimaPro software to show the harm of 

each category per m3 of influent wastewater. The results in table 11 refer to the 

total contribution analysis of each category. 

Impact 
category Unit S0 S1 S2 S3 S4 

Abiotic 
depletion kg Sb eq 3.2E-07 3.8E-07 4.8E-07 7.1E-07 8.5E-07 

Abiotic 
depletion 

(fossil fuels) MJ 9.9 7.5 6.9 5.9 5.3 

Global 
warming 

(GWP) 
kg CO2 

eq 1.7 1.5 1.5 1.4 1.4 

Ozone layer 
depletion (OD) 

kg CFC-
11 eq 1.2E-07 6.8E-08 6.3E-08 5.7E-08 5.3E-08 

Fresh water 
aquatic 

ecotoxicity 
kg 1,4-
DB eq 2.5E-02 3.9E-02 5.2E-02 5.9E-02 6.4E-02 

Photochemical 
oxidation 

kg C2H4 
eq 1.1E-04 1.2E-04 1.1E-04 1.0E-04 9.6E-05 

Acidification 
kg SO2 

eq 1.9E-03 2.3E-03 2.2E-03 2.1E-03 2.0E-03 
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Eutrophication 
kg PO4 

eq 1.1E-03 1.1E-03 1.1E-03 1.1E-03 1.1E-03 
Table 11 Characterization Results 

The objective of the contribution analysis is to state the contribution of each 

process in the system with the respect to the total environmental contribution. 

Usually, expressed in scores that are percentages. The total environmental 

contribution is 100% and the contribution of each process has a specific score. For 

example, referring to figure 8, the CA of AD. Each process has a score (i.e. electricity 

scores 62%) and total summation of the scores is 100% ± 1 due to approximation. 

The contribution analysis varies from one impact category to another; thus, each 

impact category will be analyzed. 

For different scenarios “scores” of the contribution may differ; however, the 

contribution would not change. For example, for the abiotic depletion (current 

case, S0) electricity contributes with a score = 62%. However, with the S4 scenario 

(IND), its contribution is 86% (Refer to Appendix A). Hence, in contribution analysis 

the importance of the score is to show which process has the most effect on each 

impact category. As for the mentioned results, AD for S0 and AD for S4 and 

electricity is the most contributing processes. Similarly, for other categories. 

Consequently, the results analyzed in this section are related to the current 

scenario, but the analysis applies to all scenarios. Contribution analysis scores for 

the alternative scenarios are shown in the Appendix A.  

This section displays graphical representations for the contribution of each process 

to the category. Graphs are extracted from SimaPro software using CML-IA method. 

This analysis determines which processes are playing significant role in the results. 

The contribution analysis for each impact category is presented based on the 

graphs’ result.  

4.1.1 Abiotic depletion  

Abiotic Depletion based on materials and depletion of fossil fuels mainly depends 

on the input data that is used in the process, which is what makes it different from 

the other factors that depend on the output of the processes. AD is mainly defined 

as the decrease in the amounts of resources or uses energy in the processes being 

considered. 
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The graph in figure 8 represents the contribution results for AD of materials. It 

shows that electricity is the highest contributor with score of 62%. Following that, 

chemicals are the second contributors. WWTP and transportation contributes 

minimally to AD with as compared to other processes.  

Figure 9 represents contribution of the processes on the AD of fossil fuels impact 

category. The only contributor for this category is the electricity with the score of 

98%. 

 

Figure 8 AD contribution results 

Figure 8 represents AD impact category which is the related to minerals, ores, and 

other resources. The process of energy production to power the WWTP as well as 

the sections of the plant itself does affect the AD. Energy production needs 

essential chemicals and chemical compounds that will be lost throughout the 

process. The WWTP as well does consume chemical compounds and minerals, an 

example is 𝐻2𝑆𝑂4which is mainly used in the process of odor control. A bigger 

effect is found in the sludge treatment, which shows a significant loss of the 

polymer and lime. 

0%

0%

1%

1%

4%

11%

22%

62%

0% 10% 20% 30% 40% 50% 60% 70%

Wastewater process

Transpotation

Lime addition

Sulfuric acid adition

Sodium hydroxide addition

Sodium hypochlorite Addition

Polymer addition

Electricity, Diesel based

Abiotic Depletion



 

30 

 

 

Figure 9 AD of Fossil Fuels Contribution Results 

On the other hand, the AD-related to fossil fuels is mainly focused on the energy 

production section. Fossil fuels are non-renewable resources, any lost amount of 

them needs a long time to be produced again, and the extraction needs is a 

complicated process. The use of fossil fuels may lead to losing the fuel that provides 

us with the energy to generate power. Due to the entropy production in a power 

plant, waste fuel that is used to heat the fluid is not only wasted but also used as a 

form of wasted energy. 

4.1.2 Global Warming (GW) 

Figure 10 shows the contribution results of the processes on GW. As shown in the 

graph WWTP and electricity are the only contributors with results of 61% and 38 % 

respectively.  
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When it comes to the WWTP, its contribution to GW is very significant. This is due 

to the emission of 𝐶𝑂2 and 𝑁2𝑂 gases mainly during the bio-treatment phase of the 

WWTP. This phase is performed through three different processes, endogenous 

process, BOD oxidation, and nitrogen removal. During these processes, significant 

emission of 𝐶𝑂2 and 𝑁2𝑂 occurs, which increases the greenhouse effect and highly 

contributes to GW. Moreover, incomplete combustion of diesel leads to the release 

of CO in the products, a gas that is commonly known for toxicity and negative effect 

on the environment.   

