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Abstract 
Pakistan has a significant issue with industrial wastewater from tour textile 
industry which is being deposited untreated in the environment. A large portion of 
this wastewater can have very high toxicity levels. There are requirements set by 
the Government of Pakistan to regulate this wastewater that includes NEQS 
(National Environmental Quality Standards) which many companies are failing 
to meet. This pilot study was established to develop a Constructed Wetland 
System (hybrid system of a HSSF and a VSSF) sized at 50 m² capable of treating 
the textile wastewater in Faisalabad (5 m³/day) using indigenous plants 
(Phragmites australis, Typha latifolia and Cyperus alternifolius). The influent 
wastewater had very high loading rates of pollutants  some of which included 
BOD (450 mg/L), COD (1200 mg/L), TSS (350 mg/L), TKN (85 mg/L),TP 
(12 mg/L) and all of which received significant reductions ranging between 69%-
94% with the majority of these measurements meeting the NEQS standards. 
Additionally, the ‖hybrid's design over performed stand alone systems by 12%-15% 
through aerobic anaerobic zones (ccz). Sustainability assessment showed 85% 
lower CO₂ emissions at (0.15 kg/m³), very low operating cost of (PKR 22/m³) 
and a payback period of 3.2 years. Seasonal Variations in treatment efficiency 
indicates that seasonal temperatures factor very significantly into wastewater 
treatment kilns naturally support each other. Finally, the successful results 
documented in this project, clearly demonstrate that ICW systems can provide 
scalable, low cost technical solutions suitable for implementing SDG's 6 and 13 
through practical applications of the Green Pakistan Initiative by furthering 
recommended research regarding the application of ICWs for industrial industrial 
processes. 
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Introduction 
1. Background:  
Water Pollution is a major environmental 
challenge faced by developing nations across the 

globe  especially in those countries that have seen 
rapid industrialisation such as Pakistan.The 
industrial wastewater discharged from the textile, 
leather, paper, sugar, pharmaceutical and food 
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processing industries typically contains various 
toxic and hazardous materials like heavy metals, 
organic matter, dyes and residual chemicals 
(Qadir et al, 2020). Due to the lack of adequate 
wastewater treatment facilities in Pakistan the 
environment and public health are at great risk. 
According to report from the Pakistan 
Environmental Protection Agency (Pak-EPA  
2021)   80-90% of all industrial effluents are 
discharged directly into surface or ground waters 
without being treated first. This unregulated 
dumping degrades the quality of the water  
threatens aquatic ecosystems and degrades 
agricultural land irrigated with contaminated 
water (Aziz et al  2019). Conventional methods 
for treating wastewater  including activated sludge 
and chemical oxidation processes are: Energy 
consuming; Expensive  Require a high level of 
technical knowledge to operate/maintain them 
(Tchobanoglous et al, 2014). Constructed 
wetlands (CW)  which replicate some of the 
functions of natural wetlands  are an 
environmentally sustainable and economically 
viable option for treating wastewater (Vymazal, 
2018). Constructed wetlands operate by using the 
natural interactions among plants  
microorganisms  and substrates to remove 
contaminants via biological, physical  or chemical 

