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Foreword

Water contamination is as old as civilization, with metals, industrial effluent, and
human sewage taking the lead in stamping our historical footprint on the planet’s
lakes, streams, and rivers. Over time, we have become a bit wiser as global citizens,
successfully reducing our legacy of contamination from these traditional sources.
Like peeling an onion, however, each layer of contamination we remove unmasks
contaminants below.

These emergent contaminants share a common story line: they are present in
municipal and industrial wastewater discharge. As we attempt to change the water
resource paradigm from divided sectors of water supply and wastewater discharge to
a One Water world, research into the removal, neutralization, and bioremediation of
traditional and emergent contaminants is critical to wastewater’ reuse as part of the
world’s water supply.

As stewards of our planet’s finite freshwater resources, it is our responsibility to
see that our water is safe and clean to use now and for future generations. All are
related.

Associate Director
Idaho Water Resources Research
Institute, Moscow, ID, USA

Mark Solomon PhD
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Preface

Increasing global population combined with diminishing freshwater supplies exert
growing pressures on available water resources. Significant non-potable uses of
water include crop irrigation and energy production. As agricultural production
and energy production intensify to meet the growing global needs, the pressures
on freshwater supplies are accelerated. An alternative to increasing withdrawals of
freshwater supplies to meet future agricultural and energy demands is the use of
nonconventional water sources including wastewater reuse. Effective long-term use
of alternative waters requires an understanding of temporal, spatial, and climate-
induced trends in their quantity and quality as well as any regulatory or economic
barriers to their adoption. Concerns associated with the use of alternative water
sources are based on questions about the safety and quality of food crops growing
using recycled wastewater, the safety of agricultural workers, and the potential for
contaminant accumulation and impacts on soil productivity. Additionally, regula-
tions controlling the use of alternative water sources vary significantly from across
the globe. These economic, regulatory, and technical concerns must be addressed
with research efforts to identify sustainable strategies that link collection, storage,
and treatment of recycled or reused water. This book explores various issues related
to water recycling and reuse in the context of agricultural production and energy
applications.

Chapter 1 entitled “Occurrence and Health Impacts of Emerging Contaminants in
Municipal Wastewater Reuse” focuses on the occurrence of pharmaceuticals and
personal care products (PPCPs) and perfluorinated compounds (PFCs) in wastewater
and describes treatment technologies for removal of these compounds prior to
wastewater reuse.

Chapter 2 entitled “Promises and Challenges of Growing Microalgae in Waste-
water” describes the potential for growing algae as a feedstock for biofuel production
using wastewater, which can provide a valuable source of nutrients. The microalgae
grown in wastewater can also serve as a remediation strategy for water-borne
pollutants.

ix



Chapter 3 is entitled “Risk of Metal Contamination in Agriculture Crops by
Reuse of Wastewater: An Ecological and Human Health Risk Perspective.” This
chapter focuses on the potential for accumulation of metals in the topsoil of plants
and subsequent uptake into food crops. This chapter also explores human and
ecological health risks from this wastewater reuse paradigm.

Chapter 4 entitled “Biological Wastewater Treatment for Prevention of River
Water Pollution and Reuse: Perspective and Challenges” outlines the potential for
wastewater remediation strategies that involve oxidation ponds, plants, and
constructed wetlands, which can potentially reduce the costs and infrastructure
associated with wastewater treatment.

Chapter 5 entitled “Climate Change and Sustainable Management of the River
System with Special Reference to the Brahmaputra River” describes the results of a
sampling campaign along the Brahmaputra River and the influence of climate on
mineral weathering and metal release within the river system.

Chapter 6 entitled “Effects of Climate Change on Reuse of Wastewater for
Aquaculture Practices” evaluates the impact of climate change, including higher
water temperatures and more extreme precipitation events on wastewater quality and
the potential for reuse of wastewater through aquaculture.

Chapter 7 entitled “Bioprocesses for Wastewater Reuse: Closed Loop System for
Energy Options” describes various biologic processes for wastewater treatment
linked with generation of biomass, which can be used to produce bioenergy and/or
other biobased products.

Chapter 8 entitled “Subsurface Processes Controlling Reuse Potential of Treated
Wastewater Under Climate Change Conditions” evaluates biogeochemical pro-
cesses controlling solute fate in the subsurface as well as a case study of groundwater
contamination from land application of wastewater.

Chapter 9 entitled “Removal of Organic Pollutants from Industrial Wastewaters
Treated by Membrane Techniques” describes how textile industrial wastewaters can
be treated by a variety of liquid membrane techniques.

Chapter 10 entitled “Assessing the Impacts of Temperature, Precipitation and
Land Use Chanange on Open Water Bodies of Middle Ghaghara River Basin”
describes how variation in temperature and precipitation can influence the available
area of surface water body area within a wetland system.

Chapter 11 entitled “Climate Change, Water and Wastewater Treatment: Interre-
lationship and Consequences” focuses on how climate will influence available water
resources and wastewater treatment technologies.

Chapter 12 entitled “Treatment of Wastewater Using Vermifiltration Technol-
ogy” focuses on a biological method of wastewater treatment using vermifiltration.
This technology may be appropriate for wastewater treatment in developing coun-
tries due to its ease of use.

Chapter 13 entitled “Reuse of Wastewater in Agriculture” describes various
aspects of the reuse wastewater in agricultural production for irrigation, including
water quality criteria, water demand, irrigation scheduling and planning.

Chapter 14 entitled “Application of the Ecological Network Analysis (ENA)
Approach in Water Resource Management Research: Strengths, Weaknesses and
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Future Research Directions” outlines water resource management strategies using
the ecological network analysis approach. This chapter includes a case study of the
Heihe River Basin in China.

Varanasi, India Rajeev Pratap Singh
Moscow, ID, USA Alan S. Kolok
Lincoln, NE, USA Shannon L. Bartelt-Hunt
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Chapter 1
Occurrence and Health Impacts
of Emerging Contaminants in Municipal
Wastewater Reuse

Wei Chen, Shu-Yuan Pan, Zihao Wang, and Xiaoping Zhang

Abstract Municipal wastewater reuse offers the potential to significantly increase
the total available water resources. Recently, the occurrence of emerging contami-
nants (ECs), like pharmaceuticals and personal care products (PPCPs) and
perfluorinated compounds (PFCs), in water resources is of continued concern for
the public health and safety. However, the existing conventional wastewater treat-
ment plants (WWTPs) were not originally conceived to eliminate these unidentified
contaminants, which have not been monitored routinely because of the absence of
stringent-specific regulation. This chapter focuses on the occurrence of these ECs
and feasible opportunities for guidelines in municipal wastewater reclamation and
reuse. An environmental risk assessment posed by a common means of the risk
quotient shows that 27 pharmaceuticals pose high or medium risk. The concept of
source control and source separation could reduce the manufacture and produce a
wastewater with an optimal composition for further centralized treatment. Additional
and integrated technologies for synergic treatment units are found necessary to
provide high-quality recycled water and sustainable water resources.
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1.1 Significance and Importance

Water resource scarcity could be the major challenge of civilization, because of the
unbalanced distribution of resources, environmental pollutants, climate change, pop-
ulation growth, rapid urbanization, and so on. In this sense, the concept of water
resources sustainability has created increasing interest in water reuse and recycling.
Water resources sustainability was defined in the report of the Brundtland Commis-
sion (World Commission on Environment and Development) as (Holdgate 1987):

Water resources sustainability is the ability to use water in sufficient quantities and quality
from the local to the global scale to meet the present needs of humans and environmental
ecosystems, while not impairing the needs of future generations to do the same.

It involves the aspects of freshwater allocation, urban water use cycle, wastewater
reuse, and risk management. Among various concepts, municipal wastewater reuse
is quite promising in densely inhabited district, offering irrigation, landscape, recre-
ation, humidification, cooling, and surface or groundwater replenishment, due to
mechanical treatment for suspended solids and conventional organic pollutants in
the mature chemical and biological process of municipal wastewater treatment plants
(WWTPs) (Valipour 2014).

1.1.1 Occurrence of Emerging Contaminants

Emerging contaminants as new products or chemicals without regulatory status in
sewage and aquatic environments could cause known or suspected adverse ecolog-
ical and/or human health effects (high toxicity, carcinogenic and mutagenic effects)
(Ratola et al. 2012). Two important chemical constituents, including pharmaceuti-
cals and personal care products (PPCPs) and perfluorinated compounds (PFCs),
have attracted global concern due to their ubiquitous occurrence in the multimedia,
biota, and humans. WWTPs as “initial biological treatments” were inefficient in the
removal of PPCPs and PFCs (Stamatis and Konstantinou 2013; Chen et al. 2017a).
PPCPs have been entering into the environment for over 25 years from individual
human and social activities (e.g., waste excretion, bathing, residues of manufactur-
ing, agribusiness, and hospitals). About 95% of the total amount of PPCP consump-
tion are:

Analgesics: 5-aminosalicylic acid, acetaminophen, acetylsalicylic acid, codeine,
dextropropoxyphene, diclofenac, dipyrone, fenoprofen, flurbiprofen,
hydrocodone, ibuprofen, indomethacin, ketoprofen, mefenamic acid, naproxen,
propyphenazone, salicylic acid, tramadol

2 W. Chen et al.



Antibiotics: amoxicillin, azithromycin, cefaclor, cefalexin, cefotaxime, chlortetracy-
cline, ciprofloxacin, clarithromycin, doxycycline, erythromycin, lincomycin,
norfloxacin, ofloxacin, roxithromycin, sulfamethoxazole, trimethoprim

Antidiabetics: glibenclamide
Antihypertensives: diltiazem, hydrochlorothiazide
Barbiturates: phenobarbital
Beta-blocker: atenolol, metoprolol, propranolol, sotalol
Lipid regulators: bezafibrate, gemfibrozil
Psychiatric drugs: carbamazepine, fluoxetine
Receptor antagonists: ranitidine, valsartan
Hormones: estradiol, estriol, estrone
Antineoplastics: ifosfamide, tamoxifen
Antiseptic: triclosan

It is difficult to assess typical concentration levels of PPCPs as monitoring data of
PPCPs varies with the time, the type of waste water, and geographical areas.
Table 1.1 presents the molecular structure and the variability ranges for the concen-
trations of common compounds grouped with their therapeutic class in municipal
WWTP influent based on the previous scientific literature data, which reflects
common pharmaceuticals (analgesics/anti-inflammatories, antibiotics, antihyperten-
sives, beta-blockers, lipid regulators, psychiatric drugs, receptor antagonists, and
contrast agent) could be detected in wastewater that receives each municipal WWTP.
The differences among these results could also be related with the types of products
in different geographic markets or the possibility in some countries with limited
supervision to purchase medicines without medical prescriptions.

PFCs that are a class of anthropogenic compounds with repellency of water and
oil have been commonly used in industrial and household products for more than
60 years (Fujii et al. 2007). There is also a long-term public concern due to their
being persistent and accumulative and biotoxicity (Giesy and Kannan 2001). For the
most environmental concerning and frequently detected predominant compounds,
the concentration levels determined for perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA) in municipal influent and secondary treated waste-
water are presented in Table 1.2. They are ubiquitously detected in influent waste-
water and secondary treated wastewater due to the high bond energy of C–F long
chains and their high-water solubility made by hydrophilic functional groups (such
as sulfonate and carboxyl).

Besides, the presence of PPCPs and PFCs as environmental pollutants was
reported in the Antarctic environment and Antarctic biota with concentrations
similar to those detected in urban living areas throughout the world (Corsolini
2009). The concerning issue with PPCPs and PFCs is not their acute toxic effects
but their chronic toxicity due to their ubiquitously distributed and large quantities in
both consumer and industrial settings.

1 Occurrence and Health Impacts of Emerging Contaminants in Municipal. . . 3
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1.1.2 Municipal Wastewater Reuse

Global water shortage is placing an unprecedented pressure due to the inferior quality
and insufficient quantity of water resource. Many regions, including the Middle East,
Northern Africa, parts of China and India, and the southwest quarter of the USA, are
experiencing high levels of water stress (with annual per capita water supplies below
1700 m3). Projections predict that by 2025, 2/3 of the world’s population will be
living under the conditions of moderate to high water stress (Wu et al. 2014).
Nowadays, the common municipal WWTPs consist of physical preliminary, primary
treatment and secondary biochemical system with the treated sewage being
discharged into natural water or reused in many aspects. The application of municipal
sewage (treated to remove pathogens, organic matter, and nutrients) represents an
additional opportunity in augmenting freshwater supply for irrigation, landscape,
recreation, humidification, cooling, and surface or groundwater replenishment, espe-
cially in semiarid and arid regions. Unlike many organic contaminants, the existing
WWTPs are ineffective at removing emerging contaminants. The potential risks of

Table 1.2 Concentration of common PFCs in the influent and secondary effluent of WWTPs

Location

Influent wastewater
(ng/L)

Secondary treated
wastewater (ng/L)

ReferencesPFOS PFOA PFOS PFOA

USA 1.4–400.0 1.7–49.0 1.1–130.0 2.5–97.0 Schultz et al. (2006)

Kentucky,
USA

7.0–16.0 22.0–184.0 8.0–28.0 122.0–183.0 Loganathan et al.
(2007)

Georgia,
USA

2.5–7.9 2.0–50.0 1.8–13.0 6.7–102.0 Loganathan et al.
(2007)

Germany 1.0–85.0 1.8–40.0 12.0–140.0 8.7–9.3 Becker et al. (2008)

Denmark 1.5–10.1 2.0–23.5 1.5–18.1 2.0–24.4 Bossi et al. (2008)

Switzerland 18.0–449.0 4.9–35.0 16.0–303.0 8.9–35.0 Huset et al. (2008)

Greece 2.4–26.3 10.2–20.7 5.2–21.0 12.7–34.0 Arvaniti et al.
(2012)

Spain 78.1 22.4 91.0 14.9 Campo et al. (2014)

Japan 14.0–336.0 14.0–41.0 42.0–635.0 10.0–68.0 Murakami et al.
(2009)

Singapore 7.9–374.5 14.1–638.2 7.3–461.7 15.8–1057.1 Yu et al. (2009a)

Korea n.d.–68.1 4.3–615.0 n.d.–5.7 6.4–591.0 Guo et al. (2010)

Taiwan 175–216.7 17.6–23.6 162.7–5663.3 19.3–480.3 Lin et al. (2010)

China 0.03–12 0.05–54.0 0.03–7.3 0.09–26.2 Pan et al. (2011)

Thailand 381.3 6.6 552.8 16.9 Kunacheva et al.
(2011)

Australia / / 23.0–38.6 15.0–27.0 Thompson et al.
(2011)
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the reuse of treated municipal wastewater associated with emerging contaminants,
especially PPCPs and PFCs, are new issues garnering public attention.

Surface or groundwater replenishment: Reclamation of water after treatment in
modern WWTPs will likely be an important yet currently unrealized part of sustain-
able water resource management. Most treated municipal wastewater discharged
into the receiving aquatic environment shows a relatively reliable water source, but it
can convey emerging contaminants to cities and drinking water intakes located
downstream. WWTP discharges are also the main source of PPCPs and PFCs in
surface water environment. The surface ocean was assumed to be the main reservoir
for PFCs. According to the difference in bioconcentration in natural aquatic back-
ground or different profiles, fish and other seafood seem to be the food group in
which more PFCs are detected and where the detectable concentrations of typical
compounds are higher. The levels of PFCs in the analyzed foodstuffs decreased in
the order seafood > animal liver > freshwater/marine fish > egg > meat > butter in the
samples of five European countries (Belgium, Czech Republic, Italy, and Norway)
(D’Hollander et al. 2010). This means that individuals consuming great amounts of
seafood are assuming certain risks in certain countries, which are not currently
quantified.

Irrigation: Up to 49–90% of consumptive water is used in agriculture irrigation;
municipal wastewater reuse appears to be a valuable water resource to supplement
agriculture irrigation (Wu et al. 2014). The most challenging aspect of this applica-
tion is the safety attention of produce due to the residual contaminants. PPCPs and
PFCs persist in both aqueous effluent and treated biosolids. Irrigation land applica-
tion of secondary treated wastewater and biosolids through root uptake on crops can
facilitate the PPCPs and PFCs into the terrestrial food web, especially for fresh
produce that may be consumed raw (e.g., vegetables, fresh fruits) (Blaine et al. 2014;
Krippner et al. 2015).

Humidification: Reclaimed municipal wastewater began to be used for sprinkling
roads to mitigate heat island and reduce road dust in urban areas. The results of
measured temperatures of air and road with/without sprinkling show that sprinkling
reclaimed wastewater lowered the road surface temperature by eight degrees during
the daytime in Japan (Ogoshi et al. 2001). Inhalation is one of the most important
routes of transmission of inflammatory agents, and it is noteworthy that the evapo-
ration process can affect human health directly through inhalation during this
application (Xue et al. 2016).

1.1.3 Exposure Routes of PPCPs and PFCs

As emerging contaminants, there are multiple potential input pathways for PPCPs
and PFCs into the environment as shown schematically in Fig. 1.1.

Industrial wastewater has been regarded as a main point source for PPCPs and
PFCs as well as their precursors entering into the receiving water bodies (Arvaniti
and Stasinakis 2015). Besides, other sources of PPCPs and PFCs intake by humans
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could be through consumption of contaminated food and inhalation of air or fine
particles contaminated with volatile PPCPs and PFCs precursor that would be
degraded to become PFOS, PFOA, or other intermediates. Unlike the PFCs, parts
of the PPCPs are usually disposed as solid waste or in wastewater effluent by
improper disposal from private households and hospitals. Most hospital sewers are
directly connected to the municipal drainage system, and no additional treatment is
performed. Sorption of lipophilic PPCPs and hydrophobic PFCs onto sewage sludge
may be a relevant removal pathway from the wastewater stream. Partial PPCPs can
be assumed to be destroyed by chemical oxidation in sludge incineration process,
while PFCs could be retained due to their highly polar and strong carbon–fluorine
bonds. When sewage sludge is used as a fertilizer, PPCPs and PFCs may return to the
surrounding aquatic environment through the surface runoff (De Sanctis et al. 2017).

WWTPs are generally not equipped to deal with complex PPCPs and PFCs, and
irrigation of treated wastewater on arable land can also lead to a pollution of
groundwater. As a result, effective environmental risk assessment and tertiary
treatment technologies of upgrading WWTPs should be implemented in order to
ensure the safe usage of municipal wastewater.

Fig. 1.1 Exposure routes of emerging PPCPs and PFCs for humans
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1.2 Environmental Risk Assessment

Risk assessment is a key component of many environmental regulatory decisions,
which provides an evaluation of the probability and impact of detrimental effects
attributable to the potential toxicity of contaminants (Lammerding and Fazil 2000).
Figure 1.2 shows the general principles of the environmental risk assessment, which
are accepted extensively, including five steps (hazard identification, exposure assess-
ment, effects assessment, risk characterization, and risk management).

It is noted in the effect assessment that the risk for humans from environmental
contaminants is not discussed in this step but rather the risk for organisms in the
environment caused by anthropogenic use of these compounds. Besides, the possible
long-term, low-level effects of PPCPs and PFCs should not be overlooked, which
can be helpful to test the standard scheme of environmental risk assessment with
“familiar contaminants” and to supplement potentially hazardous characterization.

Fig. 1.2 Steps of emerging contaminants’ environmental risk assessment
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1.2.1 Predicted Environmental Concentrations (PEC)
of PPCPs

A program for the risk assessment of PPCPs has been outlined by the European
Medicines Agency (EMA). There are several models for PEC prediction in different
draft versions of the EMA, which can provide options for prioritizing species on
which to focus the concentrated research efforts (Liebig et al. 2005). The EMA
model for initial exposure assessment presented in 2001 is based on the predicted,
prescribed, or used volumes of pharmaceuticals in Eq. (1.1).

PECSW g=L½ � ¼ A� 100� Rð Þ
365� P� V � D� 100

ð1:1Þ

where A (kg) is the predicted use/prescription amount per year, R (%) is the removal
rate, P is the number of inhabitants of the specific geographic area, V (m3) is the
volume of wastewater per capita and day, and D is the factor for dilution of
wastewater by surface water flow.

The second EMA model for initial PEC assessment is based on the maximum
daily dose of the active ingredient of a pharmaceutical (DOSEai) in Eq. (1.2). A
factor for the market penetration Fpen represents the proportion of the population
being treated daily with a specific drug.

PECSW mg=L½ � ¼ DOSEai � Fpen

V � D� 100
ð1:2Þ

where the defined daily dose (DDD) referred to the World Health Organization
Collaborating Centre for Drug Statistics Methodology was defined as DOSEai

(mg) and the recommended default value of 1% was defined as Fpen. For V and D,
the same default values as in Eq. (1.1) were used; hence the DOSEai (DDD) was the
only variable in this formula which results in a direct correlation of the PECsw to
the DDD.

1.2.2 Environmental Risk Assessment of PPCPs in Secondary
Biological Effluent

The environmental risk assessment with the presence of PPCPs in natural water
should be considered after predicting the environmental concentration. Although the
safety threshold values have been defined for a limited number of PPCPs, more
research need to be further strengthened for many compounds themselves and their
mixture toxicity, because of the previous studies only in single compound-single
organism toxicity. Table 1.3 presents the predicted no-effect concentrations
(PNECs) and the average concentrations of predominant PPCPs for fish in the
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Table 1.3 PNECs and average concentrations of predominant PPCPs for fish in the secondary
effluent (Sanderson et al. 2003; Stuerlauridsen et al. 2000; Jones et al. 2002; Lee et al. 2008; Ferrari
et al. 2004; Hallingsorensen 2000; Kim et al. 2007)

Compounds
Toxicity
(mg/004C)

Average secondary effluent
concentration (μg/L)

PNEC
(μg/L)

Acetaminophen 1 0.89 1

Acetylsalicylic acid 796 0.36 61

Codeine 238 1.7 16

Dextropropoxyphene 13 0.10 1

Ibuprofen 5 3.6 1.65

Indomethacin 3.9 0.47 3.9

Ketoprofen 32 0.21 15.6

Mefenamic acid 0.43 0.63 0.43

Naproxen 34 1.0 2.62

Phenazone 3 0.16 1.1

Propyphenazone 0.8 0.04 0.8

Salicylic acid 1.28 0.17 1.28

Amoxicillin 0.1 0.01 0.0037

Azithromycin 0.15 0.16 0.15

Cefaclor 11,524 0.01 687.42

Cefalexin 2.5 0.13 2.5

Cefotaxime 0.04 0.02 0.04

Chloramphenicol 1.6 0.05 1.6

Ciprofloxacin 246,000 0.86 938

Clarithromycin 20 0.29 0.07

Clindamycin 0.5 0.01 0.5

Doxycycline 0.3 0.04 0.3

Erythromycin 61 0.73 0.02

Lincomycin 1391 0.06 82

Metronidazole 2.5 0.25 2.5

Ofloxacin 10 0.45 0.016

Oxytetracycline 16,600 0.01 0.207

Roxithromycin 50 0.50 4

Sulfadimethoxine 3.5 0.09 3.5

Sulfamethoxazole 890 0.28 0.027

Trimethoprim 795 0.36 2.6

Diltiazem 23 0.12 1.9

Metoprolol 116 0.32 8

Propranolol 29.5 0.17 0.244

Bezafibrate 5.3 0.90 5.3

Clofibric acid 53 0.21 40.2

Fenofibric acid 7.6 11 7.6

Gemfibrozil 0.9 0.93 0.9

Pravastatin 1.8 0.02 1.8

Carbamazepine 101 1.04 13.8

(continued)
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secondary effluent. A common means of the risk quotient (RQ), the ratio between the
average PPCPs concentration measured and its corresponding PNECs, can be used
to evaluate the environmental risk by PPCPs: RQ < 0.1, low risk to aquatic
organisms; 0.1� RQ� 1, medium risk; and RQ > 1, high risk (Caldwell et al. 2012).

The RQ of the predominant PPCPs in descending order is reported in Fig. 1.3.
Several PPCPs have been found in high levels (27 compounds pose high or medium
risk), thereby evidencing the risk that environmental concentrations of PPCPs can be
higher than their PNECs, especially in effluent-dominant rivers whose dilution
capacity and self-purifying processes are insufficient to temper the risk to aquatic
life.

Table 1.3 (continued)

Compounds
Toxicity
(mg/004C)

Average secondary effluent
concentration (μg/L)

PNEC
(μg/L)

Diazepam 28 9.1 2

Fluoxetine 11 0.24 0.05

Cimetidine 571 3.5 35

Ranitidine 1076 0.51 63

Ifosfamide 140 0.97 11

Iopromide 86,500 2.5 370,000
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1.3 PPCPs and PFCs Removal from Wastewater

The initial purpose of treatment plants of municipal wastewater was conceived to
reduce the organic load into aquatic environment. WWTPs are ineffective to removal
PPCPs and PFCs due to their recalcitrant characteristic. Centralized WWTPs are
considered as important micropollutant point sources of PPCPs and PFCs for the
receiving aquatic environment, which provide the potential of implementing cen-
tralized removal processes within urban drainage systems for facilitating the munic-
ipal wastewater reuse (Wang and Wang 2016; Arvaniti and Stasinakis 2015).

1.3.1 Removal of PPCPs

Removal technologies of PPCPs can be mainly composed of physical, biological,
and chemical methods. It is noteworthy that the different categories may be involved
in the same removal process, such as sorption, biodegradation, stripping, and
photodegradation, which would be included in the aerobiotic/anaerobic activated
sludge processes. Besides, advanced oxidation processes (AOPs) (or combination
with other technologies) have also been widely tested against recalcitrant
contaminants.

1.3.1.1 Removal of PPCPs by Physical Sorption

Carbonaceous materials (e.g., activated carbon, graphene and graphene oxide,
and carbon nanotubes) as suitable adsorbents have been widely applied for removing
trace (pseudo)-persistent PPCPs. These carbonaceous adsorbents have high sorption
capacity for the typical PPCPs, which mainly depend on the hydrophobicity and
charge of adsorbates. Many factors such as organic matter existing, contact time,
solution pH, and structure of carbonaceous adsorbents have remarkable effects on
the removal efficiency (Mailler et al. 2015; Meinel et al. 2014; Kyzas et al. 2015; Liu
et al. 2014; Jung et al. 2015; Wan and Wang 2016). Notwithstanding, many
problems should be solved for the large-scale applications.

Due to the competing sorption and steric effect, the deterioration of these porous
adsorbents may occur with the increase of operation time in the complex wastewater
systems.

More efforts should be focused on producing the high-surface-area graphene and
nanotubes with relative low cost.

The toxic effect (nanotoxicity) of the coexistence of graphene/nanotubes and
PPCPs should be investigated and prevented.
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1.3.1.2 Removal of PPCPs by Biological Degradation and Chemical
Advanced Oxidation

Microbial degradation is the most prevalent process to remove organic contaminants
in the environment. Activated sludge treatment has been regarded as the effective
technology to degrade PPCPs easily, which contains combined effects of volatiliza-
tion, sorption, and biodegradation. Compared with the contribution of biodegrada-
tion, the volatilization with aeration and sorption by activated sludge play only a
small part in the whole process. However, the concentrations of PPCPs are low;
biodegradation would not be always effective for degrading them, which is caused
by the low abundance (or lack) of degraders and the contaminant load (Gobel et al.
2005; Suarez et al. 2010; Li et al. 2015). Some measures, such as biological
acclimation and bioaugmentation, can conquer the above limitations.

Based on the previous studies on the PPCPs concentration and contamination
profiles, different compounds of PPCPs have been frequently tested in the secondary
effluent of WWTPs, indicating that the PPCPs would not be removed completely in
the conventional WWTPs. Chemical advanced oxidation technologies, such as
ozonation (estrone (>95%), sulfamethoxazole (>99%), bezafibrate (>89%), trimeth-
oprim (100%)) (Lin et al. 2009; Garoma et al. 2010; Tootchi et al. 2013; Kuang et al.
2013), UV treatment (estrone (>60%), sulfamethoxazole (100%), bezafibrate
(>90%), trimethoprim (>99%)) (Kim et al. 2009; Ma et al. 2015; Wols et al.
2015), Fenton or Fenton-like oxidation (estrone (>98.4%), sulfamethoxazole
(100%), bezafibrate (100%), trimethoprim (100%)) (Dirany et al. 2010; Feng et al.
2005; Ternes et al. 2002), and ionizing irradiation (Chu et al. 2015), were effective
for the PPCPs. However, the toxic and resistant intermediates appeared during the
operating process are another issue in order to complete mineralization. Therefore,
the combination of advanced chemical processes and biological technologies as
tertiary treatment can provide satisfactory performance.

1.3.2 Removal of PFCs

As two most typical PFCs, both PFOS and PFOA have been included in the
forbidden/limited list or the relevant regulations. Some regions and organizations
still have expressly restricted the use of PFCs due to the lag in regulation and lack of
effective substitute. Unlike PPCPs, biological degradation is effective in removing
PFCs attributed to the high-energy carbon–fluorine (C–F) bonds (110 kcal/mol)
(Rahman et al. 2014). Therefore, effective remediation technologies should be
developed continually.
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1.3.2.1 Sorption and Sorption Mechanisms

Sorption is considered as an effective and economical method to remove PFCs from
wastewater. Besides conventional adsorbents, many synthetic adsorbents have been
applied to remove PFCs. Table 1.4 summarizes the sorption of PFOS and PFOA
onto different adsorbents reported in the literature.

Nonpolar hydrophobic interaction between the adsorbents and PFCs existed
during the sorption processes is the main affinity, because the C–F chains in PFCs
molecule exhibit hydrophobic properties. Self-assembly of hemi-micelle and micelle
has been proved to be present in the sorption process, which can block the inner
pores of porous adsorbents. In addition, there is a negatively charged shell around a
positively charged core of the PFCs molecules due to the high electronegativity of
fluorine atoms, and weak interactions may be generated between negative dipole and
charged adsorbent surface. Since most PFCs are anionic species by their low pKa, the
sorption processes, such as electrostatic attraction and ion exchange column, can
be involved in the treatment. The tails of PFCs molecule as paired groups can replace
the hydroxyl groups on aluminum oxides by ligand exchange, as described in
Eq. (1.3) (Wang et al. 2012):

Al� OHþ CF3 CF2ð ÞnCOO� ! Al� OOC CF2ð ÞnCF3 þ OH� ð1:3Þ

1.3.2.2 Filtration Processes

Membrane filtration is a widely used technology in wastewater and drinking water
treatment due to its high efficiency in the reduction of wide range of contaminants.

Commercially available reverse osmosis membranes are effective to remove
PFOS in a wide range of inlet concentrations from 0.5 to 1600 ppm. Rejection is
not affected by membrane zeta potential, but membranes flux would decrease with
the increase of PFOS concentration. Nanofiltration membrane such as NF270 has a
higher rejection (>95%) to PFCs than microfiltration and ultrafiltration membranes,
as well as the higher water flux than reverse osmosis (Zhao et al. 2016). Increased
calcium chloride concentrations also can improve PFCs rejection due to increasing
permeation of the smaller anions, as well as pore blockage and calcium-bridging
between PFCs and calcium ions (Zhao et al. 2013).Sorption, coagulation, and other
technologies as a pretreatment can be chosen to enhance the PFCs permeate flux
rejection and prevent severe membrane fouling. Multistage filtration membrane
arrays can be conceived to further increase the removal efficiency.

1.3.2.3 Advanced Treatment Technologies

Advanced oxidation technologies such as Fenton and Fenton-like oxidation,
UV/H2O2, sonolysis, as well as photolysis have been widely applied in recalcitrant
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contaminants. The ideal treatment for the recalcitrant PFCs should be the cleavage of
long C–F chains to F� ions, which can easily combine with Ca2+ to form environ-
mental harmless CaF2. Hydroxyl radicals (HO�) are generated in most advanced
oxidation processes in situ, which can attack the PFCs to form short C–F chain or
carbon center radicals through direct electron transfer. Table 1.5 shows the condi-
tions and removal efficiencies under different advanced treatment processes.

Based on the high removal efficiency, it seems that some of the aforementioned
processes can achieve better removal efficiency for PFCs. It should be noted that
most of these researches have been performed under high temperature, high pres-
sure, or high radiation source. These harsh laboratory reaction conditions indicate

Table 1.4 Sorption capacities of PFOS and PFOA on different adsorbents

Adsorbents Adsorbates
C0

(mg/g) pH qm (mg/g) References

Powdered acti-
vated carbon

PFOS 20–300 5–7 374–550 Yu et al. (2009b), Liang et al.
(2011), Punyapalakul et al.
(2012) and Rattanaoudom
and Visvanathan (2012)

PFOA 20–300 5–7 175–524

Granular acti-
vated carbon

PFOS 15–250 4.4–7.2 160–229 Yu et al. (2009b),
Ochoaherrera and
Sierraalvarez (2008) and
Carter and Farrell (2010)

PFOA 15–250 5–7.2 112–161

Zeolites PFOS 15–300 3–5 8–126 Punyapalakul et al. (2012)
and Ochoaherrera and
Sierraalvarez (2008)

PFOA 15–300 3 34–37

Anion-exchange PFOS 20–400 3–5 210–2575 Yu et al. (2009b); Deng et al.
(2010)PFOA 20–250 5 1206

Hydrotalcite PFOS 1–1000 / 998 Rattanaoudom et al. (2012)

PFOA 1–1000 / 1033

Quaternized
cotton

PFOS 95–459 5–9 1647 Deng et al. (2012)

PFOA 78–380 5–9 1280

Aminated rice
husk

PFOS 0–250 5 1322 Deng et al. (2013)

PFOA 0–207 5 1028

Quaternized
Polyacrylonitrile
fiber

PFOS 20–300 2–10 1496 Chen et al. (2017b)

PFOA 20–300 2–10 1086

Chitosan bead PFOS 46–371 3 2745 Zhang et al. (2011)

Mesoporous car-
bon nitride

PFOS 280 3.25 388 Yan et al. (2013)

Maize straw-
origin ash

PFOS 1–500 7 811 Chen et al. (2011)

Molecular
imprinted
polymer

PFOS 50 5 550 Yu et al. (2008)
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that the degradation of PFCs would be unrealistically costly and be incomplete under
conditions commonly found in the field or practical PFCs-containing wastewater in
large-scale application.

1.4 Final Considerations and Future Perspectives

The aforementioned advanced treatment technologies are mainly directed toward the
removal of priority PPCPs or PFCs, as well as partial other types of contaminants.
Since both inorganic and organic contaminants would occur in wastewaters, com-
bined treatment processes or advanced technologies should be used for municipal
wastewater. Therefore, future efforts should concentrate on the integrated technol-
ogies for synergic treatments as tertiary treatment processes. Centralized treatment
approach for emerging contaminants can separate promptly and has high efficiency
by controlling the removal process and treatment scale. However, the end control
treatment requires vast occupancy, high cost of construction, and operation. Emer-
gency situations, such as storm overflow, leakage of the treatment system, and
influent loads exceeding the treatment capacity may lead to more serious environ-
mental risks. Therefore, more strategies and legislation for management of PPCPs/
PFCs need to be further developed and strengthened for source control and source
separation.

Table 1.5 PFCs removal using different advanced treatment processes

Conditions
Removal
(%) Reference

UV/H2O2(PFOA) [PFOA] ¼ 1.35 mM
[H2O2] ¼ 1.0 M
λ ¼ 240–460 nm (24 h)

35.6% Hori et al.
(2004)

UV-(S2O8
2�) (PFOA) [PFOA] ¼ 1.35 mM[S2O8

2�

] ¼ 50.0 mM
λ ¼ 240–460 nm (4 h)

100% Hori et al.
(2005)

UV-photocatalyst
(H3PW12O40•6H2O)(PFOA)

[PFOA] ¼ 1.35 mM
[H3PW12O40•6H2O] ¼ 6.68 mM
λ ¼ 240–460 nm (24 h)

100% Hori et al.
(2004)

Zerovalent iron (PFOS) [PFOS] ¼ 372 mM[Fe
(0)] ¼ 9.60 mM
Τ ¼ 350��C, 20 MPa (6 h)

100% Hori et al.
(2006)

UV-alkaline isopropanol
(IPA) (PFOS)

[PFOS] ¼ 40.0 μM
[IPA] ¼ 68.0 mM
λ ¼ 254 nm

76%
(1 d)
92%
(10 d)

Yamamoto
et al. (2007)

Sonolysis (PFOS) [PFOS] ¼ 0.19 mM
Ultrasonic generator (200 kHz)
(60 min)

60% Cheng et al.
(2008)
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The concept of source control is to reduce the manufacture and use through strict
legislations and regulations, optimizing PPCPs/PFCs use. PPCPs are usually dis-
posed as solid waste or in wastewater effluent by improper disposal from private
households and hospitals; many measures such as supporting studies on quantifying
the effectivity, reducing the over-the-counter sale, and limiting the authorization of
new pharmaceuticals to products with improved efficacy or application range may be
conducive to reduce probability of disposing of rest drug. For PFCs, PFOS with its
salts and perfluorooctane sulfonyl fluoride (PFOSF) have been added to the list of
“persistent organic pollutants” in the Stockholm Convention. They are still allowed
to be limitedly used in some areas including electroplating, polytetrafluoroethylene
manufacturing, and optoelectronic industries. More environmentally friendly sub-
stitutes should be developed in the next step.

From the pollution sources point of view, the ideal of source separation is to
produce a wastewater with an optimal composition for further centralized treatment,
preventing PPCPs/PFCs-containing wastewater from being discharged into
WWTPs. Nowadays, “cleaner production” programs which contribute to an ecolog-
ically, economically, and societal sustainable future are adapted in many industries
(Lora et al. 2000). These preventive applications can realize recycling through
“green chemistry.” Specific treatment technologies toward the priority PPCPs or
PFCs can be easily selected to apply in centralized treatment process after source
separation. With the development of the advanced analytical instrument and stan-
dard analytical procedures, more emerging micro-contaminants would be detected.
The environmental legislations, standards, and related removal technologies need to
be updated, preventing emerging contaminants transferring into the environment.
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Chapter 2
Promises and Challenges of Growing
Microalgae in Wastewater

Olumayowa Osundeko, Preeti Ansolia, Sanjay Kumar Gupta, Pushan Bag,
and Amit K. Bajhaiya

Abstract Microalgae have been theoretically described as a sustainable feedstock
for biofuel production. However, there are still some concerns and obstacles that
need to be overcome in order to translate the theoretical promise into commercial
and economic success. These obstacles include a high requirement for nutrients and
sustainable water source and the identification of affordable cultivation conditions. It
has been suggested that growing microalgae in wastewater can potentially offset
some of these obstacles. Microalgae can perform a dual role for remediation of
nutrient pollutants and biomass production when grown in wastewater. However,
there are huge challenges to overcome before this route can be exploited in an
economically and environmentally sustainable manner. In the present chapter, the
potentials and challenges of growing microalgae in wastewater and its future impli-
cations are discussed in detail.
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2.1 Introduction

There is an increasing global demand for sustainable biofuel production to mitigate
greenhouse gas emissions and reduce reliance on fossil fuels. Many sources of
biofuel feedstock like wheat, corn, sugarcane, sugar beets, or molasses have been
criticized because of their competition with food crops for agriculture land, water,
and nutrients (Doornbosch and Steenblik 2007). The use of some non-food crops
like buffalo grass (Buchloe dactyloides), Jatropha curcas, and switch grass for
biofuel production has also been examined, but these may still not fully solve the
issue of not using agricultural resources (Sujatha et al. 2008; Robins 2010). To
obviate this competition of biofuel production and agriculture resources, researchers
have considered using algae biomass for biofuel production.

Algae are a large and diverse group of photosynthetic organisms ranging from
unicellular to multicellular forms. Algae are broadly divided into two groups:
macroalgae and microalgae. The macroalgae include the large, multicellular sea-
weeds generally divided into three groups: green (Chlorophyta), red (Rhodophyta),
and brown kelps (Phaeophyta – related to Chromista) (Fitzgerald et al. 2011). On the
other hand, microalgae are small (~ 1 to 50 μm) and unicellular and normally grow in
marine or fresh water bodies but are also found on soil or vegetation (Aresta et al.
2005). Microalgae are the most primitive life-form on earth including prokaryotic
cyanobacteria and eukaryotic algae. Their simple cellular structure makes them
efficient converters of solar energy, to grow photoautotrophically and produce
approximately half of the global atmospheric oxygen while removing carbon diox-
ide. Biologists have categorized microalgae into different classes, mainly based on
pigmentation, life cycle, and basic cellular structures. The four important forms of
microalgae are blue-green algae (Cyanophyceae), green algae (Chlorophyceae),
diatoms (Bacillariophyceae), and golden algae (Chrysophyceae) (Bajhaiya et al.
2012). These tiny biological factories harness nature’s energy using photosynthesis
and can double their biomass in every few hours during their exponential growth
period (Chisti 2007; Bajhaiya et al. 2010; Louime et al. 2012). Faster growth rate and
valuable biomass production make microalgae a promising agricultural prospect.

Photosynthetic carbon can be converted into large amounts of lipids in many
microalgal species; for example, some microalgae can generate up to 50% oil by
weight; the estimated yield per unit area of oil is between 5000 and 20,000 gallons
per acre, per year, which is 7 to 31 times greater than the next best crop, palm oil
(Demirbas 2009). Microalgae are known to be very adaptive and can be grown in salt
water, freshwater, or even on contaminated industrial effluents (known as wastewa-
ter) without any extra requirements of nutrients or agricultural land (Rawat et al.
2016). On top of these advantages, microalgae can grow much better when fed with
greenhouse gas (carbon dioxide) and waste nutrients like sewage. So, microalgae
could produce biofuel while cleaning up the wastewater (Gupta et al. 2016).

Here we will discuss the potentials and challenges of growing microalgae in
wastewater and the potential applications of microalgae grown in wastewater,
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including pollutant remediation, and the use of algal biomass for various industrial
applications, including as a feedstock for biofuel production.

2.2 Wastewater Treatment Processes

Wastewater is a consequence of human activities, which include domestic, agricul-
tural, and industrial waste effluents. Most wastewater emanating from domestic
source contains nutrients, suspended solids, heavy metals, pathogens, oxygen-
demanding material, and dissolved inorganic and refractory organic materials.
Industrial wastewater could contain some xenobiotic materials in addition to those
in domestic wastewater, and some require statutory pretreatment before discharge
into wastewater treatment streams (Ternes 1998; Badawy et al. 2009). Treating
wastewater before discharge to river or land is a regulatory obligation throughout
the world due to toxic and hazardous effects on environment and human health. The
treatment of wastewater usually involves a preliminary, primary, and secondary
treatment stages. The treatment systems in wastewater industries are often capital
intensive and result in negative economic return (Melo and Câmara 1994; Chan et al.
2009). The preliminary stage requires removing of large and coarse solids. The
primary treatment is designed to remove solids containing organic nitrogen, phos-
phorus, and heavy metals as well as reduce BOD (biological oxygen demand) by
sedimentation and floatation processes (Sonune and Ghate 2004; Abdel-Raouf et al.
2012). The effluents from this stage are characterized by high nitrogen, metal, BOD,
COD (chemical oxygen demand), and organic substances. The secondary treatments
require removal of nutrients and reduction of BOD and COD. Most common
methods are by biological means. This involves the use of microbes, which perform
aerobic and anaerobic biodegradation processes. The aerobic process relies mainly
on microorganisms using the dissolved oxygen for conversion of biodegradable
substances to biomass and CO2. Whereas in anaerobic processes, microorganisms
convert organic substances in the wastewater into methane, CO2, and water via three
basic steps described as hydrolysis and acidogenesis including acetogenesis and
methanogenesis in the absence of oxygen (Chan et al. 2009). While biological
treatments through activated sludge or biofilm systems are still the popular methods
in secondary treatment of wastewater, there are challenges in terms of disposal of
sludge in relation to regulation and economic and environmental hurdles (Wei et al.
2003). For example, in studies carried out in four European countries (France,
Germany, Italy, and the United Kingdom) which account for 84% of the sludge
disposed off in the continent, sludge disposed on a per capita basis was in the range
35–119 g dry solids per head per day (Davis and Hall 1997). The majority of the
sludge ends up in landfill or is incinerated or is used in agriculture. The growing
interest in the use of biosolids might help in the sustainable disposal of the sludge
and possible revenue generation.
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The secondary effluents are usually passed through a clarifier and then disposed
into freshwater or marine waters. In some cases, they are reused. The current water
scarcity in many parts of the world is a growing concern, and recycling wastewater
has become an attractive option in sustainable water supply. For example, the
Middle East and North African region, which is home to about 5% of the world’s
population, contains less than 1% of the world annual freshwater resource (Abdel-
Raouf et al. 2012). To prevent adverse environmental impacts, it is important that the
final effluent meets the required statutory regulation before discharge. Removing
nutrients from final effluent to a safe limit for reuse or discharge has been one of the
expensive tasks in wastewater treatment. The most final effluent has been character-
ized with potentially high concentrations of nitrogen and phosphorous and other
inorganic and organic compounds which when disposed into river can cause eutro-
phication or environmental damage (Al-jasser 2011; Chen et al. 2012; Abdel-Raouf
et al. 2012). Wastewater treatment plants in many developed countries have incor-
porated tertiary treatment. This is advanced biological and chemical treatment with
the aim to remove nitrogen, phosphorus, and metals. The chemical treatment process
works by filtration, ozonation, reverse osmosis, and activated carbon absorption but
is often limited by its high implementation cost and secondary pollution contribution
(Oswald 1988; Wilde and Benemann 1993; Hoffmann 1998; Sonune and Ghate
2004; Mohamed et al. 2011; Abdel-Raouf et al. 2012). Biological methods are
potentially more attractive for tertiary treatment because of the low cost of imple-
mentation and value-added by-products.

Microalgae have been well known for decades for having a potential of removing
contaminants from wastewater effluents (Oswald et al. 1957; McGriff Jr and
McKinney 1972; Gupta et al. 2017a). Integrating microalgae into wastewater treat-
ment can potentially offer a sustainable, cheap, and efficient process without con-
tributing polluting substances (Hoffmann 1998, Gupta et al. 2016; Gupta et al. 2015;
Ansari et al. 2017a, b). Despite these advantages, there are many challenges to
overcome, which include the cost and efficiency of microalgae harvesting (Gupta
et al. 2017b). Immobilizing or co-immobilizing microalgae on a matrix and the use
of non-suspending microalgae species are some of the methods that can potentially
offset these challenges (Hoffmann 1998; De-Bashan and Bashan 2010).

2.2.1 Microalgae Growth in Wastewater: A Sustainable
Approach

The use of microalgae as a sustainable means of remediating wastewater and
producing valuable sub-products has received considerable research attentions for
decades (Oswald et al. 1959; Oswald 1988; Ruiz-Marin et al. 2010; Rawat et al.
2011; Park et al. 2011; Lohrey and Kochergin 2012). Microalgae growth in waste-
water may offer a source of biomass for biofuel and other potential applications such
as biomass production for animal feeds in addition to its remediation potential.
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2.2.1.1 Remediation Opportunity

Besides having contaminant (nitrogenous and phosphorus)-removing capability,
microalgae usage offers opportunity of eco-friendly and cost-effective recycling of
chemical in the tertiary treatment stage (Ip et al. 1982; González et al. 1997; An et al.
2003a, b; Aslan and Kapdan 2006).

Early research has focused on the use of microalgae to remove contaminants from
secondary effluent as a form of tertiary treatment before discharge into rivers, to
prevent eutrophication (Tam and Wong 1989). However, a recent report has shown
that microalgae can also effectively remove contaminants during secondary treat-
ment stage (Wang et al. 2010). In this study, it was reported that Chlorella sp. grew
well in wastewater centrate with a specific growth rate of 0.948 day�1 and removed
78.3%, 85.6%, and 83.0% of NH4

�, phosphorous, and COD, respectively, within a
few days. An integrated approach where two or more organisms are used simulta-
neously is considered as an alternative process of improving nutrient/contaminant
removal compared to a single species pond system. For example, an integrated
system involving Chlorella vulgaris and water hyacinth Eichhornia crassipes
resulted in 23% more nitrogen removal compared to the high rate algal pond
dominated by Chlorella vulgaris alone (Bich et al. 1999).

Microalgae can grow in wide varieties of wastewater such as municipal, industrial,
artificial, and agricultural types (Bajhaiya et al. 2010). Chlorella vulgaris and
Scenedesmus dimorphus were shown to remove about 95% of ammonium and 55%
of phosphorus in secondary effluent of agro-industrial wastewater which emanated
from dairy and pig farming (González et al. 1997). Similarly, Chlamydomonas species
have been reported to remove 100% of NH4

+ and NO3
� and 33% of PO4

3� when
grown in raw industrial wastewater containing 38.4 mg/L NH4

+, 3.1 mg/L NO3
�,

and 44.7 mg/L PO4
3� (Wu et al. 2012). A recent study demonstrated excellent

treatment of raw domestic wastewater by Chlorella and Scenedesmus sp. and produc-
tion of biomass for biofuels (Gupta et al. 2016). In another study, Scenedesmus
sp. showed a potential to treat flocculated wastewater as well (Gupta et al. 2017c).

Other benefits of using microalgae for remediation include their disinfection
capability by increasing the pH of wastewater because of their photosynthetic activity
(Abdel-Raouf et al. 2012). This helps in reducing BOD and coliform bacteria in
wastewater. Furthermore, microalgae can potentially reduce the energy input associ-
ated with oxygen supply in the conventional activated sludge system and emission of
CO2 due to autotrophic metabolism (Riaño et al. 2011). Substantial removal of
coliforms and fecal coliforms from wastewater by Chlorella and Scenedesmus
sp. has also been demonstrated (Gupta et al. 2016). In a recent review,
phycoremediation potential of various microalgae species for various types of emerg-
ing contaminants and different aspects of wastewater treatment by green microalgae
have been demonstrated (Gupta et al. 2015; Rawat et al. 2016; Ansari et al. 2017a, b).
A study by has shown Chabukdhara and his colleagues in (2017) has shown compre-
hensive application of various microalgal species for the heavy metal removal and use
of production of algal biomass for biofuels. Therefore, a microalgal-based process
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helps wastewater industry to meet their emission targets. Growing microalgae in
wastewater for remediation also offers additional advantage in terms of biomass
production for biofuel (Gupta et al. 2016; Balasubramani et al. 2016). This dual
approach has been well discussed as possible ways of enhancing the sustainability
and economy of microalgae biofuel strategy (Pittman et al. 2011; Olguin 2012).
Wastewaters contain essential nutrients for microalgae growth such as nitrogen,
phosphorus, trace metals, and carbon. Although the concentrations of these nutrients
vary in wastewaters depending on factors such as climate, size of the community,
density of development, economics, and water conservation (Metcalf and Eddy
1991).

2.2.1.2 Biofuel Feedstock Opportunity

The biofuel potential from algae has been theoretically projected to be capable of
meeting global demand for transport fuel (Chisti 2007, 2008; Amin 2009; Khan et al.
2009; Brennan and Owende 2010; Demirbas 2010; Mata et al. 2010; Bajhaiya et al.
2010; Amaro et al. 2011; Ahmad et al. 2011; Wu et al. 2012). However, this
projection is still far from reality based on its economic and sustainability evalua-
tions (Kovacevic and Wesseler 2010). The high requirements for fertilizer and
freshwater, high cost of production, and negative net energy have been major
setbacks (Olguin 2012; Acién et al. 2012). Also, phosphorous, an important nutrient
for microalgae growth, is at risk of depletion in the world (U.S. DOE 2010). A dual
purpose of growing microalgae in wastewater has been proposed to minimize these
concerns and improve the economy and sustainability of algae biofuel strategy
(Pittman et al. 2011). Wastewater is also a potential source of nitrogen, phosphorus,
and carbon which are the major nutrients required for microalgae growth (Oswald
et al. 1957; Ruiz-Marin et al. 2010).