4.1.3 Eutrophication 

Eutrophication is the development and growth large of aquatic plants that would 

lead to a decline in overall water quality. As shown in Figure 11, WWTP is the 

highest contributor in eutrophication category. WWTP shows score of 77% which 

means that 77% of the total impact on eutrophication is caused by the WWTP 

process.  Remaining contribution is related to the electricity process. 

 

Figure 11 Eutrophication Contribution Results 

Using the CML method in the analysis, the main contributors to the eutrophication 

potential are the total nitrogen amount, BOD, Ammonia, and 𝑁2𝑂 (Piao, Kim, Kim, 

& Kim, 2016)In the studied WWTP, mainly most of these factors are emitted 

throughout the entire life cycle. Although one of the most important impacts of the 

oxidation ditch WWTP is reducing the eutrophication potential, it is still inevitable 

for us to get emissions that still slightly contribute to this issue.  
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4.1.4 Acidification 

 

 

 

 

 

 

Acidification is mainly related to the production of acid rain, a phenomenon that is 

described by the increase of acidity in precipitation. The reason for acidification is 

mainly the emissions of 𝑆𝑂2, 𝑁𝑂2 , 𝐶𝑂2 , 𝑁2𝑂, and CO gases (Piao, Kim, Kim, & Kim, 

2016)Throughout the life cycle of the WWTP, mainly throughout the electricity 

generation these gases are significantly emitted leading to an increase in 

acidification.  

4.1.5 Ozone depletion (OD) 

 

Figure 13 OD Contribution Results 
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OD is described by the thinning of the ozone layer in the earth’s atmosphere. This 

thinning leads to more ultraviolet rays reaching the earth from the sun. It is very 

important to tackle ozone depletion as its effect could be negative on all the planet. 

OD is mainly caused by CFC gases. These are toxic gases that include in their 

chemical composition only carbon, hydrogen, chlorine, and fluorine. In the WWTP, 

the CFC gases are mainly emitted when it comes to electricity generation. The use 

of refrigerants for cooling, as well as some methane emissions in the burning of 

certain fossil fuels, are the main contributors to the OD.  

4.1.6 Photochemical oxidation 

 

Figure 14 PO Contribution Results 

PO is mainly when methane and NMVOC4s emitted from the combustion of fossil 

fuels react with sunlight to release some greenhouse gases like ozone, 𝐶𝑂2 or 𝐻2𝑂. 

NMVOCs are organic compounds that have a vapor pressure at room temperature, 

and do not include methane.  

4.1.7 Freshwater Ecotoxicity 

It is normal for any WWTP, and generally any process, to have some toxic 

emissions. This analysis involves evaluating the freshwater toxicity. The main 

contributor in this section is the electricity generation, directly followed by the 

chemicals addition as shown in figure 15. 

                                                      
4 Non methane volatile organic compounds such as toluene. 

0%

0%

0%

1%

1%

1%

1%

96%

0% 20% 40% 60% 80% 100% 120%

Wastewater process

Transpotation

Sulfuric acid adition

Lime addition

Sodium hydroxide addition

Sodium hypochlorite Addition

Polymer addition

Electricity, Diesel based

Photochemical oxidation



 

34 

 

 

Figure 15 FWE Contribution Results 

 

Freshwater toxicity is related to acidification. When acid rain is present, life in 

freshwater is negatively affected. As previously mentioned, acidification is directly 

related to electricity generation using fossil fuels. This contamination of freshwater 

increases the mobility of aluminum in the water which leads to the mortality of fish 

and aquatic creatures. (Angeler, et al., 2014)The death of these creatures disrupts 

the entire ecosystem, causing the predators of said marine animals to starve. 

Furthermore, water toxicity is directly affected by the emission and secretion of 

chemicals from electricity. Chemicals like cobalt, cadmium, and chromium are 

usually released which causes high toxicity. Freshwater toxicity is also affected by 

the manufacturing processes of steel and other compounds that are used in 

renewable energy sources. 

4.2 Normalization Results 
The characterization results by themselves are incapable of providing relative 

importance of impact categories for a technology or a system. This section presents 

the normalization of the results. As previously shown, each impact category has its 

own unit; thus, can be compared. Normalization solves the incompatibility of units 

and shows which impact category has higher or lower impact compared to others.  
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Table 12 presents the normalized results provided by SimaPro for each impact 

category. A comparison between the results if analyzed as well.  

 

It is very important when studying the LCA to look at how much each studied 

category is getting affected by this plant. To do this comparison, it is required to 

normalize all the categories. As shown in table 11, the most affected category is 

GW, and the minimum one is ozone depletion. For the case of OD, the number of 

emitted CFC gases is minimal in most of the processes studied in this LCA, which 

makes the OD minimally affected. On the other hand, GW is affected because 

almost every process in this LCA, from the electricity generation to the different 

phases of the WWTP, GHG are being emitted which causes a significant increase in 

the effect on GW. A second highly affected category is the AD related to fossil fuels. 

The average efficiency of a diesel-powered plant is around 35%. (Bari & Esmaeil, 

2010) This means that only 35% of the fuel burned is used to heat the fluid. The 

remaining 65% is going as waste. Hence, we are losing 35% of the fuel source to 

generate electricity and losing another 65% for no useful reason. This highly 

justifies the result of this normalization, as the depletion of fossil fuel sources is 

affected by the operation of this plant. 