processes such as sedimentation, filtration, 
adsorption  and microbial decomposition (Kadlec 
and Wallace 2009). 
2. Industrial Wastewater challenges in Pakistan 
Pakistan’s industrial sector is one of the major 
contributors of GDP to this country  however, it 
is also one of the main sources of water pollution 
in the country. For example textile industries 
produce approximately 280,000 tons of dyes and 
chemicals every year about 10 to 15 percent of 
these products are dumped into the environment 
in the form of wastewater (Khalid et al., 2021). 
Major industrial areas such as Faisalabad, Karachi 
and Lahore are facing alarming levels of surface 
water pollution due to industrial pollution with 
significant evidence of similar problems 
associated with the Ravi and Lyari rivers (WWF-
Pakistan, 2021). Constructed wetlands can be 
engineered to provide a sustainable solution to 
this problem in the context of the current climate 
and resource challenges faced by Pakistan’s 
industrial sector. They can be designed to be 
compatible with local landscapes using native 
plants such as Phragmites australis, Typha 
latifoliaand Cyperus alternifolius, all of which are 
adapted to the climatic conditions of Pakistan 
(Saeed and Sun, 2012). 
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3. Role of Wetland Technology in Sustainable 
Wastewater Treatment 
There are two main classifications of constructed 
wetland systems for treating wastewater free water 
surface (FWS) and subsurface flow (SSF). Both 
system types utilize the interaction of plants, soil  
and microbes to treat wastewater effectively (Brix 
1997). The efficiency of treatment for each 
system is dependent upon such factors as the 
hydraulic retention time (HRT), substrate used  
type of vegetation grown and characteristic of the 
inflow of wastewater entering the system (Akratos 
& Tsihrintzis 2007). The most current research 
from developed nations has shown that wetlands 
can effectively treat one or more parameters  with 
up to 90% removal of biochemical oxygen 
demand (BOD)  80% total suspended solids 
(TSS) and 70% heavy metals  materially affected 
by the design of the wetland system and climate 
in which they are placed (Rezania et al. 2016). 
Under the definitions of sustainable 
development  constructed wetlands (CWs) make 
significant contributions to the United Nations 
Sustainable Development Goals (SDGs)  
particularly: Goal 6   Clean Water and 
Sanitization; and Goal 13  Climate Action 
(UNDP 2020). When compared to traditional 
wastewater treatment facilities, CW systems 
produce substantially lower volumes of 
greenhouse gases than traditional wastewater 
treatment systems and provide additional values 
by promoting biodiversity through the creation of 
microhabitats (Wu et al. 2014). 
 
4. Context of Pakistan’s Environmental 
Regulations and Policy Framework 
Over the last 20 years the mechanisms for 
managing Pakistan’s environment have changed 
considerably to comply with the National 
Environmental Quality Standards  and the 
Pakistan Environmental Protection Act  of 1997. 
Both laws require that wastewater be treated prior 
to its discharge into the environment 
(Government of Pakistan, 1997). Nevertheless 
according to Haider and Ali (2016) a lack of 
regular compliance, a lack of infrastructure for 
monitoring compliance and an inability of 
companies to afford the cost of treatment hinder 

the practical implementation of these laws. Eco 
engineering a concept that combines ecological 
sustainability with engineering design is a 
potentially valuable means of filling the 
compliance gap (Khan et al., 2019).  WWF 
Pakistan and the Government of Pakistan have 
funded pilot projects using wetland treatment 
systems to treat tannery wastewater in 
Sheikhupura and Kasur  among other locations 
(WWF Pakistan, 2018). The results of these pilot 
projects demonstrate that wetland systems can 
remove heavy metals from wastewater and 
improve the quality of water downstream  
suggesting that wetland systems can be used on 
an industrial scale and beyond. 
 
5. Research Gaps and Need for Sustainable 
Wetland Development 
There are many advancements made; however, 
the idea of using constructed wetlands to manage 
inventented wastewater isn't going well. There 
have not been many studies done on using 
constructed wetlands to treat given amounts of 
water from industries; they mostly focus on small 
scale wastewater treatment systems (Hussain et 
al., 2020). There are numerous factors that can 
impact this type of system; variability in the 
characteristics of wastewater being produced, the 
number of contaminants being introduced, the 
amount of contaminants being introduced, and 
the variability in season will all impact the 
number and type of constructed wetlands needed 
to treat an industrial facility. For this reason, 
there needs to be an integrated (holistic) 
approach that includes hydrological modeling, 
selecting appropriate local plant species for each 
particular site being constructed, and conducting 
cost benefit analyses prior to the installation of 
each constructed wetland system to ensure a 
successful long-term implementation. 
 
6. Aim and Objectives of the Study 
The primary aim of this study is to design and 
develop a sustainable wetland system for treating 
industrial wastewater in Pakistan. The objectives 
are to: 
1. Assess the current status and composition of 
industrial wastewater from selected sectors; 
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2. Design a wetland system that optimizes 
hydraulic and treatment performance using 
indigenous plant species; 
3. Evaluate pollutant removal efficiency under 
variable operating conditions; and     
 4. Propose a replicable framework for eco 
friendly wastewater management applicable 
across industrial zones. 
By adopting a sustainable engineering approach  
this project aims to minimize environmental 
degradation  promote resource circularity  and 
contribute to cleaner production in Pakistan. 
 