A net energy life cycle analysis of growing Haematococcus pluvialis and
Nannochloropsis sp. in synthetic medium for biofuel has shown large energy deficit
even with very optimistic assumptions regarding the performance of processing units;
they also suggested that some energy can be saved when microalgae are grown in
wastewater by eliminating the use of fertilizer. Similarly, Lundquist et al. (2010)
comprehensively analyzed different scenarios of algae-based wastewater treatment
coupled with biofuel production and concluded that wastewater usage can produce a
cost-competitive biofuel compared to the usage of other resources. In one of their
studies, wastewater treatment credit can potentially reduce unit cost of oil or elec-
tricity from microalgae by 20–25% in addition to eliminating the cost of nutrient
and water.

With fast increasing global population, water usages per year have been estimated
to reach 2440 billion m3 by year 2025 (Shiklomanov 1999). About 70% of this water
is expected to be used for agriculture and 22% for industries and 8% for domestic
use. Using the projections made in Chinnasamy et al. (2010), if 50% of this water
usage end up in sewerage and used for growing algae, it could generate
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approximately 609 million tons of biomass and 91 million tons of oil with the
assumption that the algae lipid productivity is 15% of its biomass.

Apart from lipid extraction from microalgal biomass for biodiesel production,
biochemical conversion of algae biomass can yield bioethanol, biogas, and
biohydrogen (Brennan and Owende 2010). Energy recovery from microalgae can
be further optimized by anaerobic digestion to produce methane. Sialve et al. (2009)
described some factors that could impede the optimization of microalgae digestion,
including the biochemical composition of the microalgae cell wall and protein
content. High protein content in microalgae can lead to excessive release of ammo-
nia that can be potentially toxic. Other factors include the presence of sodium salt,
which can affect digester performance. Most of these concerns can be omitted by
pretreating microalgae before digestion.

2.2.1.3 Non-fuel Applications of Wastewater-Grown Algae

Microalgae growth in wastewater has other applications in addition to remediation
and biofuel. Alginate from microalgae has long been used in pharmaceutical prod-
ucts and as a food additive (Chapman and Chapman 1980). The microalgae biomass
has potential usage as animal feed and raw materials for chemical production such as
methane.

2.2.1.3.1 Production of Biomass for Animal Feed

Some species of microalgae such as Chlorella sp.,Dunaliella sp., and Spirulina have
been known to contain long-chain fatty acids and protein that have nutritional benefit
for animals (Spolaore et al. 2006; Kumar et al. 2010). Algae can produce vitamins
and minerals required for healthy growth, better weight control, and healthy skin of
pets such as cats, dogs, and ornamental birds (Certik and Shimizu 1999; Spolaore
et al. 2006). Ansari et al. (2015) evaluated the feasibility of using lipid-extracted
algae (LEA) as a source for protein and reduced sugar. The findings showed that
even after extraction of oil from the microalgal biomass, it can be further used for the
feed supplements of aquaculture or animals. In a research study, examining biomass
and lipid profiling of Chlorella vulgaris grown in industrial and agricultural waste-
water as an aquaculture feed (Bertoldi et al. 2006) has found that the use of
hydroponic wastewater as an alternative culture medium can help in generating
quality lipid, fatty acid, and carotenoids from Chlorella vulgaris.

2.2.1.3.2 Medicinal Importance

Extracting products of highmedicinal value from algae is a fast-growingmarket today.
For example, Chlorella is currently being produced by more than 70 companies
around the world and having a world market value worth more than US$ 38 billion

2 Promises and Challenges of Growing Microalgae in Wastewater 35



over a decade ago (Yamaguchi 1997) and is expected to have grown since. Some algae
have been found to contain secondary metabolites and antioxidants such as caroten-
oids, astaxanthin, that can be a remedy of some health issues (Spolaore et al. 2006).
Chlorella contains β-1,3-glucan, an active immunostimulant, which is a free radical
scavenger and helps in reducing blood lipids. Spirulina extract as a food supplement
has been found to have a medicinal importance in protecting liver against mercuric
chloride-induced toxicity in Swiss albino mice (Kumar et al. 2005). Chlorophyll in
microalgae has been found to have pharmaceutically importance as well. It was
reported to have some chelating characteristics suitable for use in liver recovery and
ulcer treatment (Singh and Gu 2010). However, algae grown for this sort of application
are usually grown in a bioreactor with high sterility (Belarbi et al. 2000).

2.2.1.3.3 Fertilizer Application

The use of algae for fertilizer has long been a practice in many parts of the world
(Booth 1966). Algae can improve soil fertility by enhancing the water retention
capacity of soil and macronutrient composition. For example, a study on the effects
of algal fiber on germination and growth of barley found that it enhanced the soil
physical and chemical qualities (Riley 2002). In the same report, algae fiber waste
from an alginate extraction plant in Norway was studied in respect to its potential for
soil improvement and as a nutrient source for potato crop. Algae fiber was shown to
have effects on soil aeration and water retention capability like perlite (amorphous
glassy globule found in volcanic eruption) used in plant growth medium.
Plant-available water was reported to increase by 3.6% by volume when 10% by
volume of algae fiber was incorporated, as against 1.2% by volume with the same
volume of pure perlite. Furthermore, potato yield also increased with the use of algae
fiber.

2.2.2 Integrating Microalgae Cultivation in Wastewater
Works

One of the more efficient ways to fast-track large-scale production of microalgae
biofuel is by incorporating it into the existing wastewater works with little adap-
tation (Fig. 2.1). This can potentially reduce the cost of infrastructure (Lundquist
et al. 2010). The choice of microalgae to be grown is very important, and finding
species that can grow efficiently for high biofuel productivity in wastewater is a key
to the success of this strategy (Singh and Gu 2010). While studying the effect of
varying nutrient loadings on the growth and lipid accumulation adoptability,
Shriwastav et al. (2014) reported that green microalgae such as of Chlorella are
stress resistant and has potential to accumulate high amount of lipids. Therefore,

36 O. Osundeko et al.



for dual applications, i.e., wastewater treatment and biofuel production, selection of
stress resistant and high lipid-producing species is very important. Some
microalgae have high oil content but are slow growing. For example, Botryococcus
braunii is well known to have a high percentage of lipid content but grows slower
compared to Chlorella sp. (Orpez et al. 2009; Kong et al. 2010). Algae that grow
faster even with little lipid content will be ideal because it will reduce the produc-
tion time and energy demands.

Microalgae cultivation can either be done by an open or closed system at the
secondary or tertiary wastewater treatment stage. This can produce a cheap way of
remediating wastewater. Algae biomass harvesting by centrifugation can potentially
increase the energy input and the cost of production and still require more research
and developments. Other efficient harvesting methods include flocculation or bio-
film induction.

Biofuel products from microalgae include biodiesel and bioethanol which can be
obtained by transesterification and fermentation, respectively. Microalgae biomass
can be integrated into wastewater digestion sludge for methane and CO2 production
(Kumar et al. 2010). The CO2 can be recycled into the algae pond providing a source
of carbon. High productivities of microalgae grown in wastewater in terms of
biomass and lipids reported in many studies need to be translated to the large
industrial scale for cost-effective and sustainable biofuel production. However,
there are some challenges to overcome before this can be realistically achieved.
While studying the comprehensive biochemical methane potential using algal bio-
mass, Ansari et al. (2017b) reported that pretreatment could be an important step for
the better methane production from microalgae.

Fig. 2.1 A flow diagram showing how microalgae cultivation can be incorporated in wastewater
works for dual role of remediation and biofuel production
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2.2.3 Challenges Associated with Growing Microalgae
in Wastewater

The uses of microalgae in the wastewater industry, either as a remediating agent or
for biofuel feedstock, are still relatively limited. Some of the setbacks include the
presence of growth-inhibiting factors and difficult harvesting processes. Some of
these inhibitors include biotic and abiotic factors. Biotic factor can be in the form of
viruses, bacteria, zooplankton, grazers, phytoplankton, and fungi (Kagami et al.
2007; Park et al. 2011), which will impede or significantly inhibit the growth of
microalgae. These factors will depend on the source of wastewater effluent being
used for cultivation. Abiotic contaminants in wastewater such as CO2, NOx (nitrogen
oxides), SOx (sulfur oxides), O2, and NH3 and heavy metals can also inhibit
microalgae growth. Kumar et al. (2010) described that heavy metals can inhibit
microalgae photosynthesis by blocking the prosthetic metal atoms in the active site
of relevant enzymes which can make the cell physiologically incapable. In contrast,
when essential nutrient concentrations in the wastewater are low specifically, trace
mineral nutrients can result in poor growth, low biomass, and low lipid productivity
(Christenson and Sims 2011). In such cases, it’s needed to supplement these
nutrients in wastewater to achieve high productivity. In an open pond system, carbon
can be limited due to poor mass transfer. Some studies have suggested that bubbling
of CO2 can improve algae growth as well. For example, Nannochloropsis oculata
growth and productivities were improved when aerated with 2% CO2 in a
semicontinuous cultivation system (Chiu et al. 2009). Also, high concentration of
oxygen in wastewater can induce oxidative stress to microalgae cell and inhibit
photosynthesis (Christenson and Sims 2011). Therefore, more research needs to be
focused on how to optimize nutrient in wastewater for microalgae growth.

The cost and energy demand of harvesting microalgae from wastewater either by
flocculation or centrifugation are still very high (Acién et al. 2012). This can be as
high as 20–30% of the total energy and cost required for biofuel production (Rösch
et al. 2009). Most of the current techniques for harvesting are yet to be demonstrated
on a large scale. Therefore, there’s a need for technological advancement in this area
to make microalgae biotechnology more economically attractive.

Research in the use of wastewater for cultivating microalgae is still very limited
as compared to research using synthetic inorganic medium. Lam and Lee (2012)
found that only ~30% of published researches on microalgae cultivation are based on
wastewater as a growth medium while the rest are using synthetic media, probably
because the synthetic media are readily available and less contaminated and yield
promising results. However, the use of synthetic media might be unsustainable in
commercial terms.

38 O. Osundeko et al.



2.3 Wastewater Effluent Supporting High Microalgae
Productivity

Wastewater usually contains high concentration of nutrients in terms of nitrogen,
phosphorus, carbon, and metals which are an essential requirement for microalgae
growth in the presence of sunlight, CO2, O2, and optimal temperature and pH. Much
of the nitrogen is in the form of ammonium, which is an available source of nitrogen
for microalgae uptake, although this can potentially become toxic and inhibit growth
at higher concentrations (Ip et al. 1982; Konig et al. 1987; Wrigley and Toerien
1990). Tolerance toward NH3 is a very important criteria for the selection of
microalgae to be grown in wastewater. For example, a comparative study of three
green microalgae Scenedesmus obliquus, Scenedesmus platensis, and Chlorella
sorokiniana growth in piggery wastewater showed that Chlorella sorokiniana has
a high tolerance to high ammonium compared to the other species (de Godos et al.
2010). Furthermore, in a combined cultivation of these species, Chlorella
sorokiniana was able to outgrow other species and become the dominant species
in the continuous photobioreactor. The high concentration of N, P, and metals in
wastewater effluent especially those from municipal and agriculture sources can
potentially inhibit microalgae and in some cases will require dilution before inocu-
lation. As shown in Table 2.1, a study reported that the use of a Biocoil helps in
increasing biomass and lipid productivity of Chlamydomonas reinhardtii achieving
2000 mg/l/day of biomass and 505 mg/l/day of lipid when grown in municipal
centrate (Kong et al. 2010). The high productivity was attributed to greater light
exposure and intensity in the polyvinyl tubing because when the same microalgae
species was grown in a flask, it produced 820 mg/l/d of biomass and 136 mg/l/d of
lipid which are much lesser than in Biocoil. Another study reported that Chlorella
grown in raw municipal centrate produced 1060 mg/l/d of biomass (Li et al. 2011).
However, when the centrate was treated by autoclave, the productivity increased to
1175 mg/l/d providing biodiesel yield of 0.12 g-biodiesel/L-algae culture solution.

Whereas secondary-treated wastewater is generally low in nutrient concentration
as compared to centrate or primary effluents, biomass and lipid productivities are
usually lower. For example, Botryococcus braunii grown in municipal secondary-
treated wastewater in a bioreactor yielded 345.6 mg/l/d and lipid of 62 mg/l/d (Orpez
et al. 2009). In agricultural wastewater from piggery manure that contains high
concentration of nutrient especially nitrogen, biomass and lipid productivities were
recorded to be 700 mg/l/d and 69 mg/l/d, respectively (An et al. 2003a, b). Agricul-
ture wastewater from diary manure has also been shown to promote high biomass
and lipid productivities of Chlorella sp. attached to supporting polystyrene foam.
Biomass productivity based on the algae biomass attached to the foam was 2.6 g m�2

day�1, and the total fatty acid content was 230 mg m�2 day�1.
In general, microalgae growth rates are lower in many industrial wastewaters, due

to low nutrient and high toxin concentrations (Pittman et al. 2011). However, this
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will greatly vary depending on the industry. Industrial wastewater rich in nitrogen
and phosphorus can be considered for the cultivation of microalgae. Though, some
studies have used municipal wastewater centrate as a fertilizer to augment the low
nutrients in industrial wastewater (Chinnasamy et al. 2010). Biofuel productivity of
microalgae varies greatly in different wastewaters. Therefore, determining the best
source of wastewater for microalgae cultivation will be governed by nutrient avail-
ability and level of growth-inhibiting factors.

2.4 Challenges of Pilot-Scale Biofuel Production from
Wastewater Industries

Scaling up microalgae biofuel production from laboratory scale to commercial scale
remains a challenge. Integrating microalgae biofuel in an existing wastewater treat-
ment plant offers an inexpensive and economically feasible way of commercializa-
tion. However, this comes with some major technical and economic problems that
still need to be improved.

2.4.1 Culture Instability

Wastewater provides a cheap source of growing microalgae; however, it comes with
some challenges in terms of contamination and difficulty in maintaining a monocul-
ture system. Using a natural strain that is indigenous to the cultivation pond might
bring a solution to this. For example, in a previous report, consortia of natural strains
grown in municipal wastewater has shown to produce lipid of up to 29% of its
biomass and lipid productivity reaching 2800 mg/m2/day (Woertz et al. 2009).
Fungal, viral, and bacterial pathogenic activities can outcompete microalgae and
disrupt the culture stability in large-scale cultivation. Hoffman et al. (2008) reported
fungi found in cultures of Haematococcus pluvialis that grew epibiotically on the
algal cells can cause the destruction of the host culture. So far little is known about
pond speciation, ecological dynamics in wastewater, host specificity, and resistance
mechanisms. In a US DOE (2010) report, three important facts that should be
considered in large-scale cultivation of microalgae in wastewater were described.
These include determining the extent of algae pathogen and predators in the waste-
water pond. Macroalgae and other phytoplankton can dominate the pond or biore-
actor. Furthermore, a dynamic pond monitoring technique and preventive measures
needed to limit the take-over by a foreign organism.
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2.4.2 Cultivation and Land Requirement

Techno-economically viable cultivation of microalgae by open or closed systems in
an industrial scale is difficult to predict. Recent life cycle analysis of the production
of biodiesel and biogas from Haematococcus pluvialis and Nannochloropsis has
reported that a photobioreactor consumed about 56.5 MJ of electricity as compared
to a raceway open pond that required 26.6 MJ (Razon and Tan 2011). The higher
energy requirement can be because of culture mixing, gas exchange, and temperature
maintenance. Bioreactors support higher growth and microalgae cell density than
open cultivation systems and reduced evaporation which is suffered in an open pond
system (Chisti 2007). Monoculture systems can easily be achieved in closed systems
than in an open system. Land requirement for facilities is also a potential problem.
Most wastewater treatment plants are usually sited close to the metropolitan areas
with high land price and limited availability (U.S. DOE 2010). It will be expensive to
transport wastewater over a long distance. Therefore, integrating wastewater into
existing plants with a little modification is highly encouraged.

2.4.3 Microalgae Harvesting Challenges

While microalgae are capable of producing lipid and biomass suitable for biofuel,
recovering and processing microalgae from the cultivation medium are still a
challenge (De-Bashan et al. 2002). The effective harvesting method is the key to
integrate this system in the wastewater industry as it costs more than 20–30% of
biomass production (Mata et al. 2010). In older microalgal cultures, flocculation can
occur, but, in some cases, flocculating agent such as alum (Al2(SO4)3) can be added
to the culture. Flocculation can also be triggered by manipulating culture pH or
bioflocculation with other microorganisms that promote sedimentation (Sukenik and
Shelaf 1984; Lavoie and de la Noue 1985). Flocculation increases particle size and
promotes sedimentation. Among various harvesting techniques, flocculation has
been found the easiest and economic. The use of chemically induced flocculation
is currently expensive and results in chemical contamination of the harvested
biomass, therefore, unsustainable for harvesting microalgae in a commercial scale.
Numerous studies have been done on the coagulation and flocculation of various
microalgal species with natural, inorganic, and synthetic chemicals. In a comparative
study of flocculation efficiency, Gupta et al. (2014) reported excellent biomass
recovery of Scenedesmus sp. from a polyamine-based synthetic polymer. It was
also demonstrated that the microalgal biomass production could be as lowest as 0.5
USD with such flocculants, whereas the biomass harvesting through natural floccu-
lants such as chitosan costs around 50 USD. Therefore, the selection of flocculent is
very important for pilot-scale harvesting by flocculation, which also depends on the
end use of the biomass. The use of chemical flocculants could be one of the most
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economical for low value products such as biofuels. Bioflocculation seemed to be a
cheap option, but it is slower and not always reliable (Schenk et al. 2008). A
comprehensive study on harvesting of various microalgae from different types of
flocculent is recommended for further study (Gupta et al. 2017a, b, c).

Another method that is widely used in the wastewater industry is centrifugation
and, in some cases, has been shown to be effective (Molina et al. 2003). Biomass
recovery by centrifugation depends on the characteristic of the microalgae species
such as size, settling rate, and speed of the centrifugation system. Molina et al.
(2003) reported that cell harvest efficiency of >95% was obtained only at 13,000� g
and the harvest efficiency declined to 60% at 6000 � g and 40% at 1300 � g.
Centrifugation can be rapid but consume more energy and can increase the cost of
biofuel production. Another method is by filtration using pressure vacuum. This
might not be suitable for some microalgae like Scenedesmus and Chlorella that are
small in size (Brennan and Owende 2010). Filtrate recovery of microalgae may be
unsatisfactory because filtration can be relatively slow and comes with the cost of
replacing the filter membrane and energy cost of pumping (Pittman et al. 2011).

An alternative method of harvesting microalgae is by immobilization. It has been
shown that immobilization is one of the feasible ways to achieve recovery of
microalgae from wastewater (Moreno-Garrido 2008; De-Bashan et al. 2002). An
immobilization technique offers a solution to these problems encountered during
harvesting in a suspending growth system. This technique involves the absorption of
microalgae when passed through the immobilized matrix system (Travieso et al.
1992; Zhang et al. 2008). Although this system is simple and allows the possibility to
reuse the immobilized matrix system after recovery, there are still some constraints
in terms of the cost of the polymer, effectiveness in removing some contaminants,
and toxicity of some immobilizing techniques.

Being cost-effective and simple, filtration could be used as some microalgae
harvesting technique. Various types of filtration techniques are also used for the
harvesting of microalgae. The main advantage of this technique is that the harvested
biomass is free from any chemical contaminants, and more importantly this can be
used for the recycling of residual nutrient media (Ahmad et al. 2012).
Uncontaminated biomass can be used for other purposes, while biomass harvested
by coagulation has limited use. The major disadvantages of such techniques are the
high energy consumption in pumping and frequent replacement of membrane due to
fouling, choking, and wear and tear (Uduman et al. 2010). Hence, filtration cannot be
used for pilot-scale harvesting purposes, especially for the low-value algal products.
Therefore, development of cost-effective filtration techniques is the need of the day
for improving economics of the harvesting. Sahoo et al. (2017) reported cost-
effective and efficient dewatering and drying of Scenedesmus and Chlorella
sp. using polypropylene non-woven fabric membrane (PNM). They demonstrated
that dewatering with such type of membrane with natural drying could be achieved
as economical as 0.048 USD per kg of dry algal biomass. Such type of arrangements
could be a hope for the future.
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2.4.4 Climatic Factors

One of the major parameters limiting commercialization of algae biofuel production
is the climate change in terms of temperature and sunlight especially in an open
cultivation system. Lower temperature below the optimal can reduce cell metabolism
and result in low biomass and lipid productivities. The average suitable temperature
for algae growth has been described to be in the region of 15 �C to 35 �C (Lundquist
et al. 2010). Most regions of the earth in the upper hemisphere like Europe, where
average temperature could be 15 �C or less at night, can be considered unsuitable
region for maximum algae growth yield. One of the ways to ameliorate low
temperature in those regions is by covering the pond with some plastic materials.
Alternatively, in the night time, microalgae culture can be transferred into a settling
pond that are normally deep and retain heat unlike the shallow growth ponds. The
culture can then be circulated back to the growth pond during the day. However, this
can potentially add to the cost and energy requirement.

2.4.5 Energy and Cost of Production: Life Cycle Analysis

The true potential of microalgae biofuel production using wastewater can be best
determined by life cycle analysis of its cost and energy. Microalgae biofuel has been
criticized for performing poorly than other plant-based biofuels in terms of energy
requirement, greenhouse gas emission, and water usage (Clarens et al. 2010).
Impacts associated with algae biofuel production were assessed using a stochastic
life cycle model in comparison with switchgrass, canola, and corn. They concluded
that major contributing factors are demand for CO2 and fertilizer as a nutrient source.
The use of wastewater for growing microalgae for biofuel can offset most of these
factors and make microalgae biofuel more environmentally beneficial than the
terrestrial crops that were accessed.

Cultivation of microalgae in either a photobioreactor or in an open system such as
raceway pond requires considerable amounts of energy for mixing. The net energy
requirement of a system has been defined as the ratio of the total energy output from
the system over energy input for the entire production system. Net energy analysis of
microalgae biofuel production is important as a diagnostic measure of identifying
performance and improvement options that may be necessary. One of the potential
positives for producing biofuel from microalgae is if microalgae can produce
sustainable net surplus energy. However, a recent report has raised concerns that
microalgae biodiesel may not deliver more energy than is required to produce it.
Most of the energy demand has been attributed to the extraction process, which does
require drying (Khoo et al. 2011). However, using wastewater as alternative to
fertilizer and wet extraction instead of dry extraction can improve its energy
performance.
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Analysis of the microalgae biofuel production strategy have shown that the use of
wastewater as cultivation medium could decrease water requirement by 90% and
eliminate nutrient requirements except for phosphate (Clarens et al. 2010; Yang et al.
2011). Acién et al. (2012) performed a cost evaluation of a real microalgae plant;
they found that the cost of running a 3 m3 tubular photobioreactor operator in
continuous mode for 2 years for producing biomass from Scenedesmus almeriensis
would be 165,000.00 euros (47.41% of the total cost of production). Furthermore, a
freeze dryer and storage of 70 kg/day were reported to cost 165,000.00 euros (31.6%
of the total cost of production). They emphasized that it is important to reduce the
cost of running a photobioreactor and use wastewater and flue gases in order to make
microalgae biofuel production economically attractive. However, there is a need for
more studies to access life cycle performance in terms of cost, energy, and environ-
mental performance of microalgae in different wastewater scenarios.

2.5 Future of Microalgae-Based Bioenergy and Biofuels

Based on current knowledge, it is unlikely that microalgae will produce biofuel which
is cost competitive with fossil fuels without major advances in technology. Most
significant improvements are expected to be in strain selection, cultivation, harvesting,
and oil extraction (Pittman et al. 2011). Integrating microalgae cultivation in waste-
water for the dual purpose of remediation and biofuel production can potentially
accelerate the commercialization of algae biofuel in the near term (Fig. 2.2). However,
there are needs for better control of zooplankton and phytoplankton and development
of lower cost ponds, clarifiers, and digesters (U.S. DOE 2010).

With the fast growing technology advancement in harvesting of microalgae,
strain improvement, and selection, it is possible to break even in incorporating
microalgae biofuel in wastewater soon. Coproducts, which are already being pro-
duced, can also be improved for combined production with biofuel. However, most
of these coproducts require monocultures and high sterility which can be achieved
only in a closed system. A single purpose commercial biofuel/biodiesel production
from microalgae is likely to be a long-term goal owing to the current cost and energy
demand for production (Harmelen and Oonk 2006). Research in algae biofuel needs
to start focusing on the pond system rather than small-scale laboratory cultures to
provide a robust data, minimize edge effects, and allow for extrapolating to com-
mercial scale.

Fig. 2.2 Futuristic projection on algae biofuel based on the existing knowledge and technology
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Chapter 3
Risk of Metal Contamination in Agriculture
Crops by Reuse of Wastewater: An
Ecological and Human Health Risk
Perspective

Sanjay Kumar Gupta, Sayanti Roy, Mayuri Chabukdhara, Jakir Hussain,
and Manish Kumar

Abstract Agriculture sector is one of the major users of water resources. Due to
limited availability of freshwater resources, domestic and industrial wastewater is
being used in agriculture. Such water and wastewater contain varying number of
micronutrients such as carbon and nitrogen as well as other toxic elements. Contin-
uous irrigation with such type of water results overloading of these nutrients and
some of the times pathogens, if not treated, in agricultural top soils. Heavy metals are
nonbiodegradable and cumulative in nature. The accumulation and bioavailability of
the metals depend on various environmental factors such as climatic conditions,
temperature, rain pattern, and physicochemical properties of the soil, i.e., organic
contents, pH, cationic exchange capacity, etc., which regulate accumulation of
metals in soil and its bioavailability. Therefore, such toxic elements once enter in
the food chain, get accumulated in various trophic levels, and exert undesirable
effects to the flora and fauna. The major concern is its accumulation of toxic metal in
agricultural crops from the wastewater-irrigated topsoil and associated health risk to
the end-use consumers. Other than ingestion, there are various other routs of heavy
metal exposure to the human beings. Therefore, for effective use and management of
the wastewater in agriculture, periodic monitoring and risk assessment of heavy
metal contamination are very important. This book chapter deals with the
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comprehensive evaluation of pros and cons of reuse of wastewater in agricultural
with special reference to heavy metal contamination and associated human
health risk.

Keywords Heavy metal contamination · Agricultural soil · Wastewater · Fruits ·
Human health risk

3.1 Introduction

The ever-increasing population has led to exponential increase in growth of urban
areas and industries. In the process, there is an increase in consumption of resources
and generation of wastes, which have reduced the environment’s assimilation
capacity and lead to accumulation of the wastes in the environment. Thus, the
wastes, which comprise of various compositions of several noxious substances, are
released into the environment. Considering the wastewater being released from
several sectors of human society, it is supposed to contain organic matter, deposition
of nutrients, pathogens, and innumerable heavy metals (Ping et al. 2011; Khan et al.
2013). The surge in the water scarcity is pushing the envelope of wastewaters for
irrigation purpose (Khan et al. 2013) and, often, without prior treatment. It has been
estimated that 20 million hectares of worldwide agricultural land are irrigated with
wastewater (Wuana and Okieimen 2011). Another major problem particularly in
developing countries is the improper discharge of industrial effluents into adjacent
water bodies or into groundwater by reverse boring. Water from these sources is also
used for irrigation which introduces the contaminants from the water into the
agricultural soil. Due to this long-term and continuous use of the wastewaters in
agricultural fields, the soil saturates with the heavy metals and leaches them into soil
solution (Sharma et al. 2007). These soluble and bioavailable toxic heavy metals in
the wastewater are absorbed by the crops, thereby, posing serious risks for contam-
inating the food chain and the environment. This eventually becomes another major
concern, when the crops are food crops and are being consumed by humans in their
daily diet, resulting in biomagnification. Besides, these heavy metals also tend to
bind to the soil particles in the irrigated agricultural fields and pose threat when gets
dislodged due to wind and suspends into the air to enter human body systems
through inhalation exposure pathway. Another way this practice of reusing waste-
water in agriculture results in heavy metal exposure to human beings is when the
contaminated soil comes in contact to skin and adheres to it; however, absorption
through this pathway is most likely to affect the farmers, since they are the ones
coming in direct contact with the wastewater-irrigated soil. Apart from this,
depending upon the soil properties and components, the heavy metals in soil solution
may also leach down to the aquifers, if present, which contributes to the contami-
nation of the groundwater. Further, governed by the type of aquifer and the under-
ground topology, the groundwater is subjected to relocate to nearby areas. In that
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way, the ecosystem as well as humans is directly exposed to these heavy metals
while utilizing the water for consumption. Since these numerous exposures and
co-exposures of heavy metals produce a string of additive, antagonistic, or syner-
gistic effects to human health (Wang and Bruce 2008; Tchounwou et al. 2012),
including effect on circulatory, nervous, endocrine, pulmonary, renal, skeletal,
enzymatic, and immune systems (Żukowska and Biziuk 2008; Zhang et al. 2012),
it has become a matter of concern. Pertaining to this, several studies have been
reported on the input of heavy metals in soil and edible plants as a result of irrigation
using wastewater and the ecological and health risks associated with this. Consid-
ering the water availability of different countries, the practice of reusing wastewater
in agricultural sector varies. Moreover, the concept of water footprint of a country
(Hoekstra and Mekonnen 2012) also plays a role that determines the extent of use of
wastewater in the country. Water footprint is the amount of water consumed for the
production of commodities in a country. According to a report, China, India, and the
United States contribute to the largest water footprint (1207, 1182, and 1053 Gm3

∕year, respectively) within their territory. It has also been reported that the water
footprint in agricultural sector occupies the maximum share within all the three
countries. Among these three countries, largest blue water footprint (24%) has been
reported to be in India, where irrigation in wheat cultivation requires the largest
share, followed by irrigation of rice and sugarcane, i.e., 33%, 24%, and 16%,
respectively. However, the water availability per capita of the country is projected
to be decreasing as reported by the Ministry of Water Resources, GOI (2009).
Therefore, this chapter focuses on heavy metal concentrations in the agricultural
soil and the comprehensive assessment of ecological risk as well as human health
risk related to the reuse of wastewater in agriculture in different regions of India.

3.2 Heavy Metal Contamination of Soil due to Reuse
of Wastewater

The pollution due to heavy metals has become a major concern, as the metals tend to
become persistent in the environment and find their way into the other components
of the environment through several biological and physiological processes. Once the
heavy metals enter the food chain, they bioaccumulate in the living tissues, that is,
the concentrations of heavy metals within a biological organism increase over a long
time, and along with their magnification to higher trophic levels, than that in the
environment (Du et al. 2013). Moreover, even a very low concentration of most
heavy metals is toxic, and often a carcinogenic effect is produced in humans
(Dockery and Pope 1996; Willers et al. 2005). While certain heavy metals are
known to serve as essential elements to plants and humans at trace amount, a rise
above the threshold concentration leads to adverse impacts on the living systems.
The significant presence of the toxic heavy metals has also been held responsible for
the inhibition of natural biodegradation of organic pollutants (Maslin and Maier
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2000). The major concern for heavy metals is, thus, attributed to their high-level
toxicity, long biological residence time, solubility, and potential of bioaccumulation
(Arora et al. 2008).

In wastewater, the most significant sources of heavy metals are industries includ-
ing effluents from power plants; metallurgical, chemical, and inorganic pesticide
manufacturing plants; automobiles; pigment and dyes; textile; tannery;
electroplating; galvanizing; cement; paint and asbestos industries; etc. (Ahluwalia
and Goyal 2007), along with mine wastewater containing tailings (Moore and
Ramamoorthy 1984; Dudka and Adriano 1997; Navarro et al. 2008). Besides,
domestic sources may include corrosion of sewerage pipe and plumbing equipment,
laundry detergents, cosmetic ingredients, and preservatives (Aonghusa and Gray
2002; Sharma et al. 2007; Sahu et al. 2014). Other major sources of wastewater
containing significant amount of heavy metals are laboratories of educational,
scientific, and medical institutions, which disposed chemicals, antibiotics, cancer
therapeutics, anti-inflammatory drugs, contraceptives, and other hormones
(Hernando et al. 2006; Nikolaou et al. 2007). While certain sources like metallurgi-
cal, chemical, and electroplating industries, etc. release innumerable heavy metals,
effluents from industries producing dyes, textile, and tannery mainly comprise of
chromium, zinc, iron, calcium, etc. (APHA 1995). Zinc, cadmium, and copper have
been reported to be significant in laundry wastewater (Aonghusa and Gray 2002),
whereas chromium, nickel, and mercury concentration dominates in cosmetic prod-
ucts such as lipsticks and fairness creams (Sahu et al. 2014). In most countries
including India, the irrigation of vegetable crops with domestic or industrial waste-
water has become a regular practice (Gupta et al. 2008a, b; Garg et al. 2014; Singh
et al. 2010). The heavy metals present in such type of wastewater get accumulated in
the agricultural soil, from which it is passed and accumulated in the agricultural
crops (Krishna and Govil 2005; Godson et al. 2002; Barman et al. 2000; Fazeli et al.
1991).

Singh et al. 2009 reported the following ranges of heavy metals (mg/mL), i.e., Cd
(0.03–0.04), Cr (0.05–0.147), Cu (0.043–0.053), Zn (0.093–0.117), Pb
(0.043–0.063), Mn (0.077–0.11), and Ni (0.02–0.05), in the wastewater used for
irrigation in Dinapur and Lohta sites of Varanasi district in India. The higher ranges
of Ni, Cr, Pb, and Mn at the Lohta site were attributed to the untreated industrial
effluents discharged from several industries where these metals were used for
making of metal alloys, metal plating, and coloring (Singh et al. 2009). Dyeing
and paint industries in Varanasi contribute to high concentrations of heavy metals
especially Cd, Cr, and Pb to wastewater (Sharma et al. 2007), whereas Ni and Pb are
added by battery- and metal-plating industries (Sharma et al. 2006, 2007). It has been
suggested that substantial reduction of heavy metal concentration is possible by
screening of sewage and other types of wastewater (Panicker 1995). However,
certain metals in traces remain in screened wastewater which may get accumulated
in the soil and agricultural crops over long-term use and can cause phytotoxicity
(Ghafoor et al. 1999). Once the toxic metals get accumulated in plants, they induce
physiological stress and subsequent changes in biochemical composition of the
plants (Gupta et al. 2010). Various studies have reported decreased chlorophyll
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concentrations in vascular plants due to the physiological stress of toxic metals
(Monni et al. 2001; Patsikka et al. 2002).

3.3 Heavy Metal Contamination of Food Crops Irrigated
with Wastewater

The reuse of wastewater containing innumerable heavy metals for irrigation exposes
them into the soil, then to the crops, and finally to the consumers. However, the
dissolution, uptake, and bioaccumulation of heavy metals in edible crops, cereals,
and vegetables are governed by various factors (Fig. 3.1). This may include climatic
conditions; the nature and composition of soil, i.e., concentrations of organic matter
and pH; and the presence and concentrations of various anions and the concentra-
tions and solubility sequences of heavy metals in soil, assimilative capacity of the
soil, atmospheric depositions, the plant species, and the degree of maturity of the
plants during the harvesting period (Lake et al. 1984; Scott et al. 1996; Voutsa et al.
1996; Kafka and Kuras 1997). The extent of heavy metal binding to the soil particles
is reliant on the pH and ion properties, as the binding forces of heavy metals are
inversely related to the soil pH. Moreover, the metal ions with higher charges have
higher tendency to adhere to soil particles than the ions with less charges
(Dobrzanski and Zawadzki 1993). The sorption of heavy metals in the soil is also
established to be influenced by the presence of humus in the soil which has a
significant role in metal adsorption (Stevenson 1992). According to Schulten and
Leinweber (2000), the heavy metal content reduces from clay to silt due to high
surface area of clay, and soil containing organic matter and higher clay fractions can
have higher concentration of heavy metals. Soil pH influences the solubility of the
heavy metals, and it decreases with increase of soil pH (i.e., alkaline range). The
increase in the organic contents of soil which facilitates more binding of metals to the
soil therefore increases the metal solubility and adsorption in soil (Hough et al.

Fig. 3.1 Dietary exposure of heavy metals from agricultural products contaminated by wastewater
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2003). The pH also affects the bioavailability of metals present in the wastewater-
irrigated soils. It has been established that the hydrogen ions have a greater affinity
for competing with metal ions; therefore, at lower pH metal ions are easily released
from the soil and become available for the plant uptake (Singh et al. 2009). Rupa
et al. 2003 reported the increased uptake of heavy metals in wheat plants at
comparably higher levels of organic matters. Similarly, pH and organic contents
enhance the solubility and availability of heavy metals and facilitate higher avail-
ability of metal ions to the plant from the soil (Ram et al. 2006).

Several studies suggest that heavy metal accumulation in plants varies in different
species and different parts of plants. Mostly, leafy edible parts of vegetables are
reported to contain high heavy metal concentrations than fruit crops or grain
crops (Chopra and Pathak 2015). However, the leaves and roots of crops show a
greater accumulation of heavy metals than the storage organs or fruits (Jinadasa et al.
1997; Lehoczky et al. 1998; Mapanda et al. 2005; Sharma and Agrawal 2006).
Nevertheless, researchers (Davis et al. 1994; Traina and Laperche 1999; Violante
et al. 2010) have suggested that bioavailability of heavy metals is majorly controlled
by the metal species, affinity of the heavy metal for plant roots, the existing forms of
metals in soil, and the properties of soil, instead of the total heavy metal concentra-
tions. Even minute concentrations of heavy metals get adsorbed on soil particles and
are retained for a long time as colloidal association (Sauve et al. 2000).

Through a study on Beta vulgaris receiving wastewater for irrigation, Sharma
et al. (2007) have reported that concentrations of metals such as cadmium, zinc,
mercury, and chromium were higher during summer, but in winter season, higher
concentrations were measured in case of metals like copper, lead, and nickel. In
another study by Sharma et al. (2008), the highest concentration of lead was
observed in Beta vulgaris, whereas zinc and copper were highest in Brassica
oleracea, and cadmium was highest in Abelmoschus esculentus and Beta oleracea.
Rice grain has been reported to accrue very high concentrations of lead and cadmium
(Zhuang et al. 2009). Fiber crops like flax and cotton, when cultivated in heavily
contaminated soils, have also been detected to take up heavy metals (Angelova et al.
2004). It is evident that different species accumulate heavy metals. Various studies
indicated that the duration of use of wastewater also correlated with heavy metal
accumulation in vegetables (Sinha et al. 2005; Sharma et al. 2006, 2007).

3.4 Ecological Risk of Heavy Metal Contamination

In nature, soil acts as sink and filters for the heavy metals, by the process of binding
and immobilization. Nevertheless, the continuous input of heavy metals in the soil
by the means of wastewater irrigation alters the soil’s capacity to retain the heavy
metals, hence, leading to the consequent release of heavy metals (Sharma et al.
2007). This may also lead to imbalance in the essential trace metal composition of
the soil, which is likely to further adverse ecological conditions in the soil microen-
vironment as well as to the plants growing on it. Increase in heavy metal
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concentration in soil results in increase in uptake of the metals by crops growing on
the soil (Whatmuff 2002 and McBride 2003), which further creates and stimulates
stress conditions in plants by impeding physiological and metabolic functioning of
the plants. In plants, heavy metals can cause structural disorganization of organelles,
disrupt cell membranes, and retard normal growth rate (Long et al. 2003; Zhang et al.
2002; Chien and Kao 2000; Kimbrough et al. 1999). Apart from these, the elevated
concentration of heavy metals in soil also produces toxic effect on the soil microor-
ganisms. Studies have reported that the heavy metals tend to alter the microbial
processes in the soil ecosystem, which can be attributed to the physiological stress
caused to the soil microbes by the activities of heavy metals. The metals in soil are
also responsible for hindering enzymatic and metabolic activities of the soil
microbiota (Giller et al. 1998; Wang et al. 2007). This further disrupts the microbial
activities in the soil that are essentials for plants such as nitrogen fixation, other
nutrient cycles, etc. Apart from directly posing enormous threat to the soil quality,
and crops and vegetables cultivated in the contaminated soil, the heavy metals may
get introduced to nearby surface water bodies through runoffs and threatens the
aquatic ecosystem (Gupta et al. 2014). Fishes have been reported to accumulate
significant quantities of toxic contaminants in their tissues on exposure to polluted
aquatic bodies (Lewis et al. 2007; Yılmaz 2010; Chabukdhara and Nema 2012,
2013; Leung et al. 2014; Gupta et al. 2015). Therefore, it is well conformed from
several studies that heavy metal contamination in soil initiates the interaction of the
heavy metals with the other components of the ecosystem. When the contamination
level and the load of heavy metal pollution exceed the threshold, limits pose risk to
the environment.

3.4.1 Quantification and Assessment of Potential Ecological
Risk of Heavy Metal Contaminations in Soils

Based on reported heavy metal concentration in the soil of the different regions of
India, a cumulative assessment has been done to determine the level of pollution and
associated ecological risk in particular due to reuse of wastewater for irrigation. The
heavy metal concentration in the soil is equally important as that of their concentra-
tions in the edible products because it is from the soil that the metals find their way
into the plant tissues and then to the consumers.

3.4.1.1 Potential Ecological Risk

The potential ecological risk index (RI) proposed by Hakanson (1980) and Zhu et al.
(2008) is one of the most common methods of the quantification of the potential
ecological risk of the heavy metals, which can be calculated by contamination factor
(Ci

f) and the “toxic-response” factor. The potential risk index can be obtained as:
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Ei
r ¼ Ti

rC
i
f ð3:1Þ

Ci
f¼Cn=Cnr ð3:2Þ

Cdeg ¼
X

Ci
f ð3:3Þ

RI ¼
X

Ei
r ð3:4Þ

where Ei
r is the potential ecological risk index of an individual metal, Ci

f is single-
metal pollution factor, Cn is the concentration of the metal in samples, and Cnr is a
background value for metal. The chemical compositions of the continental crust
were used as the background values in this chapter which are 46,700 mg/kg for Fe,
95 mg/kg for Zn, 20 mg/kg for Pb, 68 mg/kg for Ni, 850 mg/kg for Mn, 45 mg/kg for
Cu, 90 mg/kg for Cr, and 0.3 mg/kg for Cd (Turekian and Wedepohl 1961). Loska
et al. (2004) classified the metal contamination levels as follows: low (Cif <1),
moderate (1 � Cif < 3), considerable (3 � Cif < 6), and very high (6 � Cif)
contamination levels. The degree of contamination (Cdeg) is the sum of contamina-
tion factors for all of the metals. Based on the value of Cdeg, metal contamination
levels are categorized as follows: low (Cdeg < 5), moderate (5 � Cdeg < 10), consid-
erable (10 � Cdeg < 20), and very high (20 � Cdeg) degree of contamination (Duong
and Lee, 2011). If the Cdeg values exceeded 20, then necessary measures are required
to reduce heavy metal contamination (Abdel-Latif and Saleh 2012). Ti

r denotes the
“toxic-response” factor for heavy metals. The Tr values of Cu, Cr, Pb, Cd, Zn, Mn,
and Ni are 5, 2, 5, 30, 1,1, and 5, respectively (Xu et al. 2008; Hakanson 1980). The
scale of ecological risk can be categorized as follows: Eir < 40, low risk; 40 � Eri

< 80, moderate risk; 80 � Eri < 160, considerable risk; 160 � Eri < 320, high risk;
and Eri � 320, very high risk (Islam et al. 2015).

Based on the estimation, the degree of contamination and potential ecological risk
index due to metal contamination in agricultural soils are presented in Table 3.1. As
can be seen, most of the wastewater-irrigated sites showed very high degree of
contamination due to heavy metals. The highest degree of contamination and
ecological risk is found at Durgapur and Burdwan region of West Bengal (Gupta
et al. 2008a, b) that were irrigated with wastewater, effluents, or effluent-
contaminated water. Based on the study done in Delhi, where the major source of
irrigation is groundwater, the soil showed least degree of contamination and risk
(Kaur and Rani 2006). This indicates that the effluents or wastewater discharges are
not safe for use in irrigation and these need proper treatment prior to disposal at
different sites. Agricultural sites in Kanpur, Uttar Pradesh, and Delhi showed low
risk (Sinha et al. 2006; Kaur and Rani 2006), Ghaziabad showed moderate risk
(Chabukdhara et al. 2016), and Hyderabad showed considerable risk (Chary et al.
2008). All other sites showed high to very high risk.

Among metals, Pb and Cd showed the higher levels of contamination as com-
pared to other metals in the wastewater-irrigated soil. As expected, the highest levels
of ecological risks are also associated with Pb and Cd. While considering the degree
of contamination to assess the contamination level in the affected soils of the

62 S. K. Gupta et al.



T
ab

le
3.
1

D
eg
re
e
of

co
nt
am

in
at
io
n
(C

d
eg
)
an
d
ec
ol
og

ic
al
ri
sk

in
de
x
(R
I)
du

e
to

he
av
y
m
et
al
s
in

In
di
an

ag
ri
cu
ltu

ra
l
so
ils

ir
ri
ga
te
d
w
ith

w
as
te
w
at
er

A
gr
ic
ul
tu
ra
l

so
il
si
te

C
i f

C
d
eg

E
i r

R
I

R
ef
er
en
ce
s

C
u

C
r

P
b

C
d

Z
n

M
n

N
i

C
u

C
r

P
b

C
d

Z
n

M
n

N
i

D
ur
ga
pu

r,
W
es
tB

en
ga
l

0.
00

0.
61

44
.8
0

20
.0
0

0.
00

0.
10

0.
00

65
.5
1

0.
00

1.
22

22
4.
00

60
0.
00

0.
00

0.
10

0.
00

82
5.
32

G
up

ta
et
al
.

(2
01

0)

T
ita
ga
rh
,

W
es
tB

en
ga
l

2.
00

1.
65

6.
52

10
2.
40

2.
29

0.
00

1.
52

11
6.
38

10
.0
0

3.
30

32
.6
1

30
72

.0
0

2.
29

0.
00

7.
62

31
27

.8
2

G
up

ta
et
al
.

(2
00

8a
)

G
ha
zi
ab
ad
,

In
di
a

0.
41

0.
31

1.
53

1.
47

0.
90

0.
36

0.
85

5.
83

1.
97

0.
65

7.
45

42
.7
0

0.
89

0.
36

4.
80

58
.8
2

C
ha
bu

kd
ha
ra

et
al
.(
20

16
)

H
yd

er
ab
ad
,

A
nd

hr
a

P
ra
de
sh

0.
71

0.
37

25
.6
0

0.
00

4.
06

0.
00

0.
81

31
.5
5

3.
56

0.
73

12
8.
00

0.
00

4.
06

0.
00

4.
04

14
0.
40

C
ha
ry

et
al
.

(2
00

8)

K
an
pu

r,
U
tta
r

P
ra
de
sh

1.
58

1.
87

0.
00

0.
00

3.
23

0.
37

0.
62

7.
67

7.
89

3.
75

0.
00

0.
00

3.
23

0.
37

3.
08

18
.3
2

S
in
ha

et
al
.

(2
00

6)

V
ar
an
as
i,

U
tta
r

P
ra
de
sh

0.
71

1.
05

0.
89

8.
61

0.
79

0.
19

0.
21

12
.4
5

3.
55

2.
09

4.
45

25
8.
33

0.
79

0.
19

1.
07

27
0.
48

S
ha
rm

a
et
al
.

(2
00

7)

V
ar
an
as
i,

U
tta
r

P
ra
de
sh

0.
47

0.
21

1.
07

10
.4
0

0.
61

0.
00

0.
35

13
.1
1

2.
35

0.
43

5.
35

31
2.
00

0.
61

0.
00

1.
74

32
2.
47

S
in
gh

et
al
.

(2
01

0)

V
ar
an
as
i,

U
tta
r

P
ra
de
sh

0.
32

0.
00

0.
32

4.
23

1.
15

0.
00

0.
00

6.
03

1.
62

0.
00

1.
60

12
7.
00

1.
15

0.
00

0.
00

13
1.
37

S
in
gh

et
al
.

(2
00

9)

V
ar
an
as
i,

U
tta
r

P
ra
de
sh

0.
32

0.
20

0.
90

14
.2
2

0.
26

0.
49

0.
20

16
.6
0

1.
59

0.
41

4.
51

42
6.
60

0.
26

0.
49

1.
02

43
4.
88

S
in
gh

et
al
.

(2
00

9)

B
ur
dw

an
,

W
es
tB

en
ga
l

1.
43

7.
76

0.
00

10
5.
90

1.
52

0.
17

0.
00

11
6.
78

7.
15

15
.5
1

0.
00

31
77

.0
0

1.
52

0.
17

0.
00

32
01

.3
5

G
up

ta
et
al
.

(2
00

8b
)

(c
on

tin
ue
d)



T
ab

le
3.
1

(c
on

tin
ue
d)

A
gr
ic
ul
tu
ra
l

so
il
si
te

C
i f

C
d
eg

E
i r

R
I

R
ef
er
en
ce
s

D
el
hi

1.
53

0.
00

2.
32

7.
80

1.
39

0.
00

0.
00

13
.0
4

7.
65

0.
00

11
.6
1

23
4.
00

1.
39

0.
00

0.
00

25
4.
64

S
in
gh

an
d

K
um

ar
(2
00

6)

K
an
pu

r,
U
tta
r

P
ra
de
sh

1.
97

0.
21

0.
76

6.
97

0.
30

0.
00

1.
19

11
.3
9

9.
85

0.
43

3.
78

20
9.
00

0.
30

0.
00

5.
93

22
9.
29

S
an
gh

ia
nd

S
as
i
(2
00

1)

V
ar
an
as
i,

U
tta
r

P
ra
de
sh

0.
91

0.
01

0.
95

7.
72

0.
95

0.
00

0.
00

10
.5
4

4.
57

0.
03

4.
74

23
1.
50

0.
95

0.
00

0.
00

24
1.
79

R
ai
an
d

T
ri
pa
th
i

(2
00

8)

V
ar
an
as
i,

U
tta
r

P
ra
de
sh

0.
45

0.
59

3.
96

33
.2
7

0.
00

0.
00

1.
24

39
.5
1

2.
26

1.
18

19
.7
9

99
8.
00

0.
00

0.
00

6.
22

10
27

.4
4

P
an
de
y
et
al
.

(2
01

2)

D
el
hi

0.
03

0.
00

0.
04

0.
00

0.
01

0.
00

0.
00

0.
09

0.
16

0.
00

0.
20

0.
00

0.
01

0.
00

0.
02

0.
40

K
au
r
an
d

R
an
i
(2
00

6)

D
ur
ga
pu

r,
In
di
a

0.
00

0.
61

44
.8
0

20
.0
0

0.
00

0.
10

0.
00

65
.5
1

0.
00

1.
22

22
4.
00

60
0.
00

0.
00

0.
10

0.
00

82
5.
32

G
up

ta
et
al
.

(2
01

0)



country, there is a very high level of contamination estimated to have been
persisting. In addition to the elevated contamination level, the pollution load index
also depicts a deteriorating quality of the environment, where wastewater irrigation
of agricultural soil is prevalent. However, the presence of cadmium poses a very high
ecological risk in the environment where wastewater is being used for irrigation. In
contrary to this, the ecological risk due to other metals considered for the evaluation
has been determined to be low, except for lead, which has been detected to pose
moderate ecological risk. Thereby, it is quite clear that the cumulative presence of
cadmium in the soil as a result of wastewater irrigation in the studied areas of the
country is beyond the safe limit and, therefore, requires intensive remediation
measures.

