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Abstract

In developing countries such as Bangladesh, lack of centralized treatment of wastewater results in untreated
household wastewater being discharged into the environment, creating a significant threat to human health as
well as the environment. This study is focused on the design and simulation of performance of a compact
household wastewater treatment plant. The treatment plant was designed to treat 1 m3/day domestic wastewater
using GPS-X simulation software. The treatment system consists of sequential treatment units of primary
sedimentation, anaerobic and anoxic chambers, aerobic reactor, coconut shell and activated carbon filtration bed,
secondary clarifier and UV disinfection chamber. Influent was characterized by high pollutant contents such as
BOD (400 mg/L), COD (850 mg/L), TSS (300 mg/L), TN (35 mg/L) and TP (10 mg/L). The simulation results
of the optimized system exhibited high treatment efficiency: 99.9% removal of TSS and VSS, 99.2% of BOD,
95.8% of COD, 75.8% of TN and 92.7% of TP. The results of the treatment system showed that the effluent
meets the national and international effluent discharge standards. The results of the simulation show the potential
of the compact decentralized treatment of wastewater as an alternative solution to treating household wastewater
for households connected to sewerage systems.
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1 Introduction

The rapid growth of population, urbanization, and industrialization has led to a sharp increase in domestic
wastewater generation worldwide. In many developing countries, treatment infrastructure is inadequate or
absent, and about half of the world’s population still lacks access to safely managed sanitation (Bari, et al., 2018;
Bari, 2017; WHO & UNICEF, 2017). As a result, untreated or poorly treated wastewater is discharged into the
environment, causing water pollution, health hazards, and ecological degradation. Household wastewater, which
includes both blackwater and greywater, contains high levels of organic matter, nutrients, and pathogens
(Sultana, et al., 2025a,b,c; Sultana, et al., 2023; WHO, 2006). Without proper treatment, it contributes to
eutrophication, bioaccumulation of toxic substances, and outbreaks of diseases such as diarrhea and cholera
(Fanyin-Martin et al., 2017). Scarcity of land for sanitation and higher population density makes toilet sanitation
management more difficult (Studyanto, et al., 2018). Perhaps, achieving higher coverage at the community level,
along with proper maintenance of sanitation facilities, can reduce the risk of disease more effectively (Contreras
et al., n.d.). According to the World Health Organization, access to safe and hygienic toilets is vital for good
health (WHO, 2019). Privacy, safety, and cleanliness are also basic requirements for users (Kelly, 2024).
Common technologies include septic tanks and soak pits, which remove settleable solids but offer limited
pathogen and nutrient removal and may contaminate groundwater. Constructed wetlands, which effectively
remove nutrients and pathogens but require large land areas. More advanced multi-stage units integrate
sedimentation, anaerobic and anoxic zones, aeration, coconut shell and activated carbon filters, and secondary
clarification, providing compact modular systems for households. Performance studies show primary
sedimentation removes 50 to 60% suspended solids (Tebbutt, T. H. Y.,1979); anaerobic digestion removes and
pathogens (Aitlahyane, et al., 2020); anoxic treatment eliminates total nitrogen (Metcalf & Eddy, 2014); Aeration
improves wastewater treatment by supplying oxygen to microorganisms, enhancing biological degradation of
organic matter and promoting nitrification (Metcalf & Eddy, 2014; Tchobanoglous, et al., 2003); secondary
clarification improves effluent clarity; and disinfection achieves >99.9% pathogen removal (WHO, 2006).

This study focuses on designing and simulating a small household wastewater treatment plant with a capacity of
1 m3/day using GPS-X software. The plant includes sedimentation, anaerobic and aerobic chambers, activated
carbon filtration, and disinfection, with the aim of removing solids, organic load (BOD and COD), nutrients (TN
and TP), and pathogens. The research is limited to simulation-based design and performance evaluation under
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steady-state conditions, and results are compared against national (DoE, 2020) and international (WHO, 2006)
standards.