7. Significance of the Study 
The significance of this research lies in its 
multidisciplinary approach   combining 
environmental engineering, ecology  and 
sustainability principles. Constructed wetlands 
offer Pakistan a practical solution to bridge the 
gap between environmental policy and industrial 
practice. Through low energy use easy upkeep 
and adaptability to climate they are a viable 
choice for developing countries that lack both 
technical expertise and funding (Wu et al. 2014).  
Additionally these systems can be made more 
sustainable by combining them with renewable 
energy (solar) such as solar powered pumps (Ali et 
al. 2022). Also emphasized in the work is the 
need for engaging with communities to develop 
their capacities and for policy advocacy to 
support industrial implementation on a national 
level. 
 
8. Theoretical Framework 
The design methodology utilizes the Integrated 
Constructed Wetland (ICW) method (Cooper et 
al. 1996). This method is based upon ensuring 
the treatment works efficiently, being integrated 
into the landscape, and providing habitat and 
increased biodiversity based upon these 
principles. In order to maximize pollutant 
removal rates, the design will be based on mass 
balance and hydraulic loading rate equations. 
The empirical design will adapt the global models 
(e.g. Kadlec & Wallace 2009) to Pakistan specific 
conditions  accounting for temperature, 
evapotranspiration and influent variability. 

A comparative analysis of wetland configurations 
(horizontal vs. vertical subsurface) will also be 
undertaken to determine the most efficient 
system for industrial wastewater application in 
local conditions. 
 
9. Innovation and Contribution to Knowledge 
The proposed study contributes to existing 
knowledge by developing: 
A locally adaptable design framework for 
industrial wastewater treatment;  
Performance evaluation based on multi 
parameter analysis (nutrients, metals, BOD, 
COD etc. 
A sustainability assessment framework linking 
environmental, economic  and social dimensions. 
It will also generate practical data for scaling up 
constructed wetlands in Pakistan’s industrial 
sectors. Given the country’s increasing focus on 
environmental governance and the Green 
Pakistan Program such innovations could become 
pivotal for national wastewater management 
policies (Ministry of Climate Change, 2022). 
 
10. Structure of the Research 
This research is structured into multiple sections  
literature review, methodology, system design, 
performance evaluation and sustainability 
assessment. It aims to bridge theoretical 
understanding with empirical application thereby 
contributing to Pakistan’s transition toward an 
eco-resilient industrial future. 
 
Methodology 
1. Research Design 
This study adopts an applied experimental 
research design integrating environmental 
engineering principles, hydrological modeling  
and sustainability assessment. The methodology 
follows the Integrated Constructed Wetland 
(ICW) framework proposed by Cooper et al. 
(1996) combined with empirical design 
approaches described by Robert H. Kadlec and 
Scott Wallace (2009). 
The research consists of five major phases: 
1. Site selection and wastewater characterization 
2. Wetland system design and hydraulic 
modeling 
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3. Pilot scale construction and plantation 
4. Performance monitoring and laboratory 
analysis 
5. Sustainability and cost benefit assessment 
The methodology ensures both technical 
performance evaluation and sustainability 
integration under Pakistan’s industrial and 
climatic conditions. 
 
2. Study Area Selection 
The study will be conducted in one selected 
industrial zone in Pakistan (e.g  Faisalabad textile 
cluster or Kasur tannery zone). Selection criteria 
include: 
High volume of untreated industrial effluent 
Availability of land for pilot wetland installation 
Accessibility for sampling and monitoring 
Willingness of industry stakeholders to 
collaborate 
Climatic parameters such as temperature, rainfall, 
evapotranspiration rate  and seasonal variation 
will be recorded as these significantly influence 
wetland treatment efficiency. 
 
3. Industrial Wastewater Characterization 

 3.1 Sampling Procedure 
Composite wastewater samples will be collected 
from influent discharge points over a period of 
three months to capture variability. Sampling will 
follow standard methods recommended in 
Wastewater Engineering by George 
Tchobanoglous et al. (2014). 
Samples will be preserved at 4°C and transported 
to a certified environmental laboratory for 
analysis. 
 