3.5 Human Health Risk of Heavy Metals

In several studies, heavy metals have been accounted to interrupt the normal
functioning of cellular organelles such as endoplasmic reticulum, lysosome, mito-
chondria, certain enzymes, nuclei, and cell membrane. This results in conformational
changes in cellular structure and functions, leading to variation in cell cycle,
apoptosis, and carcinogenic and teratogenic effects (Chang et al. 1996; Wang and
Shi 2001; Beyersmann and Hartwig 2008). The production of reactive oxygen
species (ROS) leads the subsequent oxidative stress in human bodies (Coman and
Draghici 2011). Researchers have accounted that intake of heavy metal-
contaminated food is capable of reducing the immunological defenses by depleting
certain essential nutrients from the body. Several other health effects such as
impaired fetus development, psychosociological behavior, gastrointestinal cancer,
etc. are also associated with undernourishment. Various scientific literatures have
established the disorders likely to occur in human bodies in relation to the dietary
intake of food contaminated with heavy metals. While lead and cadmium have been
held responsible for upper gastrointestinal cancer, breast cancer mortalities have
been related to chromium intake (Iyengar and Nair 2000; Jarup 2003; Turkdogan
et al. 2003; Pasha et al. 2010). Lead has also been recognized to cause encephalop-
athy in children, improper hemoglobin synthesis, renal infections, high blood pres-
sure, and reproductive system disruption (Kanwal and Kumar 2011; Sanders et al.
2009; UNEP 2006; Fewtrell et al. 2003). The intake of excess cadmium through
ingestion causes adverse health effects such as prostate and breast cancer; kidney,
bone, and pregnancy disorders; as well as disturbances of male fertility (Kippler
et al. 2012; Julin et al. 2012; Thomas et al. 2011; Godt et al. 2006). Cancer, fatigue,
headache, skin rashes, dizziness, heart problems, and respiratory illness are also
related with high concentration of nickel in food. However, the effects of heavy
metals to human system are governed by age group, gender, prevalent health status
of an individual, etc. Therefore, evaluation of health risk requires the consideration
of these factors.
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3.6 Exposure and Risk Assessment

An attempt has been made to summarize the health risk due to heavy metals via crop
and vegetable consumption in India. The reported risk due to metals in crops and
vegetables has been included as such in this chapter, and for others, the calculation of
daily intake of metals (DIM) for adults was determined using the following equation:

DIM ¼ �
Cmetal X Cfactor X Dfood intake=BWaverageweight

where Cmetal stands for the heavy metal concentrations in plants/crops (mg/kg),
Cfactor stands for conversion factor (0.085) (Rattan et al. 2005), Dfood intake stands
for daily intake of vegetables, and BWaverageweight stands for average body weight.
The average daily intakes of food crops and vegetables for adult were considered to
be 0.345 kg/person/day (Ge 1992; Wang et al. 2005).

3.6.1 Health Risk Index (HRI)

In this review, we assessed the possible potential health risk of heavy metals for
India which was based on reported heavy metal data in crops and vegetables. The
health risk index was computed for Cd, Pb, Cr, Cu, Zn, and Ni as the ratio of average
daily intake of metals to oral reference dose through dietary intake of crops/vegeta-
bles as food following the method of Cui et al. (2004).

HRI ¼ DIM=RfD

where DIM represents the daily exposure of metals and RfD represents reference
oral dose. RfD value for Cu, Cr, Pb, Cd, Zn, and Ni is 0.04, 1.5, 0.004, 0.001, 0.003,
and 0.02 (mg/kg bw/day), respectively (USEPA 2001, 1997; USEPA IRIS 2006).

3.6.2 Noncarcinogenic Risk of Heavy Metals for Adults
Through Contaminated Cereals and Vegetables

Exposure of heavy metals to the human being generally occurs through ingestion of
the food crops and vegetables cultivated in the agricultural lands irrigated with
wastewater. As summarized in Table 3.2, HRI for Zn, Pb, and Cd exceeded the
safe limit for many vegetables. This clearly revealed that dietary intake of such
metal-contaminated vegetables is likely to induce serious health hazard to the
consumers, i.e., human beings, if such vegetable is regularly consumed due to
chronic exposure. Some of the heavy metals such as lead and cadmium are potential
carcinogens as these metals are associated with aetiology of a number of diseases.
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The list may include diseases of the nervous system, kidney, blood, cardiovascular,
and many others (Jarup 2003; WHO/FAO 2007). Among rooted vegetables, radish
showed higher risk due to Pb, Cd, and Zn, while among leafy vegetables, coriander,
mint, cauliflower, parsley, and onion showed higher risk for consumption. Cu and Cr
showed no risk for consumption of vegetables. HRI values for Ni also exceeded the
safe limit (HRI > 1) in some vegetables, but it was comparatively lower than those
due to Zn, Pb, and Cd.

3.7 Conclusions

The scarcity of precious freshwater and groundwater initiated the search of alterna-
tive water resources for the agriculture crops. Recycling and reuse of wastewater
seem the most suitable option among all others for the sustainable management of
water resources. Reuse of domestic or treated industrial wastewater for irrigation is
often viewed as the most economic and environmental-friendly option. However,
such wastewater contains variety of chemicals including traces of heavy metals.
Prolonged use of such wastewater for the production of crop and vegetables leads
gradual accumulation of trace elements in the agricultural lands. Various environ-
mental and geochemical factors often moderate the leachability and bioavailability
of such metals from the soil which accumulate in the growing crops. Therefore the
chronic exposure of such metals to the humans through dietary intake poses serious
threat. An assessment of human health risk of heavy metals through dietary intake
was comprehensively assessed on the basis of available literature in Indian scenarios.
The results showed that the metal concentrations in agricultural soils in India are
categorized as high to very high risk in most of the wastewater-irrigated sites.
Furthermore, in Indian scenario, the potential health risk index exceeded the safe
limit (HRI > 1) for some of the metals such as Cd, Pb, Ni, and Zn. The observed
health risk clearly indicated the poor quality of wastewater due to the presence of
some of the heavy metals, and irrigation of crops/vegetables with such wastewater
could pose serious health risk to the consumers. Immediate action of regulatory
authorities is recommended to regulate the use of such type of wastewater contam-
inated with traces of the selected heavy metals for safeguarding the health of the
general public.
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Chapter 4
Biological Wastewater Treatment
for Prevention of River Water Pollution
and Reuse: Perspectives and Challenges

N. K. Singh, G. Gupta, A. K. Upadhyay, and U. N. Rai

Abstract Wastewater discharge with high biological oxygen demand (BOD) and
high nutrient levels (e.g., nitrate, phosphate) affects water quality and is a major
reason for degradation of water bodies, including rivers. In addition, metals and
other toxic elements are also concentrated in aquatic bodies due to the continuous
disposal of wastewater that is treated or partially treated. In many developing
countries, wastewater treatment facilities are not fully operational due to energy
crises and improper maintenance. However, under the provisions of the Environ-
mental Protection Act, maximum permissible limits have been established for the
disposal of different pollutants into surface water bodies. Therefore, the appropriate
treatment of wastewater containing various pollutants is mandatory before its dis-
posal into a body of water. Conventional methods of wastewater treatment use
sewage treatment plants; however, they may be unable to treat wastewater properly
and completely due to their higher cost and maintenance requirements. In this case,
green plant-based technologies such as phytoremediation, the development of
constructed wetlands, and algal pond systems may perform key roles in treating
wastewater by removing nutrients and toxic metals before their discharge into rivers.
By implementing plant-based, low-cost, and eco-friendly technologies for the treat-
ment of wastewater at the source of origin up to a permissible level of discharge, we
can prevent the pollution of surface water bodies and recycle the treated water in
agriculture for irrigation, gardening, and other purposes.
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4.1 Introduction

Increasing overpopulation, urbanization, and modernization are creating problems
for sewage discharge and thus the surface water contamination of lakes and rivers.
Rivers are the major dumping site for highly polluted wastewaters emerging from
different sources (Georgetti et al. 2011; Guittonny-Philippe et al. 2014). For exam-
ple, the Ganga River became one of the most highly polluted rivers in the world in
recent decades (Wong et al. 2007) because of sewage containing high BOD and
toxic elements that was discharged without treatment from urban areas
(Purushothaman and Chakrapani 2007; Rai et al. 2011). The most problematic
source of water contamination is sewage that is discharged directly into the rivers
without any kind of treatment (CPCB 2005). Therefore, the safe discharge of
wastewater, including sewage, is essential to protect water resources and the envi-
ronment in accordance with the Environmental Protection Act, which established
maximum permissible limits for wastewater discharged into aquatic bodies, partic-
ularly rivers (EPA 1986). Therefore, the proper treatment of sewage and wastewater
is mandatory prior to its final discharge into water bodies, including rivers. However,
wastewater treatment facilities are not fully operational in many developing coun-
tries because of power shortages or inadequate maintenance.

The deteriorating water quality in rivers from anthropogenic and industrial activities has
led to the need to establish efficient water management systems. Conventional methods of
wastewater treatment are based on physicochemical methods and have limitations due to
their high cost of implementation and operation (Carty et al. 2008). However, green plant-
based technologies are innovative solutions for environmental protection due their low cost
and ecofriendly nature. Plants and algae growing in the littoral zones of rivers are of
particular importance in wastewater remediation because of their efficiency in removing
accumulated metals and nutrients from wastewater. These efficient metal-accumulating
plants and algae have water-purifying potential that can be used in phytoremediation
technology, either individually or as a part of a constructed wetland. Plant-based technol-
ogies are solar driven, ecofriendly, and cost-effective because they require no energy and
comparatively lower costs for their implementation and operation. After biological treat-
ment, wastewater may be used for irrigation or gardening, or it may be recycled for other
purposes. Therefore, treating wastewater by growing efficient aquatic plants and algae in a
designed plant-based system could be used not only as an alternative to conventional
methods, but also to prevent and control river water pollution.

4.2 Wastewater Sources and Characteristics

4.2.1 Sources of Wastewater

The direct discharge of untreated or partially treated sewage into rivers leads to
pollution and affects water quality. According to Singh et al. (2004), on average
more than 1.3 billion liters of sewage per day is discharged directly into rivers
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without any treatment. Out of 38,254 MLD (Million Litre per Day) sewage gener-
ated from 498 class I cities and 410 class II towns in India, only 11,787 MLD (35%)
was treated in existing treatment facilities; therefore, 26,467 MLD (65%) of
untreated sewage was discharged directly into the river system (CPCB
2007; CPCB 2009). Furthermore, other sources of contamination include effluent
treatment plants and industrial operations in the watersheds of river, which deteri-
orate water quality by discharging wastewater with high BOD and nutrients into
rivers (Rai et al. 2011; Markandya and Murty 2004). When wastewater containing
heavy metals such as Hg, Cd, Zn, Ni, Pb, Cr, Co and Cu is discharged into rivers, it
leads to bioaccumulation and biomagnification in the food chain, which affects
aquatic biota because of their persistent nature (Gochfeld 2003).

4.2.2 Characteristics of Wastewater

Wastewater is defined as water used by different communities that contains a variety
of impurities mixed with either suspended or dissolved solids. Generally, wastewater
contains 99.9% water and 0.1% solids. The wastewater can be characterized as high
or low pH, with high total suspended solids (TSS) and total dissolved solids (TDS),
low dissolved oxygen (DO), high concentrations of nitrates and phosphates, high
BOD, and high metal content. Wastewater includes sewage and effluent from
different industries that have low DO, high BOD, phosphate, nitrate, and metals.

4.2.3 Effects of Wastewater

The water quality of rivers and lakes, which are the main source of drinking water, is
continuously degrading because of discharge of wastewater. This can lead to a
variety of waterborne diseases, including cholera, renal disease, heart diseases,
diarrhea, and dysentery (Gray 2008). Furthermore, wastewater that is discharged
on land can leach into underground water tables and contaminate groundwater,
making it unsafe for use (Table 4.1). The discharge of sewage causes eutrophication
of aquatic bodies, which damages the flora and fauna that grow in the water, as well
as disturbs the food chain and food web of the ecosystem. Similarly, wastewater
used in irrigation contains high nutrients, toxic elements, and organic contaminants
that may affect the production of crops (Birol and Das 2010).

4.2.4 Wastewater Quality Parameters and Permissible Limits

The water quality parameters of wastewater and allowable levels of pollution and
metal content are given in Table 4.2.
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Table 4.1 Wastewater characteristics and their sources

Characteristics Source

Color Domestic sewage, industrial effluents, undecomposed organic
materials

Odor Wastewater, industrial waste

Solids Municipal water supply, industrial wastewater, soil erosion, inflow
infiltration

pH and temperature Urban and industrial wastewater

Organic contents Commercial and industrial wastewater

Oils and grease Sewage and industrial wastewater

Pesticides Agricultural runoff

Phenols Industrial effluents

Proteins and fats Sewage, commercial, and industrial wastes

Alkalinity Domestic water supply, groundwater infiltration

Chlorides Domestic wastes, domestic water supply

Heavy metals Industrial effluent, agriculture runoff, groundwater infiltration

Nitrogen and phosphorus Sewage, commercial and industrial wastes, natural runoff

Animals, plants, and
microbes

Open watercourses, treatment plants, and domestic waste

Table 4.2 Water quality parameters of wastewater and their maximum permissible limits for
discharge

Water quality parameter Standards for wastewater discharge (EPA 1986)

pH 5.5–9.0

Temperature (�C) Not to exceed 5 �C above the receiving water temperature

Conductivity (μs cm�1) 500

Total dissolved solids (TDS) 500

Dissolved oxygen (DO) 4–6

Biological oxygen demand (BOD) 30

Total suspended solids (TSS) 100

Nitrates (NO3-N) 10

Ammoniacal nitrogen (NH4-N) 50

Phosphates (PO4-P) 5

Chromium (Cr) 2

Manganese (Mn) 2

Cobalt (Co) 3

Nickel (Ni) 3

Copper (Cu) 3

Zinc (Zn) 5

Arsenic (As) 0.2

Lead (Pb) 0.1

Values are in mg L�1 unless otherwise noted.
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4.3 Biological Wastewater Treatment Technologies

The conventional approach of wastewater treatment includes sewage treatment
plants based on physico-chemical processes (e.g., activated sludge, wastewater
maturation ponds, trickling filters, high-rate stabilization ponds), anaerobic pro-
cesses (e.g., anaerobic ponds, upflow anaerobic sludge blanket reactors), or a
combination of both. However, because of the higher costs of operation, equipment
corrosion, high requirements for electricity supply, and the non-reusability of treated
water, these conventional methods are not more feasible and or more successful than
biological methods. Biological wastewater treatment technologies are comparatively
cheap and more ecofriendly. They often apply two methods: phytoremediation (i.e.,
the use of green plants to remove, degrade, and detoxify the pollutants) and
bioremediation (i.e., the use of microorganisms to degrade, convert, transform, and
detoxify the pollutants). In conventional sewage treatment plants, there is a possi-
bility of operational failure due improper maintenance and accidents, thus risking a
huge capital and harm to workers. However, plant- and microbe-based
eco-technology have zero risk of hazards, create zero residues, and use zero energy.

4.3.1 Algae-Based Wastewater Oxidation Pond System

Algae-based wastewater oxidation pond system (AIWPS) technology is a very
efficient way to use solar energy for algal growth. AIWPS releases photosynthetic
oxygen from the supporting water and uses a special design to foster pond methane
formation. This technology has been successfully used at many locations in Cali-
fornia and elsewhere, and it has now been applied in Varanasi, India.

AIWPS has a series of four ponds: (i) an advance facultative pond, (ii) a high-rate
pond, (iii) an algal settling pond, and (iv) a maturation pond. The wastewater is first
screened out and then allowed to pass through the AIWPS. In this technology,
produced methane gas is purified up to 85–88% and collected in the gas collectors
for combustion. Greenhouse gas emissions are minimized as the carbon dioxide
generated during fermentation and electricity generation is absorbed in the pond.
The system is designed to grow crops of algae and release a maximum amount of
free molecular oxygen as dissolved oxygen (DO) to the surrounding water under
controlled conditions. The DO in soluble form goes to bacteria, which break down
organic waste and purify water.

Algal systems can treat sewage, livestock waste, agro-industrial waste, and
industrial waste (Shelef et al. 1980; Ibraheem 1998; Kaplan et al. 1988; Ma et al.
1990). The most commonly used arrangements for the treatment of wastewater are
high-rate algal ponds (Oswald 1988) and the patented Algal Turf Scrubber (Craggs
et al. 1996), which employs common green algae (Chlorella, Scenedesmus,
Cladophora), cyanobacteria (Spirulina, Oscillatoria, Anabaena), or both. Various
species of green algae, such as Enteromorpha and Cladophora, have been used to
monitor heavy metal concentrations around the world (Al-Homaidan et al. 2011).
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The ability of algae to accumulate and biotransform metals in their tissues is the
key factor for their widespread use in the biomonitoring of different ecosystems
(Mehta and Gaur 2005). The blue-green algae Phormidium has been reported to
accumulate metals (Cd, Zn, Pb, Ni and Cu) from wastewater, while Caulerpa
racemosa has been used for the removal of boron species from water (Bursali
et al. 2009). Metal accumulation by microalgae and macroalgae can be used in
phytoremediation methods, which are not costly and environmental friendly. Algae
have different mechanisms for sequestering and synthesizing phytochelatins and
metallothioneins, which bind with metals and translocate them into vacuoles (Suresh
and Ravishankar 2004). The uptake of toxic elements by algae generally depends on
the process of adsorption and metabolism-dependent active uptake (Lomax et al.
2011). Furthermore, the role of algae in arsenic transformation and the reduction of
toxicity have been reported by many researchers (Wang et al. 2013; Bahar et al.
2013; Upadhyay et al. 2016).

4.3.2 Wastewater Treatment by Plants

The solar-driven and cost-effective technology for wastewater treatment, popularly
known as phytotechnology or green technology, is based on the use of efficient
metal-accumulating plants to remove pollutants, including metals and radionuclides,
from soil and water. A variety of water-purifying plants may be used, depending on
the local climate and geographical location. The chosen plants are usually indige-
nous to a specific location for ecological reasons and to optimize the functioning of
the system.

Several aquatic plants have been found to be more efficient at utilizing solar
energy than many terrestrial plants and hence show high growth rates. More than
450 angiospermic plants have been identified and reported as metal
hyperaccumulators (Rascioa and Navari-Izzo 2011), which are able to accumulate
potentially phytotoxic elements to concentrations up to 1000 times higher than
average plants (Cherian and Oliveira 2005).

In phytoremediation processes, plants perform different mechanisms, such as
phytoextraction, phytodegradation, rhizofiltration, phytostabilization, and
phytovolatilization to remove toxic elements from wastewater. Several investiga-
tions have demonstrated that aquatic plants are quite effective at removing metals
from wastewater without any visible injury (Lesage et al. 2007; Mishra and Tripathi
2009). Metal removal by the use of aquatic macrophytes is a cost-effective and
eco-friendly technique for wastewater treatment (Tangahu et al. 2011; Rai et al.
2013). Submerged macrophytes have shown great potential to accumulate metals
(Peng et al. 2008).

Furthermore, aquatic plants absorb metals and nutrients from the water and
sediment to which they are exposed (Fritioff and Greger 2003; Upadhyay et al.
2014, 2017). High concentrations of arsenic and other heavy metals in naturally
grown plants and algae have been reported in arsenic-affected areas of West Bengal,
India, suggesting that macrophytes such as Eichhornia crassipes, Lemna minor, and
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Spirodela polyrhiza may be used for removing metals from contaminated water in a
plant-based treatment system (Singh et al. 2016).

4.3.3 Wastewater Treatment by Constructed Wetlands

Aquatic plants are used in constructed wetlands, which are designed wastewater
treatment systems based on biological, chemical, and physical processes for treating
wastewater (Rai 2004). Constructed wetlands mimic treatment processes that occur
in natural wetlands to remove pollutants from the water (USEPA 1993). The
treatment potential and efficiency of constructed wetlands can vary depending on
plant combinations and their potential to accumulate and translocate metals in
different parts of the plant (Sune et al. 2007). Constructed wetlands have been
successfully used for the reduction of water contaminants by treating a wide variety
of wastewaters, including industrial effluents, urban and agricultural runoff, sewage,
leachates, pharmaceutical waste, and mine drainage (Scholz and Lee 2005; Hadad
et al. 2006; Sheoran and Sheoran 2006; Zhang et al. 2012).

A constructed wetlands treatment system is composed of a bed substrate, efficient
aquatic plants, and a microbial population. The substrate may be sand, gravel, or soil
for anchoring wetland plants. There are two types of constructed wetland systems:
horizontal flow systems and vertical flow systems. Most constructed wetland treat-
ment systems are surface-flow or free-water surface systems. In surface-flow wet-
lands, the water flow on the surface of the wetland above the substrate has a variety
of vegetation, such as emergent, floating, rooted, and submerged (Reed et al. 1995).
In a subsurface flow system, also called a root-zone system, water flows below the
substrate from one end to the other through a permeable bed due to gravitational
force.

Various aquatic macrophyte species can be used in a constructed wetland system.
However, naturally occurring emergent aquatic plants, such as common reed, adapt
well to the local climate and soil conditions and provide adequate treatment. The
plants supply oxygen and other nutrients that promote microbial growth in the
substrate. The microbial population is largely responsible for treatment in the
constructed wetland. In addition, the plants growing in constructed wetlands may
provide a habitat for wildlife through remediation of pollution.

The planting and raising of reed beds are very popular in European countries for
constructed wetlands, using plants such as cattails (Typha spp.), water hyacinth
(Eichhornia crassipes), sedges, and Pontederia sp. Recent research in use of
constructed wetlands for subarctic regions has shown that buckbeans
(Menyanthestrifoliata) and pendant grass (Arctophilafulva) are also useful for
metal uptake (Rai et al. 2010). Aquatic vegetation may play an important role in
removal of phosphorus from water (Breen 1990; Guntensbergen 1989; Rogers et al.
1991). Phosphorus removal in a surface flow wetland treatment system has been
reported using the aquatic plants Scirpus sp., Phragmites sp., and Typha
sp. (Finlayson and Chick 1983). More often, the macrophyte Phragmites australis
is used in sewage treatment systems to treat sewage. Constructed wetlands have been

4 Biological Wastewater Treatment for Prevention of River Water. . . 87



used for metal and metalloid removal from wastewater. Water-purifying plants,
which supply oxygen and shade, are also added to the complete ecosystem to
improve wastewater treatment. The aquatic plants Phragmites australisa and
Typha latifolia have commonly been used for their metal tolerance, uptake, and
filtration ability for wastewater treatment.

Over time, the bacterial suspension forms a biofilm around the roots of the
treating plants (Peterson and Teal 1996). These micro-organisms assimilate the
nutrients from the water and supply them to the aquatic plants for energy to grow
and develop. Furthermore, macrophytes can transport atmospheric oxygen to into
wastewater through their leaves, stems, and roots (Howes and Teal 1994). Some
portion of transported oxygen is consumed for root respiration, with the remaining
oxygen dissolved in the water column of the wetland, which leads to oxidation of
organic carbon by facultative bacteria (Abbasi and Ramasami 1999). Moreover,
anoxic conditions promote the growth of denitrifying micro-organisms. The plants
not only assimilate nitrogen as a key nutrient in the life cycle for growth and
development (Ellis et al. 1994) but also release oxygen and provide a suitable
condition for purification reactions by enhancing a variety of chemical and microbial
processes in constructed wetlands (Jenssen et al. 1993).

The key mechanisms of phosphorus removal from wastewater in constructed
wetlands are physicochemical processes, such as the fixation of phosphate by iron
and aluminum in the substrate (Arias et al. 2001). Aquatic plants accumulate metals
in their tissue from water, which augments their use in designing a plant-based
treatment system coupled with mechanical skills (Rai et al. 2012). A reduction of
more than 90% of BOD and an increase in DO levels in sewage has been reported in
constructed wetlands that treat water using the aquatic plants Typha latifolia,
Phragmites australis, and Colocasia esculenta (Rai et al. 2013). Similarly, the
metal removal potential of these aquatic plants was also reported after 36 h of
sewage treatment (Rai et al. 2015). Masi et al. (2013) reported an average of 86%
removal for the organic load, 60% for total nitrogen, 43% for total phosphorus, 89%
for total suspended solids, and 76% for ammonium from sewage in constructed
wetlands. The hardiness, ability to survive under adverse environmental conditions,
and high productivity of vascular aquatic weeds can also be utilized to make them
efficient bio-agents for treating wastewater (Abbasi and Ramasami 1999). These
spent plants can be used as an energy feedstock. Recently, simulated constructed
wetlands planted with Typha latifolia and Polygonum hydropiper were reported to
efficiently treat sewage containing metals before its discharge into freshwater to
prevent water pollution (Upadhyay et al. 2017).

4.4 Treatment Processes

A number of conventional approach for wastewater remediation have been put forth,
but they have been unable to reach the desired safe disposal limit. In addition,
different investment priorities, a large gap between treated and generated sewage,
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high costs, and maintenance requirements also contribute significantly to the dis-
posal of untreated sewage. Plant-based technology, including constructed wetlands
designed for the secondary treatment of wastewater, use physical, chemical, and
biological processes with plants and microbes to reduce the toxic level of different
pollutants to a safer level (Breitholtz et al. 2012).

Wetland microbes have the ability to remove excessive amounts of nutrient
runoff from agricultural/human sources (Wu et al. 2011). It has been observed that
the suspended solids and oxidized nutrients present in wastewater are readily used by
wetland organisms for their growth and metabolism. As the water passes through the
wetland system, contaminants are removed from the water through adsorption by the
beds (phosphates and large organic compounds), microbially mediated removal
(biochemical reactions), or uptake into plants (heavy metals and some organic
compounds).

The phosphorus present in wastewater can be removed by different processes,
including mineralization, absorption, uptake by the plants, dissolution of insoluble P
to soluble by microbial secretion of the phosphatase enzyme, and precipitation
through the formation of a complex with metals present in the wastewater. Similarly,
nitrogen in the wastewater can be removed by the microbial actions of ammonifica-
tion, nitrification, and denitrification (Stewart 1966). Nitrogen can be easily taken up
by the plants (Kartal et al. 2010).

Metal accumulation processes involve the following steps: (1) binding to the
substrate, particulates, and soluble organics; (2) precipitation as insoluble salts; and
(3) uptake by plants and micro-organisms (Gill et al. 2014). Furthermore, enhance-
ments in the metal uptake of plants can be regulated (increased or decreased) by the
increased bioavailability of metals in solution, the addition of chelating molecules
and the genetic modification of transporters because these proteins can directly
control the uptake, distribution, and accumulation of various elements in plants
(Ovecka and Takac 2014; Salt et al. 1995).

The key step in the hyperaccumulation of metals depends on genetic regulation
and overexpression of different types of genes and transporters present in the plants
(Raskin 1996). Metals are either absorbed in the roots or translocated to the above-
ground parts of the plant through xylem, then deposited into vacuoles to remove
excess metal ions (Assunção et al. 2003). Metal uptake is governed by a variety of
molecules, such as the the transporter protein Zip family protein (zinc iron perme-
ase), natural resistance-associated macrophage, metallothionein, phytochelatins, Lsi
1 and 2, aquaporins, multidrug and toxin efflux, and heavy metal-transporting
ATPases (Talke et al. 2006; Fulekar et al. 2009; Pilon et al. 2009). After treatment
through the plant system, the wastewater could be recycled and reused for agricul-
ture and industrial processes.

4 Biological Wastewater Treatment for Prevention of River Water. . . 89



4.5 Conclusions

Green plant-based technologies such as phytoremediation, constructed wetlands,
and algal pond systems play an important role in treating wastewater by removing
nitrogen, phosphorus, and toxic metals before their discharge into rivers, thus
preventing water pollution. Aquatic plants with high metal tolerances and accumu-
lation potentials can be used to establish constructed wetlands for treating wastewa-
ter by removing metals and nutrients. Furthermore, planting soil binders and
pollution abator plants along the banks of rivers may play an important role in
CO2 mitigation in the atmosphere, the settlement of suspended particulate matter
from water, and the control of flooding in the river streams. Therefore, plant-based
wastewater biological treatment may serve as an eco-friendly and cost-effective
technology for prevention of river water pollution and conservation of their ecosys-
tem compared with conventional methods. Biological wastewater treatment may be
supplemented with conventional wastewater treatment for the proper and complete
treatment of wastewater, filling the gap between sewage generation and existing
treatment facilities to conserve the water quality and ecological entities of rivers.
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Chapter 5
Climate Change and Sustainable
Management of the Rivers System
with Special Reference to the Brahmaputra
River

Pallavi Das and Manish Kumar

Abstract Climate change is one of the biggest challenges and likely to have
significant impact on the hydrology. Due to the increase in urbanization, industrial-
ization and climate change, availability and requirement scenario of freshwater have
been changing. Water availability and water security are becoming more uncertain
through changes in temperature and precipitation, shifts in the timing and intensity of
the monsoon, increased frequency of extreme events such as droughts and floods and
accelerated melting of the Himalayan glaciers resulting in changes in short- and
long-term runoff, snow cover and melting. The Brahmaputra River basin is one of
the most vulnerable areas in the world as it is subject to the combined effects of
glacier melt, extreme monsoon rainfall and sea level rise. For years, the river has
been serving as one of the most important freshwater resources for agriculture,
irrigation, transportation and electricity and habitat for aquatic organisms in the
north-eastern India. People residing along its banks are heavily dependent on the
river for their livelihood, thus making them a highly vulnerable riverine community.
As climate change is a major concern, we should reduce both greenhouse gas
emissions and develop effective management strategy for freshwater resource.
Climate change adds uncertainty in controlling core issues of water management
due to lack of capacity to address climate change. Therefore to address this problem,
we need resilient institutions. At the same time, we need political process, involve-
ment of diverse array of actors and foreign policies of riparian countries for
transboundary water management.
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5.1 Introduction

Climate change is one of the biggest challenges having significant impact on the
hydrology. Due to increase in urbanization, industrialization and climate change,
availability and requirement scenario of freshwater have been changing. According
to the IPCC’s 2007 report, rising temperature and increase in carbon dioxide
concentration that contributed to the climate change would have direct impacts on
river system. This would subsequently cause melting of glaciers, change in rainfall
pattern and loss of biodiversity (Bates et al. 2008). Change in temperature and
rainfall pattern led to shift in the timing and intensity of the monsoon, increase in
the extreme event frequency such as droughts and floods and accelerated melting of
the Himalayan glaciers, causing changes in the short- and long-term runoff, snow
cover and melting (Rasul 2015; Eriksson et al. 2009; Shrestha and Aryal 2011).
Climate change causes increase in temperature of the river system and affects aquatic
organisms. The higher temperatures and lower rainfall has impact on riverine flow,
which in turn affects the water quality of the river. Reduce flow causes higher
concentrations of pollution due to less dilution. Higher rainfall intensity could lead
to sediment deposition and other contaminants entering rivers leading to more silt
deposition.

All of these, melting of glaciers, extreme rainfall during monsoon season and rise
in sea level along with geographical location, have combined impact on the Brah-
maputra River. Hence this river basin is considered as one of the most vulnerable
areas in the world. In the north-eastern region of India, the Brahmaputra River is one
of the most important resources for freshwater. For years the river water has been
used for agriculture, irrigation, transportation and electricity besides serving as the
natural habitat for the aquatic organisms. People residing along its banks are heavily
dependent on the river for their livelihood and thus making them a highly vulnerable
riverine community. As climate change is a major concern, we should reduce both
greenhouse gas emissions and develop effective management strategy for freshwater
resources. This chapter highlights the impact of climate change on the river system
with special emphasis on sustainable management of the Brahmaputra River. The
study also made an attempt to correlate weathering and CO2 consumption rate with
the extent of heavy metal pollution in the environment.

5.2 Materials and Method

The river water samples (n ¼ 54) were collected in three different seasons during
2011 and 2014, and nine surface sediment samples (n ¼ 27) were collected during
2011, 2012 and 2013 from upstream to downstream of the Brahmaputra River. The
collection areas which covered nine sites starting from upstream to downstream of
the Brahmaputra River, i.e. Guijan, Romeria, Dibrugarh, Jorhat, Dhansiri Mukh,
Tezpur, Guwahati, Jogighopa and Dhubri, are shown in Fig. 5.1. Water samples
were analyzed for major ions as per standard methods prescribed by the American
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Public Health Association: {calcium (Ca2+) and magnesium (Mg2+) ICP-OES};
{sodium (Na+) and potassium (K+), flame photometer};{phosphate (PO4

3�)},
{dissolved silica (H4SiO4), sulphate (SO4

2�), nitrate (NO3
�), UV spectrophotome-

ter}; and {chloride (Cl�), titration method}. Heavy metals (Sr, Ti, Fe, Mn, Cu, Zn,
Pb, Ni, Co, Cr) were analysed in ICP-OES (2100 DV Perkin Elmer). A statistical
analysis (PCA) was performed using SPSS Version 22.0.

5.3 CO2 Consumption Rates of the Brahmaputra River

Chemical weathering of rock involves consumption of CO2, a greenhouse gas that
exerts strong influence on climate (Berner et al. 1983; Das et al. 2005). Weathering
of silicates and carbonates represents an important carbon sink at various scales. The
carbon dioxide in the atmosphere dissolves in rainwater forming carbonic acid,
which, once in contact with rocks, slowly dissolves them. The CO2 consumption
rate due to silicate weathering (WSil-CO2) and carbonate weathering (WCarb-CO2) of
the Brahmaputra River for 2011–2012 and 2013–2014 is shown in Table 5.1 and
compared with the world’s major rivers. From the value of TDS flux and CO2

consumption of the world’s major rivers (Table 5.1), it was observed that TDS
flux of the Brahmaputra River was found to be higher than the Indus River (Hima-
layan River), the Yellow River (Tibetan River) and the Amazon River (global river).
The present result showed that TDS yield was lower than that of the major Indian
rivers (Ganga, Godavari, Krishna) and other non-Indian rivers like Mekong and the
Amazon but higher than that of the Indus and the Yellow Rivers. As compared with
the world’s major rivers, the CO2 consumption rate due to carbonate weathering of
the Brahmaputra River was found to be higher than that of the Ganga, Indus,

Fig. 5.1 Map of the study area illustrating the Brahmaputra River with sampling locations. Guijan
to Dhubri (upstream to downstream) is assigned sample ID B1 to B9 serially
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Amazon and Huang He Rivers and lower than the Mekong River. Our result shows
that high CO2 consumption rate was associated with carbonate weathering.

5.4 Heavy Metal Distribution in Surface Sediment

Heavy metals (Sr, Ti, Fe, Mn Cu, Zn, Ni, Pb, Co and Cr) in distribution in surface
sediments of the Brahmaputra River are shown in Fig. 5.2. Figure 5.2 shows that
there was considerable variation in heavy metal distribution among the nine sam-
pling stations of the Brahmaputra River. Distribution of Fe, Mn, Sr, Ti, Cr and Co in
surface sediments shows decreasing trend from upstream to downstream, whereas
spatial distribution of Cu, Zn, Ni and Pb shows increasing trend from upstream to
downstream. In some sites metal content was exceptionally high, which may be due
to several anthropogenic activities such as urbanization, dumping of solid waste,
industrial effluents, etc., and taking place in the catchment area. At site 7 (Guwahati)
concentrations of Cu, Zn, Ni and Pb were comparatively higher. Site 7 is an
important river port which receives high volume of industrial effluent and urban
runoff. All the drainage outlets in the Guwahati city discharge into the Brahmaputra,
thereby polluting the river. Moreover, extensive agricultural practices and high
dependence on chemical fertilizers and pesticides are possible anthropogenic sources
that contribute to the increase in metal concentration in the river.

Table 5.1 TDS flux and CO2 consumption of the Brahmaputra River and other major rivers of the
world

Rivers TDS flux (tkm2yr�1) W Sil-CO2 WCarb-CO2 References

Brahmaputra 57 0.52 0.57 Present study
Brahmaputra 26 0.55 0.58

Ganges 171 0.45 0. 24 Gaillardet et al. (1999)

Indus 10 0.06 0.09

Godavari 102 0.29 NA Jha et al. (2009)

Krishna 28 0.36 NA Das et al. (2005)

Huang He NA 0.09 0.27 Wu et al. (2008)

Amazon 147 0.05 0. 11 Gaillardet et al. (1999)

Mekong 56 0.28 0. 58

Ganga 72 0.38 NA Singh et al. (2005)

Indus 42 0.06 NA

Mekong 72 0.24 NA

Yellow 25 0.08 NA

Amazon 35 0.05 NA

World avg 36 0.09 NA

WCarb-CO2 - (carbonate weathering x106 mol Km�2 yr�1). Source: Das et al. (2016)
WSil-CO2 - (silicate weathering x106 mol Km�2 yr�1)
NA Not available
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5.5 Statistical Analysis

Principal Component Analysis (PCA) in Surface Sediment
PCA was performed on heavy metal content in surface sediment samples in order
to identify the major process that affects the water chemistry of the river and
possible source of different variables. PCA for 13 variables was performed, and
4 components were extracted with eigenvalue >1.

0

50

100

150

200

S1 S2 S3 S4 S5 S6 S7 S8 S9

Sr
(µ

g/
g)

Fe
 (µ

g/
g)

C
u 

(µ
g/

g)
N

i (
µg

/g
)

C
o 

(µ
g/

g)

Sampling sites

0
1000
2000
3000
4000
5000

S1 S2 S3 S4 S5 S6 S7 S8 S9

Ti
(µ

g/
g)

Sampling sites

0
10000
20000
30000
40000
50000
60000
70000

S1 S2 S3 S4 S5 S6 S7 S8 S9

Sampling sites

0

500

1000

1500

S1 S2 S3 S4 S5 S6 S7 S8 S9

M
n 

(µ
g/

g)

Sampling sites

0
20
40
60
80

100
120

S1 S2 S3 S4 S5 S6 S7 S8 S9

Sampling sites

0
50

100

S1 S2 S3 S4 S5 S6 S7 S8 S9

Z
n 

(µ
g/

g)

Sampling sites

500

600

0
20
40
60
80

100
120

S1 S2 S3 S4 S5 S6 S7 S8 S9

Sampling sites

0
5

10
15
20
25

S1 S2 S3 S4 S5 S6 S7 S8 S9

Pb
 (µ

g/
g)

Sampling sites

0

10

20

30

40

50

S1 S2 S3 S4 S5 S6 S7 S8 S9

Sampling sites

0
10
20
30
40
50
60
70

S1 S2 S3 S4 S5 S6 S7 S8 S9

C
r 

(µ
g/

g)

Sampling sites

Fig. 5.2 Spatial and temporal variation of heavy metal (Sr, Ti, Fe, Mn, Cu, Zn, Ni, Pb, Co, Cr) in
surface sediment of the Brahmaputra River
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The results of PCA for heavy metal concentrations, pH and organic matter in
surface sediment samples are shown in Table 5.2. The first factor (F1) accounts for
24.4% variance with Fe, Mn, Co and OM as dominant variables. These elements
mainly originate from lithogenic sources such as rock weathering and soil erosion.
High positive loading of Mn and Co with OM indicates complexation of organic
matter with lithophile elements or participation in biological activity with the
mobility of these metals being controlled by organic colloids. Association of Fe
with Co and Mn indicates that during weathering, Co and Mn are released as Co2+

and Mn2+, respectively, from ferromagnesium minerals. It was reported that Co2+

and Mn2+ were retained in sediments in association with silicate layers and organic
colloids and mostly in oxides of Mn (Alloway 2010).

The second factor (F2) accounts for 19.5% variance. In factor 2 high loading of
Ti, Sr and pH indicates that pH controls the distribution of Sr and Ti. pH is a vital
factor that regulates concentration of heavy metal in sediment. With decrease in pH,
sorption of heavy metal decreases, and at high pH, sorption of heavy metal in
sediment increases (Christensen 1989). The third factor (F3) accounts for 17.8%
variance. The dominant variables were Cu, Zn and Ni indicating metal released from
similar anthropogenic source. Industrial waste and sewage in urban areas also add to
ubiquitous distribution of Cu and Zn (Kumar et al. 2013a, b). The use of anti-
corrosion paints on fishing boats may add to the occurrence of Zn in sediment (Aris
et al. 2009). Agricultural runoff containing chemical fertilizers is another important
source of these metals in the river basin. The fourth factor (F4) accounts for 12.0%
variance with dominant variables, Pb and Cr, indicating strong association with
vehicular emission. Common sources of Pb are sewage sludge, vehicle exhaust, lead
arsenate pesticide and pesticides (Lei et al. 2008).

Table 5.2 Factor loading of
principal component analysis
(PCA) of heavy metal, pH and
organic matter in surface
sediment samples

Component

F1 F2 F3 F4

Fe 0.578 0.504 0.002 0.113

Sr �0.214 0.774 0.177 �0.254

Ti 0.249 0.810 �0.007 0.115

Mn 0.900 0.050 0.037 0.072

Cu 0.143 0.177 0.849 0.089

Zn �0.198 �0.339 0.713 0.175

Ni 0.292 0.060 0.742 �0.073

Pb �0.161 �0.120 0.423 0.712
Co 0.935 �0.162 0.127 0.124

Cr 0.437 �0.080 �0.064 0.749
pH �0.188 0.772 �0.129 �0.094

OM 0.636 �0.184 0.326 �0.451

Eigenvalue 2.93 2.34 2.13 1.43

% of variance 24.4 19.5 17.8 12.0

Cumulative % 24.4 44.0 61.7 73.6
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5.6 Assessment Imprints of Climate Change on Weathering
Rate and Subsequent Metal Release

Table 5.3 shows the effect of climate change on weathering. It shows that factors like
temperature, rainfall, runoff, partial pressure of CO2 (PCO2) and increase in sea level
lead to an increase in chemical weathering rate. The carbon dioxide in the atmo-
sphere dissolves in rainwater forming carbonic acid, which, once in contact with
rocks, slowly dissolves them. Eventually CO2 that was present in the atmosphere
gets introduced to the river through wet precipitation and then transported into the
oceans, where it is trapped for several thousand years, before returning to the
atmosphere again or alternatively being stored in river sediment.

In the present study partial pressure of CO2 (log PCO2) was calculated from CO2

concentration recorded in IPCC reports from 2000 to 2010 using the following
equations:

log PCO2ð Þ ¼ �log KHþ log H2CO3
�ð Þ ð5:1Þ

Table 5.3 Effect of climate change on weathering

Effects of
climate change Impacts on weathering Verdict

Increase in
temperature

High levels of CO2 cause high temperatures
through the greenhouse effect. Increase of
temperature speeds up chemical weathering.
Silicate weathers faster at high temperature,
consuming larger quantities of CO2. This
causes CO2 levels and global temperature to
drop. At low temperatures, silicate weathering
and CO2 consumption are minimal, causing
CO2 to accumulate in the atmosphere

Favours weathering

Positive

Increase in
rainfall

When CO2 dissolves in rainwater, carbonic
acid is produced. As the rainwater moves
through soil, the carbonic acid dissolves
calcite

High rainfall favours
weathering

Positive

Increase in
runoff

Climate change will lead to increased runoff.
High runoff increases chemical weathering
rate. Runoff – warmer ¼ more precipitation
¼ > weathering increases

Increased runoff favours
weathering

Positive

Increase in par-
tial pressure of
CO2

Increased partial pressure of CO2 near the
surface of Earth results in increase in CO2

dissolution in water

Increase partial pressure,
CO2 consumption increases.
Positive

Glacier melt and
rising of sea
level

Increase in sea level leads to increase in run-
off. As a result the amount of suspended
solids, sediment load and associated contami-
nant metal flux increases

Positive
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log H2CO3
�ð Þ ¼ �log K1� pHþ log HCO3

�ð Þ ð5:2Þ

River alkalinity is an indicator of climate change. For every 1 mole of mineral
reacting with carbonated water, there is proportional release of dissolved silica and
bicarbonate (alkalinity). The exact amount will depend on the type of minerals being
degraded by water, the atmospheric CO2 concentration and temperature conditions.
Figure 5.3 shows that with increase of CO2 concentration in the atmosphere, partial
pressure of CO2 (logPCO2) in the atmosphere will increase. In turn H2CO3

� and
HCO3

� concentration will increase.
Figure 5.4 (a) shows variations of CWR and CO2 consumption rate. As silicate

weathering gives net sink of CO2, significant correlation between SWR and CO2

consumption was drawn, (b) indicating that with increase of weathering rate, CO2

consumption rate increases.
Weathering is a key natural process that releases most of the metals. Overall

findings in the present study suggest that input of heavy metals was mainly through
geogenic source. Multivariate statistical analyses suggest that metals were mostly
released from terrigenous source. Therefore chemical weathering is one of the key
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processes that control the concentrations of metals in the bed sediment of the
Brahmaputra River. As the weathering rate increases, concentration of metal release
through geogenic source increases. Hence metal behaviour is indirectly related with
climate change.

5.7 Sustainable Management of the River System

The Brahmaputra River is a major Asian river cutting across international bound-
aries as it traverses four very distinct regions: the Tibetan Plateau, the Eastern
Himalayan Mountains, the Assam plains and the delta in Bangladesh (Singh et al.
2005). The Brahmaputra River is characterized by frequent channel pattern change
and shift, due to which it has high seasonal discharge and sediment load and
regarded as one of the largest sandbar braided rivers in the world (Thorne et al.
1993). Geologically the Brahmaputra River is the youngest among major rivers of
the world.

The Brahmaputra River is known to be the lifeline of Assam, but at the same time
it creates havoc through flood and erosion. In India, among the eight north-eastern
states, Assam faces the most severe brunt of flood and erosion. Both flood and
erosion have severely impacted the economy as well as the political, social and
cultural life of the people in Assam.

In order to reduce the hazard of flood and bank erosion, we need proper planning,
community participation and application of contemporary technologies for identifi-
cation of needs and opportunities and for understanding the governing cause-effect
relationships and the related management options. Climate change and sustainable
development maintain dual relationship (Cohen and Waddell 2009), and not only
does climate change affect development, but development affects climate too.
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Sustainable Development Policies

1. Application of alternative development pathways: Alternative development path-
ways such as modification in building infrastructure can save biodiversity loss
and degradation of ecosystem services. Managing water resources.

2. Sectoral environmental/economic policies: Economic policies should include
economic analyses of regulatory policy instruments such as emission trading,
estimating greenhouse gas reduction, benefitting the role of uncertainty and
modelling the economic impacts.

3. Institutional/managerial changes: Institution should involve in planning and
implementation of water resource management. Promote hazard and risk map-
ping, disaster management.

4. Innovation/technological changes and their application: Spread the benefits of
industrialization worldwide and without unsustainable impacts on water and
other natural resources.

Climate Change Policies

1. Avoid climate change damage: Implementing adaptation strategies, risk reduc-
tion, financial insurance, micro-insurance, microfinance and risk-pooling transfer
are some of the policies that can minimize the risk of loss and damage and
financial burden of adapting to climate change.

2. Secondary benefits/costs: Policies to reduce emissions of greenhouse gases also
have impacts on other policy goals, especially health.

3. Spill over/trade effects management: Impact of mitigation actions by the indus-
trialized countries on the level of greenhouse gas emissions in the developing
countries.

4. Encourage innovation/technological change: Innovation technology like
low-carbon technologies can increase welfare.

5. Direct national/sectoral costs.

5.8 Transboundary Water Management

Figure 5.5 shows the interrelation of different factors and parties in transboundary
water management. The Brahmaputra River is a transboundary river shared by
different countries and managed differently based on the interest of the respective
countries. Due to this, conflict arises between states in India and neighbouring
countries, and also lack of consistent cohesive cooperation among the countries to
address the core issues of water management and climate change adds further
uncertainties in controlling the same. A resilient cohesive workable institutional
framework is required to drive and resolve the issues. At the same time, we need
political initiative and process, state policies, foreign policies and active and efficient
actors in governing the system.
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5.9 Conclusion

Overall result shows that input of heavy metals is mainly through geogenic sources.
Statistical analyses show that metals were mostly released from terrigenous source.
As weathering rates increased, concentration of metal release through geogenic
source also increased. Hence, metal behaviour is indirectly related with climate
change. Significant positive correlation between weathering rate and CO2 consump-
tion rate signifies increase of CO2 concentration in the atmosphere which induces
weathering rate, thus causing metal release. Therefore, release of metals from natural
sources is indirectly affected by the extent of weathering and CO2 increase due to
greenhouse gas emissions. This further indicates that major river systems do respond
to the increases of CO2 concentration in the atmosphere by establishing a new
equilibrium at the interface of water-air. This is a result of increased CO2 dissolution
and bicarbonate acid formation inducing weathering and resultant release of metals
locked in silicate structures of clay minerals and metal carbonate.

The study of metal quantification with respect to weathering rate will provide
understanding of anthropogenic and natural contribution of heavy metal in the sedi-
ments. The present study will probably be the first attempt to relate metal behaviour
with weathering and carbon dioxide consumption rate in the Brahmaputra River, the
fifth largest river in the world. The study of natural and anthropogenic contribution of
heavy metal will provide better understanding of metal behaviour under different
environmental condition. The study will contribute effective management strategy
for freshwater resource with the potential to extrapolate the present case of the
Brahmaputra River with major rivers in the world and their possible future scenarios.
The integrated results as a whole will also contribute to the development of sustainable
freshwater resource management and thus will be helpful to solve one out of the two
most vital challenges the world is facing today, i.e. lack of freshwater and need for
sustainable energy production.
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Fig. 5.5 Transboundary water management
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Chapter 6
Effects of Climate Change on the Use of
Wastewater for Aquaculture Practices

Subhendu Adhikari and Rathindra Nath Mandal

Abstract Higher water temperature, sea-level rise and lower precipitation are the
manifestations of climate change. Higher temperatures of water and changes in
extreme events, like floods and droughts, are responsible for affecting water quality.
These extreme events can also pollute water from different sources, like sediments,
nutrients, pathogens, pesticides, salt and thermal incidence. This polluted water can
have negative impacts on ecosystems, human health, water system reliability, etc. In
addition, sea-level rise is responsible for extending the areas of groundwater salini-
zation and estuaries, which can decrease the availability of freshwater for humans
and ecosystem in coastal areas.

With anticipated higher temperature, the quality of wastewater could be very
poor. Higher water temperature will facilitate the excessive growth of algal bloom in
wastewater which will in turn reduce the dissolved oxygen concentration. Higher
temperature will also increase the biological activity of wastewater; the growth of
microbial population will be more, which will increase the biological oxygen
demand (BOD) of wastewater. Because of higher temperature, the organic matter
decomposition could increase, and thereby the release of nutrients, viz. nitrogen and
phosphorus, will be more in water, which will in turn increase the chance of
eutrophication of wastewater. At the same time, the availability of heavy metals
and pesticides present in the wastewater could be more to the organisms cultured in
the wastewater. If the chance of rainfall is in excess amount, then the wastewater will
be diluted, and all the negative qualities of wastewater will be reduced, and the use of
the wastewater will be of no problem for aquaculture and agriculture practices.
However, if the precipitation reduces particularly in tropics as predicted because
of climate change, then the chance of deterioration of wastewater quality will be
more. Thus, the operational cost for the wastewater use for aquaculture purposes will
be more. In the present paper, these aspects of wastewater use for aquaculture
purposes have been discussed.
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6.1 Introduction

Increasing urbanization and industrialization emphasizes the need to explore possi-
bilities of recycling wastes. The aquaculture authorities directed their efforts for
obtaining new water resource towards recycling and use of wastewater in line with
the country’s policy to control pollution. Recycling of sewage wastes through
aquaculture assumes importance as it is an ecologically sound practice for handling
wastes. For developing countries, a simple system like having stabilization pond is
suggested for waste recycling as it is cost-effective. Sewage water is rich in organic
matter, heavy metals and essential inorganic nutrients in readily available form for
fertilizing fish pond. Sewage can be profitably used for fish culture due to utilization
of its smaller detritus particles coated with bacteria, and acceptable by zooplankton
and benthos for their sustenance, larger particles of sewage are directly utilized by
fish. The content of heavy metals in fish pond water gets reduced in the process of
dilution by sedimentation process, but they usually accumulate in bottom sediment
or within the weeds grown at the pond.

The quantity of wastewater is increasing with rapid expansion of cities and
domestic water supply. As per CPHEEO (Central Public Health and Environmental
Engineering Organization, Government of India) estimates, about 70–80% waste-
water is generated from the total water supplied for domestic use. The per capita
wastewater generation by the class I cities and class II towns represents 72% of urban
population in India which has been estimated to be around 98 lpcd (litres per capita
daily). The same from the National Capital Territory of Delhi alone, 3663 MLD
(million litres per day) of wastewaters (61% of which is treated) is over 220 lpcd
(CPCB 1999). As per CPCB estimates, the total wastewater generation from class I
cities (498) and class II towns (410) in the country is around 35,558 and 2696 MLD,
respectively. A gap of 26,468 MLD in sewage treatment capacity is found as the
installed sewage treatment capacity is just 11,553 and 233 MLD, respectively (Kaur
et al. 2012). In India, Maharashtra, Delhi, Uttar Pradesh, West Bengal and Gujarat
are the major contributors of wastewater (63%; CPCB 2007a). Bhardwaj (2005)
estimated that about 48.2 BCM (132 billion litres per day) of wastewaters (with a
potential to meet 4.5% of the total irrigation water demand) would be generated by
2050. Thus, overall analysis of water resources indicates that in coming years, there
will be twin problems to deal with reduced freshwater availability and increased
generation of wastewaters because of increased population and industrialization.