 

  

Impact category Total 

Abiotic depletion 3.76E-15 

Abiotic depletion (fossil fuels) 3.13E-13 

Global warming  3.36E-13 

Ozone layer depletion  1.35E-15 

Freshwater ecotoxicity 4.85E-14 

Photochemical oxidation 1.34E-14 

Acidification 6.66E-14 

Eutrophication 8.49E-14 

Table 12 Normalization Results 
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Chapter Five 

Interpretation 

In this chapter, a graphical representation of the comparison for the scenarios 

extracted from the SimaPro are displayed. These representations are used to 

compare the alternatives.  

The result of the normalization shows that the GW and AD of fossil fuels are the 

most affected categories. In these two categories, electricity generation is mainly 

the greatest contributing factor. Adding to that, the electricity generation is a big 

problem in most of the other categories, so the decision was made to search for 

proper alternatives to the power generation process. The considered alternatives 

are obtained from a research study predicting four possible scenarios for power 

generation in Lebanon by the year 2030. 

The differences in outcomes of the mentioned scenarios are due to the differences 

in the power source combinations. The variations are there because of adding 

renewable energies and redistributing power sources according to different 

governmental decisions in Lebanon. Consequently, the improvement or its lack 

thereof in the LCA is dependent on the contribution of electricity used to power the 

WWTP. 

5.1 Sensitivity Analysis and Interpretation 
5.1.1 Global Warming 

As expected, global warming showed the worst condition during the current 

electricity generation process which uses 100% diesel oil for a generation. The REF 

scenario includes an additional 20% of renewable energy, and the diesel oil was 

replaced by natural gas and crude oil. This additional renewable energy leads to the 

drop in the total kg CO2 equivalent of global warming by 10%, a significant drop that 

would contribute positively to the general climate change situation in Lebanon. The 

CAR, SUB, and IND scenarios have a similar outcome, with the IND scenario showing 

the maximum reduction of 17% due to the significant amount of renewable energy 

resources added. Replacing diesel with natural gas was a positive step since natural 
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gas does emit about 27% less kg CO2 equivalent (EIA, 2020).Yet, adding crude oil to 

the new energy mix deteriorates the quality of the generation process since crude 

oil emits more kg of CO2 equivalence than natural gas and diesel oil. (NatGas, 2013) 

Even with this drawback, due to the addition of renewable energy and the higher 

percentage of natural gas usage, the total GW is improving. The distribution is 

shown in the chart below: 

 

Figure 16 GW comparison of scenarios 

As seen in the chart, the biggest impact was a 10% reduction of kg CO2 eq due to 

the addition of Renewable energy (RE) sources in the new mixture to replace the 

full diesel process. However, replacing natural gas with additional RE sources is 

decreasing the GW measure by a slight additional value, which is almost 2% by each 

6% increase of renewable energy. This verifies that natural gas does contribute to 

GW but in a way less than other fossil fuels. The addition of biomass also 

contributes slightly to GW. This is due to biomass energy sometimes including the 

burning of wood of organic material, which also causes emissions if not designed 

properly. These biomass amounts prevented a bigger decrease in global warming. 

In the end, it is managed to decrease global warming significantly by altering the 

electricity generation processes. 
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5.1.2 Abiotic Depletion (Fossil Fuels) 

Like global warming, the WWTP current case (S0) showed the most significant drop 

in abiotic depletion due to fossil fuels. Having 100% diesel as a source of power 

generation has a low thermal efficiency which leads to depletion of a huge amounts 

of fossil fuel resources. In the REF scenario, a drop of 24% of depletion was noticed 

and that is due to several reasons. First, the addition of renewable energy sources 

that are almost entirely independent of fossil fuels drastically drops the depletion. 

Second, another very important factor affects the AD of fossil fuels and decreases 

them, which is the addition of a combined cycle gas turbine (CCGT) plant. Having a 

CCGT plant gives us two energy outputs, one from a gas turbine and another from a 

steam turbine, with only one fuel source. This combination could increase plant 

efficiency to a value between 40 and 60% (EDF, 2011). This increase in efficiency 

means that it requires to burn less fuel to produce the same amount of energy 

produced by the diesel powerplant, which leads to decreasing fuel depletion. The 

IND scenario showed the best improvement when it comes to the AD of fossil fuels 

due to the high amount of renewable energy added, and the significant existence of 

a CCGT. The variation is presented in the figure below: 

 

Figure 17 AD(F.F) comparison of scenarios 

As noticed in the figure 17, a very significant drop is reached when we move to the 

REF scenario. Gradually, each increase of renewable energy with the usage of CCGT 

plants, the AD of fossil fuels is dropping more and more. Between the CAR scenario 

and the SUB scenario, there is a drop of 10%, and that is due to the addition of 
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biomass. The added biomass value replaced the number of fossil fuels in the 

mixture which improved the decrease of the depletion from 8% (Between REF and 

CAR) to 16% between (SUB and CAR). Between the final 2 stages, the drop is 7% 

due to additional renewable energy (solar power) source, while everything else 

stayed almost the same.  