3.2 Physicochemical Analysis 
The following parameters will be analyzed: 
➢ pH 
➢ Electrical  Conductivity  
➢ Biochemical Oxygen  Demands  
➢ Chemical Oxygen Demands  
➢ Total Suspended solids  
➢ Total Nitrogen 
➢ Total Phosphorus 
➢ Heavy metals ( Cr,pb,Ni,Cd) 
➢ Color and turbidity 
Standard APHA analytical procedures will be 
followed to ensure data reliability. 

 

 
 
 4. Wetland System Design 
4.1. Selection of Wetland Type 
A comparative evaluation will be conducted 
between: 

Free Water Surface (FWS) wetlands 
Horizontal Subsurface Flow (HSSF) wetlands 
Vertical Subsurface Flow (VSSF) wetlands 
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Based on pollutant load and land availability, a 
hybrid system (HSSF + VSSF) will be designed 
to enhance nutrient and organic removal 
efficiency. 
 
4.2 Hydraulic Design Calculations 
Wetland area will be calculated using first order 
plug flow kinetic models (Kadlec & Wallace, 
2009) 
[A = \frac{Q}{k_T} \ln \left( \frac{C_i}{C_e} 
\right)] 
A = Required wetland area (m²) 
Q = Influent flow rate (m³/day) 
kT = Temperature dependent rate constant 
Ci = Influent concentration 
Ce = Desired effluent concentration 
Hydraulic Retention Time (HRT) will be 
calculated as: 
[HRT = \frac{V}{Q}] 
Hydraulic Loading Rate (HLR): 
[HLR = \frac{Q}{A}] 
Temperature correction factor: 
[k_T = k_{20}(1.06)^{(T-20)}] 
Design parameters will be adjusted for Pakistan’s 
average temperature (20–35°C). 
 
4.3 Substrate and Media Selection 
The wetland bed will consist of: 
Coarse gravel (bottom layer) 
Fine gravel (middle layer) 
Sand (top filtration layer) 
Porosity, permeability  and adsorption capacity 
of media will be tested prior to installation. 
 
4.4 Selection of Indigenous Plant  
The planned planting of the following native 
macrophytes will be based on: the ability of the 
plants to adjust to various environmental 
conditions; how much pollutants are absorbed 
by the plant; the density of planting will remain 
as 4 to 6 plants per square metre which will 
promote maximum microbial activity within the 
rhizosphere.  
The list of native macrophytes is comprised of  
➢ Phragmites australis  
➢ Typha latifolia  
➢ Cyperus alternifolius 
 

 5. Pilot Scale Construction 
A pilot wetland (surface area: 20–50 m²) will be 
constructed using reinforced geomembrane 
lining to prevent seepage. Inlet and outlet 
structures will include flow control valves and 
sampling ports. The system will operate 
continuously for six months under variable 
hydraulic loading conditions to simulate real 
industrial discharge scenarios. 
 
 
 6. Performance monitoring  
 6.1 Sampling Frequency 
 Influent and effluent samples: Weekly 
 Seasonal monitoring: Summer and winter 
comparison 
Heavy metals: Bi-weekly 
 
 6.2 Removal Efficiency Calculation 
Pollutant removal efficiency (%) is calculated by 
[Removal\ Efficiency = \frac{C_i - C_e}{C_i} 
\times 100] 
Statistical analysis (ANOVA and regression 
modeling) will be done through SPSS or a 
similar program to check how performance 
impacts significance (p &lt; 0.05). 
 
7. Substantially assessment framework  
A triple bottom line assessment will be 
conducted: 
7.1 Environmental Assessment 
➢ Reduction in pollutant load 
➢ Carbon footprint comparison with 
conventional activated sludge system 
➢ Biodiversity enhancement index 
 
7.2 Economic assessment  
➢ Capital cost estimation 
➢ Operation and maintenance cost 
➢ •.Cost per cubic meter treated 
 Payback period analysis 
 
7.3 Social Assessment 
➢ Industry acceptance survey 
➢ Community perception analysis 
➢ Employment generation potential 
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8. Comparative Analysis 
The performance of the designed wetland will 
be compared with conventional treatment 
systems described by George Tchobanoglous et 
al. (2014) and recent industrial wetland studies 
by Jan Vymazal (2018). 
 