The significance of this study lies in promoting affordable and sustainable wastewater management solutions for
low-resource settings. By using GPS-X as a design and evaluation tool, the study demonstrates how digital
modeling can optimize performance, reduce development cost and time, and provide scalable, adaptable
solutions for urban, peri-urban, and rural households. The research contributes to environmental protection,
improved public health, and water reuse, while supporting progress toward SDG 6 (Clean Water and Sanitation)

2. Methodology

2.1 Characterization of Wastewater

The required parameters are flow rate, pH, TSS, VSS, BOD, COD, TN, TKN, TP, DO, Nitrate and Coliform. For
a single family of six members, the flow rate is 1m3/day as per capita waste generation rate is 150 liter/day. The
selected values are flow rate (1m%/day), BOD (400 mg/l), COD (850 mg/l), TSS (300 mg/l), VSS (225 mg/l), pH
(7), TP (10 mg/l), TN (35 mg/l)

2.2 Conceptual Design of Treatment Plant
For the wastewater treatment plant, eight chambers are selected. The volume and depth for each chamber are

calculated by,

HRTx*Flow rate
Volume = + m?3

Wastewater treatment system contains different units connected together. Each unit of the wastewater treatment
system is designed based on certain HRT and volume. Primary sedimentation tank has hydraulic retention time
of 3 hours, according to the calculation including freeboard volume of the sedimentation tank is 0.25 m?, and the
depth is 2.5 m. The anaerobic chamber has HRT of 48 hours, and with 20-30% freeboard, volume of anaerobic
chamber with plastic media is 2.5 m? in which the depth is 2.5 m. The anoxic chamber has HRT of 1.5 hours, and
with freeboard, volume of the anoxic chamber is 0.15 m?, and the depth is 2.5 m. Hydraulic retention time of
aerobic chamber with plastic media is 6 hours, and with freeboard volume of the aerobic chamber is 0.30 m?; the
depth is 2.5 m. The coconut shell filter and activated carbon filter have HRT of 30 minutes; although volume of
these two units calculated based on hydraulic retention time is 0.02m?* (20 liters) but by considering the
minimum possible practical volume of these units, volume of them is designed as 0.10 m® (100 liters) with depth
of 1 m. Secondary clarifier as the last unit of the system has HRT of 3 hours, and volume of secondary clarifier
with freeboard is calculated as 0.25 m?; the depth is 1 m. In the disinfection unit, hydraulic retention time of
wastewater is designed for 2-5 minutes; although volume of the unit is calculated as 0.02 m* (20 liters) but by
considering the minimum practical volume, volume of the unit is considered as 0.02 m* (20 liters). The layout of
the plant consist of all the chambers are shown in Figure 1.
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Figurel.Layout of different chambers of the treatment plant

2.3Model development in GPS-X

All the eight chambers are added in the GPS-X software. The elements were selected and brought on to the
canvas. After that all the chambers are connected by pipe. The physical and operational parameters were adjusted
for this treatment plant. Physical parameters are volume, surface area and depth. Operational properties are
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recirculation flow rate and aeration rate. Air flow for the aeration chamber is selected 15m3/day. All these values
were put in the properties panel of every element. The characteristics of the raw wastewater were given in the
effluent element. After the completion of the model, it was simulated. A flow diagram is presented in Figure 2
and wastewater characteristics are given in Table 1.
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Figure 2. Treatment plant model in GPS-X

Table 1. First simulation result

Parameter Unit Value
Flow m3/day 0.9016
TSS mg/L 0.0038
\/SS mg/L 0.0022
BOD mg/L 3.89

COD mg/L 23.78
Total Nitrogen (TN) mg/L 25.51
Soluble PO+-P mg/L 0.924
Total Phosphorus (TP) mg/L 1.108
Total Alkalinity mg/L 80.02
pH - 7.44

Dissolved Oxygen (DO) mg/L 5.3

The result shows the value of Total Nitrogen (TN) is 25.51 mg/L. Which is very high compared to standard value
of disposable treated water in open environment.
Total Phosphorus (TP) is slightly above standard.