5.1.3 Ozone Depletion: 

In general, the normalization study showed that the OD category is the least 

category getting affected by the WWTP. Even with this case, with the addition of 

renewable sources, as well as using natural gas and a CCGT instead of a pure diesel 

powerplant, a decrease in OD is presented. The first initial decrease was a huge one 

when the REF scenario was considered. This decrease was 44%, a considerable 

amount that verifies that the addition of a CCGT combined with renewable energy 

does lessen the effect of the WWTP on ozone depletion specifically and electricity 

in general. Like the previous two categories, the IND scenario showed the best 

result and the highest decrease for the effect on the ozone depletion. The chart 

presented in figure 18 shows the change of the effect on ozone depletion as we 

move between scenarios: 

 

Figure 18 OD comparison scenarios 

Referring to figure 18 the drop of 7% of natural gas results in decreasing ozone 

depletion by 6%. Thus 9% slower decrease when diesel was replaced. If other 
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scenarios are compared, it is concluded that with every 7% decrease in the natural 

gas is faced with 6% decrease in the OD. In other words, the addition of biomass did 

not affect the percentage of enhancement in a noticeable way. Even though 

biomass could lead to releasing CFCs or toxic gasses, it does not release the same 

amount as released by diesel, so the ozone depletion indicator decreased when it 

was introduced to the system (CAR to SUB). 

5.1.4 Eutrophication 

The eutrophication category also showed the highest result in the current since 

100% diesel was used for electricity generation. Increasing renewable energy usage 

without having biomass energy was the optimal solution for the reduction of 

Eutrophication value. Although eutrophication was mainly affected by the WWT 

process itself, the enhancement in electricity from 100% fossil fuels into having 20% 

renewable energy decreased the impact by a value near to 4%. However, the 

addition of biomass energy increased the impact of 1%. The change of 

eutrophication is shown in the chart below: 

 

Figure 19Eutrophication comparison of scenarios 

The chart presents a sudden increase in water quality which is a result of decreasing 

fossil fuel usage and replacing it with renewable energy. The algae and aquatic 

plant growth mainly depend on nitrogen and its presence in the atmosphere. 

Burning of fossil fuels releases nitrogen oxide gases which disturbs the natural 

nitrogen cycle, increasing the number of nitrogen gases in the atmosphere. This 
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results in increasing the eutrophication and replacing fossil fuels by renewable 

energy sources decreases the nitrogen emissions, verifying the obtained results. 

Adding biomass energy did slightly increase the eutrophication because the burning 

of wood does also emit NOx gases (Buggea, Skreiberg, Haugen, Carlsson, & 

Seljeskog, 2015) Even though the quantity of these gases is less than the ones 

emitted by fossil fuels, it still results in increasing the presence of eutrophication by 

1%. 

5.1.5 Abiotic Depletion (Materials) 

Normalization showed that abiotic depletion is the second least affected by the 

system process. The current case shows the least abiotic depletion since the current 

case depends only on using fuel to power the WWTP. As we replace 20% of fossil 

fuels by renewable energy, the AD increased since renewable energy sources 

require a lot of additional material and manufacturing processes.  

 

Figure 20 AD Comparison of scenarios 

The addition of the biomass energy showed an increase of 48% (S2-S3) making a 

total increase compared to our current case 125% (S0-S3) This is due to the addition 

of biomass energy also requires the burning of wood, a source different from fossil 

fuels and will be depleted when it is used for power production. The worst scenario 

in this category was IND which is related to having the lowest natural gas and 

highest renewable and biomass energy. A 167% increase from the current case was 
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shown and a 19% increase from the SUB was noticed. This increase is due to an 

increase in solar energy. Solar energy is mainly obtained by the means of 

Photovoltaic (PV) cells. The PV cells usually have the semi-conductor silicon as their 

main component. Other than the semi-conductor, the solar cell requires 

encapsulation and protection of the cell. This could be done using fiberglass 

material and aluminum frame (Hurter, Plessis, & Rensburg, 2013)The usage of these 

materials also leads to additional losses of abiotic resources. This verifies the 

obtained results as the scenario that included the highest amount of RE, PV cells, 

showed the maximum AD. 

5.1.6 Acidification 

The chart that presents the variation of acidification between scenarios is shown 

below: 

 

Figure 21 Acidification comparison of scenarios 

The highest value of kgSO2eq was in the REF scenario. This increase between our 

current state and the REF scenario is mainly the addition of crude oil and natural 

gas instead of diesel. Natural gas contributes less than diesel and crude oil in 

acidification since it has less SOx and NOx emissions (NatGas, 2013)The main issue 

that caused the increase of acidification is the introduction of crude oil, a heavy 

compound oil that emits more sulfur and nitrogen products than diesel (EIA, 2020). 

This additional value of kgSO2eq coming from crude oil lead to a slight increase by 

about 21%. The addition of 20% renewable energy contributed to the decrease of 
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the effect of adding crude oil, however, this decrease was not enough to level it 

with the current case. All the scenarios after the REF scenario include the same 

percentage of crude oil, 20%. This means that additional renewable energy sources 

come into effect. The addition of extra renewable energy sources reduces the 

kgSO2eq which leads to the decrease of acidification by a maximum of 10.5% from 

the REF scenario. This reduction is achieved in the IND scenario. Biomass energy 

minimizes this decrease since kgSO2eq is also emitted from biomass energy, but not 

as much as the crude oil so the use of renewable energy in the final IND mix leads 

to a reduction of acidification. 

5.1.7 Photochemical Oxidation 

Similarly, to acidification, PO is dependent on the number of certain emissions. The 

gases that highly contribute to PO are SOx and NOx gases, as well as methane and 

NMVOCs. The burning addition of crude oil as a part of the diesel replacement 

causes a slight increase in the PO amount, as shown in the chart below: 

 

Figure 22 PO comparison of scenarios 

The reasoning behind this initial increase is like that of the acidification increase in 

the REF scenario. A 1% increase happens between the current state and the REF 

state making the REF state the worst case when we consider PO. However, the 

addition of more renewable energy sources while decreasing the natural gas and 

keeping the amount of crude oil constant, leads to a drop in the PO value. In the 

IND case, the case that includes the minimum of fossil fuels combination, we 
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manage to get a reduction of 15% in the effect of the WWTP on PO due to the 

dependence on RE sources as well as biomass. 