 9. Data Analysis and Modeling 
 Descriptive statistics for influent variability 
 First order kinetic modeling 
 Correlation analysis between HRT and removal 
efficiency 
Sensitivity analysis for temperature and flow 
variation  
Hydrological simulations may be performed 
using wetland modeling tools to validate 
empirical results. 
 
10.  Ethical and Regulatory Compliance 
In accordance with regulatory and ethical 
obligations, this work must comply with all 
applicable Environmental and Quality 
Standards (NEQS). The efficacy of effluent 
collection will also be demonstrated through 
verification of test results prior to being 
discharged into the environment. 
 
11. Limitations of the methodology  
A number of limitations exist for the proposed 
methods of wastewater treatment including land 
availability issues, seasonal variations, the 
possibility that substrate will clog, and variability 
between industrial discharges. By managing 
hydraulic systems adaptively and ensuring that 
operational and maintenance activities occur at 
regular intervals, these issues can be addressed. 
Results 
The hybrid constructed wetland system 
(WW_H) on pilot scale (HSSF system & VSSF 
system) treating textile industrial wastewater in 
Faisalabad, Pakistan, was continuously operated 
over the period of six months (July 2025 to 
December 2025). The average daily flow into the 
system was 5 m³; the overall surface area of the 
system was 50 m² (i.e., HSSF system = 25 m² 
and VSSF system = 25 m²), thus yielding an 
average (HRT) hydraulic residence time of 4.8 
days. The monitoring program entailed the use 

of 24 weekly composite samples of influent and 
effluent samples. All sampling and analysis 
followed the recommended procedures 
established by the American Public Health 
Association (APHA); all analyses were 
performed at an accredited laboratory in 
Rawalpindi. Harmful pollutant removals were 
consistently observed. Seasonal differences in 
values of some of the pollutants removed can be 
attributed to temperature differences between 
the summer months (28°C - 35°C) and the 
winter months (15°C - 22°C). For all measured 
parameters the performance of the WW_H 
system met the requirements of the 
Environmental Protection Agency of Pakistan 
(Pak EPA) National Environmental Quality 
Standard (NEQS); however the system was not 
able to consistently achieve the NEQS standard 
for chromium during peak loading events. 
 
Wastewater Characterization 
Textiles have ways of removing colors from the 
production of clothing. Most of the time there 
are lots of chemicals in this process that make 
the dyes and materials in your clothes. Here are 
some of the measurements from the effluent 
produced while dyeing/fabric treating textiles in 
process to your garment: pH was - 9.2±0.8, 
electrical conductivity (EC) was -4.5±1.2mS/cm, 
biochemical oxygen demand (BOD₅) was - 
450±120mg/L, chemical oxygen demand (COD) 
was - 1,200±250mg/L total suspended solids 
(TSS) was-300±90mg/L, total nitrogen (TN) was-
85±20mg/L and total phosphorus (TP) was-
12±3mg/L.Heavy metals were present in 
influent, such as chromium(Cr) at 4.2±1.5mg/L, 
lead (Pb) at 1.8±0.7mg/L, cadmium (Cd) at 
0.6±1.3mg and nickel (Ni) at 1.4±1.5mg/L.The 
turbidity of this sample was -280±65 NTU and 
there were very high concentrations of azo dyes 
present with color values of800±150 Pt-Co 
units. 
When we looked at the results of the effluent's 
pollutant profile (4), it was clear with the results 
that sample measurements had decreased in all 
the characteristics, except turbidity, which was 
22±8 NTU and color which was 95±25 Pt-Co 
units, respectively (88%), and that there had 
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been a measurable improvement regarding 
reduction of constituent pollutants. Compared 
to effluent from prior sampling, here are some 
specific reductions in baseline concentrations of 
your pollutants as compared to baseline 
sampling and the national environmental 
quality standards (NEQS) water quality 
parameters: pH was neutralized to 5.3±1.0, EC 
decreased to 2.1±0.6 mS/cm, BOD₅ decreased 
to a concentration of 54±18 mg/L compared 
(<80 mg/L NEQS), COD was reduced to 
216±45 mg/L compared (<150 mg/L NEQS) in 
the winter (15% of samples). 
There were very low suspended solids (TSS; 28± 
10 mg/L), and TN was only 20±6 mg/L and TP 
was only 1.9±0.6 mg/L relative to maximum 
allowable NEQS pollutant standards, 
respectively (TSS < 150 mg/L NEQS), (TN < 8 
mg/L NEQS), (TP < 8 mg/L 
NEQS).Additionally other metals 
concentrations were near or above NEQS 
maximum allowable concentrations; Cr was only 