In India, there are 234 sewage water treatment plants (STPs). Most of these were
developed under various river action plans (from 1978 to 1979 onwards) and are
located in only 5% of the cities/towns along the banks of major rivers (CPCB
2005a). Dissolved air floatation, dual media filter, activated carbon filter, sand
filtration and tank stabilization, flash mixer, clariflocculator, secondary clarifiers,
sludge drying beds, etc. are the different treatment methods adopted in these plants.
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6.2 Causes of Global Water Crisis

The world’s total water resource is constant; however, the wastewater production is
increasing, and the infrastructure and management systems are not adequate for this
increasing volume. Globally, 2 million tonnes of sewage, industrial and agricultural
waste excluding the unregulated or illegal discharge of contaminated water is
discharged into the world’s waterways. This wastewater contaminates freshwater
and coastal ecosystems which threaten food security and access to safe drinking and
bathing water. This is also creating a major health and environmental management
challenge.

Faulty ways of food production lead to the use of 70–90% of the available
freshwater, and much of this water returns to the system with additional nutrients
and contaminants. Further downstream, agricultural pollution is joined by human
and industrial waste. This wastewater flows untreated up to 90% into the densely
populated coastal zones. This can contribute to the growth of marine dead zones,
which already cover an area of 245,000 km2, approximately the same area as the
entire world’s coral reefs. This leads to further losses in biodiversity and ecosystem
resilience, which in turn undermines prosperity and efforts towards a more sustain
able future (https://www.greenfacts.org).

The per capita average annual availability of freshwater has been reducing from
5177 m3 in 1951 to 1588 m3 in 2010 due to population increase and all-round
development in India. It can be further reduced to 1341 m3 in 2015 and 1140 m3 in
2050 (Kaur et al. 2012). In addition, global warming scenario will also aggravate the
water crisis more.

6.3 Role of Agriculture on the Generation of Wastewater

About 70% of total global freshwater has been estimated to be used for the agricul-
ture practices. The daily requirement of drinking water per person is 2–4 l, but it
takes 2000–5000 l of water to produce one person’s daily food. Proper and appro-
priate agricultural practices, including irrigation techniques, fertilization practices
and reducing water evaporation and crop selection, can save significant amounts of
water with subsequent reduction in wastewater generation.

The wastewater produced from rural agriculture, livestock production and inland
urban areas represents indeed the first phase in wastewater generation and pollution.
Thus, it constitutes a considerable challenge for downstream users. It is characterized
by organic and inorganic contaminants, originating from dissolved contents of
fertilizers, chemical runoff (such as pesticides), human waste, livestock manure
and nutrients.

Agricultural activities take place in both upper and lower catchments. However,
upper catchments may be the first cause of contamination in the water basin due to
agricultural practices. Agricultural activities take place also at downstream, where
the water may be already polluted by other man-made activities which result in
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domestic and industrial waste. Thus, there is a complex relationship between water
quality, agriculture and food quality that is in turn linked to human and ecological
health. The excess phosphorus and nitrogen entered in their natural cycles drive algal
blooms, including toxic red tides and devastating hypoxic phenomena which can
impact fish stocks and/or human health (https://www.greenfacts.org).

6.4 Impact of Industrial Activities of Wastewater
Generation

Overall, industry uses 5–20% of total water, which is required for many industrial
processes such as heating, cooling, production, cleaning and rinsing, and in doing so,
a substantial proportion of total wastewater is being generated. The food and
agriculture processing industry is also a major producer of wastewater particularly
organic waste with high biochemical oxygen demand, and ultimately this results in
low oxygen levels or even anoxic conditions in natural waters. Slaughterhouses may
also contribute biological material such as blood-containing pathogens, hormones
and antibiotics to the natural waters and thus generate wastewater.

About 13,468 MLD of wastewater is generated by industries, of which 60% is
treated apart from domestic sewage (CPCB 2005b; Kaur et al. 2012). Cooling waters
are used in the industrial processes of steel manufacture and coke production. These
processes at an elevated temperature can have adverse effects on biota and can also
become contaminated with a wide range of toxic substances. Mining is a major
source of unregulated wastewater discharge in developing countries where more
than 70% of industrial wastes are dumped untreated into waterways where they
pollute the usable water supply. It percolates into the ground, contaminating aquifers
and wells. Both human health and environmental disasters could occur, if the
complex organic compounds and heavy metals used in modern industrial processes
are released into the environment. The mine waste contaminants may be carcino
genic or neurotoxic to people as they contain heavy metals like lead and mercury.
The mine waste also contains copper which can be extremely toxic to aquatic
organisms. The discharge of toxic mine waste into natural waters could damage
the aquatic organisms as it contains many persistent environmental contaminants
(https://www.greenfacts.org).

6.5 Climate Change and Wastewater

Large cities are producers of concentrated wastewater (Satterthwaite 2008). The
emission of methane (CH4) during transport, treatment and disposal of wastewater,
including sludge, was estimated to be 3–19% of global anthropogenic methane
emissions (IPCC 1996). Human sewage and wastewater treatment are the major

110 S. Adhikari and R. N. Mandal

https://www.greenfacts.org/glossary/def/fish-stock.htm
https://www.greenfacts.org/glossary/ghi/human-health.htm
https://www.greenfacts.org
https://www.greenfacts.org/glossary/abc/biochemistry.htm
https://www.greenfacts.org/glossary/ghi/hormones.htm
https://www.greenfacts.org/glossary/abc/antibiotics.htm
https://www.greenfacts.org/glossary/ghi/groundwater-aquifer.htm
https://www.greenfacts.org/glossary/mno/organic-arsenic-compounds.htm
https://www.greenfacts.org/glossary/ghi/heavy-metal.htm
https://www.greenfacts.org/glossary/abc/carcinogen-carcinogenic.htm
https://www.greenfacts.org/glossary/abc/carcinogen-carcinogenic.htm
https://www.greenfacts.org


sources of the greenhouse gas nitrous oxide (N2O) (IPCC 2007). The emissions of
CH4 and N2O wastewater are expected to increase by about 50 and 25%, respec-
tively, in the next several decades. Thus, the mitigation of greenhouse gas emissions
can be achieved through improvements in collection and management of urban
wastewaters, using technologies most appropriate to the economies and settings
involved in the process (IPCC 2007). Technologies already exist for reducing, and
perhaps reversing, these emission growth rates (Major et al. 2011).

Wastewater treatment facilities in cities of developed nations are sometimes
major emitters of greenhouse gas, but those emissions have been identified as
important avenues for the reduction of overall greenhouse gas emissions
(Rosenzweig et al. 2007). The emission of a large proportion of the greenhouse
gas from urban wastewater is expected from the developing countries (Al-Ghazawi
and Abdulla 2008) and from informal urban settlements. The rapid population
growth and urbanization without concurrent development of sufficient wastewater
collection, treatment and disposal infrastructures in many of those developing
countries and informal urban settlements results in very large and unmitigated
emissions of greenhouse gas. Open sewers along with non-existent sewer systems,
ponding and unchecked releases of untreated wastewaters are facts of life in the
informal sectors of cities in both developed and developing countries (IPCC 2007;
Foster 2008). Improved sanitation facilities, infrastructures, treatment and disposal
systems in these settings would not only mitigate emissions but will also offer
substantial public health benefits as well (Al-Ghazawi and Abdulla 2008; IPCC
2007).

6.6 Impact of Climate Change on Wastewater Quality

6.6.1 Physico-chemical Properties

Global warming is the most important consequence of climate change. The increase
in water temperature could increase in pH of wastewater, which is good for aqua-
culture. Dissolved oxygen (DO) is the most critical factor in wastewater aquaculture
practices. DO concentration of 5 mg/l or more is optimum for most of the aquatic
organisms particularly fish (Stickney 2000). When it drops below 2–3 mg/l, hypoxic
conditions are started (Doudoroff and Warren 1965; Kalff 2000). The solubility of
oxygen in water is inversely related to the temperature of water. For example, water
can hold about 14.6 mg/l oxygen at 0 �C, while water holds 8.3 mg/l oxygen at 25 �C
(Kalff 2000). Increased incidence of hypoxia and anoxia in freshwater systems can
occur because of decreased DO and increased biological oxygen demand (BOD) that
are associated with increasing temperatures as a result of climate change. An
increase in temperature can reduce the dissolved oxygen and can increase the
BOD (Kalff 2000), as the aerobic metabolic rates increase with temperature for
most of cold-blooded aquatic organisms.
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Fishes could face an oxygen squeeze where decreased oxygen supply cannot
meet the increased demand at elevated water temperature (Ficke et al. 2005).
Blumberg and Di Toro (1990) reported that DO could be reduced by 1–2 mg/l in
Lake Erie under 3–4 �C warming scenario. Warming of this level could lead to DO
concentrations under 5 mg/l in the summer months (July–September) and below
2 mg/l in late August to early September. Climate models predict DO levels in the
month of July in Lake Suwa, Japan, to decrease from the current value of 6.1–2 mg/l
under 2 �C warming scenario (Hassan et al. 1998).

Increase in temperature could warm the bottom water of a turbid/muddy waste-
water pond that is beneficial for aquaculture. Increase in temperature will enhance
the mineralization of organic matter, which in turn will increase the release of
nutrients. Thus, these nutrients will help in the primary productivity of wastewater.
Slight increase in temperature could make the wastewater warm, which in turn could
increase the metabolic activity of warm-water fishes that is also beneficial for the
growth of the fishes.

6.6.2 Primary Productivity and Nutrient Availability

Climate change can profoundly affect primary production and the trophic state of
wastewater by changing water temperature and stratification patterns. The trophic
status of different wastewater bodies can be greatly influenced by wind, precipitation
and stratification particularly in the tropics.

The natural trophic state of any water body is a function of volume, water
residence time and nutrient input from the surrounding watershed. However,
human activity can also affect the trophic status of water body through anthropo-
genic enrichment or nutrient depletion and climate change. The input of excess
nutrients from urban and agricultural runoff can create eutrophication. The excess
sewage discharge from the densely populated area into the nutrient-rich wastewater
can also be a causative agent of eutrophication. The increase in temperature due to
climate change can also augment the productivity of a body of water by increasing
algal growth, bacterial metabolism and nutrient cycling rates. Though increase
temperatures will likely result in a general increase in wastewater trophic status, it
is difficult to predict the complex relationship between climate change and eutro-
phication. The input of anthropogenic pollutants and temperature changes (because
of climate change) can both accelerate the eutrophication process and delay recovery
from anthropogenic eutrophication in wastewater (Ficke et al. 2007).

Enhanced eutrophic conditions can occur through the stimulating explosive
macrophyte growth due to increase in temperature. Kankaala et al. (2002) reported
that an increase of 300–500% shoot biomass of the aquatic macrophyte like Elodea
canadensis occurred due to an increase of 2–3 �C in temperature. An increase in
biomass of this magnitude would affect the system in various ways. For example,
luxuriant growth of macrophytes will take up the available phosphorus of the
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sediment, and thereby, the amount of phosphorus immediately available for other
primary producers would decline.

The macrophytes upon decomposition after death can release nutrients such as
nitrogen and phosphorus into the water column. Addition of high concentrations of
nitrate and phosphate into the water column could stimulate algae blooms and help
in high macrophyte production. The increased oxygen demand during the microbial
decomposition of these macrophytes increases the amplitude of the diurnal oxygen
cycle of a system. This can lead to decrease in DO levels in the system, raising the
probability of anoxia-related fish mortality or of chronically stressful hypoxic
conditions in wastewater. The increased growth of macrophytes can push aquatic
systems towards a eutrophic state by trapping sediment and preventing flushing of
excess nutrients from the system.

6.6.3 Toxicity of Pollutants

It is generally found that toxic effects of common pollutants, for example, organo-
phosphates and heavy metals, to fish increase at higher temperature (Murty 1986).
The increased uptake of pollutants may be due to increased gill ventilation rates at
higher temperatures (Roch and Maly 1979; Kock et al. 1996). A faster depuration of
toxicants is expected with an increase of fish metabolism (MacLeod and Pessah
1973; Huey et al. 1984). Fishes can experience an increased negative effect at higher
temperature in spite of their increased ability of metabolizing pollutants at higher
temperature. However, these effects are toxicant and species-specific. As no specific
metabolic pathway exists in fish to process heavy metals like lead and cadmium, it is
difficult for them to depurate these toxicants (Kock et al. 1996). Thus, heavy metals
are accumulated in fish more quickly at higher temperature. A fish may physiolog-
ically process toxicants present in their food or in the water; however these processes
used for the depuration of these compounds are energetically costly. For example,
common carp requires ATP for ammonia detoxification from their body (Jeney et al.
1992), and in doing so, less energy becomes available for other important processes
such as growth and reproduction (Ficke et al. 2005).

Increasing water temperature could alter the toxicity and uptake of ammonia.
Accumulation of ammonia and its different metabolites such as ammonium, nitrite,
etc. is a very important issue in any aquaculture systems. At higher temperature,
nitrite uptake rates increase in cultured fishes such as channel catfish (Ictalurus
punctatus) (Huey et al. 1984) and grass carp (Ctenopharyngodon idella) (Alcaraz
and Espina 1995). Common carp suffers from gill necrosis due to low dissolved
oxygen and sublethal ammonia concentrations at higher water temperature (Jeney
et al. 1992). Increased uptake of natural toxicants such as ammonia and the synergy
existing among the high water temperature, the presence of ammonia and the poor
environmental conditions suggest that an increase in global temperature has the
potential to lower productivity in intensive wastewater aquaculture systems.
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6.7 Role of Climate Change in Wastewater Management

Global climate change may affect water availability, in the timing and intensity of
rainfall or the period of time without rain, and affect the quality of water in rivers and
lakes through changes in the timing and volume of peak discharge and temperature.
Climatic change conditions affect water availability in both time and space, thereby
influencing the use of water practices. Changes in climate will also require adapta-
tion in terms of how wastewater is managed. Wastewater and its management also
result in the greenhouse gas emission, particularly carbon dioxide (CO2), methane
(CH4) and nitrous oxide (N2O). Methane has 21 times greater impact than the same
mass of carbon dioxide, while nitrous oxide has 298 times greater impact than the
same mass of CO2 (IPCC 2007).

Extreme rainfall and frequent drought events because of climate change have
impacts for non-existent or old and inadequate treatment facilities of wastewater,
highlighting the need for better infrastructure development which can cope with
extreme surges of wastewater. Floods in the low-lying areas will also spread diseases
and cause diarrhoea through the flooding of open sewage or inadequate sewage
infrastructure. In some regions, as other water sources decline, irregular rainfall has
pushed the exploitation of groundwater resources because of increasing pressure on
water resources. The effects of climate change are also aggravated by deforestation
grazing of uplands surrounding cities and the rapidly increasing physical expansion
of cities along with the heavy build-up of infrastructure. It is also being influenced by
the lack of rain-absorbing green vegetation inside the cities’ areas (https://www.
greenfacts.org).

All these activities/incidences will make complexes in wastewater treatment
under climate change scenario. Under such circumstances, the wastewater could
be treated biologically through aquaculture practices already mentioned below.

6.8 Opportunities of Use of Wastewater

Better watershed management will become increasingly essential in the future and
will find different ways to recycle water. Use of wastewater is an age-old practice for
irrigation as well as for fertilization which can continue to expand this role, partic-
ularly for peri-urban or urban agriculture and home gardens. However, before water
enters the cities, reducing the production of wastewater should be the primary
objective throughout the entire management scheme for maximizing water efficiency
in the entire water chain.

Wastewater use in agriculture has direct advantages either from the provision of
food mainly vegetables to urban populations or to generate biogas, thereby using the
nutrients contained therein into resources. Treated wastewater effluent having typ-
ical concentration of nutrients from conventional sewage treatment processes would
supply all of the nitrogen and most of the phosphorus and potassium normally
required for agricultural crops/vegetable production. The effluent having valuable
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micronutrients in suitable form and the organic matter would also provide benefits in
the crop production.

Ten per cent of the world’s population depends on food grown with untreated,
contaminated wastewater as per estimates (https://www.greenfacts.org). Though
wastewater provides affordable food, its use for food production without proper
management can pose a serious risk. The resource-poor farmers, who would have
little or no access to water for irrigation, get direct benefits from the use of untreated
wastewater in the informal way, and this happens mainly in the unregulated sector.
Forests, mangrove forests, wetlands and salt marsh could play an important role in
wastewater treatment and management by capturing water, filtering out nutrients and
other contaminants and releasing water into coastal seas, rivers and lakes.

The conventional wastewater treatment processes are expensive and require
complex operations and maintenance. The most neglected areas in the operation of
the sewage treatment plants (STPs) in India are the sludge removal, treatment and
handling. The facilities constructed to treat wastewater do not function properly and
remain closed most of the time due to improper design, poor maintenance, frequent
electricity breakdowns and lack of technical manpower (CPCB 2007b). Utilization
of biogas generated from UASB (upflow anaerobic sludge blanket) reactors or
sludge digesters is also not adequate in most of the cases. In some cases the gas
generated is being flared and not being utilized. None of the available technologies
has a direct economic return which is one of the major problems with wastewater
treatment methods. Local authorities are generally not interested in taking up
wastewater treatment due to no economic return. As a result, though the wastewater
treatment capacity in India has increased by about 2.5 times since 1978–1979, yet
hardly 10% of the sewage generated is treated effectively. The rest finds its way into
the natural ecosystems and is responsible for large-scale pollution of rivers and
groundwaters (Trivedy and Nakate 2001).

6.9 Biological Treatment of Wastewater Through
Aquaculture

Biological treatment of sewage effluents involves systematic use of natural activity
of the bacteria for biochemical reactions, resulting in oxidation of organic matter into
CO2, H2O, N2 and SO4. Activated sludge and trickling filter methods, oxidation/
waste stabilization ponds, aerated lagoons and variations of anaerobic treatment
systems are widely used for treatment of domestic sewage. The biological processes
are the traditional practices of recycling sewage through agriculture, horticulture and
aquaculture and have been in vogue in several countries. The sewage-fed fish culture
in bheries of Kolkata is world-famous. The emphasis in these practices has been on
the recovery of nutrients from the wastewater. Taking cue from these practices and
deriving from the new databases in different disciplines of wastewater management,
aquaculture is being proposed and standardized as a tool for treatment of domestic
sewage.
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Sewage intake system, duckweed culture complex, sewage-fed fish pond,
depuration pond and outlet systems are the components of the treatment of sewage
water through aquaculture. The duckweed culture complex comprises a series of
duckweed ponds where aquatic macrophytes like Spirodela, Wolffia and Lemna are
grown. The wastewater is taken on gravity or pumped through intake system into
duckweed culture system, and it is retained for 2 days before use in fish ponds. It
may be necessary to incorporate an anaerobic unit where organic load and BOD
levels are very high because the optimum intake BOD levels for effective treatment
are in the range of 100–150 mg/l.

The duckweed culture unit helps in the removal of heavy metals and other
chemical residues that otherwise get into human food chain through cultured fish.
These also serve as nutrient pumps, reduce eutrophication effects and provide
oxygen from their photosynthetic activity. A total retention time of 5 days is required
for the treatment of the wastewater with BOD5 levels of about 100 mg/l, and in doing
so, BOD5 levels are brought down to 15–20 mg/l, which meet the required standards
of different parameters for discharge into natural waters.

Further, taking advantage of high productivity and carrying capacity in sewage-
fed system, a production level of 3–4 tonnes of carps per hectare is achieved in fish
culture ponds. A high potential of resource recovery in terms of duckweed and fish
can be achieved through this system of biological treatment. The main limitation of
this biological treatment system, however, is the reduction of efficiency of treatment
during the winter period and the regions with temperate climatic condition. This
system can be an ideal one for the treatment of wastewater before discharge into
natural waters as it requires comparatively lesser amount of land of about 1.0 ha for
the treatment of 1 MLD sewage and also resource earnings partially meet
working cost.

6.10 Different Sectors in Wastewater Management

For wastewater management, communities should plan not only for current situa-
tions but also for future climate change scenarios. The solutions shall be socially and
culturally acceptable. Collaboration and dialogue are required among partners, for
example, farmers, public health officials, municipal and waste managers, planners
and developers, for wastewater management.

Industry has a corporate responsibility so far as industrial sources of wastewater is
concerned for taking action to ensure discharged water having an acceptable stan-
dard and can also benefit from access to cleaner water resources. The governments
and the public sector should play a central role in monitoring, regulating and
implementing policy to reduce toxic waste. Wastewater management requires
good finance. Insufficient financing does not produce results leading to diminished
public and political confidence (https://www.greenfacts.org).

As the volume of wastewater could increase from the population burden partic-
ularly in the developing countries under climate change scenario, countries should
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adopt a multisectoral approach for wastewater management as a matter of urgency,
which can incorporate principles of ecosystem-based management from the water-
sheds down into the sea, connecting sectors that will reap immediate benefits from
better wastewater management.

Rural and urban development planning, across all sectors, and where feasible
transcending political, administrative and jurisdictional borders are required for
successful and sustainable wastewater management.

6.11 Conclusions

It is evident that increase in population will generate more wastewater and climate
change will make this worse, if proper treatment and policy are not made to face this
challenge. In developing countries like India, the problems associated with waste-
water use arise from its lack of treatment. The challenge is thus to find such low-cost,
user-friendly methods, which will not only avoid threatening of our substantial
wastewater-dependent livelihoods but also will protect the degradation of our
valuable natural resources. The use of constructed wetlands has been recognized
as an efficient technology for wastewater treatment. The constructed wetlands need
lesser material and energy, are easily operated, have no sludge disposal problems
and can be maintained by untrained personnel in comparison to the conventional
treatments. Further, these systems have lower construction, maintenance and oper-
ation costs as these are driven by natural energies of sun, wind, soil, microorganisms,
plants and animals. Hence, there seems to be a need for policy decisions and
coherent programmes encompassing low-cost decentralized wastewater treatment
technologies for planned, strategic, safe and sustainable use of wastewaters, and
these technologies should include biofilters, efficient microbial strains, organic/
inorganic amendments, appropriate crops/cropping systems, cultivation of remuner-
ative nonedible crops and modern sewage water application methods.
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Chapter 7
Bioprocesses forWastewater Reuse: Closed-
Loop System for Energy Options

Rifat Azam, Arya Pandey, Paul N. Black, V. V. Tyagi, and Richa Kothari

Abstract Wastewater discharged from domestic, agricultural, and commercial
industries potentially release significant amounts of toxic and pathogenic contami-
nants into the environment. Wastewater treatment via bioprocess techniques has
received a wide attention due to the benefits of end use, i.e., biochemical compounds
with sustainable/eco-friendly bioenergy and bioproduct options. Biological treat-
ment of wastewater is beneficial over physical and chemical treatment technology, as
it provides biomass in bulk, which can be used for various purposes. The use of
reclaimed water (after biological treatment) is significant in terms of environmental,
economic, and social aspects, as it does not harm the ecosystem and produces
biomass-based products that generate revenue to maintain economic sustainability
and provide job opportunities to maintain social integrity. A central goal of these
efforts is identifying the means for closing the loop in production systems that take
into account legacy management, waste from fossil fuel industries, and integrated
design for advanced renewable energy production systems (biogas from biowaste,
bioenergy from crassulacean acid metabolism (CAM) plants) that value five aspects
of governance: property rights, policy design, financing, and scale as tools to assist
enhanced institutional design for integrative management, technology innovation,
and public development. The produced biomass on wastewater can further be used to
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produce bioenergy (biohydrogen, biogas, bioethanol, and biodiesel) and biobased
products that have high market value.

Keywords Wastewater · Biomass · Closed-loop system · Bioenergy · Bioproducts

7.1 Introduction

Industrialization and urbanization have accelerated the consumption of freshwater
resources and contributed to substantial increases in wastewater generation. Poor
water uses and less effective wastewater management practices have a direct impact
on the diversity of aquatic organisms. It is important to consider wastewater man-
agement as a part of ecosystem with the view of the dimensions of sustainability,
social, environmental, and economical. In addition, long-term energy sustainability
represents another major issue that must be considered (Elmekawy et al. 2014).
Conventional energy sources such as fossil fuel, coal, and LPG are unsustainable in
their long-term applications, and their combustion emits greenhouse gases, which
contribute to climatic changes, including global warming. In order to maintain long-
term environmental sustainability, wastewater management and energy generation
must be fully integrated. Treatment of wastewater is a major practice employed by
municipalities and industries to achieve the water quality that meets discharge
standards. Various methods have been evolved for the treatment of wastewater
that includes physical, chemical, and biological process treatments (Guo et al.
2010; Nah et al. 2000; Marañón et al. 2012). Bioremediation is a natural process
that decomposes the pollutants through the action of biological catalysts, which
occurs at different levels of the ecosystem. It is in this basic process of sustainable
development that both wastewater treatment/remediation and energy generation will
be merged and outcomes materialized for long-term sustainability. There are two
different types of waste substrates, solid and liquid, for bioenergy/bioproducts
generation (Pant et al. 2012; Mohan et al. 2011). Various bioprocess routes (e.g.,
activated sludge process, aerated lagoons, oxidative ponds, anaerobic ponds, and
septic tanks) are currently used in standard wastewater treatment facilities. Among
the bio-treatment processes, algal-based systems are very effective as they do not
require electricity and result in a significant reduction in wastewater pollution loads
(e.g., reduction in nitrate and phosphate concentrations). The biologically treated
wastewater, i.e., reclaimed water, can be further used for downstream process
including agriculture, irrigation, aquaculture, and composting. Bioprocesses of
wastewater treatment that include energy production options represent an attractive
closed-loop system with decreased expenditures without harming the environment.
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7.2 Biological Processes of Wastewater Treatment

Biological methods of wastewater treatment have significant advantages over phys-
ical and chemical methods as they are more economically feasible with respect to
operational and maintenance costs. The technical man power required for biological
treatments is also decreased (Zhu et al. 2013). The biological methods are also highly
efficient and do not require large land areas and can be employed by small commu-
nities at a reduced scale that is sustainable. In general, biological methods include
aerobic and anaerobic processes, which are discussed as detailed below.

7.2.1 Aerobic Processes

Aerobic treatment process consists of high-rate oxidizers for organic and inorganic
present in wastewater. Aerobic treatment of wastewater takes advantage of natural
process that can be easily engineered into biological processing unit for high rate of
wastewater treatment. This encourages the growth of naturally occurring aerobic
microorganisms as a means of renovating wastewater. Such microbes are the engines
of wastewater treatment plants. Organic compounds are high-energy forms of
carbon. Organic compound are high-energy forms of carbon and conversion of
these high-energy forms into lowenergy forms is completed by the microbs. In the
sufficient amount of dissolved oxygen, they work well, but if it decreases due to
heavy organic load, reaeration demanded by them. So, if the rate of reaeration is not
equal to the rate of consumption, the dissolved oxygen concentration will fall below
the level needed to sustain a viable aquatic system. Oxygen supplied to them will
help in consuming the substrate (organic carbon). As a result, organic pollutant
converted to inorganic compounds and new microbial cells. So, net production of
cells (creation of new cells versus the die-off of old cells) will form an accumulation
of biological material. Organic materials present in the form of carbohydrates, fats,
proteins, urea, soaps, and detergents. All of these compounds contain carbon,
hydrogen, and oxygen. During biochemical processing/degradation, these elements
are biologically transformed from organic forms to mineralized forms. Aerobic
processes occur in the presence of oxygen and treatments categorized into activated
sludge processes, aerated lagoons and oxidative ponds, membrane bioreactors,
trickling filters, and rotating biological contractors as illustrated in Fig. 7.1.

7.2.1.1 Activated Sludge Process

This process is used for industrial wastewater treatments that include pesticides,
pharmaceuticals, paint, petrochemical, detergents, plastic, and paper. The activated
sludge process has two basins. The bottom of first basin contains perforated pipes
where air is pumped, allowing small air bubbles to rise within the water (Gao et al.
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2016; Zhang et al. 2012). The second basin is a settling tank, where water flow is
greatly reduced allowing large particulates to be removed through gravitational
settling. This two-step process is continuous process, and biodegradable wastes are

Fig. 7.1 Different aerobic processes of wastewater treatment: (a) activated sludge process, (b)
membrane bioreactors, (c) trickling filters, (d) rotating biological contractor
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subjected to aerobic microorganism, i.e., activated sludge consists of bacteria (95%),
protozoa (4%), and metazoan (1%). The adsorbed organic compounds by the
bacteria are being solubilized through hydrolysis. These anaerobic bacteria require
pH (7.0–7.5) and 0.1–0.3 mg/L of dissolve oxygen to break down the organic
compound (https://www.iowaruralwater.org/tools_tips/toni_glymp/Bacteria-Proto
zoa.pdf). In industrial wastewater, the impurities including oil and grease are
removed by preliminary treatment, and then wastewater is taken for activated sludge
process. The BOD and suspended solids are reduced through activated sludge
process up to 99%. Figure 7.1a is clearly depicting the structural mechanism for
activated sludge process.

7.2.1.2 Aerated Lagoons or Oxidative Ponds

An aerated lagoon or oxidative pond is a treatment pond associated with high
intensity of artificial aeration to enhance the biological oxidation of wastewater.
Various types of aerated lagoons (such as suspension mixed lagoons and facultative
lagoons) are applicable in wastewater treatment. These are shallow ponds (depth of
1 to 2 meters) that allow microorganisms to decompose the primary treated waste-
water (Hung et al. 2017). It is also known as high-rate microbial ponds due to the
presence of bacteria (Achromobacter, Proteus alcaligenes, Chromomonas,
Zoogloea, Pseudomonas, Chromatium, Thiospirillum, Thiopedia, and
Rhodothecae), algae (Chlorella, Scenedesmus, Euglena), and protozoans (Vorti-
cella, Macrostoma, Paramecium, and Podophrya) (Tharavathy et al. 2014). It has
potential to maintain high oxygen rate through the pond due to algal photosynthesis
activity. The characteristic feature of these lagoons includes 2–6 days of detention
time; BOD loading rate lies between 112 kg/1000 m3 and 225 kg/1000 m3 per day
and 95% of BOD removal rate (USEPA 2011).

This method of treatment is efficient for small communities as its effluent does not
need to disinfection. It handles wide range of wastewater, i.e., municipal, domestic,
and kitchen wastewater with low maintenance and operational cost with efficient
reduction in pollution load. Aerated lagoons are an efficient and cost-effective
system for primary and secondary wastewater treatment in small communities. In
this process biological degradation of pollutants is based on attached growth. This
growth needs continuous supply with oxygen transfer and effective mixing with
organic pollutants. The circulation of wastewater and dissolved oxygen ensures
optimal conditions for aerobic growth at the lagoon bottom. As a result, organic
pollution is highly reduced and dead zones can be avoided.

7.2.1.3 Membrane Bioreactors

Membrane bioreactor (MBR) technology is being extensively employed to treat
municipal and industrial wastewater. Membrane reactor system consists of a com-
bination of membrane units made up of polymeric membranes (polyvinylidene

7 Bioprocesses for Wastewater Reuse: Closed-Loop System for Energy Options 125

https://www.iowaruralwater.org/tools_tips/toni_glymp/Bacteria-Protozoa.pdf
https://www.iowaruralwater.org/tools_tips/toni_glymp/Bacteria-Protozoa.pdf


fluoride, polyethersulfone, polyacrylonitrile, polysulfone, polyethylene, polypropyl-
ene, etc.) for physical separation, while bioreactor system is basically responsible for
biodegradation of organic and inorganic waste compounds. Two main configura-
tions are implemented with this system: (a) external configuration (that involves
recirculation of wastewater through membrane) and (b) submerged configuration
(membrane modules are usually placed in mixed wastewater) as illustrated in
Figure 7.1b. This process uses membrane filtration unit that has potential to replace
secondary settler waste with excellent quality of effluent discharge into the river.
This technology is widely applicable due to its high rate of disinfection capability,
higher volumetric load, less sludge production, technological flexibility for change
in influent, and upgraded nitrification (Yoon et al. 2014). These membranes are
present outside the aeration zone as it is clearly illustrated in Fig. 7.1b. Garg and
Chaudhry (2017) also reported the removal efficiency of MBR with 97.31% of
BOD, 98.79% of COD, 97.29% of TDS, and 96.84% of TSS for food industry
wastewater.

7.2.1.4 Trickling Filters

Trickling filter technology for wastewater treatment is associated with unnumbered
filter, where the influent directly applied at the top of filter media. The trickling filter
is an attached growth process that involves a percolating filter with rotational
distribution arm that distributes the wastewater above the packing bed of plastic or
other coarse materials (Tawfick 2012). Air is able to circulate between the spaces
within the packing bed allowing an aerobic environment. The microbes present in
wastewater consume organic compounds as a consequence and produced biochem-
ical compound (exocellular lipopolysaccharide) called as slime. The layers of
biological slime are rich in gram-negative bacteria such as Pseudomonas, Zoogloea,
Chromobacter, Bdellovibrio bacteriovorus, and Flavobacterium. These bacteria are
responsible to break down the organic molecules in the presence of oxygen. Nitri-
fiers (Nitrosomonas europaea, Nitrobacter hamburgensis) and denitrifiers
(Thiobacillus denitrificans) play a significant role to remove nitrogenous compounds
present in wastewater. Desulfotomaculum and Desulfovibrio are responsible to
reduce sulfur compound, work in the medium of pH 7, and are inhibited below
pH 5.4 and above 9 (Jackson and Mclnerney 2002). Figure 7.1c illustrates the
schematics and fundamental mechanism of operation of the trickling filter system.

7.2.1.5 Rotating Biological Contractor

The rotating biological contractor (RBC) consists of a chain of narrowly circular
spaced plastic disks that are associated to a rotational hydraulic shaft (Habibi and
Vahabzadeh 2013). About 40% of the bottoms of all plates are steeped in discharged
wastewater and the film which cultivates the moved disk in and out of the waste-
water. Rotating biological contractor consist of a unique and superior alternative to
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degrade organic and nitrogenous compounds. RBC system is a potential technique to
treat wastewater due to its benefits, i.e., less energy consumption, low operation cost,
simple and less expensive design of system, low maintenance cost, less energy
requirement, and with high treatment efficiency. RBC has potential to eradicate
about 99% of fecal coliform bacteria with end number of pathogens present in
wastewater. Whereas, Cema et al. (2016) reported 70% of nitrogen removal from
coke wastewater by the application of RBC. Figure 7.1d illustrates the mechanism of
rotating biological contractors.

7.2.1.6 Microalgae Treatment Systems

Wastewater pollution from different sources including municipal, agricultural, and
industrial is also being treated by algal biomass. Industrial wastewater possess mixed
composition of complex inorganic compounds (free ammonia, organic nitrogen,
nitrites, nitrates, inorganic phosphorous, chloride, sulfate, cadmium, lead, mercury,
arsenic, iron, zinc, chromium, etc.) and organic compounds (benzene, xylene,
toluene, dichloromethane, trichloroethane, trichloroethylene, organic acids, phenols,
starch, sugar, etc.). In order to remove these organic and inorganic pollutant loads,
the use of algae alone (Chlorella pyrenoidosa, C. vulgaris, Spirulina, Chlorella
sorokiniana, Chlamydomonas, etc.) or consortium of algae and bacteria
(Chlamydomonas reinhardtii, Chlorella vulgaris and Scenedesmus rubescens,
Azospirillum brasilense, Azospirillum brasilense) is potential approach to treat
industrial wastewater (Wang et al. 2012; Priyadarshani and Rath 2012). Due to the
excess load of pollutants, sometimes industrial wastewater require dilution with
media or distilled water and pretreatment process (screening, sieving, autoclaving,
etc.) before introduced to algal biomass. A potential reduction in heavy metals
(Cr (81.2–96%), Cu (73.2–98%,) Pb (75–98%), and Zn (65–98%)) and nutrients
(nitrate (44.3%) and phosphate (95%)) has been reported by Ajayan et al. (2015) to
prove the potential of algae for tannery industry wastewater. Hence, use of algae in
wastewater remediation represents a significant and sustainable approach with low
expenditure to sustain the green therapy for industrial, agricultural, and municipal
discharged wastewater.

7.2.2 Anaerobic Processes

In wastewater treatment, anaerobic processes are used for the treatment of organic
sludge removed from the wastewater in primary sedimentation and in final sedimen-
tation. This process is worked in the absence of air. Anaerobic process is advanta-
geous over aerobic process as it has high degree of waste stabilization, low
production of excess sludge, less requirement of nutrient, no need of oxygen,
production of biogas (methane), less requirement of land, etc. But, in terms of
treatment efficiency, it is 10–12% less than in activated sludge process. The main
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backdrops associated with anaerobic process are production of H2S gas, responsible
for corrosion and bad odor. Anaerobic process includes anaerobic ponds, septic tank,
and Imhoff tank which are clearly depicted in Fig. 7.2.

7.2.2.1 Anaerobic Ponds

Anaerobic ponds are large stabilization ponds or facultative lagoons, designed to be
aerobic at the top, and facultative lagoons are anaerobic at the bottom for treatment
of industrial and municipal wastewater. It provides secondary biological treatment of
organic compounds by the involvement of natural processes, i.e., sunlight, water,
atmospheric oxygen, nutrient (nitrate, phosphate, sulfate, potassium, etc.), and
microbes (Bacillus, Bacteroides, Bifidobacterium). Complex organic compounds
are broken down by the bacterial activity to produce carbon dioxide, which is used
by algal biomass to produce simple sugars through photosynthesis. It is very well-
organized technique with numerous inundated inlets and outlets in order to minimize
the short circuiting. The efficiency of pollution reduction of urban and industrial
wastewater by anaerobic pond has been obtained with BOD (81%), COD (83%),
TSS (87%), total nitrogen (33%), and total phosphorous (25%) (Orumieh and
Mazaheri 2015). The anaerobic treatment method has also been applied in fisheries
wastewater and obtained high rate of pollution removal, i.e., 75–85% of COD
(Mendez-Romero et al. 2011). Figure 7.2a provides a schematic of the operational
principals for aerobic and anaerobic processes.

7.2.2.2 Septic Tanks

Septic tanks are used for treating municipal wastewater from individual homes or a
small group of homes. A well-established septic tank contains a chamber for the
settling of solids which form a sludge layer (Bremer and Harter 2012). It works on
the principle of anaerobic digestion, i.e., the biodegradable organic compounds of
wastewater converted into methane, carbon dioxide, hydrogen sulfide, liquid com-
pounds, etc. Therefore, a continuous and significant reduction obtained in solids
sludges accumulated at the bottom of the tank. In this process a thick crust of scum,
i.e., anaerobic bacteria are formed on surface of septic tank to maintain the anaerobic
condition. Septic tank is basically dominated by non-methanogenic (Actinomyces,
Alcaligenes viscolactis, A. faecalis, Bacillus, Bacteroides, Bifidobacterium,
Branhamella catarrhalis, Clostridium, Corynebacterium, Desulfovibrio
desulfuricans, E. coli, Eubacterium, etc.) and methanogenic (Methanobacterium,
Methanobacterium formicicum,Methanobacterium ruminantium,Methanospirillum
sp., Methanococcus vannielii, etc.) bacteria. The efficiency of pollution reduction
has been obtained 15–25% in BOD and 40–60% in suspended solid of sewage
wastewater (http://www.biologydiscussion.com/waste-management/waste-water
treatment/treatment-of-waste-water/24664). The backdrops are associated with its
low digestion rate due to low temperature. Septic tanks need further treatment before
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Fig. 7.2 Different schematic structures for anaerobic processes of wastewater treatment: (a)
anaerobic ponds, (b) septic tanks, (c) Imhoff tanks
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its discharge to the surface waters. Figure 7.2b illustrates the three zones, which
operate on the septic tank process.

7.2.2.3 Imhoff Tanks

Imhoff tank is basically used for the treatment of municipal, sewage, and domestic
wastewater. It is an improved form of septic tank, which usually consists of a two-story
deep tank. The sedimentation or settling usually occurs in the upper story of tank,
while the digestion process of settled solid occurs in the lower compartment of tank.
Gases (methane, carbon dioxide, etc.) produced by the digestion process escape
through the gas vent. The solid sludge present at the bottom can be withdrawn at a
regular interval. The process efficiency of Imhoff tank is noted up to 25–35% in BOD
and 40–60% in suspended solids (http://www.biologydiscussion.com/waste-manage
ment/waste-water-treatment/treatment-of-waste-water/24664). The process of Imhoff
tank is clearly illustrated in Fig. 7.2c.

7.3 Use of Reclaimed Water

The fundamental goal as detailed above is the remediation of wastewater from
municipal, agricultural, and industrial sources. By developing a closed-loop system,
the reclaimed water can be used for downstream applications including municipal
water, irrigation, and aquaculture and in industrial cooling systems as described in
Table 7.1. Reclaimed water has potential to replace freshwater uses in various fields
such as groundwater recharge, aquifer storage, non-portable urban uses, etc. As
shown in Fig. 7.3, water reclamation is an essential component of a looped system
that maximizes product including clean water while minimizing costs.

7.3.1 For Irrigation

Reclaimed water which arises from dairy and food processing industries have been
directly used for irrigation purposes. Polluted (municipal, industrial) wastewater
requires treatment process before reuse in irrigation (Mohamed et al. 2014). The
viability of using treated wastewater for irrigation is due to its following reasons:
(i) the total concentration of dissolved salts such a sodium, potassium, phosphate,
sulfate, and nitrates, (ii) crop type (e.g., salt tolerance of particular species), and (iii)
process of irrigation (e.g., use of treated wastewater with high salt concentration may
cause damages to leaf, stem, buds, etc.). The benefits associated with use of
reclaimed water are not restricted with low-cost water source but also enhance in
crop yields, minimization of chemical fertilizers, and frost damage protection.
Reclaimed water potentially assures the water demands, as it is satisfactorily treated
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to make certain water quality suitable for reuse in irrigation purposes. The appro-
priate performance of reclaimed wastewater depends on the density of enteric viruses
as it is responsible for major health risk. Hence, the cost-effective method of
identification and quantification of harmful viruses is important before application
of reclaimed water for irrigation to minimize the health risk.

7.3.2 For Agriculture

Reclaimed water is applicable in various fields of agriculture such as irrigation of
gardens, agriculture and plantation of tree, and silviculture from the off-site treat-
ment plants (Agrafioti and Diamadopoulos 2012); (http://www.ecoefficiency.com.
au/Portals/56/factsheets/foodprocess/dairy/ecodairy_fs6.pdf). Therefore, wastewa-
ter must be treated and follow the secondary wastewater standards (i.e., < 20 mg/L
BOD and < 30 mg/L suspended solid, total coliform <1000 organisms per 100 ml for
irrigation). While in case of subsurface irrigation, these requirements are not neces-
sary. The reuse of treated wastewater for vegetable production is directly consumed

Table 7.1 Various applications of reclaimed water

Category of
use

Specifications of using reclaimed
water Limitations

Landscape
irrigation

Park, gardens, cemeteries, sports
ground, greenbelts, lawns, etc.

Reclaimed water with high rate of
total dissolved solids can adversely
affect the flora and fauna

Agricultural
irrigation

Edible crops, silviculture, frost
protection

Expensive as the source and use are
often away from each other

Health risk may be possible due to the
presence of pollutants

Required extensive treatment before
application

Non-portable
urban uses

Toilet flushing, commercial laundries,
vehicle washing, street cleaning

Dual distribution system cost

Industrial uses Cooling of towers, boiler feed, wash-
ing raw material, cleaning agent of
heavy machine, processing water

Treatment required depends on end
use

Impoundments Ornamental, recreational Dual supply costs of the system

Environmental
uses

Stream augmentation, mashes,
wetlands

It requires high rate of pollution
removal, i.e., ammonia, phosphate,
nitrate, BOD, COD, etc.

Some flora and fauna are sensitive to
quality of reclaimed water

Groundwater
recharge

Water storage in aquifer, groundwater,
etc.

Requires an appropriate
hydrogeological condition

Miscellaneous Aquaculture, snowmaking, soil com-
paction, dust control

High level of treatment required
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by the human beings much stricter to guidelines of CPCB before application.
Therefore, in recent years reuse of treated wastewater has gained significance in
water-scarce provinces. The overarching aim of reuse of treated wastewater in
agricultural land fulfills the demand of growers to ensure the food safety. Reclaimed
water endows with the tremendous environmental benefits in terms of decreasing
wastewater discharges, reducing and preventing pollution load in environment.
Application of reclaimed water for agriculture is often less than the cost of freshwa-
ter used in agricultural fields, because reclaimed water possess valuable nutrients,
i.e., nitrate, phosphate, and potassium, responsible for growth and development of
plants and simultaneously minimizes the addition of fertilizer cost.

7.3.3 For Aquaculture

The wide application of domestic wastewater, food industry wastewater, dairy
industry wastewater, and gray wastewater in aquaculture is increasingly considered
a favorable method of integrating reuse of wastewater and nutrient recycling for
aquatic cultivation as illustrated in Fig. 7.4. Application of reclaimed water in
aquaculture has been accomplished in several nations for a substantial period of
time as it serves as a source of essential nutrients required by the plant, i.e., nitrogen,
phosphorous, and potassium. It is widely applicable in the tropics. Generally,
wastewater is not reused directly in aquaculture system (Bradford et al. 2008). The

Fig. 7.3 Reuses of treated wastewater as per literature reviewed (Guide to Recycled water and
biosolids regulation 2010)
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nutrients contained in wastewater are usually preferred for aquaculture as it has
potential to provide nutrient for fishes and aquatic weeds, i.e., duckweed which is
usually grown for animal feeding. It has also been reported that the microbiological
quality for fish culture system in treated wastewater pond is better than freshwater
cultured fish (Bansal et al. 2007). In addition to provide an additional, dependable,
and locally controlled water supply, reclaimed water can help to find the solutions to
diminish the diversion of water from sensitive ecosystems. Using reclaimed water
for aquaculture is beneficial as it reduces the crisis of freshwater availability. But it is
expensive as it requires high-grade electricity with posttreatment storage and energy
intensive process.

7.3.4 For Industrial Applications

Reuse of treated wastewater is also a need of industries, starting from
uncontaminated water for boilers to electricity generation and lower water quality
for cooling tower. Correas et al. (2016) reported a novel application of nanoparticles,
i.e., hydroxyapatite in drug synthesis industries precipitated from wastewater of
aquaculture. Complex industrial wastewater such as tannery industry wastewater is
found less suitable for biological treatment due to its high acidic and heavy metal
concentration. Recently, Yilmaz et al. (2017) explored the use of tannery industry
wastewater for electrochemical oxygen generation to reduce the consumption of
electricity during the removal of COD (82%). Furthermore, author has shown the
feasibility of electrochemical treatment for energy generation using tannery industry
wastewater. A power generating plant (620 megawatts production of electricity) uses

WASTEWATER

FISH SEED

FISH

FISH

DIRECT REUSE INDIRECT REUSE

HUMAN CONSUMPTION

FEED

AQUATIC PLANTS
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Fig. 7.4 Wastewater reuse in aquaculture (Edwards 2000)
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4600 gallons per minute of municipal sewage wastewater by cooling tower (indus
tries.westech-inc.com/blog-commerical-industry/utilizing-unconventional-water-
sources-for-industrial-reuse). Table 7.2 describes the multiple applications of treated
wastewater.

7.3.5 Others

Beside the abovesaid applications of reclaimed water, it can also be utilized in
recreational and ornamental impoundments. Recreational impoundments further
divided into restricted and nonrestricted impoundments, i.e., non-body (boating
and fishing) and body (swimming) contact impoundments, respectively. Reclaimed
water can also be used to sustain the wetlands and riparian habitats. Reclaimed water
is also applicable in surface water augmentation, aquatic habitat restoration, ground-
water recharge, and aquifer storage and recovery. Uses of reclaimed water as
portable water also magnify its (reclaimed water) broad-spectrum applicability.
Use of reclaimed water for drinking purpose is categorized into two parts, i.e.,
indirect portable use and direct portable use.

7.4 Bioproducts

A wide range of aquatic flora plays a significant role to remove pollutants prom
wastewater. Various industrial wastewater containing hazardous heavy metals (Ag,
Pb, Cd, Zn Cu, Hg, and Cr) are being treated by aquatic microorganism and plants,
i.e., algae (C. pyrenoidosa, Scenedesmus sp., and C. vulgaris), water hyacinth
(Eichhornia crassipes), Fool's Watercress (Apium nodiflorum), Eurasian

Table 7.2 Industrial wastewater, treatment and reuse

Wastewater Treatment method Reuse References

Textile
industry
wastewater

Membrane filtration Cleaning of raw materials and
various flushing steps during
whole processing units

Rossi et al.
(1999)

Poultry
industry
wastewater

Filtration and ozone treatment
method

Cleaning agent Waldroup
et al.
(1993)

Food and
beverages
industry
wastewater

Two-stage membrane combina-
tion of nanofiltration, membrane
filtration, and UV disinfection

Boiling and cooling purpose,
cleaning agent, transportation,
and conditioning of raw
material

Rossi et al.
(1999)

Paper and
cellulose
industry
wastewater

Biological treatment, membrane
filtration (micro-, ultra-, and
nanofiltration), membrane
bioreactor

Cleaning agent for raw
material

Laitinen
et al.
(2002)
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watermilfoil (Myriophyllum spicatum), and duckweed (Lemna trisulca). After treat-
ment of wastewater, this biomass has various applications like animal feed, fodder,
composting, fertilizer, etc.

7.4.1 Animal Feed

Biologically treated dairy industry wastewater, i.e., separator de-sludge and product
returns, are a good quality source of protein and fat, which can be directly used as
animal feed onsite (Bradford et al. 2008). It reduces the transport costs involved in
waste disposal from source to dumping area. The dried biomass after removal of
extracellular water is applicable in agriculture sector, either as fertilizer (Laminaria
digitata, Saccharina latissima, Fucus vesiculosus, Ascophyllum nodosum, and
Phymatolithon calcareum) or animal feed (Delrue et al. 2016). For this purpose,
biomass should be free from persistent pollutants, i.e., heavy metals or persisting
organic pollutants to minimize the transfer of pollutants into the soil and animals.

7.4.2 Composting

The wet biomass produced after treatment of wastewater can be directly used as a
feedstock in composting (Mulbry et al. 2008). It can be applied for local/regional
area at pilot scale by using micro- and macroalgae (E. gracilis, C. pyrenoidosa, and
Selenastrum sp.) as compost.

7.4.3 Others

The biomasses produced after treatment of wastewater have various uses in the
medicinal and cosmetics industries. These biomasses are widely used to produce
high-value chemical compounds such as pigments, carotenes, antioxidants, sun
cream, and bioactive compounds.

7.5 Application of Produced Biomass on Wastewater
for Bioenergy

To avoid the major economic limitations, integration of biofuel production with
wastewater treatment is a best option to provide economics and environmental
benefits. Therefore, a comprehensive life cycle assessment study has been performed
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on biomass cultivation and summarized that economic feasibility of biomass-based
biofuel would be enhanced significantly by the continuous reuse of treated waste-
water (Table 7.3). Nevertheless, 100% recycling of wastewater is not possible even
under suitable operational condition. A potential application of treated wastewater
for energy saving clearly stated that to replace the 25% of the US transportation fuel
by algal-based biofuel, 1.73*1012 kg/yr of algal biomass is required. To fulfill the
demand of such a huge amount of algal biomass, 1100*109 m3/yr water is required
(Farooq et al. 2015). Therefore, use of treated wastewater for biomass (algal)
cultivation is a sustainable production pathway significant in terms of bioenergy
generation.