2.4 Model optimization

The model was optimized by changing the volume of some chambers and their depth and adding more
recirculation.

New volume of the Sedimentation Tank= 0.2 m® and depth 2m.

Anoxic Chamber=0.3 m® and depth is 2m.

Aerobic Chamber=0.25 m® and depth is 2m.

Depth of anaerobic chamber is 2m

Increased Air flow rate in aeration chamber=25m®/d

Total volume =0.20+ 2.5+ 0.3 + 0.25 +0.1+0.1+ 0.3 +0.02
=37Tmd
Area = 0.1+1.25+0.15+0.125+0.1+0.1+0.3+0.02
=2.145 m?

Final layout of the model is given below as shown in flow diagram in Figure 3.
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Figure 3. Treatment plant optimized model in GPS-X
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3 Results and discussion

After some adjustment and optimization, the final volume is selected for 2.4 section. From the table 2 it is clear
that the treated effluent quality is indicative of stable and efficient WWTP operation. Flow (0.9016 m3/day) is
nearly equal to design capacity. Both TSS and VSS values are well below their respective discharge limits. BOD
and COD also well within permitted limits for both effluent and biomass.TN (9.86 mg/L) is within strict
standards for sensitive water. TP (0.73 mg/L) is also within permitted limital (136.26 mg/L) provides for
biological stability and pH (7.84) is optimal for heterotrophic growth. Dissolved oxygen (6.62 mg/L) exceeds
treatment (4.57 mg/L) and ecological (3 mg/L) requirements. The plant is meeting or exceeding EPA, EU and
DoE standards for effluent discharge. The effluent is environmentally safe and ready for release into the wild
blue yonder. The volume of the treatment plant is 3.77mS. Which is considered as a compact plant for household.

Table 2. Final simulation result

Parameter Unit Value Discharge Standard Remarks
Flow m¥/day 09016 | — Stable: operation near design
capacity
TSS mg/L 0.0041 <30 (EPA, EU, DoE) Excellent solids removal
VSS mg/L 0.0028 | — Effective biomass retention
BOD mg/L 307 | <20-30 (EPA, EU, DoE) | High organic removal
efficiency
<125 (EU), <100 (DoE, Strong chemical oxygen
cob mg/L 28.75 BD) demand reduction
TN mgN/L 9.86 < 10-15 (EU, US for Effective nitrogen removal
sensitive waters)
TP mgP/L 073 | <1-2 (EPA, EU, DoE) Acceptable phosphorus
removal
- mg . - Sufficient buffering for
Alkalinity CaCOs/L 136.26 > 50 (for biological stability) biological stability
pH — 7.84 6.5-8.5 (typical range) Ideal for microbial processes
DO mgOu/L 6.62 >2 (DoE), >5 preferred for Strpn_g aeration and aerobic
aquatic life activity

4, Conclusion

This is the first design and simulation of a household-scale wastewater treatment plant for 1 m3/day domestic
wastewater in GPS-X software. The treatment plant consists of primary sedimentation, anaerobic and anoxic
chambers, aerobic reactor, coconut shell and activated carbon filters, secondary clarifier, and UV disinfection.
The model was designed with real influent data that are typical of household wastewater in Bangladesh. The
simulated results revealed high removal efficiencies of TSS and VSS (99.9%), BOD (99.2%), COD (95.8%), TP
(92.7%), and TN (75.8%). All effluent parameters were within the national and international standard ranges
except for total nitrogen, which shows that the system needs to be optimized in the anoxic and aerobic zones.
The decentralized and low-cost system has the potential to treat household wastewater for rural and peri-urban
areas. The study's aim was to achieve SDG 6 goals. Testing the system's performance was done virtually on a
reliable platform by using GPS-X software. Through this study, it has been proven that there is a potential for
effective household wastewater treatment in developing regions without investing in costly infrastructure.
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