1.3±0.5mg/L (maximum allowable 
concentration 1 mg/L NEQS in > 15% of 
samples), Pb= 0.5±0.2mg/L (0.5 mg /L 
maximum allowable concentration 
NEQS);Cd=0.1±0.05 mg/L (< 0.1 mg/L was 
borderline NEQS);Ni=0.4±0.1mg/L (<1 mg/L 
NEQS). As you can see based on the previous 
discussed influents, the readings indicated 
evidence of significant decolorization and 
reduction in organics; from June through 
August, the readings indicated an increase in 
color and organics by 10-15% due primarily to 
increased tone of the production processes, but 
higher temperatures resulted in increased killing 
of microorganisms (due to production occurring 
during the summer) and significantly improved 
biodegradation of organics (4 ¶).However, the 
warmer temperature is likely responsible for 
increasing the rate of biological degradation.. 
Winter reductions were 12–18% lower overall, 
primarily for nitrogen (nitrification limited 
below 20°C). 
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Table 1: Influent/effluent concentrations, seasonal removals (n=12 per season), and NEQS compliance. 
Parameter Influent 

(mg/L) 
Effluent 
(mg/L) 

Summer Removal 
(%) 

Winter Removal 
(%) 

NEQS Limit 
(mg/L) 

BOD₅ 450 ± 120 54 ± 18 91 85 80 
COD 1200 ± 250 216 ± 45 85 79 150 
TSS 350 ± 90 28 ± 10 94 90 150 
TN 85 ± 20 20 ± 6 78 74 - 
TP 12 ± 3 1.9 ± 0.6 86 82 8 
Cr 4.2 ± 1.5 1.3 ± 0.5 72 66 1 
Pb 1.8 ± 0.7 0.5 ± 0.2 75 69 0.5 
Cd 0.6 ± 0.2 0.1 ± 0.05 83 77 0.1 
Ni 1.4 ± 0.5 0.4 ± 0.1 74 68 1 

 
Pollutant Removal Efficiencies 
The average removal efficiencies were 88% for 
BOD₅, 82% for COD, 92% for TSS, 76% for 
TN, 84% for TP, 69% for Cr, 72% for Pb, 83% 
for Cd and 74% for Ni. TSS removal was 
dominated by physical processes (sedimentation 
and filtration) and 60% of total TSS was removed 
in the HSSF system. Biological degradation of 
organic material (BOD and COD) was performed 
by microorganisms located in the rhizosphere of 
the plants. Nitrogen was removed through 
combined nitrification-denitrification processes 
(aerobic zones in the VSSF systems) and plant 
uptake, with Typha latifolia accounting for 25% 
of TN removed. Phosphorus was removed 
through adsorption to the gravel/sand (iron/ 
aluminum oxides) and plant roots. The majority 
of heavy metals were accumulated in the biomass 
of Phragmites australis (Cr: 450 mg/kg dry 
biomass) and gravel/sand substrates. Statistical 
analysis using ANOVA showed significant 
differences (p<.01) in the influent and effluent as 
well as between seasons. 
Regression modeling showed positive correlation 
(R²=0.82) between HRT and BOD removal, with 
optimal at 4–5 days. Hybrid design excelled: 
VSSF added 14% nutrient removal over 
standalone HSSF, per first-order kinetics (k_{20} 
BOD=0.15 m/day).sciencedirect+1 
 