Hence, it is very clear from the above points that reuse of treated wastewater can
contribute to national development with minimization of environmental damages
and health risk caused by the direct discharge of wastewater into the river. In order to
promote the reuse of treated wastewater, a positive collaboration between users,
authorities, and public is highly needed. Therefore, exchange of technologies and
experiences is very important at global level.

7.5.1 Biodiesel

According to USDOE, microalgae have a significance to produce 100 times more
oil/acre of land compared to other plants even better than soya beans (Quinn and
Davis 2014). There are many microbial species which can be induced to accumulate
substantial content of lipid as it is clearly described in Table 7.4. These are food

Table 7.3 Different ways for energy generation through wastewater (Shoener et al. 2014)

Energy from
wastewater Description Applications

Biohydrogen/
hydrogen

Biohydrogen can be produced by electrolysis
of wastewater using conventional/
nonconventional energy sources

Transportation and electricity
generation

Bioelectricity Chemical energy of wastewater is converted in
to electricity through microorganism in micro-
bial fuel cell application (MFC)

Bioelectricity and potable
water

Biosolids Biosolids present in wastewater can be incin-
erated to produce electricity

Electricity generation

Algae Wastewater can be used as nutritive medium
for algal cultivation, which can be used for
various energy products

Produced algae can be used as
a source for biofuel
application

Heat Heated water from house and industry is spent
to the drain; energy can be recovered as thermal
energy

Heat recovery for heating
applications

Anaerobic
digestion

Sludge can be digested by anaerobic microor-
ganism and produces methane gas

Methane is used for cooking,
lighting, and electricity
generation
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source for many animals due to presence of polyunsaturated fatty acids, vitamins,
minerals, and oil and come in the bottom of food chain being main producer of
oxygen on the earth. Algae have the potential to synthesize triacylglycerides (TAGs)
and are considered as a resourceful feedstock for biodiesel production (Amaro et al.
2011).

Microalgal biomass has potential to minimize the greenhouse gases through the
substitute of fossil fuels, and it is economically feasible as it does not require high
operational cost and labor cost. Lipid content of algae plays a crucial role in biodiesel
formation. The first step in biodiesel production is (i) microalgal production (open
pond system or in closed PBRs which is a state-of-the-art technology, developing
rapidly), (ii) harvesting of cultivated algae (including different techniques, i.e.,
combination of different chemical, mechanical, and thermal method), (iii) oil extrac-
tion (disruption of algal cells and intracellular lipid extraction), and
(iv) transesterification of extracted oil to produce biofuel in the form of biodiesel.
The important benefits of alga-based biodiesel are its biodegradability and nontoxic
fuel with less environmental harm over the petrochemical-based fuels.

7.5.2 Biohydrogen

A wide range of wastewater (agricultural wastewater, distillery wastewater, dairy
industry wastewater, municipal wastewater, food processing wastewater, beverage
industry wastewater, rice slurry wastewater, sugarcane molasses waste, wheat and

Table 7.4 Different wastewater and algal biomass for biodiesel production

Algal strain Wastewater
Biodiesel
production References

Chlorella saccharophila Dairy industry
wastewater

21.82 � 2. 06 Hena et al.
(2015)Scenedesmus sp. 13.64 � 0.84

Consortium 21.34 � 1.26

Chlorella pyrenoidosa 6.7 ml/ 6.8 g of
dry weight

Kothari et al.
(2012)

Chlamydomonas mexicana Piggery wastewater 33 (% dry
weight)

Abou-Shanab
et al. (2013)

Scenedesmus obliquus Piggery wastewater 31 (% dry
weight)

Abou-Shanab
et al. (2013)

Auxenochlorella protothecoides Concentrated munici-
pal wastewater

28.9 (% dry
weight)

Zhou et al.
(2012)

Botryococcus braunii Carpet mill industry
wastewater

9.50 � 1.24 (%) Chinnasamy
et al. (2010)

Chlorella saccharophila Carpet mill industry
wastewater

17.00 � 2.89
(%)

Chinnasamy
et al. (2010)

Dunaliella tertiolecta Carpet mill industry
wastewater

12.20 � 1.41
(%)

Chinnasamy
et al. (2010)
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corn straw) are being used as substrate for biohydrogen production (Senturk and
Buyukgungor 2017; Douglas et al. 2017; Alemahdi et al. 2015; Wang et al. 2013).
Dark fermentation of these organic wastes with appropriate inoculum (i.e., algal
biomass, deoiled algal biomass, bacterial strains) is a promising technology for
biohydrogen production. In spite of its significant potential, this technique needs
an improved development in utilization of substrate, inoculum, and various opera-
tional parameters (i.e., pH, temperature, nutrient, H2 partial pressure, etc.). Algal and
deoiled microalgal biomass (oil-extracted or residual algal biomass) have wide
application in biohydrogen production. Oil-extracted algal biomass can be reused
as a feedstock for anaerobic digestion to produce biohydrogen. It has been investi-
gated that composition of oil-extracted algal biomass is lignin-free cellulose, asso-
ciated with starch which is an ideal feedstock for dark fermentation process to
produce H2 gas (Bruno et al. 2009). In dark fermentation process, mixed anaerobic
consortia act as biocatalyst which makes it favorable for biohydrogen (H2) produc-
tion. Organic compound, wastewater, different organic wastes, and insoluble cellu-
losic materials are widely used as favorable feedstock for biohydrogen production
(Reeta et al. 2013; Mohanakrishna and Venkata 2013). The bioprocess routes of
biohydrogen production by using lipid-extracted algae are divided into two steps:
(i) the first stage of biohydrogen production involves pretreatment of deoiled algae
through hydrolysis as a result of which simple sugar is formed, and (ii) in the second
step, the simple sugar formed undergoes in the process of fermentation to form
biohydrogen in the occurrence of biocatalyst, i.e., acidogenic bacteria (Venkata
2008). Apart from algal biomass, various bacterial strains Enterobacter aerogenes,
Klebsiella sp.,Halanaerobium hydrogeninformans, and T. neapolitana are also able
in hydrogen production. Kothari et al. (2016) reported a significant amount of
biohydrogen production (0.562 L-H2L

�1) by using Enterobacter aerogenes, bacte-
rial strain with dairy industry wastewater. Hence, biohydrogen production by anaer-
obic digestion and dark fermentation process is significant and economically feasible
as algal biomass and hydrogen-producing bacterial strain are easily available and can
use wastewater as nutritive supplements for growth and development. Table 7.5
describes the rate of biohydrogen production with selected wastewater and biomass.

7.5.3 Bioethanol

Paper industry, municipal wastewater, and sewage sludge are highly rich in lignin
and cellulosic carbohydrate wastes (Ishola et al. 2015; Yan et al. 2015; Thatoi et al.
2014). These wastewater and sludge are suitable feedstocks for hydrolysis to pro-
duce ethanol. Fungal (Saccharomyces cerevisiae) and bacterial (Zymomonas
mobilis) culture separately as well as in consortia (Escherichia coli and Saccharo-
myces sp.) are widely used in fermentation to produce bioethanol (Bharathiraja et al.
2014; Ivanova et al. 2011). Fermentation of starch-rich algal biomass is used for
bioethanol production. The starch and starch-type materials such as polysaccharides
are found in alga mainly as a food reserve material among the genera of Chlorophyta,
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Rhodophyta, Cryptophyta, etc. (John et al. 2011). The biotechnological process for
bioethanol production follows the starch production and its conversion through
anaerobic pathway using an anaerobic microorganism (Branyikova et al. 2011).
These types of conversion pathways involve various intermediate steps which
increases the complexity of the process (Ho et al. 2013a, 2013b).

7.5.4 Biogas

The foremost feedstock involved in anaerobic digestion process includes biomass
from crop residues, forest residues, lignocelluloses, and dedicated energy crops;
however recent advancement involves alga (freshwater, salt water, and
cyanobacteria) as a biomass feedstock for biogas production process. Wastewater
generated from different industrial plants (e.g., alcoholic beverage plants, rubber
plants, ethanol plants, edible oil refineries, cassava plants, paper industries, and oil
palm mills) are widely used to generate electricity from biogas (DEDE 2015). In
Thailand, around 1459 industrial plants produce 1311 million m3 of wastewater
which has potential to generate 158 MW of electricity from biogas per year
(Deeswasmongkol and Paoprasert 2016). Experimental research has been shown
that Chlamydomonas reinhardtii has potential to produce 587 ml of biogas per
volatile solids, while fermentation of Scenedesmus obliquus was incompetent with
only 287 ml of biogas per volatile solid being produced, and it has been observed
that methane content of biogas was 7 to 13% higher than methane content present in
biogas produced from maize. The residual algal biomass can be used for methane
generation. This conversion process does not require the drying process as the fresh

Table 7.5 Biohydrogen production rate with various types of biomass with wastewater

Inoculum Wastewater
Biohydrogen
production References

Pond sludge with dense
microbes

Cassava wastewater
pond sludge

1.91 mol H2/mol
glucose

Amorim et al.
(2014)

Pretreated sewage sludge Food waste 5.0 H2/L/d Kim et al.
(2013)

Rhodobacter sphaeroides
O.U.001

Dairy wastewater 3.6 L H2/L dairy
wastewater

Seifert et al.
(2010)

E. aerogenes Cheese whey 2.04 mol H2/mol
lactose

Rai et al.
(2012)

Clostridium
acetobutylicum ATCC

Cassava processing
wastewater

824 2.41 mol H2/mol
glucose

Cappelletti
et al. (2011)

C. butyricum Cornstalk 92.9 mL H2/g dry
biomass

Song et al.
(2014)

T. thermosaccharolyticum
W 16

Cornstalk 89.3 mL H2/g dry
biomass

Zhao et al.
(2013)

Microalgae Enriched functional
consortia

25.1 mL H2/g dry bio-
mass powder

Ho et al. (2012)
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algal biomass is directly used inside the biogas plant (Parmar et al. 2011). The
generated biogas typically contains energy carrier in the form of methane and carbon
dioxide. It is technique trouble-free to produce biogas in contrast to biodiesel
production. The residual product obtained from the biogas plant remains as a
nutrient-rich source that can be used in agriculture (Rodolfi et al. 2009). It has
been reported that upflow anaerobic sludge bank has potential to convert organic
compound of wastewater into methane in small high-rate reactors. Around 60% of
the anaerobic full-scale treatment facilities are treating a wide range of industrial
wastewater for methane production at global level (Angenent et al. 2016). Bioenergy
concept must be implemented to sustain the environment as well as green economy.

Usher et al. (2014) reported energy content of different biomass-based biofuel,
viz., significant biomass-based bioenergy options (biodiesel from algae 35–41 MJ/
kg, bioethanol 23.4 MJ/kg, biogas 37.2 MJ/kg, bio-oil 33–39 MJ/kg, hydrogen
144MJ/kg, biodiesel from soya 37.2 MJ/kg) that have significant potential to replace
the petrochemical-based fossil fuels (gasoline 45 MJ/kg, diesel 48MJ/kg) in terms of
energy content. Therefore, it is clear from the data that biomass-based biohydrogen
is significant in terms of energy content to fulfill the demand of bioenergy. But the
main shortcomings of biohydrogen are related to its packaging, storage, and trans-
portation which make this fuel economically unfeasible. Zhang et al. (2014) reported
significant production of lipid (162.5 mg L�1) and triacylglycerol (147.5 mg L�1)
using Scenedesmus sp. ZTY1 cultivated in domestic wastewater. The author has also
reported a significant reduction in dissolved organic carbon, total nitrogen, and
phosphorus, i.e., 60, 92.9, and 99.2%, respectively. Deepanraj et al. (2015) reported
significant yield of biogas (9926 ml) with volatile solid removal (46.52 g/L) from
domestic waste. The author has obtained good results by the use of pretreated
domestic wastewater slurry in comparison to untreated wastewater slurry.
Kandasamy et al. (2017) have achieved 911 mg/L of bioethanol by the use of
lignocellulosic and bagasse waste pretreated by acid (H2SO4) and alkaline (NaOH).

Hence, a significant potential of biofuel can be obtained by using different
wastewater, but biogas and bioethanol require a pretreatment process which is
economically unviable and harmful in environmental viewpoint. However, biodiesel
production does not require these pretreatment processes of wastewater. Therefore,
biomass-based biodiesel production integrated with various wastewater treatments is
a way forward to sustain the environment and green fuel economy.

7.6 Conclusion

This present chapter is focused and offered a snapshot on different biological
techniques of wastewater treatment enabling to recover bioenergy by the application
of treated wastewater. Various aerobic and anaerobic methods of wastewater treat-
ment have been clearly described for further application of treated wastewater in
various fields (irrigation, aquaculture, industries, etc.). Reuse of treated wastewater
with the help of aquatic biomass is significant approach for energy generation as it
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minimizes the overload on freshwater sources. Therefore, closed-loop systems of
bioenergy generation integrated with biological method of wastewater treatment to
minimize the environmental risk provide a new insight for clean environment and
energy sector and concluded with two aspects, i.e., challenges and ways to move
forward in this sector:

7.6.1 Challenges Ahead

Conventional biological techniques for wastewater treatment are not effectively
implemented on the part of clean and green society. Hence, in order to achieve
widespread acceptance and adoption of techniques with respect to closed-loop
system for energy production and wastewater treatment, a transformation of per-
spectives must be needed on planning and policy making on wastewater manage-
ment issues.

7.6.2 A Way Forward

A closed-loop system for wastewater treatment with energy production can be a
reliable, economical, and regenerative option for problems of energy and environmen-
tal crisis in broader sense. Biomass-based energy options in integration with waste-
water treatment also helpful in reducing the carbon footprinting from fossil fuel-based
transportation sector and utilization of wastewater as a growth media manage to help
in reduction of freshwater footprinting, in a sustainable way for clean environment.
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Chapter 8
Subsurface Processes Controlling Reuse
Potential of Treated Wastewater Under
Climate Change Conditions

Pankaj Kumar Gupta and Brijesh Kumar Yadav

Abstract In the last few decades, investigation on ecohydrological interaction
including biogeochemical characteristics has been an important research topic in
hydrology due to its role in natural resource management. Despite the research focus
on this subject, quantifying the geochemical processes controlling the moisture flow
and solute transport remains awaited especially under climate change conditions. At
the same time, the wastewater treated in conventional wastewater treatment systems
are reported with the inefficient removal of many emerging contaminants particu-
larly in rural areas and remote communities in low socioeconomic conditions. As a
result, in many instances, the wastewater may get disposed without appropriate
advance treatment that further contaminate the soil-water system. Thus, there are
urgent needs of the research to assess the risk posed to groundwater and to develop
improved knowledge frame of hydrologic and biogeochemical processes and of
geologic features controlling contaminant migration in the subsurface. Therefore,
the main focus of this chapter is to present the different biogeochemical processes
controlling reuse potential of treated wastewater in the subsurface under climate
change conditions. The different geochemical process involved during the fate and
transport in the subsurface are clearly elaborated and exemplified. Further, the role of
varying climatic conditions on biogeochemical makeup and transport is discussed
thoroughly. A state of the art of the different aspects of modeling and practical
approaches to quantify the governing biogeochemical processes in the subsurface is
reviewed comprehensively. Finally, the methodological framework is charted on the
basis of the technical and socioeconomic aspect to implement the potential reuse of
wastewater and remedial measures in the field. The outcomes of this chapter are of
direct use in applying remediation technique in the field and for the decision-making
related to the planning of (waste) water under varying environmental conditions.
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8.1 Introduction

Subsurface pollution has become a global concern due to the rapid growth of
industrialization, urbanization, and modern development under climate change
conditions (Gupta and Joshi 2017; Gupta et al. 2013, 2018a, b). Industries are key
performers in the economy of developing countries but are also considered as one of
the major polluters due to disposal of huge amount of untreated/partially treated
wastewater into the environment, which creates serious soil and water pollution and
causes severe toxic effects in living beings (Mustapha et al. 2018). The wastewater
discharged from various industries carry various organic and inorganic pollutants,
which are used in the processing of raw materials to obtain a good quality of
products within a short period of time and in an economic way; however, their
toxicity is usually ignored that poses a serious challenge for the safety of the
environment and human health. Further, technological innovations in industries
have given rise to new products and new pollutants in abundant level, which is
above the self-cleaning capacity in the environment (Gupta and Sharma
2018; Ranjan et al. 2008).

A large number of impoverished communities around the world face challenges
with respect to treatment of sewage and domestic wastewater. In particular, the rural
areas and remote communities in low socioeconomic conditions may lack conven-
tional centralized wastewater treatment systems. As a result, in many instances, the
wastewater may get disposed without appropriate treatment that contaminates drink-
ing water resources. Even if the communities choose a low-cost system for primary
treatment, such as waste stabilization ponds that do not require much operation cost
and skilled supervision, the existing wastewater does not undergo traditional sec-
ondary treatment for considerable reduction in biodegradable organic material,
PPCPs, pathogens, nutrients, etc. from the wastewater. Treatment of wastewater is
expensive, and in developing countries, the infrastructure for domestic wastewater
treatment prior to disposal is poor in small cities and may be nonexistent in the rural
and other remote communities. In developing nations, the discharge of untreated
wastewater is the main cause for widespread pollution of surface and groundwater
resources since there is often a large gap between generation and treatment of
domestic wastewater. For example, according to a recent report (CPCB, India
2009), out of ~38 billion L/day of sewage/wastewater generated, treatment capacity
exists for only ~12 billion L/day in India. The problem has reached a crisis
proportion as both rural and urban communities may be suffering from pathogen-
related health issues (Suthar et al. 2009) due to contamination of precious drinking
water sources.

148 P. K. Gupta and B. K. Yadav



The land irrigated with (un)-treated wastewater containing emerging pollutants
including PPCPs, biosolids, and petroleum hydrocarbons, during fertigation, has
deteriorated large volumes of soil and groundwater (Clement et al. 2000). These
emerging pollutants infiltrate into the subsurface along with soil moisture; it will
move into the partially saturated zone. The advective-dispersive mechanisms cause
spreading of these pollutants in the partially saturated zone and creates a redox
environment in and around the polluted subsurface zones (Christensen et al. 2000).
The redox environment controls the microbial numbers, diversity, and activity,
which may decrease the natural attenuation of several emerging pollutants. Simi-
larly, adsorption-desorption and or (de)attachment causes the alternation in biogeo-
chemical behaviors of these pollutants in the subsurface.

Impacts of climate change on subsurface water quality are not investigated
thoroughly, and very few studies were found relevant. Green et al. (2011a, b)
showed that the indirect impacts of climate change are more likely to affect subsur-
face water quality issues. The geochemical makeup of subsurface environment is
under direct influences of the surface or atmospheric conditions; thus, the variations
in ambient temperatures, precipitations, stream flow, and other dominating variables
affect the subsurface water quality (Klein and Nicholls 1999; Sharif and Singh 1999;
Pierson et al. 2001; Ranjan et al. 2006; IPCC 2007a, b). At the same time, the
pollution due to the release of several pollutants is a major concern to subsurface
water quality. Natural attenuation of these pollutants is likely to be affected by
environmental variability as microorganisms present in subsurface work differently
under various environmental conditions. Further, rapid groundwater table fluctua-
tions along with high pore water velocities are expected in shallow aquifers under
climate change conditions (Dobson et al. 2007a, b) which ultimately affect subsur-
face water resources. Changing groundwater flow velocity and groundwater table
dynamics causes stronger advective transport and enhances the dissolution rate of
immiscible pollutants.

Thus, the objective of this book chapter is to present the subsurface processes
controlling reuse potential of treated wastewater under climate change conditions.
The information of this chapter will help in management and remediation of polluted
sites under site prevailing conditions.

8.2 Treated Wastewater: As a Source of Subsurface
Pollutants

The application of treated wastewater gains more attention due to water scarcity in
most of the parts of the world and water conservation being so important at the
present time (Kinney et al. 2008).The largest source of marginal water for agriculture
is treated wastewater in many areas. Likewise, in urban areas, most of the treated
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wastewater is used for garden irrigation. Wastewater does not undergo higher
treatment for considerable reduction in biodegradable organic material, TSS, salts
(mainly Na, Cl, and bicarbonates), nutrients, microelements, emerging pollutants
like pharmaceuticals and personal care products (PPCPs), nanoparticles, pathogens,
etc. from the wastewater. Thus, higher quantities of these pollutants in the treated
water than in fresh water are reported in most of the literature (Bernstein et al. 2006).
To understand the suitability of treated wastewater in fertigation, a comparative
account of physicochemical characteristics is presented in this section.

8.2.1 Electrical Conductivity (EC)

The US EPA recommended EC as a significant parameter for reclaimed water
quality in different fields such as agriculture and industrial reuse (US EPA 2004).
Treated wastewater from municipal and industrial treatment plants, especially pulp
and paper industries, has been shown to have high concentrations of ions, which
subsequently increases the EC. The high value of EC in treated wastewater than
freshwater was reported in the literature. Bernstein et al. 2006 show that the EC
value of treated wastewater was 2.0–2.5 dS m�1, which was higher than the
potable water. The higher EC values in treated wastewater due to insufficient
equalization of wastewater during primary/secondary treatment lead to less
removal of total dissolved solids.

8.2.2 pH, Salt Composition, and Chemical Oxygen Demand
(COD)

The low performances of conventional treatment resulted in highly dissolved organic
matters and salt contents in treated wastewater, which altered the salt composition
and pH values too. Generally, the high values of salt concentration and pH were
found in previous studies. The highly dissolved organic matters containing treated
wastewater resulted in high chemical oxygen demand. Bernstein et al. (2006)
reported 86 mg/l of COD in treated wastewater. Similarly, Kushwah et al. (2012)
show that the COD varied from 346.4–792.4 mg/l in the influent wastewater and
182.6–86.4 mg/l in the final treated wastewater at Kotra wastewater treatment plant.
The pH, salt concentration, and COD of treated wastewater vary with sources of
influent wastewater which originated from different industries.
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8.2.3 Hydrocarbon Contaminants

Wastewater from petroleum refining and petrochemical industries contain BTEX
compounds, polyaromatic hydrocarbons (PAHs), oil and grease, large amounts of
suspended particulate matter, sulfides, ammonia, and phenol (Tobiszewski et al.
2012; Mustapha et al. 2015). These discharges are one of the major environmental
hazards to human and animals (Seeger et al. 2011). Furthermore, oily wastewater can
lead to the loss of biodiversity, destruction of breeding habitats of aquatic organisms,
and hazard to the biota including humans (Mustapha et al. 2011). Traditional
physicochemical, mechanical, and biological technologies cannot effectively treat
the effluents from petroleum industries to meet strict effluent discharge regulations
(Saien and Shahrezaei 2012; Wu et al. 2015).

8.2.4 Trace Elements

Research on the fate of heavy metals in treated wastewater shows significant residual
occurrence due to low removal efficiencies of many trace elements by secondary as
well as advance treatments (Karvelas et al. 2003; Sharma et al. 2007; Chary et al.
2008). Karvelas et al. (2003) investigated occurrence and fate of heavy metals in the
wastewater treatment processes and found 47–63% of Cd, Cr, Pb, Fe, Ni, and Zn
remains in treated wastewater effluent. Similarly, Sharma et al. (2007) investigated
heavy metal contamination of soil resulting from wastewater irrigation in suburban
areas of Varanasi, India. The results indicate that concentration of Cd was higher than
the permissible limits of the Indian standard during summer, whereas Pb and Ni
concentrations were higher in both summer and winter seasons. Furthermore,
bioaccumulation/biomagnification enhanced further concentration in biomass. Thus,
the reuse potential of wastewater depends on the concentration of these trace metals as
well as their bioaccumulation/biomagnification rates (Anitha et al. 2012).

8.2.5 Emerging Pollutants

Emerging pollutants includes pharmaceuticals, and personal care products
(PPCPs) designed to have biological effects even at low concentration and concern
to cause ecological adverse effects. The main source of these pollutants is (un)-
treated wastewater discharged from wastewater treatment plants/sewage treatment
plants (WTPs/STPs) and land application of biosolids (Chefetz et al. 2008;
Caliman and Gavirilescu 2009). Okuda et al. (2008) evaluated the removal effi-
ciency of 66 pharmaceuticals during wastewater treatment process including
conventional activated sludge (CAS) and biological nutrient removal (BNR)
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processes (Ebele et al. 2017). They show that the 30–80% removal efficiency was
achieved, in which removal efficiencies of carbamazepine and crotamiton were
less than 30% during wastewater treatment processes. Arye et al. (2010) reported
about 50% removal of carbamazepine and other pharmaceuticals in soil irrigated
with treated wastewater. These studies show that a lot of emerging pollutants
remain in treated wastewater even after complete advance treatment processes.
Thus, the land irrigated with (un)-treatment wastewater having a high risk of
further contamination by emerging pollutants.

8.2.6 Microbial and Colloids/Nanoscale Pollutants

Treatment of wastewater is expensive, and in developing countries, the infrastructure
for domestic wastewater treatment prior to disposal is poor in small cities and may be
nonexistent in the rural and other remote communities. In developing nations, the
discharge of untreated wastewater is the main cause for widespread pollution of
surface and groundwater resources since there is often a large gap between gener-
ation and treatment of domestic wastewater. For example, according to a recent
report (CPCB, India 2009), out of ~38 billion L/day of sewage/wastewater gener-
ated, treatment capacity exists for only ~12 billion L/day in India. The problem has
reached a crisis proportion as both rural and urban communities may be suffering
from pathogen-related health issues (Suthar et al. 2009). The pathogens of the major
threat to the ecological health are viruses and the protozoa. The cryptosporidium and
Giardia are well-known protozoa contaminates. Viruses are the most critical for the
groundwater among the microbiological contamination; they are much smaller in
size than others and are not filtrated out to the same extent in the porous soil matrix.
Rose et al. (1996) reported that water from land irrigated with wastewater contains a
significant number of pathogens including viruses and colloids. Likewise, Levantesi
et al. (2010) quantify the pathogenic microorganisms at two wastewater reclamation
sites and found a high concentration of Salmonella gene copies, Clostridium spores,
and Giardia cysts in treated wastewater. Thus, the reuse potential of treated waste-
water depends upon the degree of occurrences of these pollutants and their biochem-
ical activation and deactivation characteristics.

Other than nZVI, the nanoparticles tested for remediation purpose are metal and
their oxides (Ag, TiO2, ZrO2) and carbon-based nanomaterials (EPA 2008; Karn
et al. 2009; Watlington 2005). TiO2 nanoparticles can serve both as reductive and
oxidative catalysts and have been explored for the photo degradation of various
pollutants that includes dyes, inorganic pollutants, and organic pollutants (Savage
and Diallo 2005). After the discovery of carbon nanotubes (CNT) in 1991, its
application in water purification has attracted great attention. Carbon nanotubes
are basically the graphene sheets in tube form and that can be single-walled or
double-walled depending upon the manufacturing conditions (Li et al. 2003).
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8.3 Fate and Transport of Emerging Pollutants
in Subsurface

The release of (un)-treated wastewater containing emerging pollutants including
PPCPs, biosolids, and petroleum hydrocarbons, during fertigation, has deteriorated
large volumes of soil and groundwater (Clement et al. 2000). If agriculture land
irrigated with treated wastewater, emerging pollutants infiltrate into the subsurface
along with soil moisture, it will move into the partially saturated zone (Gharaibeh
et al. 2007). Because water and air already make a two-fluid system in the partially
saturated soil-water system, the introduction of second liquid results in a three-fluid
porous-medium system. In two-fluid systems, two fluids and one solid, and between
these three substances, form three possible interface combinations: interfaces
between the two fluids, interfaces between one fluid and the solid, and interfaces
between a second fluid and the solid. When three fluids are present, there are six
possible interface types (interface pairs), so the system becomes quite complex. An
additional complication to the overall multi-fluid problem is the observation that
immiscible organic fluid is often composed of a number of components. The multi-
fluid porous-media systems are characterized by a solid phase within which
interconnected pore space allows fluids to flow along with nonaqueous liquids,
like petrochemical products. For example, gasoline has a number of components
in it, some of which are lighter fractions like benzene, toluene, ethylbenzene, and
xylene (BTEX).

In partially saturated zones, pollutants fractionalized and cause partitioning into
air phase, aqueous phase, solid phase, and pure phase itself. The remaining mass of
pollutants moves downward through the partially saturated zone, in which lighter
pollutants like LNAPLs are generally retained by the water table due to their lighter
density to water, while dense pollutants like DNAPLs penetrate the water table and
move downward till they are retained by an impermeable layer (USEPA 1995). At
the water table, LNAPL starts dissolving with groundwater and subsequently moves
to surrounding downgradient locations due to advection, diffusion, and dispersion
mechanisms of mass transport (Dobson et al. 2007a, b; Powers et al. 1991).

Advection, dispersion, and liquid diffusion contribute to contaminant spreading
in the water-saturated area, with the last being the slowest process. Advective
transport driven by groundwater flow depends on groundwater velocity. Mechanical
dispersion causes migration in both a parallel as well as in a perpendicular direction
with respect to the main groundwater flow direction. Dispersion dominates over
diffusion at groundwater velocities higher than 0.1 m day-1 (McCarthy and Johnson
1993). Diffusion, driven by solute concentration gradients over space, may dominate
at low groundwater velocities.

Let us consider the subsurface contaminant mass balance in an elementary root
zone layer ofΔz thickness shown in Fig. 8.1. The contaminant influx into the layer is
denoted by J(z) (mg per unit area per unit time) [ML�2S�1], and the outflux from the
layer is J(z + Δz). SC is the sink term denoting the amount of solute taken up by plant
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roots and degradation of the contaminant by microbial biomass [ML�3S�1]. Then,
the change in total contaminant concentration Ct over time t can be written as:

∂Ct

∂t
¼ J zð Þ � J zþ Δzð Þ

Δz
� SC ð8:1Þ

Diffusive Flux Diffusion is mathematically described by Fick’s law as the net rate of
contaminant transport proportional to the negative gradient of its concentration and
can be modified for the unsaturated porous medium as:

Jdiff ¼ �τDoθ
∂c
∂z

¼ �Dmθ
∂c
∂z

ð8:2Þ

where τ is the tortuosity factor (dimensionless) which accounts for the increased
distance of transport due to tortuous path of the solute particle in a porous media. Do

and Dm are the free-water diffusivity and molecular diffusion coefficients, respec-
tively [L2 T�1].

Dispersive Flux The dispersion at a microscopic scale occurs due to the variation of
velocity within the pores and due to the tortuous movement of the fluid around the
soil grains. Macroscopic dispersion refers to the dispersion resulting from the
interfingering of materials of different permeability. Mechanical dispersion is math-
ematically described in the same way as molecular diffusion by using the Fick’s law
as:

Jdis ¼ �αLν
∂C
∂z

¼ �αL
q

θ

∂C
∂z

ð8:3Þ

where αL is the longitudinal dispersivity of the porous media in the direction of flow
[L] and v is the pore velocity. Now by adding all the abovementioned fluxes, we get
the resultant flux as in Eq. 8.4.

J ¼ Jadv þ Jdis þ Jdiff ¼ qC � Dθ
∂C
∂z

ð8:4Þ

CtΔz

J(z+Δz)

SC

J(z)Fig. 8.1 Diagram showing
a soil-water system having
subsurface contaminant
influx (Jz) and outflux
(Jz + Δz) with sink term (SC)
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where D ¼ τDO þ αL
q
θ ¼ τDO þ αLν here; D is the diffusion-dispersion or hydro-

dynamic dispersion coefficient, which is the pore water velocity-dependent function
[L2 T�1]. The modified form of advection-dispersion as:

∂ θcþ ρbsð Þ
∂t

¼ �∂
∂z

qC � θD
∂C
∂z

� �
� SC ð8:5Þ

Biodegradation/Natural Attenuation A general expression of organic contaminants
like PPCPs, hydrocarbons depletion in soil, in which microbial densities and con-
taminant concentration determine the degradation kinetics, can be written as (Yadav
and Hassanizadeh 2011):

�∂C
∂t

¼ μmaxC
CO þ XO � Cð Þ

KS þ Cð Þ ð8:6Þ

where μmax is the maximum growth rate, C is the contaminant concentration at time t,
C0 is the initial contaminant concentration, X0 corresponds to the contaminant
required to produce initial microbial density, and Ks is the half saturation constant
also known as a growth-limiting concentration. The above equation reflects a linear
relationship for changes in microbial density and the nonlinear relationship of
changes in contaminant concentration on the rate of contaminant degradation.
Furthermore, different simplified degradation kinetic models can be approximated
considering extreme ratios of initial contaminant concentration (C0) to Ks or initial
microbial densities (X0) to C0 in Eq. 8.6.

Adsorption/Desorption Adsorption/desorption is an important geochemical process
controlling the fate and transport of pollutants in the subsurface. The solid phase
mass partition, i.e., adsorption is governed by:

S ¼ KdC ð8:7Þ

where S is the mass of adsorbed contaminants, C is the mass of aqueous phase, and
Kd is the distribution coefficient product of organic carbon partitioning coefficient
(Koc) and organic carbon content of the soil foc as:

Kd ¼ Kocf oc ð8:8Þ

The retardation factor (R) is mainly used to estimate the adsorption in subsurface,
and it is calculated using following equation:
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R ¼ 1þ ρb
n
Kd ð8:9Þ

where R, retardation factor; ρb , soil bulk density (g/cm3); n, porosity; and Kd, soil
distribution coefficient.

Volatilization Mass transfer between the air, water, or pure phases, commonly
known as volatilization, is an important geochemical process controlling the fate
and transport of emerging pollutants in the subsurface. Between air and water
phases, Henry’s law is used to estimate the volatilization rate, given by:

p ¼ kHCw ð8:10Þ

where p is the partial pressure of the contaminant in the gas phase, kH is Henry’s law
constant (a function of temperature), and Cw is the aqueous concentration of the
contaminant.

8.4 Subsurface Processes Controlling Reuse Potential
of Treated Wastewater

8.4.1 Redox Environment and Redox Buffering

Sufficient organic matter and other reduced pollutants introduced in subsurface due
to heavy irrigation using wastewater create a redox environment in and around the
polluted subsurface zones (Christensen et al. 2000). The redox system of contami-
nant plumes which originated from the application of (un)-treated wastewater in
subsurface may involve gases (O2, N2, CH4, CO2), and dissolved components (NO3
�, NH4

+, CH2O, Fe
2+, Mn2+, SO4

2�, HS�, H+) as well as solids (FeOOH, MnO2)
and components Fe2+, Mn2+, NH4

+ associated with the solids by ion exchange. The
redox conditions of a contaminant plume constitute an important part of the chemical
framework controlling the behavior of the contaminants in the plume. The redox
conditions developed in plume zone is dominating by O2 reduction by aerobic
respiration/denitrification; iron (III), Mn (IV), and sulfate reduction; and
methanogenic production as shown in Fig. 8.2. Within this zone and downgradient
from it, sulfate reduction may take place. Iron reduction takes place further
downgradient, where the conditions are less reducing (Albrechtsen and Christensen
1994). Zones of manganese and nitrate reduction have been observed, sometimes
overlapping the iron-reducing zone. Finally, aerobic conditions may exist in the
outskirts of the reduced plume, if the pristine aquifer is oxidized and contains
significant amounts of dissolved oxygen (Barcelona and Holm 1991). In this pro-
cess, the hydrolysis of the organic pollutant takes places, which produces the
sufficient amount of CO2 (Borden et al. 1995).
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The set of reactions that create the complex redox environment of contaminants
plumes originated from the application of wastewater consists of combinations of
two half-reactions: oxidation half-reaction and reduction half-reaction. During
organic matter oxidation, it is evident that when all electron acceptors are present,
oxygen will be used first, followed by nitrate, manganese, iron, and sulfate. Finally,
methanogenesis and fermentation reactions dominate, when the most favorable
electron acceptors are depleted. The numbers, diversity, and ability of microorgan-
isms to attenuate different organic substrates are reduced under these conditions.
Therefore, the natural attenuation of several emerging pollutants is reported to be
quite slow under redox conditions. Thus, redox environment which originated from
the application of (un)-treated wastewater may lead high risk and vulnerability of
subsurface natural resource pollution.

8.4.2 Adsorption/Desorption Processes

Sorption and desorption are the major processes influencing the fate (uptake, bio-
degradation, chemical degradation, photodegradation, and mobility) of organic
contaminants in the environment (Petersen et al. 1996; Jeribi et al. 2002; Sparks
2003). Generally, adsorption of the pollutants depends on the Kd values, which
correlated with organic carbon content ( for) of soil. The organic carbon content ( foc)
of soil increases as it is irrigated with treated wastewaters. Furthermore, the changing
pH values cause the ionization of complex organic pollutants, PPCPs, which reduce
their lipophilicity (Kow). Ternes et al. (2007) investigated the adsorption of pharma-
ceuticals and musk fragrances in soil irrigated with treated wastewater in Braun-
schweig, Germany. They estimated the Kd values of different pharmaceuticals and
musk fragrances compounds and show that adsorption is not more effective for
pharmaceutical compounds due to its corresponding low Kd values. Whereas,
comparatively high adsorption was found for Musk fragrances having high Kd

values. Chefetz et al. (2008) investigated sorption and mobility of pharmaceutical

Fig. 8.2 Development of redox condition in the subsurface due to the release of pollutants
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compounds in soil irrigated with treated wastewater. The results of the adsorption-
desorption batch experiment show that the adsorption isotherms were more linear for
soil irrigated with treated wastewater than freshwater. They suggested that the
adsorption isotherm of the pollutants depends upon the soil organic matter (SOM).
They also suggest that the higher mobility of PPCPs in soil column systems indicates
that their residues in soils irrigated with treated wastewater can leach from the root
zone and be transported to the groundwater after rain events. Thus, the reuse
potential of the treated wastewater depends on the degree of SOM present in
wastewater as well as its mobility in the subsurface. It is generally observed that
the humification of the SOM as well as the level of clay and organo-clay complexes
affect significantly the adsorption of several pollutants originated from the applica-
tion of treated wastewater (Senesi and Plaza 2007).

8.4.3 Attachment and Detachment Processes

Land irrigated with treated wastewater contains a significant amount of nanoscale
emerging pollutants like viruses/colloids. The behavior of these nanoscale pollutants
in subsurface depends upon their interaction with solids to be the result of differ-
ences in the electrical charge and the hydrophobicity of pollutant surface. Solids
having high isoelectric points are better virus adsorbents than those with low
isoelectric points (Bales et al. 1991). Thus, the electrostatic conditions of soil matrix
control the attachment/detachment of nanoscale pollutants, especially viruses/col-
loids (Yates et al. 1987). Attachment of viruses is more in soil having higher cation
exchange capacity (Burge and Enkiri 1978), exchangeable iron, and iron oxides
(Lipson and Stotzky 1984; Chu et al. 2003). Moore et al. (1982) reported that the
attachment shows more in media having higher specific surface areas. Generally,
granular soils are weaker adsorbents than clays and minerals (Sobsey et al. 1980;
Moore et al. 1981). Clays may have surfaces that have a very heterogeneous charge
distribution. Vilker et al. (1983) suggested that poliovirus 1 be attached to the edges
of montmorillonite particles in regions of positive charges due to the presence of
aluminum ions. Farrah and Preston (1993) show that viruses/colloids are detached
more in soil modified with precipitation of metallic salts than unmodified sand.
Furthermore, the higher pH than 3.9 creates a negative charge, and less pH than 3.9
creates a positive charge, which may control the attachments and de-attachment
behaviors of these nanoscale pollutants (Schijven and Hassanizadeh 2000). Simi-
larly, high electrical conductivity due to the application of treated wastewater may
increase the attachment rate, which acts as long-term residual pollutant in the
subsurface. An increasing organic contents by regular application of treated waste-
water may reduce the attachment sites on soil solids, which may result in additional
pollutants load on underlying groundwater resources. Thus, attachment and
de-attachment behavior of nanoscale pollutants control the reuse potential of treated
wastewater (Sinton et al. 1997).
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8.4.4 Mobile–Immobile Regions

The nonuniform flow of water which takes place leads to the non-equilibrium
conditions in the variably saturated zone. Water mostly flows from macropores by
passing the rest of the soil matrix resulting in a nonuniform wetting of the soil as
flowing water has very less time to equilibrate with the soil matrix. These
non-equilibrium conditions were termed to be most frustrating processes in terms
of hampering accurate predictions of contaminant transport in soils and fractured
rocks by Simunek et al. (2003). Preferential flow and transport hasten the movement
of contaminants like fertilizers, pesticides, pathogens, and trace elements originating
from the application of treated wastewater to the underlying vadose zone (Gardenas
et al. 2006, Wang 2008).

Studies for predicting the water flow in subsurface rely on the assumption of
continuity, i.e., hydraulic properties over the domain are uniform. Since subsurface
is composed of various soil materials like sand, clay, loam etc., hydraulic properties
of the soil vary with space (Botros et al. 2009). Many researchers had studied the
effects of preferential flow paths in soil on fluid and solute transport (Harter et al.
2005) and tried to model this phenomenon using various approaches (Simunek and
Genuchten 2009). Because of preferential flow of water and solutes through the
macropores, there is very less time for water and solutes to equilibrate with the rest of
the soil matrix creating non-equilibrium conditions in the soil matrix.

Dual-porosity and dual-permeability models have been extensively used for
modeling preferential flow phenomenon, where flow region is divided into two:
mobile and immobile regions. Simunek et al. (2003) extensively reviewed various
conceptual models which can be used for modeling non-equilibrium flow and
transport of water and solute in the heterogeneous vadose zone. To investigate the
spatial and temporal distribution of contaminants originated from the application of
treated wastewater, Richard’s equation and advection-dispersion equations are
mostly used for simultaneous water and solute transport considering mobile-
immobile regions. Total moisture content (θ) in the soil domain is considered to
be the sum of moisture content in fractures (θm) and matrix (θim). The moisture flow
equation in its mixed form coupled by a nonuniform sink function for water uptake
by plants can be written in 3D form as:

∂θm
∂t

¼ ∂
∂x

Kx hð Þ∂h
∂x

� �
þ ∂
∂y

Ky hð Þ∂h
∂y

� �
þ ∂
∂z

Ky hð Þ∂h
∂z

þ K hð Þ
� �

� Sm � Γw

ð8:11Þ
∂θim
∂t

¼ �Sim þ Γw ð8:12Þ

where θ is the volumetric water content defined as the volume of water per unit
volume of soil (dimensionless), h is the pressure head of mobile region [L], S is a
sink function that represents the water extraction by surface vegetation [T�1], z is the
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depth of vadose zone measured positive upward [L], Γw is the water transfer rate
between mobile and immobile region [T�1], K is the hydraulic conductivity of the
soil [LT�1], and t is the time [T]. The water transfer Γw rate between mobile and the
immobile region is assumed to be proportional to the difference in effective satura-
tion between mobile and immobile regions.

Γw ¼ ω Se,m � Se, imð Þ ð8:13Þ

where ω is a first-order water transfer coefficient and Se,m and Se,im are the effective
saturation of the mobile and immobile regions defined as:

Se,m ¼ θm � θm, r
θm,s � θm,r

Se, im ¼ θim � θim, r
θim, s � θim, r

ð8:14Þ

Similarly, the solute transfer function Γs between mobile and the immobile region
is considered to be proportional to the difference in solute concentration between
mobile and immobile regions.

Γs ¼ ωs Cm � Cimð Þ þ ΓwCm

ΓwCim

�
Γw > 0
Γw < 0

ð8:15Þ

The following texts describe factors affecting mobility-immobility of contami-
nants originated due to land application of treated wastewater in the subsurface.

• Subsurface heterogeneity creates mobile-immobile zones, which may cause the
complexity in water and solute flow regions. Thus, the subsurface zone having a
high degree of formations of heterogeneity holds more pollutants in pore spaces
(Simunek et al. 2003).

• Similarly, the pollutant heterogeneity due to the application of treated wastewater
having trace metals, hydrocarbons, etc. causes more vulnerability to soil and
underlying groundwater resources (Yadav and Junaid 2014).

• The bulk density, particle size distribution, pH, redox conditions, ionic exchange
capacity, organic matter contents, types and the amount of metallic oxides, and
types and the amount of clay minerals significantly affect mobile-immobile
regions of water flow and solute transport in the subsurface.
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8.5 Role of Climate Change In Biogeochemical Processes

Observational records and climate projections provide abundant evidence that like
other ecosystems, subsurface processes have dynamic interactions with the ground
surface and its prevailing environmental conditions. Climate variability affects
subsurface processes both directly by altering surface water and heat flux and
indirectly via changes in groundwater extraction patterns. Subsurface water
resources are vulnerable and have the potential to be strongly affected by climate
change with wide-ranging consequences (Green et al. 2011a, b). Impacts of climate
change to the subsurface natural resources are further compounded due to acceler-
ating demands arising from increasing population, urbanization, deforestation, and
intensification of agriculture. Subsurface recharge and increased groundwater dis-
charge due to climate change significantly disturb the moisture flow pattern, which
further affects the biogeochemical characteristics of the subsurface system (Green
et al. 2011a, b). In this situation, land irrigated with treated wastewater causes
additional pollution load on subsurface natural resources. The following text
describes the effects of climate change on biogeochemical processes controlling
reuse potential of treated wastewater in the subsurface.

• Temperature is a key factor in reaction kinetics and dissolved oxygen concentra-
tions, and hence, a small change in subsurface water temperatures could have a
significant impact on subsurface water quality (Gunawardhana and Kazama
2012).The increased subsurface temperature may alter the geochemical processes
(particularly redox reactions) that can exert control on the dissolved concentration
and mobility of a wide variety of chemical contaminants (e.g., nutrients, trace
metals, iron, and manganese) released by application of treated wastewater
(Destouni and Darracq 2009). This may be of particular concern for supply
wells that derive their water from riverbank infiltration. Rising temperatures
could potentially increase soil mineralization rates of organic nitrogen to nitrate,
leading to an increase in the potential for nitrate leaching to the water table in
agricultural areas that irrigated with treated wastewater (Stuart et al. 2011).

• Modifications in biogeochemical interactions take place due to subsurface water
warming by increasing temperature-propagated heat flux to sufficient depth,
which can affect (co)-metabolic actions of soil microbiotas responsible for
degrading subsurface pollutants (Gupta and Yadav 2017).

• Likewise, temperature plays a significant role in controlling the nature and extent
of microbial metabolisms that are responsible for degradation of several pollut-
ants (Yadav and Hassanizadeh 2011). Bioavailability and solubility of pollutants
are also temperature-dependent. Low-temperature conditions usually result in
increased viscosity, reduced volatilization, and decreased water solubility of
pollutants, and thus delayed the onset of biodegradation process.
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• Alternation in subsurface physical and functional interactions is mostly caused by
the increasing evapotranspiration (ET) resulting from rising temperature. The
increasing ET accelerates the subsurface moisture losses, which directly affects
microbial cellular water loss in the subsurface. In particular, biodegradation
process is strongly affected by the soil moisture contents. Thus, lands irrigated
with treated wastewater in the semiarid and arid region are more vulnerable to
underlying natural resources (Dettinger et al. 2004).

• Furthermore, in semiarid and arid regions, climate variability and changes accel-
erate evapotranspiration rates and cause the significant subsurface water losses,
which ultimately lead to the high salinity problems (Earman and Dettinger 2011).

• The ratio of soil moisture and air in unsaturated zone has a direct effect on
pollutants fate and transport under varying climatic conditions (Yadav and
Hassanizadeh 2011). The low soil moisture content results in greater air-filled
porosity, which should improve oxygen mass transfer to the pollutant-degrading
microbial assemblage. However, there is likely to be a trade-off between
improved oxygen availability and soil moisture content (Arora et al. 1982;
Alvarez and Illman 2006).

• However, pollutant movement is getting retarded by adsorption on organic and/or
mineral components of soil solids when air-filled porosity increases at low water
contents. Thus, irrigation with treated wastewater reduces air-filled porosity and
causes more downward movement of pollutants (Petersen et al. 1994).

• Extreme rainstorm intensity related to climate change may increase the downward
flux of pollutants (e.g., nitrate, chloride) introduced by application of treated
wastewater in vadose zone (Taylor et al. 2013). Alternatively, intense storms
could produce precipitation rates that quickly exceed soil infiltration capacities
and may flush additional pollutants mass to underlying groundwater table.

• The increase in rainfall intensity and surface flooding expected to accompany
under climate change may drive the expansion of irrigated wastewater with runoff
to the subsurface. This could potentially increase the amount of dissolved toxic
chemicals and nutrients in runoff ultimately increasing the vulnerability of
shallow aquifers to contaminations (Clifton et al. 2010; Green et al. 2011a, b).

• The continuous irrigation by treated wastewater causes accelerated advective and
dispersive flux, which increases pore water velocities in partially saturated zones.
Rapid groundwater table fluctuations along with high pore water velocities can
enhance the mobilization of pollutants considerably (Dobson et al. 2007a, b).

• Large subsurface zones are polluted by advective and dispersive flux under high
groundwater flow velocities caused by climatic variations. The fast groundwater
velocity also enhances dissolution of pollutants, which may increase the pollution
load in downgradient locations (Gupta and Yadav 2017).

• The dynamics of groundwater table accelerate (up)-downward movement of the
pollutants causing their entrapment in pore space, which ultimately increases their
coverage area. Pollutants entrapped in the form of isolated blobs or ganglia in
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pore spaces increase water interfacial area responsible for their enhanced disso-
lution rates in the aqueous phase (Soga et al. 2004). Thus, pollutants trapped in
the porous media act as long-lasting sources of groundwater pollution (Yadav and
Hassanizadeh 2011).

• The wide coverage of pollutants due to advective and dispersive flux resulted by
rapid groundwater table and pore water velocities creates large redox environ-
ment in the subsurface. Underlying redox environment may reduce the degrada-
tion of upcoming pollutants from treated wastewater applied at the land surface.

• To sum up, the climatic variation response to dynamic soil moisture flow, nature
of underlying groundwater flow, and ambient temperature profile and pollutant
regimes not only affect the microbial degradation rate but also the transport of
substrate throughout the variably saturated zone. Thus, the climate change sig-
nificantly affects the biogeochemical processes controlling reuse potential of
treated wastewater in the subsurface.

8.6 Groundwater Pollution Load Resulted from Land
Application of Treated Wastewater: A Case Study

Commonly, groundwater aquifer vulnerability has been assessed by data-based
models like DRASTIC, modified DRASTICA, etc. incorporating the major
geohydrological factors that affect and control the groundwater contamination
movements. But these models are not effectively able to implement the contamina-
tion characteristics and biogeochemical behaviors to evaluate the major risk to
underlying resources. Thus, an effort has been made to map the vulnerability of
shallow groundwater to (sub)-surface pollutants resulting from land irrigated with
wastewater of study area, using soil moisture flow and contaminant transport
modeling.

8.6.1 Study Area

Kishanghrah Tehsil of Ajmer district, Rajasthan, is selected for this study (Fig. 8.3).
The study area is a semiarid climatic zone in the map of India. The area is dry
throughout the years except for monsoon or rainy season. The mean annual rainfall
(1957–2012) of the district is 323 mm. Almost 95% of the total annual rainfall is
received during the southwest monsoon, which enters the district in the last week of
June and withdraws in the middle of September. The annual potential evapotrans-
piration in the district is 1565.6 mm and is the highest (243 mm) in the month of May
(CGWB 2008).
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8.6.2 Methodology

HYDRUS-1D is used to model the solute transport to the underlying groundwater
resource. The classical advection-dispersion equation coupled with Richard’s equa-
tion is numerically simulated at different point locations for assessing the intrinsic
vulnerability. The governing flow and transport equations (refer Eq. 8.9) are solved
by Galerk in finite element scheme. Simulations are carried for two approaches:
equilibrium approach and non-equilibrium approach using dual porosity approach.
The methodology follows the physics of the soil moisture and contaminant move-
ment in variably saturated porous media. This work demonstrates the potential
vulnerability of shallow aquifer regions irrigated with treated wastewater in
Kishangarh, Rajasthan. The soil moisture flow and solute transport regimes of the
vadose zone associated with specific hydrogeological conditions play a crucial role
in pollution risk assessment of the underlying groundwater resources. The role of
soil type, slope, and the land-use cover is considered for estimating the transient flux
at the top boundary from daily precipitation and evapotranspiration data of the study
area. A constant flux of 150 mL/hr. of BTEX, a mixture of hydrocarbons, generally
found in treated wastewater is applied as solute flux at top boundary.