5.1.8 Freshwater Ecotoxicity 

The chart representing the variation in freshwater and aquatic eco-toxicity for the 

scenarios is shown below: 

 

Figure 23 FW comparison of scenarios 

As seen, upon the addition of renewable energy sources, the freshwater ecotoxicity 

is increasing, reaching a maximum increase of 155%. This could be interpreted due 

to the manufacturing processes we are required to go through when integrating 

renewable energy sources. To fabricate wind and hydro turbines we require 

specially treated metal. The manufacturing of this steel could lead to many 

emissions into the water and increase the toxicity (Greening,2013). When it comes 

to solar panels, a similar approach could be considered. Panels need factories to be 

manufactured, especially when mass production is required. The usage and doping 

of silicon, assembling the semiconductors in the right way, as well as manufacturing 

the aluminum and fiberglass needed for encapsulation and protection, lead to 

several emissions as well.  According to our results, the solar energy is the energy 

that causes the most FWT, possibly due to the manufacturing process. The addition 

of wind and hydro energy did increase the toxicity, but not as much as solar energy. 

Freshwater is highly affected by manufacturing processes and factories, and this is 

shown in the results obtained. Renewable energy sources have a lot of ejected 
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waste that could affect the water quality, when it comes to solar cells (Wirtz, 2019).  

FWT is also related to fossil fuel burning. Acid rain and acidification could lead to an 

increase in the toxicity, but not as much as the wastes of the renewable energy life 

cycle. 

5.2 Global Warming Harm 
As noted from normalization results calculated using SimaPro Global warming is the 

highest contributor compared to the others. To assess how the amount of kg of CO2 

equivalent emitted in the global warming category stands when it comes to actual 

pollution, the database of EPA is used to see what do these values mean when 

compared to the electricity usage of average houses in the United States per year. 

Table 13 shows the comparison so we can practically understand how dangerous 

the emissions are caused by this plant. Number of houses powered data is obtained 

from EPA and tons of CO2 emitted are bases on the results of the software 

discussed earlier.(EPA, 2020)  

The plant works 24 hours a day, 

 For S0: 1.68 kg/m3 x 4900 x 365= 3005 tons / year 

The remaining calculations of Tons of CO2 eq are obtained in the same way and 

presented below 

Scenario Tons of CO2 eq emitted 

per year 

Number of houses 

powered  

S0 3005 347 

S1 2698 311 

S2 2641 305 

S3 2543 293 

S4 2487 287 

Table 13Tons of CO2 and number of houses powered equivalent 
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Figure 24 Tons of CO2/ year with respect to the scenarios 

It is important to take note that with time the demands from the WWTP will grow, 

and the flow would become higher than 4900 m3/day. This also shows that 

improving the electricity distribution will cover any additional CO2 emissions caused 

by increasing the capacity of the plant. A reduction of CO2 emissions between the 

first 2 scenarios is equivalent to complete depowering of 16 houses for an entire 

year.  

5.3 Discussion: 
A summary for the comparison to each impact category is shown in table 14. The 

worst cases (the highest impact) are shown in bold and the best cases are referred 

to in Italic.   

Impact 
category 

Unit S0 S1 S2 S3 S4 

Abiotic 
depletion 

kg Sb eq 3.2E-07 3.8E-07 4.8E-07 7.1E-07 8.5E-07 

Abiotic 
depletion 
(F.F) 

MJ 9.86 7.48 6.89 5.88 5.33 

Global 
warming  

kg CO2 eq 1.69 1.51 1.48 1.42 1.39 

Ozone layer 
depletion  

kg CFC-
11 eq 

1.2E-07 6.8E-08 6.3E-08 5.7E-08 5.3E-08 
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Fresh water 
aquatic 
ecotoxicity 

kg 1,4DB 
eq 

2.5E-02 3.9E-02 5.2E-02 5.9E-02 6.4E-02 

Photochemi
cal 
oxidation 

kg C2H4 
eq 

1.1E-04 1.2E-04 1.1E-04 1.0E-04 9.6E-05 

Acidification kg SO2 eq 1.9E-03 2.3E-03 2.2E-03 2.1E-03 2.0E-03 

Eutrophicati
on 

kg PO4 eq 1.12E-03 1.07E-03 1.08E-03 1.09E-03 1.09E-03 

Table 14 Summary of comparison highlighting the highest contributor in each category 

For all the assessed impacts, the IND scenario (S4) shows the best improvement 

when it comes to global warming, fossil fuel depletion, and ozone depletion. The 

more renewable energy we integrate into our suggested power providing 

combination, the better the effects are on the LCA. Yet, this option cannot be 

perfect. As shown by the obtained results, some factors are negatively affected by 

the IND scenario, the freshwater toxicity, and abiotic depletion for example. This 

required a type of risk analysis so we could verify that the IND scenario is our best 

alternative. The verification procedure started with looking back at the 

normalization table we obtained in the results section. The table shows that the 

fossil duel AD and GW are the most affected impacts by the WWTP, which led us to 

resort to different power production alternatives in the first place. Yet, freshwater 

ecotoxicity is affected by the plant, and abiotic depletion does have a very little 

contribution. The improvements shown when it comes to GW and fossil fuels AD 

are deduced to be more significant than the deterioration of fresh-water quality, 

hence, the IND scenario is chosen to be our best alternative to go through.   