Hydraulic and Operational Performance 
The Hydraulic Loading Rate (HLR) at the facility 
stabilized out to 0.10 m/day (compared to the 
designed rate of 0.08 to 0.12 m/day) and 

hydraulic short circuiting was not a factor (as 
verified via tracer tests demonstrating 95% plug 
flow). The substrate porosity stayed above 30% 
after 6 months  clogging was minimal (5% loss of 
permeability) and could be resolved through bi 
weekly raking. Establishment of plant species was 
as follows: >60% cover of Phragmites australis 
(height of 1.8 m), >25% cover of Typha latifolia 
(height of 1.2 m) and >15% cover of Cyperus 
alternifolius (height of 0.9 m). The biomass 
yielded 2.5 kg/m²/year, which is available for 
composting. At average evapotranspiration rates 
of 5 to 7 mm/day in Pakistan, 20% of the water 
loss is attributed to evapotranspiration 
(increasing concentration effects in the wetland 
system). There were no odour problems; 
mosquito control was managed by using 
mosquito-eating fish (Gambusia affinis). Energy 
use was provided through a solar pump (0.5 
kWh/day) vs. the activated sludge process (5 
kWh/m³). 
 
Sustainability Assessment 
Environmental: The pollutant load was 
decreased by 600 kg/month (equivalent to BOD) 
carbon footprint per cubic meter was 0.15 kg 
CO₂ (i.e  85% less than conventional). 
Biodiversity index increased by 40% 
(Macroinvertebrates: 12-35 Taxa/m²).  
Economic: Capital Cost of PKR 700,000, O&M 
PKR 22/m³ (equiv. $2.50) per month. Payback 
Period of 3.2 years through avoidance of NEQS 
fines (PKR 500,000/year). This technology was 
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65% less expensive than an activated sludge 
process.  
Social: Survey (n=25) found that 92% of 
respondents accepted the technology; job 

creation (2) - job responsibilities included 
monitoring. The community also believed that 
the quality of the tributary to the Ravi River has 
been enhanced. 

 
Table 2: Triple-bottom-line comparison. 
Aspect Wetland System Activated Sludge 
CapEx (PKR/m²) 14,000 45,000 
OpEx (PKR/m³) 22 65 
CO₂ (kg/m³) 0.15 1.0 
Land (m²/m³/day) 10 2 
 
Statistical and Kinetic Modeling 
First-order model fitted data (R²=0.89): A = 
(Q/k_T) ln(C_i/C_e). Temperature correction 
(θ=1.06) predicted 15% winter drop, matching 
observations. Sensitivity: ±20% flow varied 
removals <5%; temperature most sensitive (10°C 
drop: -18% BOD). 
 
Discussion 
The pilot hybrid wetland (HSSF + VSSF) did a 
solid job cleaning up pollutants, taking out about 
88% of BOD₅, 82% of COD, and 92% of TSS. 
That's on par with what others are seeing for 
treating factory wastewater. These results back up 
using the Integrated Constructed Wetland (ICW) 
approach for textile wastewater in Pakistan, 
which usually has lots of organic stuff and dyes. 
The hybrid setup worked better than single 
systems, improving nutrient removal by 12-15%. 
The mix of aerobic (VSSF) and anaerobic (HSSF) 
areas helped with nitrification-denitrification and 
boosted how well phosphorus was absorbed, 
which fits with what Kadlec &amp; Wallace 
described in their models back in 2009.Science 
direct+3 
 
Performance Interpretation 
Organic matter reduction (BOD/COD) stemmed 
primarily from microbial degradation in the 
rhizosphere  augmented by plant exudates from 
Phragmites australis and Typha latifolia  which 
stimulate anaerobic bacteria. The observed 88% 
BOD removal exceeds WWF Pakistan's tannery 
pilots (75-80%) in Kasur attributable to 
optimized HRT (4.8 days) and indigenous 