Fig. 8.3 Location map of the study area showing the two point locations (Kishangarh city and
Rural area) for which groundwater contamination resulted from the land application of treated
wastewater has been assisted using moisture flow and solute transport modeling
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8.6.3 Results and Discussion

The computed solute transport profiles of varying hydrogeological conditions asso-
ciated with different locations in the study area are shown in Fig. 8.4. The intrinsic
vulnerability is assessed by comparing the transit time for the solute peak to reach the
saturated zone. Figure 8.3 shows the variation in hydrocarbon concentrations with
time for a constant flux boundary condition for all locations. The N5 line in each
graph represents the concentration of solute at the water table, and the N1 lines
represent the same at the observation point located at the top boundary and
remaining (N2-N4) in the middle of the vadose zone. Results show that the high
vulnerability of groundwater in the area irrigated with wastewater in the Kishangarh
city, whereas low vulnerability is observed in the rural area of Kishangarh. The study
may assist in decision-making related to the planning of application of treated
wastewater and the sustainable water resource development of the selected semiarid
area.

8.7 Conclusion and Future Prospects

Land application of treated wastewater results in more vulnerability of underlying
subsurface resources. This is due to insufficient treatment capacities of wastewater
treatment plants as well as the presence of PPCPs, BTEX, nanoscale particles,
viruses, and other low-degradable emerging pollutants. The natural attenuation of
these pollutants is quite slow in the subsurface and acts as long-term source of
pollution. The sufficient amount of these pollutants is introduced in the subsurface
when land is irrigated with treated wastewater. Thereafter, these pollutants start
moving downward due to gravity and reach to groundwater table. The wide area
coverage by the pollutants creates a redox environment in and around the polluted

Fig. 8.4 Simulated BTCs for hydrocarbon pollutants resulted from land irrigation of wastewater in
the subsurface. N1 represents observation node at top boundary and N5 at water table location
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subsurface zones. Similarly, the mass partitioning takes place in the partially satu-
rated zone by adsorption/desorption and or attachment/attachments to solid particles.
Further, the mobile-mobile regions of subsurface control the reuse potential of
treated wastewater. On the other hand, the climatic variables affect the solubility
of different pollutants present in treated wastewater. In this book chapter, the
physicochemical properties of a typical treated wastewater are presented. Then, the
fate and transport processes of emerging pollutants are described in depth. Thereaf-
ter, the subsurface process that controls the reuse potential of treated wastewater is
elaborated. Similarly, the role of climate change on underlying geochemical pro-
cesses is highlighted. A case study on this topic is presented here to demonstrate the
potential vulnerability of shallow aquifer regions irrigated with treated wastewater in
Kishangarh, Rajasthan. In the future, there is a need to improve the performance of
the wastewater treatment plants. Furthermore, developing some appropriate in situ
bioremediation techniques is required to decontaminate the polluted soil-water
resources under climate change conditions.
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Chapter 9
Removal of Organic Pollutants from
Industrial Wastewaters Treated by
Membrane Techniques

M. Soniya and G. Muthuraman

Abstract Water is the most commonly used resource in the world. The world’s
supply of sanitary water is limited and exposed to contamination. Increasing
demands for water are required for cultivation, manufacturing, and urban develop-
ment, but these are more important to control than the distribution of limited
freshwater resources. Various industries use water for diverse processes and then
discharge it back into the surroundings. In recent times, researchers have focused on
effluent treatment by a variety of processes with low costs and high removal
efficiency. This study examines the removal of contamination from industrial efflu-
ents by a liquid membrane method. Water is recovered and reused through the liquid
membrane, which has significant ecological benefits and decreases the effects of
wastewater discharge on environmental water quality. Financial and environmental
benefits have been recognized in this recently developed liquid membrane method.
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MBSE Membrane based solvent extraction
MBSS Membrane based solvent stripping
MHS Multi membrane hybrid system
O/W/O Oil-in-water-in-oil

9.1 Introduction

Water is the major resource for all living beings. However, water pollution has
become one of the most dangerous issues in the world. Water resources have been
repeatedly contaminated by coloring agents discharged from many industries,
including textiles, manufacturing and other industries. This contamination has
increased significantly in recent years and is leading to increased toxicity, chemical
oxygen demand, and interference with the transmission of sunlight in waterways,
which decreases photosynthetic activity (Ravindra and Sunil 2009). In particular, the
textile industry uses large amounts of water during the dyeing process and dis-
charges wastewater into the environment that can contain 5000 tons of dyeing
materials. These poisonous materials absorb oxygen in the water (Pirkaramia et al.
2013).

The complex structure of dyes are resistant to fading on exposure to light and
water; therefore, it is difficult to decolorize them (Poots et al. 1976). Most of the dyes
are harmful and may affect aquatic life, even the food chain, and some of them cause
an allergic reaction (Banat et al. 1996). Dyes are difficult to treat because their
synthetic complex aromatic molecular structures are quite stable. Therefore, it is
extremely important to remove dyes from industrial effluents before they are
discharged into water bodies (Khan and Husain 2007).

In recent decades, methods used to improve conventional water treatment pro-
cesses for the removal of dyes from wastewater include the following (Hassan et al.
2013): photocatalytic degradation, electrochemical degradation, photo-Fenton oxi-
dation, flocculation, ozonation, coagulation, ion exchange, and adsorption methods
(Stephenson and Sheldon 1996; Chiou and Chuang 2006; Salem and El-maazawi
2000). However, these physical and chemical methods cannot completely remove
dyes due to several limitations, including their high cost, production of concentrated
sludge, and lack of capability to treat large amounts of pollutants. Recently, liquid
membrane technology has become an alternative and safe separation process for the
removal of pollutants from wastewater.

9.2 Treatment of Wastewaters from the Textile Industry

Wastewater treatment methods can be classified into physical, chemical, and bio-
logical processes. However, these three methods are insufficient to remove dyes
from wastewater. An alternative treatment method is required to remove dyes from
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wastewater. Li (1968) first proposed the use of a liquid membrane (LM), which has
attracted increasing attention in recent years. An LM has many other applications in
separation, macromolecular chemistry, and membrane technology. It can be used to
simultaneously extract and strip dye from water. The LM serves as a membrane
barrier between two phases of aqueous solutions (dye and strip phase). The advan-
tages of an LM include its high selectivity, high efficiency, and ability to achieve
particular molecular recognition.

9.3 Types and Transport Methods of Liquid Membranes

A LM is relatively high in efficiency. There are three types of LM processes:
emulsion liquid membranes, bulk liquid membranes, and supported liquid mem-
branes. Liquid membranes have two liquid phases, the donor and stripping phases,
which are separated by an immiscible membrane phase. Based on the mechanism of
dye transport from the donor phase through the liquid membrane into the acceptor
phase, the LM technique can be divided into three major types of transport:

(a) Simple transport: The dye moves through the membrane phase (Nath 2008).
(b) Facilitated transport: A carrier-mediated membrane phase accelerates the dye

diffusion through the liquid membrane (Teng et al. 2014).
(c) Active transport: Oxidation-reduction and biochemical conversions take place in

the donor-membrane and membrane-acceptor phase interfaces (Paugam and
Smith 1993). The transport mechanisms are shown in Figs. 9.1, 9.2, and 9.3.

Detailed discussions of these membranes used for the transport of dyes from
water and wastewater are described in the following chapters.

Fig. 9.1 Simple transports
of species (S) from the
donor phase (F), through the
liquid membrane (M) to the
stripping phase (S)

Fig. 9.2 Facilitated
transport of species
(S) through the liquid
membrane
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9.4 Wastewater Treatment by the Bulk Liquid Membrane
Method

9.4.1 Introduction

Liquid membrane systems have been the subject of numerous studies. They are used
in separation processes to recover metals in hydrometallurgical processes, to sepa-
rate radioactive elements, and to treat wastewater. The effective application of liquid
membranes is determined by their stability (Wells 1993). The main process that
occurs in a liquid membrane system is extraction. The liquid membrane methods can
be used for ecological treatment as well as efficient and economical leading of the
process.

A liquid membrane is a thin liquid layer that divides two homogenous liquids or
gases (donor and stripping phase). The liquid membrane should be immiscible and
insoluble in the external solutions (Wódzki 1997). The transport of substances
between phases is caused by a driving force, which is a concentration gradient.
The selectivity and rate of transport through the membrane depend on the variation
in the solubility and diffusion coefficients of components in the membrane and the
concentration of components in the donor- and acceptor-phase solutions. To
improve the selectivity and influence the process capacity, the carrier is introduced
into the membrane phase. The carrier has an affinity for the donor solution, and a
complex soluble in the membrane is formed by a reversible reaction. As mentioned,
there are three types of liquid membranes with different structure and transport
mechanisms: emulsion liquid membranes, bulk liquid membranes, and supported
liquid membranes. The bulk liquid membrane is an easy and efficient method
(Ma et al. 2002), as well as the cheapest transport method because of its low capital
cost. Bulk liquid membranes are described in this section.

9.4.2 Definition

A bulk liquid membrane contains a relatively thick layer of immiscible organic
solution is used to separate the donor and strip phase. In this case the immiscible
organic phase was used only one support material in bulk liquid membrane.

Fig. 9.3 Active transport of
species (S) through the
liquid membrane

174 M. Soniya and G. Muthuraman



9.4.3 Types and Design of Bulk Liquid Membrane

A bulk liquid membrane consists of three phases: two aqueous phases (donor and
stripping) and one membrane phase. The membrane phase divides the aqueous
phases into two parts, which are separated by the barrier. The barrier is designed
to be cylindrical in shape and is placed between the donor and strip phases. The
former consists of rectangular and cylindrical vessels, whereas the latter includes H-
and U-tube vessels. An experimental setup of H- and U-type bulk liquid membranes
is shown in Fig. 9.4.

9.4.4 Theory of Bulk Liquid Membranes

Two methods can be used for the removal of industrial waste in wastewater and
separation of the reaction mixtures (Schlosser 2000a, b; Malinowski 2001):
membrane-based solvent extraction (MBSE) and membrane based solvent stripping
(MBSS), in which the solvent can be reused. The two methods can remove organic
compounds and metal ions through the bulk liquid membrane.

Fig. 9.4 Schematic of an experimental setup for a bulk liquid membrane: 1) the density of the
liquid membrane is less than the aqueous phase; 2) the density of the liquid membrane is greater
than the aqueous phase
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9.4.5 Applications and Disadvantages of Bulk Liquid
Membranes

The bulk liquid membrane method is mostly used in metal separation, biotechnol-
ogies, organic compounds, gas separation, and wastewater treatment, as described in
the following sections.

9.4.5.1 Industrial Applications

Mercury is extensive in cultivation (Katzung 1987) and is very dangerous to human
health. For that reason, the removal of mercury is very important. Liquid membranes
have potential for eliminating mercury from wastewater containing calixarenes as
carriers (Alpoguz et al. 2004). Ersoz (2007) reported a three-phase method was used
for the removal of mercury from industrial wastewater.

9.4.5.2 Disadvantages

The most important disadvantage of bulk liquid membrane is the creation of
emulsions, which can remove protein from microbial cells and thus lead to cell
breakdown (Van Sonsbeek et al. 1993).

9.5 Supported Liquid Membranes and Their Applications
in Wastewater Treatment

9.5.1 Introduction

LMs have been used in various industries to separate the components of a mixture
and recover some metal ions and other contaminants before polluting the environ-
ment (Benjjar et al. 2012). These LMmethods combines extraction and stripping in a
single step, and the liquid membranes are highly selective (Loiacono et al. 1986).
Supported liquid membranes are often used for their wider applications in industry.
These systems can be developed in the presence of an inert polymer support and
contains small amounts of organic solvents.

The supported liquid membrane is a three-phase membrane system. The organic
liquid, which is held in the pores of a microporous polymeric support, separates two
aqueous phases. The transport through supported liquid membranes is a result of
permeate dissolution in the membrane phase and its diffusion to the acceptor phase.
Generally, in supported liquid membranes, the combination of three simultaneous
processes occurs: 1) extraction of analyte from an aqueous donor phase to the
organic membrane phase; 2) its diffusion through the hydrophobic, organic liquid
membrane; and finally, 3) re-extraction to an aqueous acceptor phase. In general, this
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three-phase system has been proven to provide efficient selectivity and clean
extracts.

9.5.2 Working Theory of the Supported Liquid Membrane

A supported liquid membrane consists of an organic solvent immobilized in the
pores of a polymer supported by capillary forces. This membrane separates two
compartments: the donor compartment containing the substrate solution and the
receiving compartment containing pure water. The support of these membranes is
usually an inert, hydrophobic microporous polymer.

The passage of chemical species through these membranes is an interfacial
phenomenon. Therefore, the use of a support with large porosity is very important
and necessary to increase the contact area and ensure the best transport, separation,
and selectivity conditions for the transported species across the supported liquid
membrane. Figure 9.5 shows a schematic diagram of a supported liquid membrane.

9.5.3 Classification

Based on the size, shape, surface area, and application, supported liquid membranes
can be classified into two types: flat-sheet supported liquid membranes and hollow-
fiber supported liquid membranes.

9.5.3.1 Flat-Sheet Supported Liquid Membranes

The flat-sheet supported liquid membrane acts as a microporous solid support in
supported liquid membranes. The solid support is impregnated with the extractant
and is clamped between two half cells using gaskets, thus forming two compart-
ments (Fig. 9.6). One compartment is for the donor solution and the other

Fig. 9.5 Schematic
diagram of a supported
liquid membrane
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compartment isfor the strip solution. Both the phases are stirred by mechanical
stirrers (Kemperman et al. 1996).

9.5.3.2 Hollow-Fiber Supported Liquid Membranes

Hollow-fiber supported liquid membranes are used for the removal of metal ions.
The outer cell of the module is a single nonporous material through which the
solution present inside cannot be transported. Inside the shell, many thin fibers are
packed in neat rows. The source phase passes through the fibers and the receiving
phase passes through the shell side with the help of pumps.

9.5.4 Transport Mechanism

Several models have been proposed to explain the method of facilitated transport.
The theory is useful to understand the current transport systems and to design more
selective and effective systems in the future (Eljaddi et al. 2014).

Three mechanisms for the facilitated transport phenomenon are known. The first
is a solution-diffusion mechanism, in which the carrier and the complex are mobile
in the membrane phase (Fig. 9.7a). The second mechanism occurs by jumping on
fixed sites: The carrier is fixed in the pores of the membrane and the substrate moves
successively by association with several carriers. This mechanism is well known in
polymer inclusion membranes (Fig. 9.7b). The third mechanism occurs by jumping
on mobile sites, in which the substrate is moving in series by linking to multiple
mobile carriers (Fig. 9.7c).

Fig. 9.6 Schematic figure of the flat-sheet supported liquid membrane transport cell
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9.5.5 Advantages and Disadvantages of Supported Liquid
Membranes

9.5.5.1 Advantages of Supported Liquid Membranes

Supported liquid membranes have many advantages, such as low energy require-
ments, low working cost, simple scale-up, and nonstop operation. Another advan-
tage is that the hollow fiber modules have low investment and working costs
(Mulder 1991).

9.5.5.2 Disadvantages of Supported Liquid Membranes

The most important disadvantage of supported liquid membranes is membrane
instability due to the partition of the organic solvent/carrier to the aqueous phases.
Many studies have tried to overcome this problem, with several successes
(Kemperman et al. 1996; Kemperman 1995; Kemperman et al. 1998).

9.6 Removal of Pollutants from Industrial Wastewater by
Emulsion Liquid Membranes

9.6.1 Introduction

Liquid membranes are broadly used in fields including wastewater treatment
(Muthuraman et al. 2009; Talebi et al. 2012). These methods are used for various

Fig. 9.7 (a) Solution-diffusion Mechanism- carrier and the complex are mobile in the membrane
phase; (b) Mechanism by jumping on fixed sites, in which the carrier is fixed in the pores of the
membrane and the substrate (S) moves successively by an association with several carriers (C),
this mechanism is well known in polymer inclusion membranes (PIM); (c) Mechanism by
jumping on mobile sites in which the substrate (S) is moving in series by linking to multiple mobile
carriers (C)
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purposes, such as the transport and recovery of metal ions, removal of aromatic
hydrocarbons, and transport of dyes from textile wastewaters (Chang et al. 2011).
The emulsion liquid membrane is a separation method that requires an organic
solvent, extractant, and surfactant for its formulation. An emulsion liquid membrane
can be visualized as a bubble within a bubble, where the inner bubble is the receiving
phase and the outer bubble contains the carriers. Anything outside the bubble is the
source phase. The emulsion liquid membrane setup is shown schematically in
Fig. 9.8. Emulsion liquid membranes were developed as a form of solvent extraction,
with extraction and stripping occurring simultaneously in the same stage. Emulsion
liquid membranes have good stability. Those that provide rapid extraction have
micro-droplet sizes in the range of 0.3–10 μm (Li et al. 1983; Chanukya and Rastogi
2013).

9.6.2 Definition

The emulsion liquid membrane is a system in the form of double emulsions. An
emulsion liquid membrane may be one of two types: a water-in-oil emulsion
dispersed in an external aqueous phase or an oil-in-water emulsion dispersed in an
outer organic phase. The membrane phase in the the water-in-oil-in-water type is an
immiscible oil phase separating the aqueous phases. The emulsion liquid membrane
consists of three steps: 1) preparation and diffusion in fine droplets in oil, 2)
permeation of the solute through the membrane, and 3) stabilization of the solution.

9.6.3 Transport Mechanism

Emulsion liquid membranes have been widely used to investigate ion transport
against the concentration gradient by a coupled transport mechanism. Ion transport
through an emulsion liquid membrane plays a significant role in partition technol-
ogies. The principal rate-determining step in solute penetration through a liquid

Fig. 9.8 Schematic of the
emulsion liquid membrane
setup
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membrane is solute dispersion through the membrane. However, separation can be
enhanced by the use of additives, specific carriers, and chemical reagents. The
different partition mechanisms are largely classified into two types: simple and
facilitated mechanism.

9.6.4 Emulsion Liquid Membrane Design Considerations

9.6.4.1 Emulsification

Emulsification is the method of diffusing one liquid into another one if the two
liquids are immiscible (Matos et al. 2013). It is a two-step method, as follows: 1)
droplets are formed in one liquid, and 2) the newly-formed boundary between the
two liquids is stabilized by an emulsifier (Floury et al. 2004; Perrier-Cornet et al.
2005; Tesch and Schubert 2002). Issues occur with the thermodynamic instability of
the newly produced droplets and the turbulence associated with emulsification
(Jafari et al. 2008). Droplet coalescence can be prevented by increasing the viscosity
of the emulsion liquid membrane (Tesch and Schubert 2002; Behrend et al. 2000).

9.6.4.2 Demulsification

Demulsification depends on the emulsion liquid membrane’s surfactant concentra-
tion, microdroplet size, and the solvent viscosity (Sun et al. 1998). The emulsion
liquid membrane’s removal efficiency and metal recovery are highly dependent on
the demulsification (Sun et al. 1998). The two main approaches for the
demulsification are chemical and physical methods. Chemical methods involve the
accumulation of a demulsifier in the emulsion. Physical methods include heating,
centrifugation, solvent dissolution, high shear, and use of high-voltage electrostatic
fields.

9.6.4.3 Stability of Emulsion Liquid Membranes

The stability of emulsion liquid membranes is one of the most important consider-
ations for this method. An emulsion liquid membrane process that is used to remove
industrial pollutants has a number of advantages. However, several factors decrease
the emulsion stability, including membrane formulation, preparation, and pH (Hou
and Papadopoulos 1996).
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9.6.5 Applications and Disadvantages of Emulsion Liquid
Membranes

9.6.5.1 Applications

The most important applications of the emulsion liquid membrane method are as
follows:

1. Large interfacial vicinity for mass transfer
2. High dispersal speed of metal ions through the membrane
3. Simultaneous concert of transport and stripping in a similar method

9.6.5.2 Disadvantages

The emulsion liquid membrane method has several disadvantages, including the
following:

1. If, for any reason, the membrane does not remain intact during the process, the
separation attained to that point is destroyed.

2. Emulsion instability is one of the most important disadvantages to this method.
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Chapter 10
Assessing the Impacts of Temperature,
Precipitation and Land Use Change
on Open Water Bodies of Middle Ghaghara
River Basin

Rajesh Kumar, Prem Chandra Pandey, Pyarimohan Maharana,
Hemant Gautam, and Vijendra Kumar Pandey

Abstract Wetlands are one of the most productive and fragile ecosystems on the
Earth’s surface. They have been providing essential services (irrigation, groundwater
recharge, flood control and drinking water) to the society since the beginning of
civilisation. The middle Ghaghara River basin is located in middle Ganga alluvial
plain and is mainly drained by Ghaghara, Sarju, Rapti, Burhi Rapti and Kuwano
rivers. In this study, Landsat 5 and 8 images of the post-monsoon months of 1989
and 2015 were used to extract the open water bodies of wetlands. Density slicing of
the shortwave infrared band and the modified normalised water difference index
(MNDWI) were utilised for the extraction of open water bodies. The total area of
open water bodies was 472 km2 in 1989, while it reduced to 317 km2 in 2015. Thus,
the reduction in open water bodies of wetlands is about 33%.

Precipitation and temperature collectively play a major role in nurturing the
wetlands. Therefore, in this study, trends in these climate parameters were analysed
using non-parametric Mann–Kendall (MK) and Sen’s slope methods. A significant
increasing trend in annual mean temperature and a decreasing trend in total annual
precipitation caused to shrink in open water bodies of the wetlands. Besides this,
encroachment of cropland and built-up areas on wetlands denotes anthropogenic
reason for the reduction in their areal extent. This study is beneficial to the planners
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and environmentalists for the restoration of shrinking open water bodies of wetlands
in the middle Ghaghara River basin.

Keywords Middle Ghaghara River basin · Landsat 8 OLI-TIRS · MNDWI ·
Density slicing · Open water body · Mann–Kendall test · Sen’s slope

10.1 Introduction

Inland freshwater has become a subject of scientific investigation for several factors
and, thus, has gained tremendous attention all around the globe for its conservation
(Woodward et al. 2010; Woodward 2009). The reason for this particular concern is
freshwater biodiversity and its coverage (0.8 percent of the globe) around the world
(Dudgeon et al. 2006). Moreover, freshwater ecosystems have distinctive properties
with wide variation in diversity (Olden et al. 2010; Whittaker et al. 2005). Among
inland freshwater, wetlands are one of them and considered as natural reserves,
inhabiting various aquatic flora and fauna (Mitsch and Gosselink 2000).

Freshwater bodies are particularly vulnerable to climate change and change in
land use patterns, affecting their areal coverage and limits (Woodward et al. 2010).
Foremost reasons for these changes in the freshwater body are due to its relative
isolation and physical fragmentation within a terrestrial landscape and its exploita-
tion by humans for their benefits and development (Woodward 2009). These exploi-
tations are mainly for obtaining ‘goods and services’ from the existing freshwater
and surrounding landscape (Woodward et al. 2010; Woodward 2009). Since these
freshwater bodies are hotspot for human activities, therefore it is imperative for the
existence of human. The uncontrolled activities such as development, flow regula-
tion, water extraction, fisheries over-exploitation and pollution led to widespread
habitat degradation, shrinkage and conversion from one land use to another
(Varghese et al. 2008; Strayer and Dudgeon 2010). In the absence of human
activities in the freshwater/wetlands, it may expand up to a certain extent, resulting
from rare events such as river capturing and flooding (Banarescu, 1990; Burridge
et al. 2006; Olden et al. 2010). The Intergovernmental Panel on Climate Change
(IPCC) (2007) predicted temperature increase in tropics, impacting biodiversity of
the freshwater bodies (Heino et al. 2009; Poff et al. 2009), while model from Deutsch
et al. (2008) predicted a severe impact on the tropical biodiversity by rising temper-
ature and falling precipitation. Earlier, few conservationists can see the impact of
human-induced climate change as a threat to freshwater biodiversity (Firth and
Fisher 1992). Evidence for the beginning of human-induced climate change impact
on freshwater bodies was in research (Woodward et al. 2010). Many authors have
already warned of possible rising water temperature and changes in the geographic
ranges or phenology of freshwater species (Ashizawa and Cole 1994, Magnuson
et al. 2000, Parmesan 2006, Heino et al. 2009). Brinson and Malvárez (2002)
identified six geographical regions, namely North America, South America,
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Northern Europe, northern Mediterranean, temperate Russia and South–South East
Asia where the loss of biodiversity caused reduction in wetland areas. Although the
geographical determination for changes in wetland ecosystem is quite variable for
species belonging to native regions (Brinson and Malvárez 2002), the consequences
of climatic change have immense potential to affect the species and their control
either directly or indirectly, such as establishing new invasive species and their
alteration (switchgrass, Panicum virgatum; prairie species), impact on existing
species (Styela clava and Molgula manhattensis: both are exotic ascidians), their
geographical distribution (Salvelinus fontinalis also known as brook trout and Salmo
trutta as brown trout) and management’s strategy to control them (water hyacinth,
Eichhornia spp., and salt cedar leaf beetle, Diorhabda elongata) (Carlton 2000;
Rahel and Olden 2008; U.S. EPA 2008).

An increasing temperature and less precipitation will directly affect the freshwater
conditions either by drying up or limiting water level. Thus, these factors could
impact either its decrease in the areal coverage or reduction in biodiversity of species
that have narrow thermal tolerances (Nakano et al. 1996; Allan et al. 2005; Sinha
2011). Different models predicted an increase in the frequency and severity of floods
and droughts (IPCC 2007; Hirsch and Archfield 2015), resulting from significant
variation in hydrological status, caused by changes in the amount, timing and
duration of precipitation and large difference in minimum and maximum tempera-
ture (Allan et al. 2005; Bassi et al. 2014). As a result, the size and permanency of
running and standing waters will change, along with modifications in biodiversity.
Later on, these conditions prompted several meetings and discussions for conserva-
tion and planning of freshwater, marine and terrestrial ecosystems (Heino et al. 2009,
Poff et al. 2009). In combination with land use pattern changes, these conditions
affect the freshwater areal coverage and cause shrinkage or drying of some parts
thereof. A brief overview of climatic variability and land use change impacts on
open water bodies seems warranted, considering the topic of the research in the
present study.

In the recent years, wetlands are being converted into urban and cropland due to
the rapid growth of population and growing global economy (Pandit and Qadri 1990;
Sinha 2011). In addition, an increase in demand of freshwater for agriculture results
in negative ecological impacts (Jackson et al. 2001; Verma 2001; Dudgeon et al.
2006; Pekel et al. 2016). Even human beings trap about 25% of freshwater in the
reservoirs before it met the oceans (Vörösmarty and Sahagian 2000), thus causing
sedimentation in those reservoirs due to unscientific agricultural practices. Land use
patterns and exploitation in different conditions such as farming, industrial factory
and domestic household wastes have poured excessive loads of nutrients (sulphates
and phosphates), sewage, toxin, insecticides and pesticides (Strayer 2010; Smith
2003; Smol 2008) which cause eutrophication of the freshwater, unable to support
the natural growth and survival of biotic communities. For example, these pollutants
as causal factors have led to removal and elimination of all fishes from 5% of the
rivers (Dudgeon 1999).

Wetlands are either permanently waterlogged areas or lands that are flooded or
saturated for longer periods with a regular frequency (Tiner 2014). For instance,

10 Assessing the Impacts of Temperature, Precipitation and Land Use. . . 187



besides nutrient supply, settling of sediment-laden floodwater in wetlands of Jammu
and Kashmir is one of the major reasons responsible for sedimentation. Furthermore,
rapidly growing population and fast urbanisation processes led to the encroachment
on those wetlands for agriculture, road and house construction (Pandit and Qadri
1990; Kumar and Acharya 2016; Kumar 2016).

This study focuses on advances in remote-sensing technology to prepare an
inventory and to perform the change detection of surface water of wetlands in the
middle Ghaghara River basin. The modified normalised difference water index
(MNDWI) (Xu 2006) and an appropriate threshold value of shortwave infrared
(SWIR) bands of Landsat 5 Thematic Mapper (TM) (1989) and Landsat 8 Opera-
tional Land Imager-Thermal Infrared Sensor (OLI-TIRS) (2015) images have been
applied to map the open water bodies. This study also analyses impacts of land use
change and climatic parameters such as precipitation and temperature on the open
water bodies of wetlands.

10.2 Study Area

The study area is located in the middle part of Ghaghara River basin. Its longitudinal
extent is between 81�23019.6100 E and 83�060 17.4500 E, while the latitudinal extent is
from 26�33033.71500 N to 28�10032.28600 N (Fig. 10.1). The middle Ghaghara River
basin covers an area of 21,134 km2 out of the total area (1,207,950 km2) of the entire
Ghaghara basin. The middle Ghaghara River basin is drained by Ghaghara and its
tributaries (Sarju, Kuwano and Rapti) and sub-tributary (Burhi Rapti). The Sarju,
Kuwano, Rapti and Burhi Rapti rivers have sinuous channels, while the Ghaghara
River has braided channels. Permanently flooded wetlands are the Ghaghara, Rapti,
Burhi Rapti, Sarju and Kuwano rivers, while the saturated or temporarily flooded
wetlands are situated in the floodplains of these rivers and its surrounding flood-free
regions. The general slope of the study area is from northwest (NW) to southeast
(SE), following the general direction of lineaments (Singh 1996).

The elevation ranges from 41 to 260 m, above mean sea level (amsl). An average
elevation of the study area is about 109 m, amsl. Annual precipitation varies from
101 (in Basti) to 109 cm (in Bahraich). Normally, high amount of rainfall occurs
during monsoon season (June to September). The annual mean temperature ranges
between 25.3� (Bahraich) and 25.8 �C (Basti). According to Varghese et al. (2008),
major flora of the wetlands of the study area is aquatic weeds like water hyacinth
(Eichornia crassipes), marsh glory (Ipomoea aquatica), water fern (Salvinia
molesta) and the aquaculture farms of water chestnut (Trapa natans), while the
major fauna includes catfishes like bighead carp (Ariyocthys nobilis) and northern
African catfish (Clarias gariepinus). The administrative units, covering the study
area, are Bahraich, Shrawasti, Balrampur, Siddharthnagar, Basti, Gonda, Sant Kabir
Nagar, Ambedkar Nagar, Faizabad, Barabanki and Sitapur districts of Uttar Pradesh
(Fig. 10.1).
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10.3 Materials and Methods

10.3.1 Data Used

This study utilises different types of data sets, collected and analysed from different
sources. Remotely sensed multispectral satellite images (30 m spatial resolution)
from different sensors like Landsat 5 Thematic Mapper (TM) and Landsat 8 Opera-
tional Land Imager-Thermal Infrared Sensor (OLI-TIRS) were obtained from the US
Geological Survey EarthExplorer (USGSEE 2016) (Table 10.1). Total annual rain-
fall (in mm) and annual mean temperature (in �C) for Bahraich, Shrawasti,
Balrampur, Siddharthnagar, Basti and Gonda districts were downloaded from
India Water Portal (2017). Google Earth image of the period November 19, 2015,
was also used as a reference map to check the accuracy of open water bodies,
extracted from Landsat 8 OLI-TIRS image. Data on cropland and built-up areas
were obtained from Bhuvan Geo-Platform of ISRO (NRSC 2006 and 2014).
District-wise total population data were collected from District Sankhikiya
Patrika (2015).

Fig. 10.1 Location map of the study area. Name of the major rivers of the region is given in call-
outs
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10.3.2 Atmospheric Correction of Landsat (5 TM and 8
OLI-TIRS) Images

The digital number (DN) of images acquired from the Landsat 5 and 8 sensors was
converted into top of atmosphere (TOA) radiance using Eq. (10.1) (USGS 2015):

R ¼ ML
∗ DNð Þ þ AL ð10:1Þ

where R denotes TOA radiance (Watts/(m2 * srad * μm)), ML represents band-
specific multiplicative rescaling factor and AL stands for band-specific additive
rescaling factor, obtained from the metadata files of the Landsat images.

TOA radiance values of these images were converted into surface reflectance that
is crucial for the calculation of modified normalised difference water index
(MNDWI) (Xu 2006) and for determining an appropriate threshold value of short-
wave infrared (SWIR) band to extract water.

The radiance images were converted into band-interleaved-by-line (BIL) format
and divided by 10 to obtain the radiance values in μW/(cm2 * srad * nm) that are
further used as an input image in the Fast Line-of-sight Atmospheric Analysis of
Spectral Hypercubes (FLAASH) module of ENVI 5.1 software. FLAASH is a
MODTRAN®-based radiation transfer code that is widely used to correct scattering
from atmospheric water vapour, oxygen, carbon dioxide, methane, ozone, molecule
and aerosols on the basis of scene centre elevation, viewing and solar angles of the
scenes (Jensen 2005). The central location of each scene, sensor altitude, flight date
and time (GMT) were also put into the FLAASH model as input variables. In this
study, the selected aerosol model was tropospheric, while the atmospheric model
was midlatitude summer.

The Kaufman–Tanre aerosol retrieval method was based on two bands that use
dark pixels of the input scene (Kaufman et al. 1997). If there is no dark pixel in the
scene, the value of initial visibility (50 km) is used. The input for the FLAASH
model is basically the selection of channels to run the K–T aerosol retrieval. Landsat
5 and 8 sensors have inappropriate wavelengths for water retrieval; therefore, in this
study, the overland retrieval alternate method was selected, considering the band 7 of
Landsat 5 and the shortwave infrared 2 (SWIR2) of Landsat 8 image as K–T upper
channels. Further, band 1 of Landsat 5 and the coastal aerosol band of Landsat
8 were by default selected as K–T lower channels. The maximum upper channel
reflectance was 0.1, while the reflectance ratio between upper and lower channel was
0.25. The retrieved mass of water molecules in the atmosphere was 2.77 g/cm2.

Aerosol scale height and CO2 mixing ratio were 1.5 km and 390 ppm, respec-
tively. The scene centre elevation was 0.109 km. However, the satellite images used
in this study were sensed by the multispectral sensors; therefore, the MODTRAN
resolution of 15 cm�1 was selected. The MODTRAN multiscatter model was
DISORT with 16 directions.
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10.3.3 Open Water Body Extraction

The open water bodies were extracted using MNDWI and density slicing of surface
reflectance values of SWIR and SWIR1 band of Landsat 5 TM and 8 OLI-TIRS
images, respectively. The formula of MNDWI computation for Landsat 5 TM image
is given in Eq. (10.2), while for Landsat 8 OLI-TIRS is given in Eq. (10.3).

Band2� Band5ð Þ= Band2þ Band5ð Þ½ � ð10:2Þ
Green� SWIR1ð Þ= Green� SWIR1ð Þ½ � ð10:3Þ

The MNDWI values range between �1 and þ1. The negative MNDWI values
show non-water objects on the image, while the positive values denote clear and
turbid water pixels (Xu 2006). In the study area, the presence of weeds and algae in
the wetlands causes problems in water pixel detection using MNDWI. Therefore, in
this study, appropriate thresholds were applied on SWIR bands of Landsat 5 and
SWIR1 band of Landsat 8 images to map the open water bodies of the wetlands. The
defined thresholds for atmospherically corrected SWIR bands of Landsat (5 and 8)
images were 0.095 and 0.08, respectively. These threshold values surpass the effects
of weeds and algae and enhance the open water bodies of wetlands. Finally, water
body layers, derived using MNDWI and density slicing of SWIR bands, were
combined to compute the areal extent of surface water bodies of wetlands under
different districts using ARCGIS 10. The selected coordinate system was World
Geodetic System (WGS) Universal Transverse Mercator (UTM) zone 44 north for
the calculation of areal extent of open water bodies.

10.3.4 Trend Analysis of Total Annual Precipitation
and Annual Mean Temperature

A non-parametric Mann–Kendall (MK) test was applied to statistically analyse if
there is a monotonic upward or downward trends in temperature and precipitation
over six different stations of UP for 100 years starting from 1903 to 2002. The trend
was considered at a minimum of 99% confidence interval. The sign of Z-value
provides the increasing or decreasing trends of the time series (positive increasing
and negative decreasing trend). The Sen’s slope provides a rate of change (Q) in
precipitation and temperature (Sen 1968).
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10.3.5 Percentage Change Computation

Percentage change in the open water bodies, cropland and built-up areas and a total
population of two different periods were computed using Eq. (10.4):

Percentage change ¼ T2 � T1ð Þ=T1½ � � 100 ð10:4Þ

where T2 denotes a variable of recent time and T1 shows a variable of the
previous time.

10.4 Results and Discussion

The total area under open water bodies has come down from 472 km2 in 1989 to
317 km2 in 2015. Thus, a decrease of 33% is observed in the last 26 years (Fig. 10.2).
Regarding district-wise areal coverage, 91% area of the study region is distributed
among Bahraich, Shrawasti, Balrampur, Siddharthnagar, Basti and Gonda districts.
In these districts, a decrease in open water bodies is observed in the last 26 years
(Table 10.2). Highest decrease (51%) is observed in Shrawasti while the lowest
(12%) in Basti District. The rest of the districts, namely Barabanki, Sitapur, Faiza-
bad, Ambedkar Nagar and Sant Kabir Nagar, only cover 9% area of the study region.
Among these districts, open water bodies in Faizabad District show an increase of
6% due to the formation of new lakes and channel widening and a decrease in all
other districts. The highest decrease is observed in Sant Kabir Nagar while the lowest
in Sitapur District (Table 10.2).

Google Earth image dated November 19, 2015, has been used as a base map to
perform accuracy assessment of the open water bodies, extracted from Landsat
8 OLI-TIRS image. Overall accuracy of the extracted open water bodies is 89.4%
with a kappa coefficient of 0.79 (Table 10.3). The accuracy assessment of open water
bodies of the period 1989, extracted from Landsat 5 TM image, could not be
performed due to unavailability of base map of water bodies of the same period.

The open water bodies (oxbow lakes, cutoffs and abandoned channels) along the
Ghaghara, Rapti, Burhi Rapti, Sarju and Kuwano rivers are temporary in nature,
depending upon the sediments supply from the mountainous and fragile upper
reaches (Nepal) as well as from the plain (UP). This also depends upon the frequency
of inundation. Depleting forest cover in mountainous reaches as well as in UP further
increased the sediment load in these rivers (Rana et al. 2009; Kumar et al. 2013a, b;
Kumar et al. 2016). Hence, sedimentation in wetlands is occurring in this region
during monsoon season.

The mean spectral profiles of open water bodies of 1989 and 2015 show a
decrease in reflectance in NIR and an increase in green band (Fig. 10.3). A reduction
in reflectance in NIR band denotes a decrease in weeds and algal content (Fig. 10.4a
and b). An increase in reflectance in green band signifies high suspended sediment
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concentrations (e.g. Han 1997) (Fig. 10.4c). Deposition of sediments in open water
bodies is detrimental to many aquatic flora and fauna (e.g. Varghese et al. 2008;
Pandit and Qadri 1990). Furthermore, such changes in mean spectral profiles in the
last 26 years are indicating towards land use change and encroachments on the
wetlands in the middle Ghaghara River basin (Fig. 10.4d).

Fig. 10.2 Distribution of open water bodies of 1989 and 2015

Table 10.2 District-wise
areal extent of open water
bodies (in km2) and
percentage change during
1989–2015

District 1989 2015 Percentage change

Gonda 106.1 63.7 �40

Bahraich 99.5 82.1 �18

Basti 77.6 68.3 �12

Balrampur 64.6 32.8 �49

Siddharthnagar 52.7 30.3 �43

Shrawasti 43.4 21.2 �51

Barabanki 16.1 9.7 �40

Sitapur 4.9 4.6 �8

Faizabad 2.2 2.3 6

Ambedkar Nagar 2.0 1.4 �32

Sant Kabir Nagar 2.9 0.6 �80

Total 472 317 �33
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The encroachment is mainly due to rapidly growing population, which needs land
for living, agriculture, commercial and industrial activities. More than 50% increase
in population is observed in Siddharthnagar, Balrampur and Gonda districts from
1991 to 2011(Table 10.4).

In Bahraich and Basti districts, an increase in total population is 42 and 47% from
1991 to 2011, respectively. This is evident from the statistics that there is an increase
in the areal extent of build-up areas and cropland. Overall the built-up areas increase
by 42.6% between 2005–2006 and 2011–2012 in the selected districts. An increase
in built-up areas is highest in Siddharthnagar, while the lowest is observed in Gonda
district (Table 10.5).

On the other hand, the overall increase in cropland is 12.1% from 2005–2006 to
2011–2012. The highest expansion in cropland is observed in Balrampur while the
lowest in Basti (Table 10.6). Such expansion in built-up areas and cropland has
caused a loss in the areal extent of open water bodies. For instance, Yousefi et al.
(2017) reported that the channel area of Talar River of Iran is decreasing due to
increase in built-up areas along the river.

Precipitation and temperature are two major factors that nurture the water bodies
of any region (Sinha 2011). Besides anthropogenic causes, a decreasing total annual

Table 10.3 Accuracy assessment of non-water areas and open water bodies (November 19, 2015)

Class Commission (%)
Omission
(%)

Commission
(pixels)

Omission
(pixels)

Non-water areas 20.9 0 9/43 0/34

Open water
bodies

0 17.6 0/42 9/51

Producer
accuracy

User
accuracy

Producer accuracy User accuracy

(%) (%) (Pixels) (Pixels)

Non-water areas 100 79.1 34/34 34/43

Open water
bodies

82.4 100 42/51 42/42

Overall accuracy ¼ 89.4%; kappa coefficient ¼ 0.79

Fig. 10.3 Mean spectral
curves for open water bodies
of 1989 and 2015
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precipitation and an increasing annual mean temperature are also the main causal
factors for desiccation of open water bodies in the study region. The MK test for the
total annual precipitation for all stations is significant at the 0.01 level. The negative

Fig. 10.4 (a and b) Weeds and algal contents in open water bodies (82.09798 E and 27.1039 N and
82.07782 E and 27.11352 N), (c) turbid water due to sediments mobilised from the nearby
agricultural land (82.26267 E and 27.029554 N) and (d) construction of houses in the desiccated
open water body (82.35455 E and 27.004051 N) (Photographs taken by the authors)
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Z-values for all station show that the total annual precipitation is decreasing signif-
icantly over all the stations (Table 10.7).

The rate of decrease (Q) in total annual precipitation is highest over
Siddharthnagar and least over Gonda district. The rate of decrease is 0.045 mm/
year over Bahraich and 0.046 mm/year over Balrampur. Over Basti, Gonda,
Shrawasti and Siddharthnagar, the rate of decrease is 0.026, 0.012, 0.014 and
0.052 mm/year, respectively. The MK test for annual mean temperature is significant
at the 0.01 level. All stations exhibit an increasing trend in annual mean temperature,
showing positive Z-values (Table 10.8).

Table 10.4 Percentage change in total population

District 1991 2001 2011 1991–2001 2001–2011 1991–2011

Bahraich 2,090,852 2,701,478 2,961,861 29 10 42

Shrawasti N.A. 855,864 1,116,840 N.A. 30 N.A.

Balrampur 1,368,630 1,682,350 2,148,795 23 28 57

Siddharthnagar 1,618,932 2,040,085 2,557,742 26 25 58

Basti 1,675,359 2,084,814 2,463,939 24 18 47

Gonda 2,204,445 2,765,586 3,405,376 25 23 54

Source: District Sankhikiya Patrika (2015)

Table 10.5 District-wise areal extent of built-up areas (in km2) and percentage change between
2005–2006 and 2011–2012

District 2005–2006a 2011–2012b Percentage change

Gonda 42.1 45.7 8.7

Balrampur 41.5 46.8 12.6

Shrawasti 49.4 64.3 30.2

Bahraich 34.3 67.2 95.8

Siddharthnagar 47.5 126.6 166.5

Basti 152.3 172.9 13.5

Total 367.2 523.5 42.6

Source: aNRSC (2006) and bNRSC (2014)

Table 10.6 District-wise areal extent of crop land (in km2) and percentage change between
2005–2006 and 2011–2012

District 2005–2006a 2011–2012b Percentage change

Shrawasti 1739.2 1928.8 10.9

Basti 2093.8 2099.5 0.3

Siddharthnagar 2242.8 2484.1 10.8

Balrampur 1946.7 2512.2 29.0

Bahraich 2907.6 2942.5 1.2

Gonda 3051.6 3709.8 21.6

Total 13981.7 15676.8 12.1

Source: aNRSC (2006) and bNRSC (2014)
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The rate of increase (Q) in annual mean temperature is highest in Balrampur and
least in Siddharthnagar district. The rate of increase in annual mean temperature in
Bahraich, Balrampur, Basti, Gonda, Shrawasti and Siddharthnagar districts is
0.0036, 0.0046, 0.0037, 0.0037, 0.0035 and 0.0033 �C/year, respectively.
According to Rathore et al. (2013), an overall decreasing trend in annual precipita-
tion over entire Uttar Pradesh is significant at 95% level during 1951–2010. The rate
of change in annual precipitation is �4.42 mm/year. There is no observable trend in
the annual mean temperature. In other words, the annual mean temperature is static
between 1951 and 2010 (Table 10.9). During the post-monsoon season, a significant
increasing trend in the mean temperature is observed with a rate of þ0.01 �C/year,
while an insignificant decreasing trend in rainfall is observed with a rate of
�0.33 mm/year. During monsoon season, the trend in mean temperature mimics

Table 10.7 MK test output for total annual precipitation (1903–2002)

Stations Z statistics Level of significance Q value (mm/year)

Bahraich �2.61 0.01 0.045

Balrampur �3.02 0.01 0.046

Basti �2.96 0.01 0.026

Gonda �2.73 0.01 0.012

Shrawasti �2.76 0.01 0.014

Siddharthnagar �3.22 0.01 0.052

Table 10.8 MK test output for mean annual temperature (1903–2002)

Stations Z statistics Level of significance Q value (�C/year)
Bahraich 2.59 0.01 0.0036

Balrampur 3.26 0.01 0.0046

Basti 2.8 0.01 0.0037

Gonda 2.66 0.01 0.0037

Shrawasti 2.52 0.01 0.0035

Siddharthnagar 2.58 0.01 0.0033

Table 10.9 Trend in rainfall and temperature in Uttar Pradesh (1951–2010)

Month/season Parameters Trend Rate

November Mean temperature Increasinga þ0.02 �C/year
Monthly rainfall Increasinga þ0.01 mm/year

Post-monsoon Mean temperature Increasinga þ0.01 �C/year
Rainfall Decreasing �0.33 mm/year

Annual Mean temperature No trend 0 �C/year
Rainfall Decreasinga �4.42 mm/year

Monsoon Mean temperature No trend 0 �C/year
Rainfall Decreasinga �3.52 mm/year

aTrend is significant at 95%
Source: Rathore et al. (2013)
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the trend in annual mean temperature, while a significant decreasing trend in
monsoonal rainfall is observed with a rate of �3.52 mm/year. In the month of
November, significant increasing trends in mean temperature and rainfall are
noted. The rate of change in mean temperature and rainfall is þ0.02 �C/year
and þ 0.01 mm/year, respectively (Table 10.9). Besides physical and anthropogenic
factors, lack of management and good governance are also responsible for a decrease
in the areal extent of open water bodies of the middle Ghaghara basin (e.g. Kumar
et al. 2013a, b).

10.5 Conclusions

Physical (sedimentation, precipitation and temperature) and anthropogenic factors
(land use change) are responsible for the decrease in the areal extent of open water
bodies of the middle Ghaghara River basin. If the same rate of depletion in open
water bodies continues, the region will face severe ground as well as surface water
crisis. The encroachment of built-up areas and cropland on the desiccated water
bodies should be restricted by law enforcement to minimise the damage, caused by
backwaters from these water bodies during the monsoon period, and also to maintain
the hydrological processes, operating therein. The data on open water bodies
discussed in this study are of immense value to the planners and environmentalists,
working on the restoration of wetlands in the middle Ghaghara River basin.
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Chapter 11
Climate Change, Water and Wastewater
Treatment: Interrelationship
and Consequences

Suruchi Singh and Supriya Tiwari

Abstract Climate change has become an inevitable phenomenon in the recent years
and is expected to gain momentum with the coming time. One of the important
processes of the society which is affected by present-day climate change scenario is
the wastewater management. Wastewater includes municipal sewage effluents,
industrial effluents and urban and agricultural runoff, which without appropriate
management could be harmful to human health. Changing climate impacts waste-
water systems through changes in temperature, precipitation patterns, sea level rise
and storm-related changes. It is estimated that climate change has a dual effect on
water resources and wastewater treatment plants. Climate change events like
extreme weather range will lead to more untreated wastewater. As such, the neces-
sity for wastewater management is continuously increasing. However, emission of
certain greenhouse gases like CO2, CH4 and N2O during the process of wastewater
treatment further contributes to the already aggravated problem of climate change.
As such, there exists a nonending scuffle between the phenomenon of climate
change and wastewater management, each intensifying the other problem.

Keywords Climate change · Greenhouse gases · Weather · Water · Wastewater
treatment plants

11.1 Introduction

The world population is projected to increase by more than one billion within the
next 15 years (UN 2015). With the exponential population growth in different
regions of the world, urban areas are also expanding. Urbanization will continue
both in the developed and developing nations, and by 2050, 86 and 64% of total
population of developed and developing nations, respectively, will be urban popu-
lation. Overall, the world population is expected to be 67% urban in 2050. This
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urbanization accompanied with industrialization comes with unavoidable conse-
quences like increased industrial activity and release of greenhouse gases (GHGs)
(Dedenko et al. 2017). There is general agreement that human industrial activity has
released vast quantities of GHGs, about 900 billion tonnes of CO2, of which
450 have stayed in the atmosphere. About 80% of CO2 emission is caused by
industrialization and the remaining by land use changes (Stephenson et al. 2010).
Population, which is the most neglected dimension of climate change, is the main
contributing factor. Increased human activities are not only contributing in GHGs
emissions but also generating wastes which need to be treated before being
discharged into the environment for reuse (Scovronick et al. 2017). Poor waste
management causes air, water and soil contamination in return. Open and unsanitary
landfills contribute in contamination of drinking water and in spread of infection and
transmit diseases.

Many studies have been conducted on climate change and water resources, but
there is dearth of information available on potential effect of climate change on water
and wastewater treatment. So, this chapter focuses on highlighting the influences of
climate change variables on water resources and wastewater treatment.

11.2 Climate Change and Water Resources

Anthropogenically released GHGs are the most significant forces that drive climate
change (IPCC 2013). The greenhouse gases trap energy which then warms the
planet. The warming potential of these gases depends on their ability to change the
energy balance of the planet. The main greenhouse gases are carbon dioxide (CO2),
methane (CH4) and nitrous oxide (N2O). The sources of different greenhouse gases
are given in Table 11.1 and the anthropogenic contribution in release of different
gases is given in Fig. 11.1.