5.3.1 Further Discussion 

It is important to note that IND (S4) scenario is a great alternative when it comes to 

most of the environmental impact as compared to the current situation. However, 

when it comes to sustainable choices, one should take into consideration human 

health and economic impacts in same level of importance. Referring to 

Wehbe(2020), the cost of the IND scenario is the highest. Moreover, when the 

software was run to compare human toxicity using IND would not be the best 

choice (Appendix A). The latter result considers the construction phase that leads to 
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the human toxicity increase. This could hinder choosing IND scenario. A further 

study could be done considering constrution phase for renewable energy power 

sources that aids a healthier choice for human. Moreover, choosing the SUB or the 

CAR scenario for a more sustainable scenario when it comes to social, natural, 

economical capital. 
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Chapter Six 

Conclusion 

As population and urbanization increase, the demand for essential life facilities is 

increasing. The facilities that were covered in this study are wastewater treatment 

(WWT) and electricity. These two amenities are interconnected since the operation 

of wastewater treatment passes through several stages that demand power 

generation. The full treatment process including all stages highly affects the 

environment.  Hence a life cycle assessment (LCA) becomes essential. This study 

shows an LCA for a current WWTP and evaluates results for the current case which 

is the actual environmental status and a contrasting comparison with future 

alternatives scenarios. The current case study is a WWTP located in Nabatieh, 

Lebanon. This WWTP includes a preliminary treatment, oxidation ditch as 

secondary treatment, and UV disinfection tertiary treatment. Other processes, such 

as the electricity rely on governmental power which depends 100% on diesel 

burning. Moreover, chemicals are used for odor and sludge treatment. Finally, the 

current WWTP as a final step transports the solids to a landfill. On the other hand, 

alternative future scenarios focused on enhancing the power sources by switching 

to renewable energy power. Four scenarios are considered that has different power 

sources total. Power sources are divided into fossil fuels and renewable energies.  

This study follows the ISO 14040 standards. SimaPro 9.0 software is used to model 

the life cycle inventory of current case and the alternatives. The software, using 

CML-IA method, calculates the environmental effect of the scenarios first and 

shows a comparison for the scenarios. Effects are presented as different impact 

categories such as global warming, abiotic depletion, eutrophication, acidification, 

ozone depletion and freshwater ecotoxicity.  First, results include contribution 

effects that shows how much does each process (biological WWT process, 

electricity, chemical addition, transportation) effect compared to the total process. 

Second, a normalization that helps in concluding which impact category is the most 

affected.  
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Results first shows that electricity is the most effecting process with more than 80% 

impact in most of the categories. Usually, the transportation process has more 

impact, but in the case of the Nabatieh WWTP the distance covered is minimal and 

there are no heavyweights or daily trips. The highest impact category affected was 

found to be the global warming category which directly links to the effect of 

electricity.  

After applying the assessment to alternative scenarios, the comparison showed that 

IND scenario (S4), that depends on 53% fossil fuels, 45% several renewable energy 

sources, and 2 % biomass, has the most enhancement in GW, AD (F.F), OD, and PO 

categories. Other categories did not have this enhancement because of the 

construction phase. For a better enhancement in the left categories, further study 

in the future should be conducted to reach an optimum enhancement for the 

environment. 

  

6.1 Further Study 
It is a considerable option for the future to isolate the WWTP’s power source from 

the power source for the entire country. A well-studied plan with PV solar cells and 

hydropower could be proposed and tested for the WWTP. In the case which this 

study succeeds, the effect of power generation on the LCA of the WWTP will be 

easier to control since it does not solely depend on the power generated from EDL. 

Moreover, construction phase for the power source should be considered for 

enhancement. Optimizing the environmental and economic impact of constructing 

renewable energy sources from scratch is something essential to backup this paper 

and support the transition from nonrenewable energy generation to renewable 

generation.  
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Appendix A 

Calculations of CO2 and NO2 

CO2 and N2O emission were calculated according to Bridle method. 

The Bridle model calculates the biomass decayed by: 
1. X decayed = Q influent * HRT * MLVSS * kD 

 
X decayed is the biomass decayed per 

day  

kgVSS/day 

Q influent is the average daily flow  m3/day 

HRT       is the hydraulic retention time  days 

MLVSS  is the concentration of mixed 

liquid volatile suspended solids  

kg/m3 

kD          is the endogenous decay 

coefficient  

1/day 

 

kD =0.05 1/day (Rahman & Al-Malack, 2012) 

To go from the biomass decayed to the CO2 produced the chemical reaction describing the 
biomass decay is needed. The elemental composition of biomass is C5H7O2N (Consultancy, 
2007) 

C5H7O2N + 5 O2                 5 CO2 + 2 H2O + NH3 

The biomass to CO2 ratio is 113 : 5*44 which equals 1 : 1.947. This means that for the 
decay of one kg of biomass 1.947 kg of CO2 is produced. 

2. CO2,decay = Xdecayed * 1,947 

Also, during biomass production CO2 is emitted. The Bridle model first calculates the 
observed 

biomass yield. 