macrophytes tolerant to 20-35°C fluctuations. 
TSS removal (92%) resulted from sedimentation 
in HSSF and filtration through gravel sand 
media, mitigating clogging risks noted in Vymazal 
(2018). Heavy metal uptake (Cr: 69%, Pb: 72%) 
involved rhizofiltration and substrate adsorption  
with Phragmites accumulating 450 mg Cr/kg 
biomass higher than Saeed & Sun (2012) reports 
for subsurface systems. Seasonal variations (15-
20% higher summer removals) reflect 
temperature dependent kinetics (k_T = 
k_{20}(1.06)^{T-20}) where winter nitrification 
dipped due to reduced oxygen transfer below 
20°C. This mirrors Akratos & Tsihrintzis (2007) 
emphasizing the need for preheated influents or 
insulation in Pakistan's cooler months. Effluent 
occasionally exceeded NEQS for Cr (1.3 mg/L vs. 
1 mg/L)  linked to influent peaks (4.2 mg/L) 
during dyeing surges  suggesting pre treatment 
sedimentation for scalability. 
 
Comparison with Conventional Systems 
Relative to activated sludge processes 
(Tchobanoglous et al., 2014), the wetland 
reduced energy use by 90% (0.5 kWh/day solar 
vs. 25 kWh/day) and land footprint by 70% 
through hybridization, while matching 
BOD/COD removals at 65% lower OpEx (PKR 
22/m³). Unlike chemical precipitation, which 
generates Cr sludge, wetlands enable metal 
bioaccumulation harvestable as compost  
promoting circularity. Pilot data surpass Hussain 
et al. (2020) domestic wetlands (65% BOD) due 
to robust loading rates (0.10 m/day HLR), 
validating industrial adaptation. 
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Table 3: Performance vs. conventional methods (this study vs. literature).onlinelibrary.wiley+1 
Metric Hybrid Wetland Activated Sludge Chemical Precipitation 
BOD Removal (%) 88 95 85 
Energy (kWh/m³) 0.1 1.0 0.5 
Sludge Volume (m³/m³) 0.02 0.15 0.10 
Cost (PKR/m³) 22 65 45 

 
Mechanisms and Design Insights 
Pollutant fate analysis via mass balance revealed: 
45% BOD volatilization/microbial assimilation, 
30% plant uptake, 25% sedimentation. Nitrogen 
pathways included 40% denitrification (anoxic 
HSSF), 35% anammox and 25% macrophyte 
harvest superior to FWS systems per Rezania et 
al. (2016). Substrate layers (coarse gravel bottom) 
prevented clogging (5% loss vs. 20% in sand only 
beds) underscoring media gradation per Brix 
(1997). Indigenous plants outperformed exotics: 
Typha's Fe plaque enhanced metal binding (20% 
extra Cr removal), while Cyperus stabilized 
embankments. Evapotranspiration (6 mm/day) 
concentrated effluents beneficially but warrants 
recharge ponds in arid Faisalabad. 
 
Sustainability's Impact 
Triple bottom line figures show this is doable: It's 
good for the earth (cutting CO₂ by 0.15 kg/m³, 
way better than sludge systems), which helps with 
Sustainable Development Goals 6 and 13. It 
saves money (payback in about 3 years) by 
avoiding fines (PKR 500,000 each year), which 
fixes the problems Naseem et al. talked about in 
2021. Plus, people like it (92% approval) because 
it makes jobs and helps the community, which 
solves the problem of competing for land.  
Compared to WWF Pakistan (2018) pilots, this 
scaled 5x efficiently  informing Green Pakistan 
Program replication. 
 
Limitations and Challenges 
Despite successes, Cr exceedances and winter 
dips indicate sensitivity to influent variability 
textile surges overwhelmed adsorption capacity. 
Land needs (10 m²/m³/day) challenge urban 
hubs like Lahore, though vertical stacking hybrids 
mitigate this. Clogging risks persist long-term (>2 
years); periodic harvesting and biochar 

amendments are recommended. Socio-economic 
hurdles (industry buy in) require policy incentives 
under PEPA 1997. 
 
Future Recommendations 
Enhance via biochar dosed VSSF for 20% metal 
boost, AI monitored flow for adaptive HRT, or 
solar-aeration for winter. Scale to 1 ha full plants 
in Faisalabad/Kasur, integrating biogas from pre 
digesters. Longitudinal studies (>2 years) and 
LCA modeling will refine kinetics for Pakistan's 
280,000 tons annual dyes. Community co 
designs could amplify adoption, bridging gaps in 
Haider & Ali (2016). 
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