Owing to global warming, the chances of extreme precipitation events have
increased across the world (Donat et al. 2016). Alterations in spatial precipitation
characteristics are among the most obvious aspects of climate change. Scientists are
of the notion that dry region would be more drier and wet would be more wetter
(Donat et al. 2016), taking into consideration the difference between precipitation
and evaporation, as atmosphere moisture convergence and divergence are expected
to increase in magnitude with increasing atmosphere moisture content in warmer
regions (Held and Soden 2006). Warmer temperature increases the rate of evapora-
tion of water into the atmosphere, which in turn increases the atmosphere’s capacity
to hold water (Georgakakos et al. 2014). Increased evaporation may dry out some
areas and fall as excess precipitation on other areas. As temperatures rise, people and
animal need more water to maintain their health and thrive. Many important eco-
nomic activities, like producing energy to power plants, raising livestock and
growing food crops, also require water. The amount of water available for these
activities may be reduced as Earth warms and if competition for water resources
increases.
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Table 11.1 Different greenhouse gases, their sources, potency with respect to CO2 and
residence time

Greenhouse
gases Sources Potency/residence time

CO2 Burning of fossil fuels –

Solid waste

Trees and wood products

CH4 Production and transport of coal, natural
gas and oil

21 times more potent than CO2

Livestock and other agriculture
practices

12 years atmospheric life span

Decay of organic waste in municipal
solid waste landfills

N2O Agriculture and industrial waste 310 times more potent than CO2

Combination of fossil fuels and solid
waste

210 years life span

Wastewater treatment plants during the
nitrification and denitrification
processes

Fluorinated
gases

Industrial process HFCs: 140–11,700 times more potent
than CO2; 1 to 260 years life span

HFCs PFCs: 6500–9200 times more potent
than CO2; several thousand years life
span

PFCs SF6: 23,900 times more potent;
extremely long lived with few sinksSF6

Fig. 11.1 Anthropogenic contribution (%) in the release of different greenhouse gases (GHGs)
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Water quality could suffer in areas experiencing increases in rainfall. Heavy
precipitation events could cause problems for the water infrastructure, as sewer
systems and water treatment plants are overwhelmed by the increased volume of
water. Higher temperature also facilitates biodegradation of chemicals in aqueous
state, and thus many reduce the toxic levels, but other way round, it may increase the
toxicity by other means. Precipitation may affect the movement and distribution of
chemicals, e.g. increased leaching of applied pesticides. Through surface erosion,
the water flow inputs untreated sewage effluent and diffuse pollutants in water
bodies. Flooding due to climate change has implications for the inundation of land
that is contaminated. Thus, there is a higher risk on remobilization of chemicals
through floodwater to river or marine ecosystem. Climate change also led to changes
in farming practices which required more input of specific chemicals. Changing
climate affects land use and may also influence mobilization and fate of chemicals
applied to land, thus increasing discharge to surface and groundwater. Higher
temperature will stimulate the volatilization and degradation of pesticides in soil
and surface waters.

Wetter soils (as a result of heavy precipitation) are known to have high hydraulic
conductivities, and so, pesticide-rich water may move rapidly through soils, but they
will also show enhanced degradation rates. But heavy precipitation may also
increase the bypass flow, thus increasing the chances of pesticide movement to
drains, surface waters and soil layers. Changes in the land cover and land manage-
ment practices have been regarded as the key influencing factors behind the alter-
ation of the hydrological system, which led to change in the runoff as well as the
water quality (Tong and Chen 2002). Groundwater contaminants mainly include
arsenic, fluoride, nitrate, iron, phosphates, bacteria and heavy metals.

11.3 Climate Change and Water Cycle

Increasing temperature will intensify Earth’s water cycle by intensifying evapora-
tion. Increased evaporation will lead to more storms but will also contribute in
drying over some land mass. Consequently, storm-stricken regions are expected to
receive more rainfall and, thus, will face flooding, while regions not aligning along
the storm tracks are expected to face drought-like situation. During the previous
decade, temperature was observed to have increased by about 0.75 �C. Temperature
increase is leading to a rise in sea levels, glacier melt and alterations in precipitation
patterns (WHO 2008). Also, the climate change and the hydrological cycle are solar
radiation driven. Changes in greenhouse gases (GHGs), both natural and anthropo-
genic, affect the absorption and reflection of solar radiation in the atmosphere,
causing changes in the Earth’s temperature, thus impacting climate (Fig. 11.2).

In natural hydrological cycle, solar energy enters the Earth’s system leading to the
process of evaporation, formation of clouds and then precipitation in the form of
rain, hail or snow (Bates et al. 2008). Once the precipitation has initiated, water
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evaporates or transpires back into the atmosphere, or it can be a runoff. It can also
percolate down the surface to become a part of groundwater. This means water
resides within the hydrological cycle and is thus considered as a renewable resource.
There are many other pressures that exert on the water cycle, firstly, because of over-
exploitation of water resources for drinking, agriculture, industries and other pur-
poses, thus restricting the chances for replenishing. Secondly, building of structures
like dam on water bodies or diverting rivers may unevenly distribute ample water at
places where dam is built while lesser water where the water is diverted, thus altering
the local water cycle and the microclimate of the region. Thirdly, climate can also
affect hydrological cycle (World Bank 2009).

Water is a common component of all climate system, i.e. atmosphere, hydro-
sphere, cryosphere and biosphere. This obviously means that any change in the
climate would have impacts on water through different means. As the temperature
increases, saturation of vapour pressure in air increases, and it is expected that with a
warming climate (increasing temperature), the amount of water vapour suspended in
the air will increase (IPCC 2013). Due to GHGs, the temperature of lower atmo-
spheric layer will rise, then the evaporation of water will increase, hence more water
vapour will get into the atmosphere, and this additional water vapour will also absorb
more heat. Most of the solar energy received by the Earth is used by the hydrological
cycle; thus more and more of solar energy will be trapped which will lead to
intensification of hydrological cycle, resulting in changes of precipitation pattern.
Such changes will bring about more floods and droughts and thus will have drastic
impact on the availability of freshwater. These impacts on freshwater will be
compounded by rising sea levels and melting of glaciers (Mimura 2013).

Fig. 11.2 Flowchart depicting how changes in greenhouse gases (GHGs) affects the absorption
and reflection of solar radiation in the atmosphere which causes changes in the Earth’s temperature
thus impacting climate
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Speculations for the changes in hydrological cycle across the globe are:

• Water vapour and precipitation will increase but not in uniform manner (Ye et al.
2014).

• With temperature, average atmospheric water vapour tends to increase (Ye et al.
2014).

• Heavy precipitation for mid-latitudes is expected (Fischer and Knutti 2016).
• Especially in tropics and subtropics, soil moisture will decrease, and droughts

will be more intense and for longer duration (Fischer and Knutti 2016).
• Occurrence of cyclone will be more common in tropics (Pfahl and Wernli 2012).

Frequency as well as amount of average precipitation in a much warmer world
will not be uniform, with some parts experiencing increases and others decreases or
no change. Owing to higher carrying capacity of warmer troposphere, the higher
latitudes could experience more precipitation, while many mid-latitude, arid and
semiarid regions are likely to experience less precipitation.

There are many factors that can deviate the hydrological cycle from regular
course, and also, this change can harm human health in various ways:

• Increase in temperature of water bodies will alter many biochemical properties
like oxygen solubility.

• Assimilative property of river to break organic waste will be disturbed.
• On the one hand, increased precipitation will increase dilution, while on the other

hand, erosion will be enhanced and thus will increase the sediments.
• Decreased precipitation may decrease the dissolved oxygen and increase water

bloom and thus would make the water unfit for human consumption.
• Rise in sea level can increase salt water intrusion in estuaries and coastal aquifers.

11.4 Wastewater Treatment and Climate Change

Effects of climate change are observed on municipalities of both urban and rural
nature. The degree of damage on wastewater treatment plant depends on geography,
economics, administrative capacity, demography and climate change (Major et al.
2011). The immediate problem due to climate change induced malfunctioning of
treatment plant because of heavy precipitation which is combined with sewage
overflows leading to environmental pollution, contamination of drinking water,
percolation of sewer water into groundwater, intrusion of pollutants in wastewater
treatment plants, flooding in pumping station, surcharging of manholes causing
surface flooding, increased sediments loading in water collection systems and
decreased infiltration capacity in the infiltration basin (Berggren et al. 2007).

Urban water supplies majorly come from surface water and groundwater. The
associated structures and facilities are vulnerable to adverse effects of climate change
(Case 2008). Numerous urban water systems that are already under pressure may
face additional challenges by growing demands of population that come by
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population growth and climate change. Climate change imposes problems on vari-
ous aspects of wastewater treatment plants (WWTPs) like treatment, distribution,
disposal as well as reuse by incurring high energy cost and by increasing the volume
of wastewater by adding additional storm/floodwater and also through increasing the
needs for reuse where droughts become more prevalent (Major et al. 2011). The rise
in temperature may also impose direct effects on WWTPs by raising the likelihood
of sewer corrosion and odour problems. Combined sewer overflows need to be
checked for protecting the surface water quality (PREPARED 2010). Temperature
otherwise also plays a crucial role as it regulates treatment processes especially
natural and/or non-mechanized one. Warm temperature has manyfold advantages
like decrease in land requirements, enhanced conversion processes and increased
removal efficiencies. In general, outcomes of climate change can affect wastewater
treatment in the following ways:

1. Rainfall: Wastewater infrastructure is affected by increased rainfall intensity
aggravating flooding, and combined sewer overflows affected WWTP efficiency.

2. Temperature: Temperature increase will rise the likelihood of sewer corrosion
and odour problems.

3. Sea level rise can decrease the hydraulic capacity of downstream sewer and
increase salt water intrusion. Rising downstream water levels may make pumping
effluent requirements increasing energy need.

4. Storm increase creates flooding, which can be harmful to infrastructure when
WWTPs are built in coastal areas and can cause pollutants to directly enter the
waterways and contaminate water supplies (EPA 2012).

Anaerobic reactors utilize diluted wastewater in warm temperature, although, in
low-temperature regions, stabilization ponds are utilized, which occupy larger areas.
Other processes like activated sludge and aerobic biofilm reactors depend relatively less
on temperature (Von Sperling and de Lemos Chemicharo 2005). More exacerbated
weather owing to extreme warmer temperature includes urban heat islands which can in
addition cause convective thunderstorms, hail, storms, cyclonic events and higher
winds that may exceed the design capacity (Major et al. 2011). Flooded WWTPs can
release the untreated waste into the ecosystem, thus can incur financial loss and is a
threat to public health (Langeveld et al. 2013). Thus, wastewater and sewage network
need to accommodate more intense precipitation (Kleidorfer et al. 2009).

11.5 Processes Affected Under Climate Change in aWWTP
and Solutions Utilized

Wastewater treatment gets affected by more water, less water and poor water quality.
These are the four basic steps utilized for treating wastewater:

• Preliminary treatment: Involves removal of floating material and settled inorganic
solids.
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• Primary treatment: Involves removal of fine suspended organic solids. It utilizes
processes of sedimentation or settling.

• Secondary or biological treatment: Involves removal of dissolved or fine colloidal
organic matter. This process involves the use of microorganisms that decompose
the unstable organic matter to stable inorganic forms. The biological treatment
processes of sewage are broadly classified as aerobic, anaerobic and pond
processes.

• Tertiary treatment: Needed for the removal of suspended or dissolved substances,
after the conventional primary and secondary treatments.

11.6 Various Processes of WWTP Affected by Climate
Change (Zouboulis and Tolkore 2015)

• Sedimentation

– Warm wastewater increases the bacterial reaction and thus would decrease the
density of settled sludge.

– Rate of biological reactions is temperature dependent according to k ¼ k20Ɵ
T-20 where k ¼ reaction rate constant at temperature, T; k20 ¼ reaction rate
constant at 20 �C; Ɵ ¼ temperature coefficient; and T ¼ temperature of
biological reaction.

• Biological aeration of warm wastewater

– BOD increased
– Activated sludge aeration system working at high temperature to support

nitrification

• Stabilization ponds

– Land demand is high.
– High emission of foul odours.

• Chlorination

– High chlorine will be utilized to disinfect highly infected sewage which is
lethal to fish and invertebrate species.

There are propositions from urban planners and water managers to government for
including the adaptive strategies with respect to infrastructure design, operation and
maintenance for dealing with climate change. Historic design-based WWTPs will
become obsolete; rather reconstruction and rehabilitation will become a necessity. In
many parts of the world, WWTPs are made more effective even under the conse-
quences of climate change by following these directives:
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• Adaptive capacity: The degree to check a municipality is able to deal with the
impacts of climate change is often referred to as adaptive capacity.

• Assessment of tool: An impact assessment tool was created for assessing the
effects of a facility flooding into the surrounding community. Ratio between the
average flow rate and design flow rate of the plant is the crucial factor for
wastewater facilities. This rate measures how close to maximum capacity a
wastewater treatment facility operates. A facility that operates close to maximum
capacity will be less able to handle an increase in flow. Facilities that have an
average flow rate up to 50% of their design capacities were rated as low impact,
between 50 and 70% as medium impact and above 70% as high impact
(Blumenau et al. 2011).

• Monitoring of wastewater treatment plants: Continuous and long-term monitor-
ing of urban wastewater infrastructure is increasingly applied on wastewater
treatment plants. This monitoring is done with the help of sensors, data commu-
nication and data handling capacity which is useful in depicting the performance
of wastewater infrastructure over a long period of time. Combining this data
along with the meteorological data, it is possible to anticipate the impact of
climate changes on treatment plants. The development of innovative monitoring
of combined sewer overflows and an early warning system for facial contamina-
tion in recreational waters will allow wastewater utilities to be better prepared and
to respond faster to any contamination due to combined sewer overflows and
uncontrolled runoff caused by more frequent and heavier rainfall (PREPARED
2010).

• Vulnerability analysis: Helps in identifying the prior vulnerable issues related to
climate change and lays foundation for follow-up actions.

• Membrane treatment processes: Many water suppliers in over-constrained set-
tlings have also turned to energy-intensive membrane treatment processes to
enable desalination of water sources and reuse of highly treated wastewater
effluent (Cromwell et al. 2007).

11.7 Wastewater Treatment Contribution to Climate
Change

Greenhouse gases like CO2, CH4 and N2O are emitted by WWTPs (Law et al. 2012;
Kampschreur et al. 2008), through three main mechanisms, i.e. direct, indirect
internal and external (Campos et al. 2016), and these sources are also referred to
as scope I, II and III emissions, respectively (LGOP 2008). CO2 production is
attributed to two main factors, treatment process and electricity consumption. During
anaerobic reactions, the BOD of wastewater meets two fates, (1) incorporate into
biomass and (2) convert into CO2 and CH4. Via endogenous respiration, fraction of
biomass is further converted into CO2 and CH4. In aerobic process, CO2 is produced
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through the breakdown of organic matter in the activated sludge process and some
through the primary clarifiers.

The magnitude of CH4 production depends on the amount of degradable organic
matter, temperature and the type of treatment system. With the rise in temperature,
the rate of CH4 production increases. This reaction is especially important in warm
climates. As per Daelman et al. (2012), about 1% of the incoming chemical oxygen
demand to the WWTPs was emitted as CH4. Release of N2O is associated with the
degradation of nitrogen components, e.g. urea, nitrate and protein, in the wastewater.
Nitrification is an aerobic process converting ammonia and other nitrogen com-
pounds into nitrate, while denitrification occurs under anoxic condition and involves
the biological conversion of nitrate into nitrogen gas (N2). N2O though is an
intermediate product of both the reactions but it is more associated with denitrifica-
tion. In anoxic conditions, both ammonia- and nitrite-oxidizing bacteria are able to
produce N2O, while in aerobic condition only ammonia-oxidizing bacteria can
produce it. However, according to some, N2O production occurs predominantly in
aerobic tank (Ahn et al. 2010). Ammonia-oxidizing bacteria have been identified as
the main N2O producers, while heterotrophic denitrifying bacteria contribution is
only relevant when nitrite and/or oxygen are present in the anoxic stage (Wunderlin
et al. 2012). Hydroxylamine oxidation pathway can be the main process responsible
for the emissions of N2O at high ammonia and low nitrite concentration, when a high
metabolic activity of ammonia-oxidizing bacteria occurs.

GHGs emission can also be checked by modifying operational conditions of
WWTPs which is not very feasible way owing to its own operational limitations. The
common procedures for checking the emission of these three gases are given in
Table 11.2.

11.8 Conclusions

Human activities induced emissions of GHGs which through climate forcing alter
the energy budget of the globe, thus affecting the weather patterns. Extreme weather
events like temperature rise and heavy precipitation are not only altering

Table 11.2 Ways to check the greenhouse gases emissions from wastewater treatment plants

Greenhouse
gases Procedure

N2O Biological wastewater treatment plants should be operated at high solid reten-
tion times to maintain low NH3 and nitrite concentration

Large bioreactor volume is recommended to buffer loadings and reduce the
transient O2 depletion

CH4 Collection of CH4 and its use as a biogas

CO2 Decrease of sludge production

Applying shortest solid retention time
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hydrological cycle but also deteriorating the water quality. Consequently, wastewa-
ter treatment plants (WWTPs) are facing many direct and indirect challenges. GHGs
are not only affecting proper functioning of WWTPs but also making it a contributor
of GHGs.

References

Ahn JH, Kim S, Park H, Rahm B, Pagilla K, Chandran K (2010) N2O emissions from activated
sludge processes, 2008–2009: results of a national monitoring survey in the United States.
Environ Sci Technol 44(12):4505–4511

Bates BC, Kundzewicz ZW, Wu S, Palutik JP (2008) Climate change and water, intergovernmental
panel on climate change. Technical Paper VI, Geneva, pp 33–48

Berggren, K., Olofsson, M., Viklander, M., Svensson, G. (2007) Tools for measuring climate
change impacts on urban drainage systems. In: Proceedings of the 6th NOVATECH interna-
tional conference: sustainable techniques and strategies in urban waste water management.
Lyon, pp 239–246

Blumenau M, Barnoush A, Thomas I, Hofmann H, Vehoff H (2011) Impact of selective oxidation
during inline annealing prior to hot-dip galvanizing on Zn wetting and hydrogen-induced
delayed cracking of austenitic FeMnC steel. Surf Coat Technol 206(2–3):542–552

Campos JL, Valenzuela-Heredia D, Pedrouso A, Val del Rio A, Belmonte M, Mosquera-Corral A
(2016) Greenhouse gases emissions from wastewater treatment plants: minimization, treatment
and prevention. J Chem 2016:1–12

Case T (2008) Climate change and infrastructure issues. AWWA Research Foundation, drinking
water research. Clim Change Spec Issue 18:15–17

Cromwell JE, Smith JB, Raucher RS (2007) No doubt about climate change and its implications for
water suppliers. J Am Water Works Assoc 99(9):112–117

Daelman MRJ, van Voorthuizen EM, van Dongen UGJM, Volcke EIP, van Loosdrecht MCM
(2012) Methane emission during municipal wastewater treatment. Water Res 46(11):3657–3670

Dedenko NI, Skripnuk DF, Mirolyubova OV (2017) Urbanization and greenhouse gas emissions
from industry. IOP Conf Ser Earth Environ Sci 72:1–8

Donat MG, Lowry AL, Alexander LV, Gorman PAO, Maher N (2016) More extreme precipitation
in the worlds dry and wet regions. Nature Clim Change 6:508–513

EPA (2012) Watershed academy web. The effect of climate change on water resources and
programs. http://www.epa.gov/watertrain

Fischer EM, Knutti R (2016) Observed heavy precipitation increase confirms theory and early
models. Nat Clim Change 6:986–991

Georgakakos KP, Graham NE, Modrick TM, Murphy MJ, Shamir E, Spencer CR, Sperfslage JA
(2014) Evaluation of real-time hydrometeorological ensemble prediction on hydrologic scales in
Northern California. J Hydrol 519:2978–3000

Held IM, Soden BJ (2006) Robust responses of the hydrological cycle to global warming. J Clim 19
(21):5686–5699

International Panel for Climate Change (2013) Fifth assessment report for climate change
Kampschreur MJ, van der Star WRL, Wielders HA, Mulder JW, Jetten MSM, van Loosdrecht

MCM (2008) Dynamics of nitric oxide and nitrous oxide emission during full-scale reject water
treatment. Water Res 42(3):812–826

Kleidorfer M, Mőderl M, Sitzenfrei R, Urich C, Rauch W (2009) A case independent approach on
the impact of climate change effects on combined sewer system performance. Water Sci Tech 60
(6):1555–1564

Langevelt JG, Schilperoort RPS, Weijers SR (2013) Climate change and urban wastewater infra-
structure: there is more to explore. J Hydrol 476:112–119

11 Climate Change, Water and Wastewater Treatment: Interrelationship and. . . 213

http://www.epa.gov/watertrain


Law LY, Pan Ye Y, Yuan Z (2012) Nitrous oxide emissions from wastewater treatment processes.
Philos Trans R Soc B Biol Sci 367(1593):1265–1277

LGOP (2008) Local Government Operations Protocol. For the quantification and reporting of
greenhouse gas emissions inventories (Version 1.0). Available at: www.theclimateregistry.
org/resources/protocols/local-givernment-operations-protocol

Major DC, Omojola A, Dettinger M, Hanson RT, Sanchez-Rodriguez R (2011) Climate change,
water, and wastewater in cities. In: Rosenzweig C, Solecki WD, Hammer SA, Mehrotra S (eds)
Climate change and cities: first assessment report of the urban climate change research network.
Cambridge University Press, Cambridge, pp 113–143

Mimura N (2013) Sea-level rise caused by climate change and its implications for society. Proc
Japan Acad Ser B Phys Biol Sci 89(7):281–301

Pfahl S, Wernli H (2012) Quantifying the relevance of cyclones for precipitation extremes. J Clim
25:6770–6781

PREPARED Enabling Change (2010) www.prepared-fp7.eu. Accessed 4 Mar 2014
Scovronick N, Budolfson MB, Dennig F, Fleurbaey M, Siebert A, Socolow RH, Spears D, Wagner

F (2017) Impact of population growth and population ethics on climate change mitigation
policy. PNAS 114(46):12338–12343

Stephenson J, Newman K, Mayhew S (2010) Population dynamics and climate change: what are the
links? J Public Health 32(2):150–156

Tong Susanna T, Chen W (2002) Modelling the relationship between land use and surface water
quality. J Environ Manag 66:377–393

UN (2015) World urbanization prospects: the 2015 revision. United Nations, New York
Von Sperling M, de Lemos Chernicharo CA (2005) Biological wastewater treatment in warm

climate regions. IWA Publishing, Padstow
WHO (2008) Safer water, better health: costs, benefits and sustainability of interventions to protect

and promote health. World Health Organization, Geneva
World Bank (2009) Water and climate change: impacts on groundwater resources and adaptation

options. Water Unit Energy, Transport, and Water Department, Washington, DC, p 98
Wunderlin P, Mohn J, Joss A, Emmenegger L, Siegrist H (2012) Mechanisms of N2O production in

biological wastewater treatment under nitrifying and denitrifying conditions. Water Res 46
(4):1027–1037

Ye H, Fetzer EJ, Behrangi A, Olsen ET, Cohen J, Lambrigtsen BH, Chen L (2014) Impact of
increased water vapour on precipitation efficiency over northern Eurasia. Geophys Res Lett 41
(8):2941–2947

Zouboulis A, Tolkore A (2015) Effect of climate change in wastewater treatment plants: reviewing
the problems and solutions. In: Shrestha S, Anal AK, Salam PA, Valk MV (eds) Managing
water resources under climate uncertainty. Springer, Cham, pp 197–220

214 S. Singh and S. Tiwari

http://www.theclimateregistry.org/resources/protocols/local-givernment-operations-protocol
http://www.theclimateregistry.org/resources/protocols/local-givernment-operations-protocol
http://www.prepared-fp7.eu


Chapter 12
Treatment of Wastewater Using
Vermifiltration Technology

M. M. Manyuchi, N. Mupoperi, C. Mbohwa, and E. Muzenda

Abstract This chapter focuses on an alternative biological method for wastewater
treatment using the vermifiltration system. The vermifiltration system must meet the
desired process and design parameters for optimum wastewater treatment. A case
study for swine wastewater treatment using a 3-stage vermifiltration process was
used. Three vermifilters with media which is comprised of Eisenia fetida earth-
worms, garden soil, sand and quartz stones were used as the filtration media. The
swine wastewater chemical oxygen demand (COD), biological oxygen demand
(BOD5), total suspended solids (TSS), total dissolved solids (TDS), electrical con-
ductivity (EC) and dissolved oxygen (DO) values were measured before and after
treatment with the vermifiltration at each stage. The parameters were measured using
standard methods. Treatment using a 3-stage vermifilter connected in series resulted
in 99.2% reduction in COD, 99.4% in BOD5, 99.2% in TSS, 80.2% in TDS and
86.9% in EC. The DO concentration increased by >345.5%. Application of the
vermifiltration technology in swine wastewater treatment allows for effective
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biological contaminants, and the technology is easily adoptable in developing
countries due to its simplicity and treats water to acceptable standards.

Keywords Earthworms · Vermifiltration · Vermicompost · Wastewater treatment

12.1 Introduction

Wastewater treatment using vermifiltration is increasingly becoming popular.
Vermifiltration is the process of using earthworms and aerobic bacteria to treat
wastewater (Sinha et al. 2009; Adugna 2016). During this process, wastewater
comes in contact with a biofilter which contains the earthworms and bacteria.
These earthworms then consume the organic matter and bacteria, leaving behind
effluent with lower total suspended solids (TSS), total dissolved solids (TDS),
biochemical oxygen demand (BOD5) and chemical oxygen demand (COD) (Sinha
et al. 2009). The vermifiltration system is comprised of earthworms, different sized
layers of gravel with soil bedding on top. During vermifiltration, the wastewater is
uniformly distributed onto the biofilter surface. This setup is very similar to a
conventional trickle filter system with earthworms added on top. The results of the
experiment showed that the system with earthworms present reduced BOD5, COD,
TDS and TSS more than the conventional systems. A schematic of the
vermifiltration process is shown in Fig. 12.1.

The vermifiltration process is a low-energy, low-cost and efficient way to treat
wastewater as a system when it is functioning properly. The wastewater which is
produced by these systems can be up to a secondary quality (Suthar 2012). The
earthworms’ body works as a biofilter, and they have been found to remove BOD5

by over 90%, COD by 80–90%, TDS by 90–92% and the TSS by 90–95% from
wastewater by general (Sinha et al. 2008). Earthworms such as Perionyx excavatus,
Eudrilus eugeniae and Eisenia fetida are commonly used in vermifiltration
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Fig. 12.1 Comparison of single-stage and 3-stage contaminants removal in swine wastewater
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(Kharwade and Khedikar 2011). Vermifiltration wastewater treatment systems
promise to provide a low-cost and efficient means of treating domestic wastewater,
especially the one with high biological contaminants to a prescribed standard, and
can easily be adoptable in developing countries.

12.2 Vermifilter Process Design Considerations

The vermifiltration process is a very sensitive process since we deal with living
organisms. Key process design for a vermifiltration system includes temperature,
moisture content, pH, dissolved oxygen availability, earthworm type and perfor-
mance, the earthworm loading rate as well as retention time in the
vermifiltration bed.

12.2.1 Temperature

The temperature is a significant factor in the worm survival (Neuhauser et al. 1988).
Studies have shown that earthworms can survive temperatures ranging from 10 �C to
30 �C but are most active between 15 �C and 25 �C (Sinha et al. 2009). When
temperatures are <10 �C, earthworms are significantly inactive but are less likely to
die during these times; at the same time earthworms will not live in parts of the filter
which are too warm (Baumgartner 2013). This also applies to vermifiltration beds in
direct sunlight. The removal of the top layer revealed earthworms were living further
down the vermifilter where temperatures were cooler. This layer of the vermifilter
where there were no earthworms living effectively decreases the depth of the
vermifilter which may lead to decreased wastewater treatment.

12.2.2 Moisture Content

Moisture content is an important factor for earthworm survival. While earthworms
have been known to survive in both high and low moisture levels, the moisture level
at which earthworms are most active is between 60% and 75% (Baumgartner 2013).
High moisture levels can indicate that there are problems within the vermifiltration
bed such as blockages or overloading.
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12.2.3 pH

The pH within the vermifilter is expected to change with depth during treatment.
Earthworms are most sensitive to pH outside of the range of 4.5–9.0 (Baumgartner
2013). Although earthworms are most productive at a neutral pH of 7, the waste-
water that the vermifiltration bed will be treating is unlikely to have a neutral pH and
hence must be continually monitored. The vermifiltration system’s pH can be
maintained by not using chemicals which will significantly alter the pH of the
wastewater.

12.2.4 Dissolved Oxygen and Aerobic Conditions

Earthworms and the other microorganisms that break down the waste in wastewater
are aerobic organisms. Earthworms acquire this oxygen through contact with
oxygen-rich water, and oxygen levels need to be sustained to maintain the earth-
worm and bacteria population. Wastewater has a high biochemical oxygen demand,
and it is important that areas of the vermifilter system do not become anaerobic, as
this causes offensive odours and earthworm deaths (Tchobanoglous et al. 1981). It
has been noted that the dissolved oxygen level (DO) in vermifiltration systems
should be greater than 5 mg/L, with a lower boundary of 3 mg/L. It is expected
that DO levels will be lower at the bottom of the filter however must still be above
5 mg/L. Earthworms are aerobic organisms which require oxygenated environments
to survive and thrive (Sinha et al. 2009). It is important that the vermifilter does not
have areas which become anaerobic. Earthworms will die in these areas and aerobic
treatment will cease. Aerobic digestion is significantly faster than anaerobic diges-
tion which also creates foul odours. The termination of aerobic digestion will also
lead to a backlog of untreated biowaste in the wastewater, which may cause the
system to overflow and fail. Once this happens, the vermifiltration system will need
to be pumped out and rebuilt internally. The operating conditions of the vermifilter
are shown in Table 12.1.

Table 12.1 Operational conditions of the vermifiltration bed

Parameter Conditions

Temperature 10–25 �C
Moisture 60–75%

pH 4.5–9.0

Dissolved oxygen >5 mg/L

Odour No offensive odours must come from the vermifiltration system

Sinha et al. (2008)

218 M. M. Manyuchi et al.



12.2.5 Earthworm Growth and Performance

For efficient wastewater treatment, vermifiltration systems should be started with a
large population of earthworms: at least 15,000–20,000/m3 (Sinha et al. 2008). The
population of the earthworms should increase after commissioning the
vermifiltration system and fluctuate with the loading of the system. A significant
decline in earthworm population can indicate that process conditions within the
vermifiltration system are not ideal. The population of earthworms should consist of
adults, juveniles and cocoons so that the system remains steady.

The estimation of the earthworm population is an important feature in the
operation of the vermifiltration bed. As earthworms are the key means of treatment
in these vermifiltration beds, it is important that the population remains steady or
increases (Meiyan et al. 2010). The earthworm population is an extremely good
indicator of how the vermifiltration bed performed during the treatment period. It is
expected that if the vermifiltration bed provided a suitable environment, earthworm
numbers would dramatically increase from the initial population. There are a number
of techniques used in the field to estimate earthworm population: from hand sorting
soil to using chemical irritants to lure earthworms to the surface (Chan and Munro
2001). However, with all of these techniques come advantages and disadvantages
(Bartlett et al. 2010). For example, hand sorting is very time-consuming, but it is
good for estimating population dynamics, and chemical irritants are more time
efficient but are not as good for estimating cocoon numbers (Jiménez et al. 2006;
Čoja et al. 2008).

12.2.6 Hydraulic Loading Rate

The hydraulic loading rate (HRT) of a vermifiltration system is characterized as the
volumetric flow rate of wastewater through the vermifilter media as defined by
Eq. 12.1. The HRT is important to maintain correct temperature, aerobic conditions
and moisture levels.

Hydraulic loading rate
m
h

� �
¼ Volumetric low rate m3ð Þ

Area m2ð Þ � Time to flow through profile hð Þ
ð12:1Þ

12.2.7 Hydraulic Retention Time

Hydraulic retention time (HRT) is characterized as the time which the wastewater is
in contact with the filter media and is defined by Eq. 12.2. HRT is significant because
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it is the amount of time that the vermifilter is treating the wastewater. For BOD5

loads between 200 mg/L and 400 mg/L, an acceptable HRT for significant reduction
is 30–40 min (Sinha et al. 2009). This amount of time will allow earthworms and
bacteria to reduce BOD5, COD and TSS and facilitate biological treatment. How-
ever, for domestic wastewater treatment, it has been recommended that the HRT is
increased to between 1 h and 2 h. This is due to the need to reduce pathogens, toxic
chemicals and heavy metal concentrations found in sewage (Sinha et al. 2009).

Hydraulic retention time hð Þ ¼ Porosity� soil profile volume m3ð Þ
Flowrate through filter m3

�
h

� � ð12:2Þ

12.3 Vermifilter Systems Design Considerations

By taking aspects of biological wastewater treatment system design and
vermifiltration into account, a number of factors must be satisfied and become
apparent for vermifiltration-based wastewater treatment systems. Many of these
are general wastewater treatment factors which have to be tailored, to take into
account the presence and continuing survival of earthworms and bacteria. Other
systems design for the vermifilter is shown in Table 12.2.

12.3.1 Depth of the System

The depth of the vermifilter refers to the depth in which earthworms are expected to
be found. In conventional vermicomposting systems, most species inhabit the top
100–200 mm of the compost material (Edwards and Fletcher 1988). It has also been
suggested that when the depth of the vermifilter reaches over 450 mm in depth that
compaction and anaerobic conditions are present, this will slow down the perfor-
mance of the vermifilter. In vermifiltration systems, the biofilter has a substrate
material which should give the filter a structure which allows for more voided areas.
However, if the loading rate of the vermifiltration system is such that to facilitate a
buildup of a layer of vermicompost on the surface, then there may be problems with
areas becoming anoxic and ultimately anaerobic. It can then be seen that the waste
application method and proper sizing of the vermifiltration system are important to
the viability of the system. The overall depth of a vermifiltration system is dependent
on the substrate material, aeration rate and internal temperature of the system.
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12.3.2 Wastewater Application Technique

The technique in which wastewater is applied to the vermifilter needs to ensure a
consistent application over the entire surface. This will reduce flooding in the
vermifiltration system, which can also result in anaerobic conditions. These systems
may include spraying and dripping.

12.3.3 Prevention of Clogging

Clogging within a wastewater system can occur in a number of areas such as
membranes, pipes and filters. The vermifiltration system needs to demonstrate
measures that will prevent clogging from occurring in filters and pipes. This can
be done in a few ways such as pre-agitating the influent wastewater. It is also
necessary to be able to detect where a system is clogged to be able to remediate

Table 12.2 Vermifiltration systems design parameters consideration

Design parameter Comment

Flow control Flow control is required to maintain the duration of time which the
wastewater is in contact with the filter, which will allow for sufficient
treatment. The minimum hydraulic retention time is 1 h; however any
increase in this time will result in enhanced treatment outcomes

Substrate material The substrate is the material which earthworms live and wastewater
trickles through. This material should be relatively inert and not degrade
significantly or leach after extensive use. This substrate may need to be
replaced periodically and if so should be easily removed

Servicing Servicing of the system should be undertaken at regular intervals at
approximately 6-month interval by appropriate technicians

Integrity of the system The vermifiltration system has to be constructed to the appropriate
standard

Backflow prevention The vermifiltration system should prevent backflow through the inlet
and outlet

External inflow
prevention

The vermifiltration system should only receive input through specific
inlets. Storm water should not be able to flow into the system as it puts
more pressure on the system

Disinfection The use of disinfection is dependent on the end use of the treated
wastewater, and if used it is probably only a viable option for post-
treatment

Odour Vermifiltration systems should not produce an unpleasant odour. A
vermifiltration system which is producing an odour is most likely not
operating properly and has anaerobic pockets present

Removal of
vermicompost

The by-product of worm treatment is vermicompost. In a vermifiltration
system, it needs to be clear where and how the castings are going to be
removed over a known period

Vermifilter processing
capacity

The processing capacity must maintain a sufficient hydraulic retention
time
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the problem. A change in pressure drop in the vermifiltration system can indicate
clogging.

12.3.4 Aeration

Aeration is a significant process aspect of a vermifiltration system necessary for the
continual survival of the earthworms and bacteria. The vermifiltration system needs
to demonstrate that it can provide sufficient aeration and maintain oxygen levels.

12.3.5 Alarms

A number of alarms could be fitted to a vermifiltration system including temperature,
inlet pressure, water level, backflow, power failure and instrument failure. An alarm
system should detect a malfunction quickly and alert the user. It needs to be clear
what conditions will cause the alarm to sound, how long the system can be used until
it fails after an alarm sounds and what is the contingency plan if there are failures.

12.3.6 Vermifilter Tank Location

Wastewater treatment systems can be above or below ground. However, a below-
ground tank is not affected by fluctuations in air temperature as much as above-
ground tanks. Vermifiltration-based systems require a relatively constant
temperature so belowground tanks are probably best suited to this application.

12.4 Case Study: Treatment of Swine Wastewater Using
the Vermifiltration Technology

Swine wastewater was treated using a 3-stage vermifiltration system as a biological
wastewater technique.

12.4.1 Materials

The swine wastewater was obtained from a local swine farm and 5 L were used as the
vermifiltration sample. Eisenia fetida earthworms used for the vermifiltration
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process were obtained from the local earthworm farmers. The sand and gravel were
obtained from a local building supplier. The 3-stage vermifilter is comprised of three
20 L/day vermifiltration beds arranged in series comprising of 40% garden soil and
earthworms, 30% sand and 15% 10 mm and 30 mm quartz stones. The garden soil
facilitated in trapping of the solids in the swine wastewater for conversion into
vermicompost (Kharwade and Khedikar 2011). A 15% voidage was maintained for
free movement of the earthworms as well as proper sprinkling of the wastewater in
the vermifilters. An optimal earthworm loading density of 40 g/L was used in each of
the three vermifilters (Malek et al. 2013).

12.4.2 Methods

The raw swine wastewater was tested for pH, total nitrogen (TKN), ammonia, nitrite,
oil and grease, chemical oxygen demand (COD), biochemical oxygen demand
(BOD5), dissolved oxygen (DO), sulphate ions concentration (SO4

2�), chloride
ions concentration (CI�), iron ions concentration (Fe2+), manganese ions concentra-
tion (Mn2+), total suspended solids (TSS), total dissolved solids (TDS) and electrical
conductivity (EC). All parameters were measured in milligrams per litre (mg/L)
except for pH and the EC which was measured in microsiemens per centimetre (μS/
cm). The TKN, ammonia, nitrite, oil and grease, Fe2+, Mn2+, BOD5, DO, COD, CI

�,
SO4

2� values were measured using titration methods in accordance to the APHA
Standards Methods of determination (APHA 2005). TSS and TDS were measured
through a 20 μm filter. The EC and pH were measured using a Hanna HI electrode
probe. Three readings of the swine wastewater parameters were measured at each
vermifilter and an average value was noted. The studies were conducted over a
period of 3 months and vermicompost was removed monthly for use as bio-fertilizer.

12.4.3 Results and Discussion

12.4.3.1 Raw Swine Wastewater Characteristics

The COD, BOD5, TSS, TDS, EC and the DO were out of specification in accordance
to the Environmental Management Agency (EMA) Guidelines for effluent disposal
in Zimbabwe. The parameters that were off-specification are italicized. The 3-stage
vermifiltration process was then employed in a bid to reduce these off-limit param-
eters to acceptable limits. In addition, the raw swine wastewater had a COD/BOD5

ratio of 1.17 and BOD5/TKN ratio of 264 indicating the high biodegradability
potential of the swine wastewater, hence the use of the vermifiltration technology
necessary (Deng et al. 2008).

12 Treatment of Wastewater Using Vermifiltration Technology 223



12.4.3.2 Application of Vermifiltration Technology on the Swine
Wastewater

12.4.3.2.1 The 3-Stage Vermifiltration Process Description

The excess earthworms and the vermicompost obtained from the vermifiltration
process were sent to the vermicomposting section for further processing.

12.4.3.2.2 Single-Stage vs. 3-Stage Swine Biological Contaminants
Removal

Removal of swine wastewater bio-contaminants using the 3-stage vermifiltration
process increased significantly from the raw sample to vermifilter number 3 for the
COD, BOD5, TSS and TDS (Fig. 12.1). However the increase in removal efficiency
became almost constant between vermifilters number 2 and 3 since most of the
contaminants in the wastewater would have been removed. The COD removal rate
increased from 26.1% to 91.6% and then a slight dip to 87.9% in the third vermifilter,
whereas the BOD5 removal rate increased from 20.9% to 91.9% and then a dip to
91.1% in the third vermifilter. TSS removal rate increased from 90.1% to 90.1% and
then a slight dip at 91.8% in the third vermifilter (Fig. 12.2). However, the TDS
removal rate increased throughout from 18.4% to 53.6% in the three vermifilters
(Fig. 12.1). This is a clear indication that the 3-stage vermifiltration process is a
necessity in the swine wastewater treatment industry.

Series1, Raw 
sample, 2953

Series1, 
Vermifilter 1, 

2182

Series1, 
Vermifilter 2, 

183 Series1, 
Vermifilter 3, 22

C
O

D
 (m

g/
L)

Fig. 12.2 COD concentration reduction in swine wastewater using the 3-stage vermifilter

224 M. M. Manyuchi et al.



12.4.3.3 Effect of 3-Stage Vermifiltration on Swine Wastewater
Physicochemical Properties

12.4.3.3.1 Effect on Chemical Oxygen Demand

The swine wastewater COD concentration decreased significantly as the
vermifiltration process progressed through the various vermifiltration system
(Fig. 12.2). COD values decreased by 99.2% resulting in an effluent with COD
concentration of 22 mg/L which are within the acceptable disposal limits of�60 mg/
L according to EMA standards. COD reduction values by more than 90.8% were
reported for the gelatine industry wastewater treatment using a 3-tier vermifiltration
process (Ghatnekar et al. 2010). This is a clear indication of the effectiveness of the
3-stage vermifiltration technology that can be adopted for swine wastewater
treatment.

12.4.3.3.2 Effect on Biological Oxygen Demand

The swine wastewater BOD5 concentration decreased significantly as the
vermifiltration process progressed through the various vermifiltration system
(Fig. 12.3). BOD5 values decreased by 99.4% resulting in an effluent with BOD5

concentration of 22 mg/L which is within the acceptable disposal limits of�30 mg/L
according to EMA standards. Ghatnekar et al. (2010) also reported an 89.24%
reduction in BOD5 when a 3-stage vermifilter was used for gelatine industry
wastewater.
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Fig. 12.3 BOD5 concentration reduction in swine wastewater using the 3-stage vermifilter system
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12.4.3.3.3 Effect on Total Suspended Solids

The swine wastewater TSS decreased significantly as the vermifiltration process
progressed through the 3-stage vermifilter system (Fig. 12.4). TSS values decreased
by 99.9% resulting in an effluent with TSS concentration of 21 mg/L which is within
the acceptable disposal limits of �25 mg/L according to EMA standards
(Table 12.3). Xing et al. (2010) reported a 57.18–77.90% decrease in a single-
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Fig. 12.4 TSS concentration reduction in swine wastewater using the 3-stage vermifilter system

Table 12.3 Raw swine wastewater characteristics in comparison to EMA disposal guidelines

Parameter Raw swine wastewater EMA standards

pH at 25 �C 7.38 � 0.1 6.0–9.0

EC at 25 �C (μS/cm) 1250 � 37.5 1000

Fe2+ (mg/L) 0.05 � 0.001 �1

Mn2+ (mg/L) 2.0 � 0.04

SO4
2� (mg/L) 12 � 0.36

Ammonia (mg/L) <0.01 �0.5

DO (mg/L) 18.4 � 0.46 �60

CI� (mg/L) 284 � 7.1

Oil and grease (mg/L) <0.01

COD (mg/L) 2960 � 88.8 60

TKN (mg/L) 9.5 � 0.01 �10

BOD5 at 20 �C (mg/L) 2510 � 75.3 30

Nitrite (mg/L) <0.01 �3

TSS (mg/L) 26,300 � 657 25

TDS (mg/L) 800 � 24 500
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stage vermifiltration system for domestic, in which the removal efficiency could be
improved by a 3-stage system as in this case. The significant decrease is attributed to
earthworm activity in the bioconversion of the solid material to vermicompost.

12.4.3.3.4 Effect on Total Dissolved Solids

The swine wastewater TDS concentration decreased significantly as the
vermifiltration process progressed through the 3-stage vermifilter system
(Fig. 12.5). TDS values decreased by 80.2% resulting in an effluent with TDS
concentration of 159 mg/L which is within the acceptable disposal limits of
�600 mg/L according to EMA standards. Earthworms have a tendency to feed on
the dissolved solids as food resulting in the significant TDS decrease. Furthermore,
as the wastewater progressed through the vermifilters, some of the dissolved parti-
cles were captured onto the filtering media.

12.4.3.3.5 Effect on Electrical Conductivity

The swine wastewater EC decreased significantly as the vermifiltration process
progressed through the 3-stage vermifilter system (Fig. 12.6). EC values decreased
by 86.9% resulting in an effluent with EC concentration of 165 μS/cm which are
within the acceptable disposal limits of �25 μS/cm according to EMA standards.
The EC decrease was also due to the decrease in TSS and TDS.
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Fig. 12.5 TDS concentration reduction in swine wastewater using the 3-stage vermifilter system
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12.4.3.3.6 Effect on Dissolved Oxygen

The swine wastewater DO concentration increased significantly as the
vermifiltration process progressed through the 3-stage vermifiltration system
(Fig. 12.7). DO values increased by >345.5% resulting in an effluent with DO
concentration of 285 mg/L which are within the acceptable disposal limits of
�60 mg/L according to EMA standards. The DO concentration increase was due
the high removal of COD and BOD5 by the earthworms during the vermifiltration
process. High DO values at disposal will result in booming aquatic life as plants and
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Fig. 12.6 EC reduction in swine wastewater using the 3-stage vermifilter
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Fig. 12.7 DO concentrations increase in swine wastewater using the 3-stage vermifilter
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animals will have adequate oxygen to thrive if the water is disposed of in existing
water bodies.

12.4.3.4 Vermifiltration By-Products

Earthworms and vermicompost were produced as by-products during the
vermifiltration process. The earthworms can be reused back in the process or can
be used as feedstock for fish or poultry. The vermicompost produced had nitrogen,
phosphorous and potassium (NPK) nutrient composition indicated in Table 12.4 and
can be utilized as a bio-fertilizer. The vermicompost also contained traces of
magnesium (0.5 � 0.01%) and iron (0.03 � 0.01%).

12.5 Conclusions

Vermifiltration of wastewater is an attractive wastewater treatment option in devel-
oping countries. Vermifiltration must meet the adequate process and systems design
for proper operation. Vermifiltration can be applied either as multistage or single-
stage systems, and multistage systems show a high degree of bio-contaminants
removal with more than 90% removal. A case study with a 3-stage vermifilter
indicated that the use of a 3-stage vermifiltration system enhances swine wastewater
treatment to acceptable disposal values. Vermifiltration wastewater treatment is
essential as a measure of promoting aquatic life in water bodies and promoting
environmentally friendly technologies.
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Chapter 13
Reuse of Wastewater in Agriculture

M. P. Tripathi, Yatnesh Bisen, and Priti Tiwari

Abstract Reuse of water is defined as “water which is used twice or more time
before it returns back to the natural water cycle”. Treated wastewater is reused for
beneficial purposes which include domestic use as toilet flushing, agricultural and
landscape irrigation, industrial processes and replenishing/recharging a groundwater
basin. water reuse defined as the dependency on the use of groundwater and surface
water sources and can reduce the diversion of water from susceptible ecological
systems. Moreover, water reuse may decline the nutrient concentration from waste-
water flows into waterways, thereby decreasing and controlling pollution. This
chapter built in the different sources and possibilities of reuse wastewater, their
advantages, disadvantages and possible risks. The Environmental Protection Agency
(EPA), the World Health Organization (WHO) health guidelines for the reuse of
wastewater and the Food and Agricultural Organization (FAO) water quality guide-
lines for irrigation are integrated in this chapter. On the basis of these guidelines,
recommendations and policy implementations for safe reuse of wastewater in irri-
gation and various purposes are suggested in this chapter. Further, the issue of
wastewater reclamation is given and discussed properly in this chapter, which can
be taken into consideration before implementing the reuse of wastewater for agri-
culture in India and abroad. The prospective reuse of wastewater depends on the
hydraulic and biochemical individuality of wastewater, which determines the sys-
tems and extent of treatment required. Irrigation usually requires a lower quality of
treatment of wastewater. However, properly designed and adequately implemented
wastewater reuse system is an environmental protection measure which is superior to
discharging treated wastewater into surface waters. It is the authors’ hope that the
content of this chapter will facilitate the consideration of reuse as an integral part of
water management strategies in development projects. In this context the aim of the
authors is to convey the message that the wastewater irrigation is to maximize the
benefits to the poor (who depend on the resource) while minimizing the risks. The
integrated guidelines will help task managers and development agency staff to
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prepare wastewater reuse projects. The information and material about wastewater
reuse in agriculture shows that an integrated planning approach, considering eco-
nomic as well as environmental and health issues, related to water reuse, is essen-
tially a guaranty for the success.

13.1 Introduction

The amount of water is fixed and its form is changing as per atmospheric changes.
Water never destroyed, its circulation is a continuous process and only its distribu-
tion is changing. Its quantity and quality both should be preserved carefully. It will
be the most scarce commodity in the future and has to be dealt carefully. Seventy
percent of world water use, including all the water diverted from rivers and pumped
from underground, is utilized for irrigation, 20% is used by industry, and 10% goes
to residences. The freshwater withdraw in agriculture and the industry worldwide is
shown in Fig. 13.1. India utilized its 84% water for agriculture, 4% for drinking
purposes and 12% for industry and others. Hence, efficient management in agricul-
ture is very important.

The major objective of wastewater treatment is usually to allocate domestic and
industrial effluents to be removed/disposed without any risk to human health or
unacceptable harm to the natural environment. In fact, irrigation with wastewater is
an effective form of wastewater disposal (as in slow-rate land treatment). It can be
completely untreated municipal or industrial wastewater, mechanically purified
wastewater or particularly or fully purified wastewater treated biologically (Donta
1997). The amount of treated effluent used in agriculture/horticulture has a great
control on the performance and function of the wastewater-soil-plant or aquacultural
systems. In the case of irrigation, the required amount of effluent will depend on the
different crops, soil conditions and distribution system of effluent to be adopted.
Through crop constraint and selection of irrigation methods, which minimize human
health, the extent of pre-application wastewater treatment can be decreased.

India represents about 16% of the world’s population. It accounts only about
2.5% of land area and 4% of water resources of the world. The total utilizable water
resources of the country are estimated to be about 1123 BCM (690 BCM from
surface and 433 BCM from ground), which was found to be 28% of precipitation.
About 85% (688 BCM) of water for irrigation is being diverted (Fig. 13.2), and it
was estimated to be increased up to 1072 BCM by the year 2050. Major water
resource for irrigation is groundwater in India. Annual groundwater recharge in India
is about 433 BCM, out of which about 213 BCM is used for irrigation and about
18 BCM for domestic and industrial purposes (CGWB 2011). Water demand for
domestic and industrial purposes will be increased up to about 29 BCM till the year
2025. Thus availability of water for irrigation is estimated to reduce up to about
162 BCM.

The population in India is expected to be more than 1.5 billion by the end of the
year 2050 as per the present rate of population growth (1.9% per annum). In India,
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the average annual freshwater availability per capita has gone down due to increase
in population, overall development and change in standard of living. Per capita
availability of freshwater per annum in India was reported to be as 5177 m3, 1869 m3

and 1588 m3 for the years 1951, 2001 and 2010, respectively. The effective and
efficient water resource management through adopting wastewater treatment process
and recycling system is urgently needed to meet the water requirement of the
country. The project-wise water required/needed by the various sectors is shown
in Fig. 13.2 (CWC 2010). There is an alarming situation of the disposal of waste-
water and effluents because of deficit capacity of treatment plants and their increas-
ing rate of sewage production.

Fig. 13.1 Freshwater withdraw worldwide by sector in 2000: SourceWorld Resources 2000–2001.
People and Ecosystems, Washington, DC 2000
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The design of wastewater treatment plants is usually based on the need to reduce
organic and suspended solid loads to limit the pollution of the environment. Path-
ogen removal has very rarely been considered an objective, but, for reuse of effluents
in agriculture, this must now be of primary concern, and processes should be
selected and designed accordingly (Hillman 1988). Treatment to remove wastewater
constituents that may be toxic or harmful to crops, aquatic plants (macrophytes) and
fish is technically possible but is not normally economically feasible.