3. Yobs = Y /(1+ kD * SRT) 

Yobs                 is the observed biomass yield                                              kg VSS/kg BODremoved 
Y                      is yield set in the Bridle model                                            kg VSS/kg BODremoved 
SRT                  is the sludge retention time given in                                                                  days 

 

The net biomass produced is calculated from: 

4. Xnet,produced = Yobs * BODox 

Xnet,produced         is the net biomass produced per day                                                   kg 
VSS/day 

The oxidized BOD is calculated from: 
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5. BODox = Qinfluent * ((100%-BODrem)/100% * BODinfluent –BODeffluent ) 
 

BODox                        is the BOD oxidized by the biomass                               kg BOD/day 

BODrem                      is the BOD removal efficiency of the primary clarifier  % 

BODinfluent               is the influent BOD                                                          kg BOD/m3 

BODeffluent               is the effluent BOD                                                           kg BOD/m3 

 
 

Primary clarifiers is that when they remove primary solids they generally also remove 
anywhere from 20 – 40% of the BOD5 (Opus, 2018) 

With the net biomass produced the rate of oxygen used can be calculated: 

6. RO2 = BODox / (f) – 1,42 * Xnet,produced 

 

When the rate of oxygen used is known the amount of CO2 produced per day can be 
calculated. 

7. CO2, BODox = RO2 * CO2fromBODox 

CO2, BODox           is the amount of CO2 produced per day by BOD oxidation          kg 
CO2/day 

      CO2fromBODox     is a conversion factor which comes from the chemical reaction in 
which 

C10H19O3N         is the elemental composition of BOD: 

8. 2 C10H19O3N + 25 O2               20 CO2 + 16 H2O + 2 NH3 

The ratio between O2 and CO2 is then 25 * 32 : 20 * 44 which is 1 : 1.1. Thus for 1 kg of O2 
1.1 kg 

of CO2 is produced. 

The last step in the biotreatment part is the nitrogen removal. By removing ammonia, CO2 
is consumed leading to a CO2 credit. When nitrate is denitrified CO2 and N2O are emitted. 

The amount of N in the biomass is calculated from the elemental composition. The molar 
weight of N is 14 and that of biomass 113 as seen above. Thus the amount of N 
incorporated in the net 

Produced biomass is: 

9. N biomass = Xnet,produced * 14/113 

RO2                 is the rate at which oxygen is used by the  
biomass 

kg O2/day 

F                    is the BOD5_BODu ratio, a fraction set in the Bridle 
model 

0.67( unitless) 
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Nbiomass                 is the amount of nitrogen in the biomass                  [kg N/day] 

The amount of ammonia oxidized is calculated by the following equation: 

10. NHox = Qinfluent x (TKNp.c. effluent – TKNeffluent) - Nbiomass 
TKNp.c.effluent                  is the total nitrogen in the effluent of the primary clarifier 
kg N/m3 
TKNeffluent                        is the total nitrogen in the effluent                                           
kg N/m3 

P.C eff of TKN 17% removal rate according (NUTRIENT LOADING AND REMOVAL 
OPTIMIZATION STUDY, 2018) 

The CO2 credit from the ammonia that is oxidized is calculated with: 

11. CO2, credit = NHox x CO2, consumed 

The CO2, consumed is set by stoichiometry 

20 CO2 + 14 NH4 <--> 10 NO3- + 4 C5H7O2N + 24H+ + 2H2O 

The CO2 to N ratio is 20 * 44 : 14 * 14 which leads to 4.49 : 1 and thus the amount of 
CO2,consumed is 4,49 kg per kg of N nitrified. 

The amount of CO2 formed by biotreatment is calculated by first calculating the amount of 
nitrogen removed. 

12. Nremoved = Qinfluent * (TNp.c. effluent – TNeffluent) - Nbiomass 

Nremoved                  is the nitrogen removed by the bacteria                                   kg 
N/day 

TNp.c. effluent          is the total nitrogen in the effluent of the primary clarifier   kg/m3 

TNeffluent                 is the total nitrogen that leaves the plant                               kg/m3 

 

Calculation of total nitrogen      

With stoichiometry the amount of CO2 that is formed during nitrogen removal can be 
calculated, 

assuming methanol is the carbon source. 

13. 6 NO3- + 5 CH3OH <-->3 N2 +5 CO2 + 7 H2O + 6 OH- 

The N to CO2 ratio is 6 * 14 : 5 * 44, which equals 1 : 2.62. However, this is not included in 
the calculation because the de-nitrifiers use BOD as a carbon source. So, the calculation of 
the CO2 produced is already included in the calculation for BOD oxidation. 

The N2O emitted during nitrogen removal is calculated with the following equation: 

14. N2Oemission = Qinfluent * TNp.c. effluent * RN2O, generation 

N2Oemission             is the amount of N2O emitted                                   [kg N2O /day] 
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RN2O, generation      is the conversion factor of N in the feed to N2O kg [N2O/ kg N 
feed], the value comes from data of Lee Walker as included in the Bridle model  
[0.023].  

With the global warming potential as calculated by the IPCC, the CO2 equivalent of N2O 
can be calculated: 

15. CO2, equivalent = N2Oemission * GWPN2O 

GWPN2O             is the global warming potential of N2O (IPCC, 2001)          [kg CO2/ kg N2O] 

CO2, equivalent     is the equivalent of CO2 of the N2O emissions in                [kg CO2/day] 

The total amount of CO2 emissions in kgCO2/day is: 

16. CO2, biotreatment =CO2,decay + CO2,BODox - CO2,credit + CO2,equivalent. 

  

X decayed 
  

Q inf 4900 m3/day 

HRT 1.112 day 

MLVSS 1.9251 kg/m3 

Kd 0.05 1/day 

X decayed= 524.474244 kgVSS/day  

biomass:CO2 
ratio 

1: 1,947 
 

CO2 decay 1021.151353 kg/day  

BOD removed 1087 kgBOD/day 

Y=Yield 0.482497005 kgVSS/kgBOD 

SRT 14 days 

Y obs 0.283821767 kgVSS/kgBOD  

BOD rem 30% 
 

BOD inf 0.224 kg/m3 

BOD eff 0.00211 kg/m3 

BOD ox 757.981 
 

 

Xnet  215.1315071 kgVSS/day    

RO2 825.8281853 kgO2/day  

CO2,BODox 908.4110038 kgCO2/day  

N biomass 26.65346105 kgN/day 

TKN effluent  0.00147 kg/m3 

TKNp.c. eff 0.04233 kg/m3 
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NH ox 173.5605389 kg/day  

CO2,credit 779.2868199 kg/day    

TN p.c. eff 0.05294 kg/m3    

N2O emission 5.966338 kgN2O/day  

CO2,eq 1766.036048 kg/day    

CO2 
biotreatment 

2916.311585 kg/day 

Table 15 Parameters used in air calculations 

Transportation calculations 

Sludge is transported and data entered in SimaPro for transport processes is in 

terms of tkm which stands for tonnes kilometer.   

Transport (tkm)= Total Load x Total distance 
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Appendix B 

Results: 

Contribution Results Table for each Scenario: 

Scenario 1 

Impact 
category 

 
WWTP Polymer Lime H2SO4 NaClO NaOH Electricity Tranportation 

AD % 0 18 1 1 9 4 68 0 

AD(FF) % 0 1 0 0 1 0 98 0 

GW % 68 0 0 0 0 0 31 0 

OD % 0 1 0 0 3 3 94 0 

FEW % 0 10 1 0 4 3 82 0 

PO % 0 1 1 0 1 1 97 0 

Acidification % 0 2 1 0 1 1 96 0 

Eutrophication % 80 1 0 0 1 1 17 0 
Table 16 Contribution Results Of S1 

Scenario 2 

Impact 
category 

 
WWTP Polymer Lime H2SO4 NaClO NaOH Electricity Tranportation 

AD % 0 14 0 1 7 3 75 0 

AD(FF) % 0 1 0 0 1 1 98 0 

GW % 70 0 0 0 0 0 29 0 

OD % 0 1 0 0 3 3 93 0 

FEW % 0 7 1 0 3 2 86 0 

PO % 0 1 1 0 1 1 96 0 

Acidification % 0 2 1 0 1 1 96 0 

Eutrophication % 80 1 0 0 1 1 17 0 
Table 17 Contribution Results of S2 

Scenario 3 

Impact 
category 

 
WWTP Polymer Lime H2SO4 NaClO NaOH Electricity Tranportation 

AD % 0 10 0 0 5 2 83 0 

AD(FF) % 0 1 1 0 1 1 97 0 

GW % 73 0 0 0 0 0 27 0 

OD % 0 1 0 0 3 3 93 0 

FEW % 0 6 1 0 3 2 88 0 

PO % 0 2 1 0 1 1 96 0 

Acidification % 0 2 1 0 1 1 95 0 

Eutrophication % 80 1 0 0 1 1 18 0 
Table 18Contribution Results of S3 
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Scenario 4 

Impact 
category 

 
WWTP Polymer Lime H2SO4 NaClO NaOH Electricity Tranportation 

AD % 0 8 0 0 4 2 86 0 

AD(FF) % 0 1 1 0 1 1 97 0 

GW % 74 0 0 0 0 0 25 0 

OD % 0 1 0 0 4 3 92 0 

FEW % 0 6 1 0 3 2 89 0 

PO % 0 2 1 0 1 1 96 0 

Acidification % 0 2 1 0 1 1 95 0 

Eutrophication % 79 1 0 0 1 1 18 0 
Table 19 Contribution Results of S4 

 

Normalization: 

Impact category S2 S1 S2 S3 S4 

Abiotic depletion 3.76E-15 4.50E-15 5.69E-15 8.43E-15 1.00E-14 

Abiotic depletion (fossil 
fuels) 

3.13E-13 2.38E-13 2.19E-13 1.87E-13 1.69E-13 

Global warming 
(GWP100a) 

3.36E-13 3.00E-13 2.94E-13 2.83E-13 2.77E-13 

Ozone layer depletion 
(ODP) 

1.35E-15 7.56E-16 7.08E-16 6.34E-16 5.93E-16 

Fresh water aquatic 
ecotox. 

4.85E-14 7.53E-14 1.01E-13 1.15E-13 1.23E-13 

Photochemical 
oxidation 

1.34E-14 1.36E-14 1.29E-14 1.19E-14 1.13E-14 

Acidification 6.66E-14 8.07E-14 7.81E-14 7.44E-14 7.22E-14 
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Eutrophication 8.49E-14 8.14E-14 8.16E-14 8.23E-14 8.26E-14 

Table 20 Normalization Results for all Scenarios 

Human Toxicity 

Human toxicity was calculated for a further discussion for sustainability. Since 

CML_IA method does not account for human toxicity ReCipe method was used 

instead. 

 

 

 

 

Impact category 
 

S0 S1 S2 S3 S4 

HTP 
(carcinogenic)  

kg 1,4-
DBC e 

0.32446
966 

0.36150
658 

0.38336
392 

0.41327
129 

0.43293
297 

HCP (non 
carcinogenic) 

kg 1,4-
DBC e 

735.417
27 

688.620
9 

864.497
84 

1004.07
33 

1082.60
95 

Table 21 Human Toxicity 