The short-period deviations in wastewater disposals noticed at public/municipal
wastewater treatment units follow a diurnal pattern. Disposal is usually low during
the early-morning hours, when water use is lowest and when the base flow of
infiltration-inflow and small amount of sanitary wastewater. A first peak of flow
usually occurs in the late morning, when wastewater from the peak morning water
consumption reaches the treatment plant, and the second high flow usually occurs in
the evening. The relative magnitude of the peaks and the times at which they occur
vary from country to country and with the size of the community and the length of
the sewers. Small communities with small sewer systems have a much higher ratio of
peak flow to average flow than do large communities. Even though the extent of
peaks is satisfied as wastewater passes through a treatment plant, the daily differ-
ences in flow from a public/municipal treatment unit make it impracticable, in most
cases, to irrigate with effluent directly from the treatment unit. The value of
reclaimed water in crop irrigation has long been recognized, particularly where
fresh water resources are limited (Webster 1954; Mertz 1956; Sepp 1971). Some
form of flow equalization or short-term storage of treated wastewater is important to
provide a relatively continuous/uniform supply of treated wastewater for efficient
irrigation, although extra benefits result from storage.

Wastewater is composed of 99.9% water and 0.1% of other materials like
suspended, colloidal and dissolved solids (International reference centres for wastes
disposal, 1985). Water resources are so scarce that there is often a major conflict
between urban (domestic and industrial) and agricultural demands for water. This

Fig. 13.2 Projected water demand by different sectors. (CWC 2010)
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conflict can usually only be resolved by the agricultural use of wastewater: the cities
must use the fresh water first; urban wastewater after proper treatment must be used
for crop irrigation. If such a sequence of water resource utilization is not followed,
both urban and agricultural developments may be seriously constrained with conse-
quent adverse effects on national economic development. Moreover, the knowledge
of fertilizer value of the effluent is necessary. All of the nitrogen and much of the
phosphorus and potassium normally required for agricultural crop production would
be supplied by the effluent (Al-Salem 1987). Further, other valuable micronutrients
and the organic matter contained in the effluent will provide additional benefits
(Abdel-Ghaffar et al. 1988).

13.2 Challenges

Insufficient capacity of wastewater treatment and increasing sewage generation pose
a big question of the disposal of wastewater (Bhamoriya 2004). Thus, if the world is
facing a water shortage, it is also facing a food shortage. Water deficits, which are
already spurring heavy grain imports in numerous smaller countries, may soon do
the same in larger countries, such as China and India (Earth Policy Institute 2002).
Water supply for agriculture and sanitation will be one of the main future challenges
in growing population and industrialization. The growing awareness of water
resource scarcity, the competition for water resources and the negative impact of
contaminated water on human health and the environment demand the development
of adequate strategies in water management. The development of new management
strategies to supply fresh water and the issue of treating and recycling wastewater
will play an important role in tackling the existing and occurring problems.

It has been reported that application of sewage or sewage mixed with industrial
effluents can save 25–50% of N and P fertilizer and produce 15–27% higher crop
yield as compared to the normal water (Anonymous 2004). As per an estimate,
73,000 ha of peri-urban agriculture in India is focused to provide irrigation with
wastewater (Strauss and Blumenthal 1990). Minhas and Samra (2004) reported that
farmers of peri-urban areas generally take up, round the year, rigorous vegetable
production system with 300–400% cropping intensity. They also reported that
perishable commodity like fodders irrigated with wastewater farmers earn four
times more per unit area as compared to normal water. Arar (1988) stated that the
most suitable treatment of wastewater to be used prior to effluent application in
agriculture is that which will turn out as an effluent meeting the suggested microbi-
ological and chemical quality guidelines both at low cost and at minimum opera-
tional and maintenance requirements.

A biological treatment processes alone are not sufficient to meet tightening
environmental regulations (Pant and Adholeya 2007). Presently there are no separate
regulations/guidelines for safe handling, transport and disposal of wastewater in the
country. The existing policies for regulating wastewater management are based on
certain environmental laws and certain policies and legal provisions, viz.
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Constitutional Provisions on sanitation and water pollution; National Environment
Policy, 2006; National Sanitation Policy, 2008; Hazardous Waste (Management and
Handling) Rules, 1989; Municipalities Act; District Municipalities Act; etc. Water
Act 1974 also emphasizes utilization of treated sewage in irrigation, but this issue
has been ignored by the State Governments. With the improper design, poor
maintenance, frequent electricity breakdowns and lack of technical manpower, the
facilities constructed to treat wastewater do not function properly and remain closed
most of the time (CPCB 2007). In addition to setting up treatment plants, the Central
Government, the State Government and the Board have given financial incentive to
industries/investors to encourage them to invest in pollution control (CPCB 2005).

13.3 Irrigation with Wastewater

This section includes (1) conditions for successful irrigation, (2) strategies for
managing treated wastewater on the farm, (3) selection of irrigation methods,
(4) field management practices in wastewater irrigation and (5) planning for waste-
water irrigation.

13.3.1 Conditions for Successful Irrigation

Irrigation is the application of water to plants as per the requirement. It helps to grow
agricultural/horticultural crops, maintain landscapes and revegetate disturbed soil in
dry areas during the period of insufficient rainfall. In arid and semiarid region of the
country, irrigation is important for enhancing the production, where it is usually
required on supplementary basis in humid and semi-humid regions.

At the farm level, the following basic conditions should be met to make irrigated
farming a success:

– The required amount of water should be applied.
– The water should be of acceptable quality.
– Water application should be properly scheduled.
– Appropriate irrigation methods should be used.
– Salt accumulation in the root zone should be prevented by means of leaching.
– The rise of water table should be controlled by means of appropriate drainage.
– Plant nutrients should be managed in an optimal way.

The above requirements are equally applicable when the source of irrigation
water is treated wastewater. Nutrients in municipal wastewater and treated effluents
are a particular advantage of these sources over conventional irrigation water
sources, and supplemental fertilizers are sometimes not necessary. However,
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additional environmental and health requirements must be considered when treated
wastewater is the source of irrigation water.

13.3.1.1 Amount of Water to be Applied

It is well known that more than 99% of the water absorbed by plants is lost by
transpiration and evaporation from the plant surface. Thus, for all practical purposes,
the water requirement of crops is equal to the evapotranspiration requirement, ETc.
Crop evapotranspiration is mainly determined by climatic factors and hence can be
estimated with reasonable accuracy using meteorological data. An extensive review
of this subject and guidelines for estimating ETc, prepared by Doorenbos and Pruitt,
are given in Irrigation and Drainage Paper 24 (FAO 1977). A computer program,
called CROPWAT, is available in FAO to determine the water requirements of crops
from climatic data. Table 13.1 presents the water requirements of some selected
crops, reported by Doorenbos and Kassam (FAO 1979). It should be kept in mind
that the actual amount of irrigation water to be applied will have to be adjusted for
effective rainfall, leaching requirement, application losses and other factors.

Table 13.1 Water requirements, sensitivity to water supply and water utilization efficiency of
some selected crops

Crop

Water requirements
(mm/growing
period)

Sensitivity to water
supply (ky)

Water utilization efficiency for
harvested yield, Ey, kg/m3 (%
moisture)

Alfalfa 800–1600 Low to medium-
high (0.7–1.1)

1.5–2.0 hay (10–15%)

Banana 1200–2200 High (1.2–1.35) Plant crop: 2.5–4

Ratoon: 3.5–6

Fruit (70%)

Bean 300–500 Medium-high
(1.15)

Lush: 1.5–2.0 (80–90%)

Dry: 0.3–0.6 (10%)

Cabbage 380–500 Medium-low (0.95) 12–20 head (90–95%)

Citrus 900–1200 Low to medium-
high (0.8–1.1)

2–5 fruit (85%, lime: 70%)

Cotton 700–1300 Medium-low (0.85) 0.4–0.6 seed cotton (10%)

Groundnut 500–700 Low (0.7) 0.6–0.8 unshelled dry nut (15%)

Maize 500–800 High (1.25) 0.8–1.6 grain (10–13%)

Potato 500–700 Medium-high (1.1) 4–7 fresh tuber (70–75%)

Rice 350–700 High 0.7–1.1 paddy (15–20%)

Safflower 600–1200 Low (0.8) 0.2–0.5 seed (8–10%)

Sorghum 450–650 Medium-low (0.9) 0.6–1.0 grain (12–15%)

Wheat 450–650 Medium high
(spring: 1.15; win-
ter: 1.0)

0.8–1.0 grain (12–15%)

Source: FAO (1979)
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13.3.1.2 Quality of Water to be Applied

Irrigation water quality requirements from the point of view of crop production will
have to be adjusted depending on the local climate, soil conditions and other factors.
In addition, farm practices, such as the type of crop to be grown, irrigation method
and agronomic practices, will determine to a great extent the quality suitability of
irrigation water. Some of the important farm practices aimed at optimizing crop
production when treated sewage effluent is used as irrigation water. The suitability of
water for irrigation will greatly depend on the climatic conditions, the physical and
chemical properties of the soil, the salt tolerance of the crop grown and the man-
agement practices. Thus, classification of water for irrigation will always be general
in nature and applicable under average use conditions. Ayers and Westcot (FAO
1985) classified irrigation water into three groups based on salinity, sodicity, toxicity
and miscellaneous hazards, as shown in Table 13.2. These general water quality

Table 13.2 Guidelines for interpretation of water quality for irrigation

Potential irrigation problem Units

Degree of restriction on use

None Slight to moderate Severe

Salinity

Ecw
a dS/m < 0.7 0.7–3.0 > 3.0

or

TDS mg/l < 450 450–2000 > 2000

Infiltration

SARb ¼ 0–3 and ECw > 0.7 0.7–0.2 < 0.2

3–6 > 1.2 1.2–0.3 < 0.3

6–12 > 1.9 1.9–0.5 < 0.5

12–20 > 2.9 2.9–1.3 < 1.3

20–40 > 5.0 5.0–2.9 < 2.9

Specific ion toxicity

Sodium (Na)

Surface irrigation SAR < 3 3–9 > 9

Sprinkler irrigation me/I < 3 > 3

Chloride (Cl)

Surface irrigation me/I < 4 4–10 > 10

Sprinkler irrigation m3/l < 3 > 3

Boron (B) mg/l < 0.7 0.7–3.0 > 3.0

Trace elements

Miscellaneous effects

Nitrogen (NO3-N)
c mg/l < 5 5–30 > 30

Bicarbonate (HCO3) me/I < 1.5 1.5–8.5 > 8.5

pH Normal range 6.5–8

Source: FAO (1985)
aECw means electrical conductivity in deciSiemens per metre at 25 �C
bSAR means sodium adsorption ratio
cNO3-N means nitrate nitrogen reported in terms of elemental nitrogen
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classification guidelines help to identify potential crop production problems associ-
ated with the use of conventional water sources. The guidelines are equally appli-
cable to evaluate wastewaters for irrigation purposes in terms of their chemical
constituents, such as dissolved salts, relative sodium content and toxic ions.

Municipal wastewater effluents may contain a number of toxic elements, includ-
ing heavy metals, because under practical conditions wastes from many small and
informal industrial sites are directly discharged into the common sewer system.
These toxic elements are normally present in small amounts, and hence, they are
called trace elements. Some of them may be removed during the treatment process,
but others will persist and could present phytotoxic problems. Thus, municipal
wastewater effluents should be checked for trace element toxicity hazards, particu-
larly when trace element contamination is suspected. Table 13.3 presents phytotoxic
threshold levels of some selected trace elements.

13.3.1.3 Scheduling of Irrigation

To obtain the maximum yields, water should be applied to crops before the soil
moisture potential reaches a level at which the evapotranspiration rate is likely to be
reduced below its potential. The relationship of actual and maximum yields to actual
and potential evapotranspiration is illustrated in the following equation:

1� Ya

Ym

� �
¼ ky 1� ETa

ETm

� �
ð13:1Þ

where

Ya ¼ actual harvested yield
Ym ¼ maximum harvested yield
ky ¼ yield response factor
ETa ¼ actual evapotranspiration
ETm ¼ maximum evapotranspiration

Several methods are available to determine optimum irrigation scheduling. The
factors that determine irrigation scheduling are available water-holding capacity of
the soils, depth of root zone, evapotranspiration rate and amount of water to be
applied per irrigation, irrigation method and drainage conditions.

13.3.1.4 Irrigation Methods

Many different methods are used by farmers to irrigate crops. They range from
watering individual plants from a can of water to highly automated irrigation by a
centre pivot system. However, from the point of wetting the soil, these methods can
be grouped under five headings, namely:
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Table 13.3 Threshold levels of trace elements for crop production

Element

Recommended
maximum
concentration (mg/l) Remarks

Al (Aluminium) 5.0 Can cause nonproductivity in acid soils
(pH < 5.5), but more alkaline soils at pH > 7.0
will precipitate the ion and eliminate any
toxicity

As (Arsenic) 0.10 Toxicity to plants varies widely, ranging from
12 mg/l for Sudan grass to less than 0.05 mg/l
for rice

Be (Beryllium) 0.10 Toxicity to plants varies widely, ranging from
5 mg/l for kale to 0.5 mg/l for bush beans

Cd (Cadmium) 0.01 Toxic to beans, beets and turnips at concentra-
tions as low as 0.1 mg/l in nutrient solutions.
Conservative limits recommended due to its
potential for accumulation in plants and soils to
concentrations that may be harmful to humans

Co (Cobalt) 0.05 Toxic to tomato plants at 0.1 mg/l in nutrient
solution. Tends to be inactivated by neutral and
alkaline soils

Cr (Chromium) 0.10 Not generally recognized as an essential growth
element. Conservative limits recommended due
to the lack of knowledge on its toxicity to plants

Cu (Copper) 0.20 Toxic to a number of plants at 0.1–1.0 mg/l in
nutrient solutions

F (Fluoride) 1.0 Inactivated by neutral and alkaline soils

Fe (Iron) 5.0 Not toxic to plants in aerated soils but can
contribute to soil acidification and loss of
availability of essential phosphorus and
molybdenum. Overhead sprinkling may result
in unsightly deposits on plants, equipment and
buildings

Li (Lithium) 2.5 Tolerated by most crops up to 5 mg/l; mobile in
soil. Toxic to citrus at low concentrations
(<0.075 mg/l). Acts similarly to boron

Mn (Manganese) 0.20 Toxic to a number of crops at a few tenths to a
few mg/l but usually only in acid soils

Mo (Molybdenum) 0.01 Not toxic to plants at normal concentrations in
soil and water. Can be toxic to livestock if
forage is grown in soils with high concentra-
tions of available molybdenum

Ni (Nickel) 0.20 Toxic to a number of plants at 0.5 mg/l to
1.0 mg/l; reduced toxicity at neutral or alkaline
pH

Pd (Lead) 5.0 Can inhibit plant cell growth at very high
concentrations

Se (Selenium) 0.02 Toxic to plants at concentrations as low as
0.025 mg/l and toxic to livestock if forage is
grown in soils with relatively high levels of

(continued)
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(i) Flood irrigation – water is applied over the entire field to infiltrate into the soil
(e.g. wild flooding, contour flooding, borders, basins, etc.).

(ii) Furrow irrigation – water is applied between ridges (e.g. level and graded
furrows, contour furrows, corrugations, etc.). Water reaches the ridge, where
the plant roots are concentrated, by capillary action.

(iii) Sprinkler irrigation –water is applied in the form of a spray and reaches the soil
very much like rain (e.g. portable, semiportable and solid set sprinklers,
travelling sprinklers, spray guns, centre pivot systems, etc.). The rate of appli-
cation is adjusted so that it does not create ponding of water on the surface.

(iv) Subirrigation – water is applied beneath the root zone in such a manner that it
wets the root zone by capillary rise (e.g. sub-surface irrigation canals, buried
pipes, etc.). Deep surface canals or buried pipes are used for this purpose.

(v) Localized irrigation – water is applied around each plant or a group of plants so
as to wet locally and the root zone only (e.g. drip irrigation, bubblers, micro-
sprinklers, etc.). The application rate is adjusted to meet evapotranspiration
needs so that percolation losses are minimized. Table 13.4 presents some basic
features of selected irrigation systems as reported by Doneen and Westcot
(FAO 1988).

13.3.1.5 Leaching

Under irrigated agriculture, a certain amount of excess irrigation water is required to
percolate through the root zone so as to remove the salts which have accumulated as

Table 13.3 (continued)

Element

Recommended
maximum
concentration (mg/l) Remarks

added selenium. As essential element to ani-
mals but in very low concentrations

Sn (Tin)

Ti (Titanium) – Effectively excluded by plants; specific toler-
ance unknown

W (Tungsten)

C (Vanadium) 0.10 Toxic to many plants at relatively low
concentrations

Zn (Zinc) 2.0 Toxic to many plants at widely varying con-
centrations; reduced toxicity at pH > 6.0 and in
fine-textured or organic soils

Source: Adapted from National Academy of Sciences (1972) and Pratt (1972)
Note: The maximum concentration is based on a water application rate which is consistent with
good irrigation practices (10,000 m3 per hectare per year). If the water application rate greatly
exceeds this, the maximum concentrations should be adjusted downwards accordingly. No adjust-
ment should be made for application rates less than 10,000 m3 per hectare per year. The values
given are for water used on a continuous basis at one site
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Table 13.4 Basic features of some selected irrigation systems

Irrigation
method Topography Crops Remarks

Widely
spaced
borders

Land slopes capable of being
graded to less than 1% slope
and preferably 0.2%

Alfalfa and other
deep rooted close-
growing crops and
orchards

The most desirable surface
method for irrigating close-
growing crops where topo-
graphical conditions are
favourable. Even grade in
the direction of irrigation is
required on flat land and is
desirable but not essential
on slopes of more than
0.5%. Grade changes
should be slight and reverse
grades must be avoided.
Cross slops is permissible
when confined to differ-
ences in elevation between
border strips of 6–9 cm.
Water application effi-
ciency 45–60%

Graded con-
tour furrows

Variable land slopes of 2–
25% but preferable less

Row crops and
fruit

Especially adapted to row
crops on steep land, though
hazardous due to possible
erosion from heavy rainfall.
Unsuitable for rodent-
infested fields or soils that
crack excessively. Actual
grade in the direction of
irrigation 0.5–1.5%. No
grading required beyond
filling gullies and removal
of abrupt ridges. Water
application efficiency 50–
65%

Rectangular
checks
(levees)

Land slopes capable of being
graded so single or multiple
tree basins will be levelled
within 6 cm

Orchard Especially adapted to soils
that have either a relatively
high or low water intake
rate. May require consider-
able grading. Water appli-
cation efficiency 40–60%

Subirrigation Smooth flat Shallow rooted
crops such as
potatoes or grass

Requires a water table, very
permeable subsoil condi-
tions and precise levelling.
Very few areas adapted to
this method. Water applica-
tion efficiency 50–70%

Sprinkler Undulating 1–> 35% slope All crops High operation and mainte-
nance costs. Good for rough
or very sandy lands in areas
of high production and

(continued)
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a result of evapotranspiration from the original irrigation water. This process of
displacing the salts from the root zone is called leaching, and that portion of the
irrigation water which mobilizes the excess of salts is called the leaching fraction,
LF.

Leaching Fraction LFð Þ ¼ depth of water leached below the root zone
depth of water appliedat the surface

ð13:2Þ

Salinity control by effective leaching of the root zone becomes more important as
irrigation water becomes more saline.

13.3.1.6 Drainage

Drainage is defined as the removal of excess water from the soil surface and below so
as to permit optimum growth of plants. Removal of excess surface water is termed
surface drainage, while the removal of excess water from beneath the soil surface is
termed sub-surface drainage. The importance of drainage for successful irrigated
agriculture has been well demonstrated. It is particularly important in semiarid and
arid areas to prevent secondary salinization. In these areas, the water table will rise
with irrigation when the natural internal drainage of the soil is not adequate. When
the water table is within a few metres of the soil surface, capillary rise of saline

Table 13.4 (continued)

Irrigation
method Topography Crops Remarks

good markets. Good
method where power costs
are low. May be the only
practical method in areas of
steep or rough topography.
Good for high rainfall areas
where only a small supple-
mentary water supply is
needed. Water application
efficiency 60–70%

Localized
(drip, trickle,
etc.)

Any topographic condition
suitable for row crop
farming

Row crops or fruit Perforated pipe on the soil
surface drips water at base
of individual vegetable
plants or around fruit trees.
Has been successfully used
in Israel with saline irriga-
tion water. Still in the
development stage. Water
application efficiency 75–
85%

Source: FAO (1988)
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groundwater will transport salts to the soil surface. At the surface, water evaporates,
leaving the salts behind. If this process is not arrested, salt accumulation will
continue, resulting in salinization of the soil. In such cases, sub-surface drainage
can control the rise of the water table and hence prevent salinization.

13.3.2 Strategies for Managing Treated Wastewater
on the Farm

Success in using treated wastewater for crop production will largely depend on
adopting appropriate strategies aimed at optimizing crop yields and quality,
maintaining soil productivity and safeguarding the environment. Several alternatives
are available, and a combination of these alternatives will offer an optimum solution
for a given set of conditions. The user should have prior information on effluent
supply and its quality, as indicated in Table 13.3, to ensure the formulation and
adoption of an appropriate on-farm management strategy.

Basically, the components of an on-farm strategy in using treated wastewater will
consist of a combination of:

• Crop selection
• Selection of irrigation method
• Adoption of appropriate management practices

Furthermore, when the farmer has additional sources of water supply, such as a
limited amount of normal irrigation water, he will then have an option to use both the
effluent and the conventional source of water in two ways, namely:

• By blending conventional water with treated effluent
• By using the two sources in rotation

These are discussed briefly in the following sections (Table 13.5).

13.3.3 Selection of Irrigation Methods

Under normal conditions, the type of irrigation method selected will depend on water
supply conditions, climate, soil, crops to be grown, cost of irrigation method and the
ability of the farmer to manage the system. However, when using wastewater as the
source of irrigation, other factors, such as contamination of plants and harvested
product, farm workers and the environment and salinity and toxicity hazards, will
need to be considered. There is considerable scope for reducing the undesirable
effects of wastewater use in irrigation through selection of appropriate irrigation
methods.
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The choice of irrigation method in using wastewater is governed by the following
technical factors:

• The choice of crops
• The wetting of foliage, fruits and aerial parts
• The distribution of water, salts and contaminants in the soil
• The ease with which high soil water potential could be maintained
• The efficiency of application
• The potential to contaminate farm workers and the environment

Table 13.6 presents an analysis of these factors in relation to four widely practised
irrigation methods, namely, border, furrow, sprinkler and drip irrigation.

A border (and basin or any flood irrigation) system involves complete coverage of
the soil surface with treated effluent and is normally not an efficient method of

Table 13.5 Information required on effluent supply and quality

Information Decision on irrigation management

Effluent supply

The total amount of effluent that would be made
available during the crop growing season

Total area that could be irrigated

Effluent available throughout the year Storage facility during non-crop growing
period either at the farm or near wastewater
treatment plant and possible use for
aquaculture

The rate of delivery of effluent either as m3 per
day or litres per second

Area that could be irrigated at any given time,
layout of fields and facilities and system of
irrigation

Type of delivery: continuous or intermittent or
on demand

Layout of fields and facilities, irrigation system
and irrigation scheduling

Mode of supply: supply at farm gate or effluent
available in a storage reservoir to be pumped by
the farmer

The need to install pumps and pipes to trans-
port effluent and irrigation system

Effluent quality

Total salt concentration and/or electrical con-
ductivity of the effluent

Selection of crops, irrigation method, leaching
and other management practices

Concentrations of cations, such as Ca++, Mg++

and Na+
To assess sodium hazard and undertake
appropriate measures

Concentration of toxic ions, such as heavy
metals, Boron and Cl�

To assess toxicities that are likely to be caused
by these elements and take appropriate
measures

Concentration of trace elements (particularly
those which are suspected of being phytotoxic)

To assess trace toxicities and take appropriate
measures

Concentration of nutrients, particularly nitrate-
N

To adjust fertilizer levels, avoid over-
fertilization and select crop

Level of suspended sediments To select appropriate irrigation system and
measures to prevent clogging problems

Levels of intestinal nematodes and faecal
coliforms

To select appropriate crops and irrigation
systems
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irrigation. This system will also contaminate vegetable crops growing near the
ground and root crops and will expose farm workers to the effluent more than any
other method. Thus, from both the health and water conservation points of view,
border irrigation with wastewater is not satisfactory.

Furrow irrigation, on the other hand, does not wet the entire soil surface. This
method can reduce crop contamination, since plants are grown on the ridges, but
complete health protection cannot be guaranteed. Contamination of farm workers is
potentially medium to high, depending on automation. If the effluent is transported
through pipes and delivered into individual furrows by means of gated pipes, risk to
irrigation workers will be minimum.

The efficiency of surface irrigation methods, in general, borders, basins and
furrows, is not greatly affected by water quality, although the health risk inherent
in these systems is most certainly of concern. Some problems might arise if the
effluent contains large quantities of suspended solids, and these settle out and restrict
flow in transporting channels, gates, pipes and appurtenances. The use of primary
treated sewage will overcome many of such problems. To avoid surface ponding of

Table 13.6 Evaluation of common irrigation methods in relation to the use of treated wastewater

Parameters of
evaluation Furrow irrigation Border irrigation

Sprinkler
irrigation Drip irrigation

1. Foliar wet-
ting and con-
sequent leaf
damage
resulting in
poor yield

No foliar injury
as the crop is
planted on the
ridge

Some bottom
leaves may be
affected, but the
damage is not so
serious as to reduce
yield

Severe leaf
damage can
occur resulting
in significant
yield loss

No foliar injury
occurs under this
method of
irrigation

2. Salt accu-
mulation in the
root zone with
repeated
applications

Salts tend to
accumulate in the
ridge which
could harm the
crop

Salts move verti-
cally downwards
and are not likely
to accumulate in
the root zone

Salt movement
is downwards,
and root zone is
not likely to
accumulate
salts

Salt movement is
radial along the
direction of water
movement. A salt
wedge is formed
between drip
points

3. Ability to
maintain high
soil water
potential

Plants may be
subject to stress
between
irrigations

Plants may be sub-
ject to water stress
between irrigations

Not possible to
maintain high
soil water
potential
throughout the
growing season

Possible to main-
tain high soil
water potential
throughout the
growing season
and minimize the
effect of salinity

4. Suitability
to handle
brackish
wastewater
without signif-
icant yield loss

Fair to medium.
With good man-
agement and
drainage accept-
able yields are
possible

Fair to medium.
Good irrigation
and drainage prac-
tices can produce
acceptable levels
of yield

Poor to fair.
Most crops suf-
fer from leaf
damage and
yield is low

Excellent to good.
Almost all crops
can be grown with
very little reduc-
tion in yield

Source: Kandiah (1990b)
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stagnant effluent, land levelling should be carried out carefully, and appropriate land
gradients should be provided.

Sprinkler, or spray, irrigation methods are generally more efficient in terms of
water use, since greater uniformity of application can be achieved. However, these
overhead irrigation methods may contaminate ground crops, fruit trees and farm
workers. In addition, pathogens contained in aerosolized effluent may be transported
downwind and create a health risk to nearby residents. Generally, mechanized or
automated systems have relatively high capital costs and low labour costs compared
with manually moved sprinkler systems. Rough land levelling is necessary for
sprinkler systems, to prevent excessive head losses and achieve uniformity of
wetting. Sprinkler systems are more affected by water quality than surface irrigation
systems, primarily as a result of the clogging of orifices in sprinkler heads, potential
leaf burns and phytotoxicity when water is saline and contains excessive toxic
elements and sediment accumulation in pipes, valves and distribution systems.
Secondary wastewater treatment has generally been found to produce an effluent
suitable for distribution through sprinklers, provided that the effluent is not too
saline. Further precautionary measures, such as treatment with granular filters or
micro-strainers and enlargement of nozzle orifice diameters to not less than 5 mm,
are often adopted.

Localized irrigation, particularly when the soil surface is covered with plastic
sheeting or other mulch, uses effluent more efficiently, can often produce higher crop
yields and certainly provides the greatest degree of health protection for farm
workers and consumers. Trickle and drip irrigation systems are expensive, however,
and require a high quality of effluent to prevent clogging of the emitters through
which water is slowly released into the soil. Table 13.7 presents water quality
requirements to prevent clogging in localized irrigation systems. Solids in the
effluent or biological growth at the emitters will create problems, but gravel filtration
of secondary treated effluent and regular flushing of lines have been found to be
effective in preventing such problems in Cyprus (Papadopoulos and Stylianou

Table 13.7 Water quality and clogging potential in drip irrigation systems

Potential problem Units

Degree of restriction on use

None Slight to moderate Severe

Physical

Suspended solids mg/l < 50 50–100 > 100

Chemical

pH < 7.0 7.0–8.0 > 8.0

Dissolved solids mg/l < 500 500–2000 > 2000

Manganese mg/l < 0.1 0.1–1.5 > 1.5

Iron mg/l < 0.1 0.1–1.5 > 1.5

Hydrogen sulphide mg/l < 0.5 0.5–2.0 > 2.0

Biological Maximum

Bacterial populations Number/ml < 10,000 10,000–50,000 > 50,000

Source: Adapted from Nakayama (1982)
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1988). Bubbler irrigation, a technique developed for the localized irrigation of tree
crops, avoids the need for small emitter orifices, but careful setting is required for its
successful application (Hillel 1987).

When compared with other systems, the main advantages of trickle irrigation
seem to be:

(i) Increased crop growth and yield achieved by optimizing the water, nutrients
and air regimes in the root zone.

(ii) High irrigation efficiency – no canopy interception, wind drift or conveyance
losses and minimal drainage losses.

(iii) Minimal contact between farm workers and effluent.
(iv) Low-energy requirements – the trickle system requires a water pressure of only

100–300 k pa (1–3 bar).
(v) Low labour requirements – the trickle system can easily be automated, even to

allow combined irrigation and fertilization (sometimes terms fertigation).

Apart from the high capital costs of trickle irrigation systems, another limiting
factor in their use is that they are only suited to the irrigation of row crops.
Relocation of sub-surface systems can be prohibitively expensive.

Clearly, the decision on irrigation system selection will be mainly a financial one,
but it is to be hoped that the health risks associated with the different methods will be
taken into account. Each measure will interact with others, and thus a decision on
irrigation system selection will have an influence on wastewater treatment require-
ments, human exposure control and crop selection (e.g. row crops are dictated by
trickle irrigation). At the same time, the irrigation techniques feasible will depend on
crop selection, and the choice of irrigation system might be limited if wastewater
treatment has already been decided before effluent use is considered.

13.3.4 Field Management Practices in Wastewater Irrigation

Management of water, soil, crop and operational procedures, including precautions
to protect farm workers, plays an important role in the successful use of sewage
effluent for irrigation.

13.3.4.1 Water Management

Most treated wastewaters are not very saline, salinity levels usually ranging between
500 and 200 mg/l (ECw ¼ 0.7–3.0 dS/m). However, there may be instances where
the salinity concentration exceeds the 2000 mg/l level. In any case, appropriate water
management practices will have to be followed to prevent salinization, irrespective
of whether the salt content in the wastewater is high or low. It is interesting to note
that even the application of a nonsaline wastewater, such as one containing
200–500 mg/l, when applied at a rate of 20,000 m3 per hectare, a fairly typical
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irrigation rate, will add between 2 and 5 tonnes of salt annually to the soil. If this is
not flushed out of the root zone by leaching and removed from the soil by effective
drainage, salinity problems can build up rapidly. Leaching and drainage are thus two
important water management practices to avoid salinization of soils.

13.3.4.2 Leaching

The concept of leaching has already been discussed. The question that arises is how
much water should be used for leaching, i.e. what is the leaching requirement? To
estimate the leaching requirement, both the salinity of the irrigation water (ECw) and
the crop tolerance to soil salinity (ECe) must be known. The necessary leaching
requirement (LR) can be estimated from Fig. 13.3 for general crop rotations reported
by Ayers and Westcot (FAO 1985). A more exact estimate of the leaching require-
ment for a particular crop can be obtained using the following equation:

LR ¼ ECW

5 ECe � ECWð Þ ð13:3Þ

where LR is the minimum leaching requirement needed to control salts within the
tolerance (ECe) of the crop with ordinary surface methods of irrigation, ECw salinity

Fig. 13.3 Relationship between applied water salinity and soil water salinity at different leaching
fractions (FAO 1985)
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of the applied irrigation water in dS/m and ECe average soil salinity tolerated by the
crop as measured on a soil saturation extract. It is recommended that the ECe value
that can be expected to result in at least a 90% or greater yield can be used in the
calculation.

Figure 13.3 was developed using ECe values for the 90% yield potential. For
water in the moderate to high salinity range (>1.5 dS/m), it might be better to use the
ECe value for maximum yield potential (100%) since salinity control is critical in
obtaining good yields. Further information on this is contained in Irrigation and
Drainage Paper 29, Rev. 1 (FAO 1985).

Where water is scarce and expensive, leaching practices should be designed to
maximize crop production per unit volume of water applied, to meet both the
consumptive use and leaching requirements. Depending on the salinity status,
leaching can be carried out at each irrigation, each alternative irrigation or less
frequently, such as seasonally or at even longer intervals, as necessary to keep the
salinity in the soil below the threshold above which yield might be affected to an
unacceptable level. With good-quality irrigation water, the irrigation application
level will almost always apply sufficient extra water to accomplish leaching. With
high salinity irrigation water, meeting the leaching requirement is difficult and
requires large amounts of water. Rainfall must be considered in estimating the
leaching requirement and in choosing the leaching method.

The following practices are suggested for increasing the efficiency of leaching
and reducing the amount of water needed:

(i) Leach during cool seasons instead of during warm periods, to increase the
efficiency and ease of leaching, since the total annual crop water demand (ET,
mm/year) losses are lower.

(ii) Use more salt-tolerant crops which require a lower leaching requirement
(LR) and thus have a lower water demand.

(iii) Use tillage to slow overland water flow and reduce the number of surface
cracks which bypass flow through large pores and decrease leaching
efficiency.

(iv) Use sprinkler irrigation at an application rate below the soil infiltration rate as
this favours unsaturated flow, which is significantly more efficient for
leaching than saturated flow. More irrigation time but less water is required
than for continuous ponding.

(v) Use alternate ponding and drying instead of continuous ponding as this is
more efficient for leaching and uses less water, although the time required to
leach is greater. This may have drawbacks in areas having a high water table,
which allows secondary salinization between poundings.

(vi) Where possible, schedule leaching at periods of low crop water use or
postpone leaching until after the cropping season.

(vii) Avoid fallow periods, particularly during hot summers, when rapid secondary
soil salinization from high water tables can occur.

(viii) If infiltration rates are low, consider pre-planting irrigations or off-season
leaching to avoid excessive water applications during the crop season.
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(ix) Use one irrigation before the start of the rainy season if total rainfall is
normally expected to be insufficient for a complete leaching. Rainfall is
often the most efficient leaching method because it provides high-quality
water at relatively low rates of application.

Drainage Salinity problems in many irrigation projects in arid and semiarid areas
are associated with the presence of a shallow water table. The role of drainage in this
context is to lower the water table to a desirable level, at which it does not contribute
to the transport of salts to the root zone and the soil surface by capillarity. What is
important is to maintain a downward movement of water through soils. Van
Schilfgaarde (1984) reported that drainage criteria are frequently expressed in
terms of critical water table depths; although this is a useful concept, prevention of
salinization depends on the establishment, averaged over a period of time, of a
downward flux of water. Another important element of the total drainage system is
its ability to transport the desired amount of drained water out of the irrigation
scheme and dispose it safely. Such disposal can pose a serious problem, particularly
when the source of irrigation water is treated wastewater, depending on the compo-
sition of the drainage effluent.

Timing of Irrigation The timing of irrigation, including irrigation frequency,
pre-planting irrigation and irrigation prior to a winter rainy season, can reduce the
salinity hazard and avoid water stress between irrigations. Some of these practices
are readily applicable to wastewater irrigation.

In terms of meeting the water needs of crops, increasing the frequency of
irrigation will be desirable as it eliminates water stress between irrigations. However,
from the point of view of overall water management, this may not always produce
the desired results. For example, with border, basin and other flood irrigation
methods, frequent irrigations may result in an unacceptable increase in the quantity
of water applied, decrease in water use efficiency and larger amounts of water to be
drained. However, with sprinklers and localized irrigation methods, frequent appli-
cations with smaller amounts may not result in decrease in water use efficiency and,
indeed, could help to overcome the salinity problem associated with saline irrigation
water.

Pre-planting irrigation is practised in many irrigation schemes for two reasons,
namely, (i) to leach salts from the soil surface which may have accumulated during
the previous cropping period and to provide a salt-free environment to germinating
seeds (it should be noted that for most crops, the seed germination and seedling
stages are most sensitive to salinity) and (ii) to provide adequate moisture to
germinating seeds and young seedlings. A common practice among growers of
lettuce, tomatoes and other vegetable crops is to pre-irrigate the field before planting,
since irrigation soon after planting could create local water stagnation and wet spots
that are not desirable. Treated wastewater is a good source for pre-irrigation as it is
normally not saline and the health hazards are practically nil.

Blending of Wastewater with Other Water Supplies One of the options that may be
available to farmers is the blending of treated sewage with conventional sources of
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water, canal water or ground water, if multiple sources are available. It is possible
that a farmer may have saline ground water and, if he has nonsaline treated
wastewater, could blend the two sources to obtain a blended water of acceptable
salinity level. Further, by blending, the microbial quality of the resulting mixture
could be superior to that of the unblended wastewater.

Alternating Treated Wastewater with Other Water Sources Another strategy is to
use the treated wastewater alternately with the canal water or groundwater, instead of
blending. From the point of view of salinity control, alternate applications of the two
sources will be superior to blending. However, an alternating application strategy
will require duel conveyance systems and availability of the effluent dictated by the
alternate schedule of application.

13.3.5 Planning for Wastewater Irrigation

13.3.5.1 Central Planning

Government policy on effluent use in agriculture will have a deciding effect on what
control measures can be achieved through careful selection of site and crops to be
irrigated with treated effluent. A decision to make treated effluent available to
farmers for unrestricted irrigation or to irrigate public parks and urban green areas
with effluent will remove the possibility of taking advantage of careful selection of
sites, irrigation techniques and crops in limiting the health risks and minimizing
environmental impacts. However, if a government decides that effluent irrigation
will only be applied in specific controlled areas, even if crop selection is not limited
(i.e. unrestricted irrigation is allowed within these areas), public access to the
irrigated areas will be prevented, and the control measures can be applied. Without
doubt, the greatest security against health risk and adverse environmental impact will
be achieved by limiting the effluent use to restricted irrigation on controlled areas to
which the public has no access, but even imposing restrictions on effluent irrigation
by farmers, if properly enforced, can achieve a degree of control.

A number of key issues or tasks were likely to have a significant effect on the
ultimate success of effluent irrigation as follows:

(i) Organizational and managerial provisions made to administer the resource, to
select the effluent use plan and to implement it

(ii) The importance attached to public health considerations and the levels of risk
taken

(iii) The choice of single-use or multiple-use strategies
(iv) The criteria adopted in evaluating alternative reuse proposals
(v) The level of appreciation of the scope for establishing a forest resource
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13.3.5.2 Desirable Site Characteristics

The features which are critical in deciding the viability of a land disposal project are
the location of available land and public attitudes. Land which is far distant from the
sewage treatment plant will incur high costs for transporting treated effluent to site
and will generally not be suitable. Hence, the availability of land for effluent
irrigation should be considered when sewerage is being planned, and sewage
treatment plants should be strategically located in relation to suitable agricultural
sites. Ideally, these sites should not be closed to residential areas, but even remote
land might not be acceptable to the public if the social, cultural or religious attitudes
are opposed to the practice of wastewater irrigation. The potential health hazards
associated with effluent irrigation can make this a very sensitive issue, and public
concern will only be mollified by the application of strict control measures. In arid
areas, the importance of agricultural use of treated effluent makes it advisable to be
as systematic as possible in planning, developing and managing effluent irrigation
projects, and the public must be kept informed at all stages.

The ideal objective in site selection is to find a suitable area where long-term
application of treated effluent will be feasible without adverse environmental or
public health impacts. It might be possible in a particular instance to identify several
potential sites within reasonable distance of the sewered community, and the prob-
lem will be to select the most suitable area or areas, taking all relevant factors into
account. The following basic information on an area under consideration will be of
value, if available:

– A topographic map
– Agricultural soil surveys
– Aerial photographs
– Geological maps and reports
– Groundwater reports and well logs
– Boring logs and soil test results
– Other soil and piezometric data

At this preliminary stage of investigation, it should be possible to assess the
potential impact of treated effluent application on any usable aquifer in the area
(s) concerned. The first ranking of sites should consider other factors, such as the
cost and location of the land, its present use and availability and social factors, in
addition to soil and groundwater conditions.

The characteristics of the soil profile underlying a particular site are very impor-
tant in deciding on its suitability for effluent irrigation and the methods of application
to be employed. Among the soil properties important from the point of view of
wastewater application and agricultural production are physical parameters (such as
texture, grading, liquid and plastic limits, etc.), permeability, water-holding capacity,
pH, salinity and chemical composition. Preliminary observation of sites, which
could include shallow hand auger borings and identification of vegetation, will
often allow the elimination of clearly unsatisfactory sites. After elimination of
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marginal sites, each site under serious consideration must be investigated by on-site
borings to ascertain the soil profile, soil characteristics and location of the water
table. Piezometers should be located in each borehole, and these can be used for
subsequent groundwater sampling. A procedure for such site assessment has been
described by Hall and Thompson (1981) and, if applied, should not only allow the
most suitable site among several possible to be selected but permit the impact of
effluent irrigation at the chosen site to be modelled. When a site is developed, a long-
term groundwater monitoring programme should be an essential feature of its
management.

13.3.5.3 Economic, Institutional and Policy Issues

While the overall benefits of wastewater use in agriculture are obvious and the
technology and expertise exist to allow it to be achieved without detriment to public
health or the environment, governments must be prepared to control the process
within a broader framework of a national effluent use policy forming part of the
national plan for water resources. Lines of responsibility and cost allocation formu-
lae have to be worked out between the various sectors involved: local authorities
responsible for wastewater treatment and disposal, farmers who will benefit from
any effluent use scheme and the state which is concerned with the provision of
adequate water supplies, the protection of the environment and the promotion of
public health. Sufficient attention must be given to the social, institutional and
organizational aspects of effluent use in agriculture and aquaculture to ensure
long-term sustainability.

13.3.5.4 Economic and Financial Implications

Although the responsibility for collecting, treating and disposing of urban wastewa-
ter will normally lie with a local water or sewerage authority or municipality, farmers
wishing to take advantage of the effluent are often able and willing to pay for what
they use but are not prepared to subsidize general disposal costs. They will base their
decision on whether or not they will be better off paying for the effluent rather than
doing without it, considering the quantity, timing, quality and cost of the treated
effluent. The local sewerage authority should acknowledge their financial responsi-
bility for the basic system to achieve environmental protection objectives and only
charge farmers for any incremental costs associated with additional treatment or
distribution required specifically for effluent use in agriculture or aquaculture. In
practice, if the effluent use scheme is considered at the time the sewerage project is
being planned, treatment costs might well be reduced over those normally required
for environmental protection.

Payments by farmers might take the form of direct effluent use tariffs paid to the
authority or contributions to the capital and/or operating costs of the wastewater
treatment plant and effluent conveyance system. Cost sharing can be by cash
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payments or in-kind contributions, such as land for siting treatment or storage
facilities and labour for operation and maintenance. Bartone (1986) has indicated
that benefit-cost studies made in Peru showed that the irrigation components in
effluent irrigation schemes were economically viable even if land costs and opera-
tion and maintenance for wastewater treatment were charged to farmers but not if the
full cost of investment in treatment facilities was charged against the agricultural
component. In the latter case, feasibility depended on the alternative minimum cost
of treatment required for disposal without reuse.

Since wastewater treatment is a major cost in effluent use systems, accepting that
local authorities are fully responsible for wastewater collection, it is essential that
treatment process selection is made in conjunction with decisions on crop and
irrigation system selection. Only in this way can a minimal investment in treatment
be achieved without compromising the health risks of an effluent use scheme. Once a
decision on effluent quality has been taken, the required standard must be achieved
consistently, and the effluent treatment and conveyance system must be operated
with complete reliability. Fluctuating production and demand for effluent created by
seasonal and diurnal patters of water use, cropping and crop water needs must be
accommodated at all times, even if the price of the effluent is varied, to be higher in
the hot season.

13.3.5.5 Institutional Organization

The scope and success of any effluent use scheme will depend to a large extent on the
administrative skills applied. Wastewater collection and treatment and effluent use in
agriculture and aquaculture span a wide range of both urban-based and rural-based
interests at both local and regional levels, and institutional responsibilities must be
clearly defined. Decisions will have to be taken on:

– Allocation of effluent among competing uses
– Maintenance of quality standards and system reliability
– Investment in supporting resources, especially managerial and technical staff,

required to administer each component of an effluent use scheme

Policy decisions should normally be taken by a national or regional body, with
executive responsibilities in the hands of a regional organization. Such a regional
organization would be responsible for project implementation and operation and
would provide the criteria, framework and administrative mechanisms necessary for
effective effluent utilization. However, they would also be responsible for effective
monitoring and control of the crops irrigated, the quality of effluent and associated
health and environmental impacts.

One of the most important features of a successful effluent use scheme is the
supervision provided at all stages of the system. Strict control must be applied from
the wastewater treatment plant, through the conveyance and irrigation systems, to
the quality of the resulting products, whether they are of commercial or environ-
mental value. The management, monitoring and public relations procedures are as
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important as the technological hardware involved in the system, and managers of
regional organizations set up to administer effluent use projects must be firm if the
schemes are to realize their full potential. Managerial and technical staff must be
properly qualified and suitably trained to carry out their functions effectively.
Treated effluent use in agriculture is a major resource development activity and
requires an appropriate institutional structure, provided with adequate resources, to
be successful.

13.3.5.6 Policy Issues

The legislative framework for effluent use in agriculture can have a significant
influence on project feasibility. Bartone (1986) has indicated that the authorities in
Mexico are able to impose effective crop restriction measures in irrigation districts
because they are empowered to withhold effluent from farmers not observing the
regulations, whereas in Chile the sanitary authorities have little leverage. Chilean
water law vests water rights in the farmers (landowners), and the authorities have
never been successful in imposing crop restrictions, even though lettuce and other
vegetables being irrigated with raw sewage have been implicated in annual typhoid
epidemics in Santiago.

A coherent national policy for wastewater uses in agriculture is essential. This
must define the division of responsibilities among involved ministries and authori-
ties and provide for their collaboration. Institutional mechanisms for implementation
of the national policy must be established and legal backing provided for enforce-
ment of regulations. Realistic standards must be adopted to safeguard public health
and protect against adverse environmental impacts. Environmental issues associated
with wastewater use are the main subject of a UNEP (1991) document. Provisions
should be made to adequately staff and resource organizations charged with the
responsibility for assessing, implementing, operating and monitoring effluent use
schemes and enforcing compliance with regulations. A distinction between the
upgrading of existing wastewater use schemes and the development of new schemes
is drawn in Mara and Cairncross (1989). In addressing the former, it is stressed
attention should be paid not only to the technical improvements required or feasible
but also to the need for better management of existing schemes and to their improved
operation and maintenance.

A national and/or regional consultative committee will often be of value in
developing policy guidelines. Serving on this committee should be a representative
of all the main interest groups, including water resources planning, public health,
public works (municipalities), agriculture and forestry, environmental protection,
trade and commercial interests (including farmers’ representatives). Policies ema-
nating from such a committee should be free of local or partisan influences but,
nevertheless, should be pragmatic. In particular, enforcement legislation must be
unequivocal, unambiguous and addressed to the main problem areas. The committee
should also be charged with assessing the epidemiological and agricultural impacts
of effluent use schemes.
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Chapter 14
Application of the Ecological Network
Analysis (ENA) Approach in Water
Resource Management Research:
Strengths, Weaknesses, and Future
Research Directions

Ali Kharrazi and Tomohiro Akiyama

Abstract Population growth, climate change, and conflicting demand by industry
and agriculture are increasingly straining our planet’s water resources. In this light,
there is a need to advance holistic approaches and objective tools which allow
policymakers to better evaluate system-level properties and trade-offs of water
resources. This chapter contributes to the expanding literature in this area by
highlighting water resource management strategies based on the ecological network
analysis (ENA) approach. This chapter overviews the theoretical underpinnings of
the ENA approach and its application, limitations, and weaknesses for water
resource management research. Furthermore, through the case study of the Heihe
River Basin, this chapter demonstrates how to examine system-level properties and
their trade-offs relevant to the resilience of water services. The ENA approach
considers holistic trade-offs that may be used to evaluate alternative water recycling
and saving scenarios. This approach can complement multiple criteria decision-
making framework and scenario planning approaches and can be beneficial in
developing new applicable water resource management strategies.

Keywords Resilience · River basin · Water network · Ecological network analysis ·
Water policy

A. Kharrazi (*)
Advanced Systems Analysis Group, International Institute for Applied Systems Analysis,
Laxenburg, Austria

The University of Tokyo, Tokyo, Japan
e-mail: kharrazi@iiasa.ac.at

T. Akiyama
Department of Socio-Cultural Environmental Studies, Graduate School of Frontier Sciences,
The University of Tokyo, Tokyo, Japan
e-mail: akiyama@k.u-tokyo.ac.jp

© Springer Nature Singapore Pte Ltd. 2019
R. P. Singh et al. (eds.), Water Conservation, Recycling and Reuse: Issues and
Challenges, https://doi.org/10.1007/978-981-13-3179-4_14

259

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3179-4_14&domain=pdf
mailto:kharrazi@iiasa.ac.at
mailto:akiyama@k.u-tokyo.ac.jp


14.1 Introduction

With the expansion of anthropocentric activities and climate change, management of
scarce water resources has increasingly become one of the most critical challenges
for sustainable development. Water scarcity not only exacerbates the vulnerability of
food security but also increases the risk of geopolitical conflicts over water access
and control. Given the transdisciplinary nature of the challenges associated with
water supply and demand, the control and modification of individual sections may
lead to unpredictable effects on other sections of the water system. Sustainable water
resource management, therefore, requires an integrative evaluation of economic,
social, and environmental dimensions. A holistic approach to a water system allows
for a better understanding of the system-level dynamics of the water resource system
and results in more effective and relevant sustainable decisions (Xue et al. 2015).

Traditionally, water resource management has focused on economic dimensions,
while recently there has been a growing consensus on the necessity for more holistic
concepts such as integrated water resource management (IWRM). Discussions
surrounding IWRM began in the late 1980s and have evolved toward an overarching
conceptual umbrella incorporating integrated sustainable social, environmental, and
economic principles relevant to better water resources (Gallego-Ayala 2013).
Despite its conceptual advantages, the IWRM is weak in practicality and application
in the real world. Specifically, researchers have raised concern over the lack of
successful evidence of this approach in the literature and the inability of the concept
to offer analytical tools for highlighting cost-benefit trade-offs relevant to different
water resource management approaches (Chikozho 2008; Garcia 2008). The inabil-
ity to evaluate trade-offs is most critical with regard to groundwater resources where
there is less physical visibility of its flow and recharge dynamics.

The ecosystem services concept has also been proposed by researchers seeking
solutions relevant to economic and environmental dimensions (Garcia et al. 2016).
In this avenue, a trade-off analysis is conducted with multiple ecosystem services
and multiple stakeholders of a water system. This approach is beneficial toward
integrating divergent managerial perspectives arising from different environmental
and economic expenses and benefits. However, this approach may be overly com-
plicated and would require large amounts of difficult-to-quantify data reflecting costs
of each solution, detailed evaluations of the numerous stakeholders, and environ-
mental resources of the water system (Hering et al. 2010; Hering and Ingold 2012).

The criticality of trade-off analysis is most evident with the increasing shift in
recent years from consumption of surface water to consumption of less physically
visible groundwater sources. While measuring groundwater resources continues to
be a challenging endeavor, to a substantial extent conventional hydrological models
are theoretically able to predict groundwater dynamics. However, these hydrological
models are based on simplifying assumptions and are limited in reflecting network
flows such as groundwater recharge, feedback, and water cycles (Goderniaux et al.
2009). Furthermore, these models are limited in their ability to directly examine
system-level water network dynamics, most importantly, the resilience of the
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hydrological cycle. In this avenue, there is a critical need for advancing research on
the system-level properties of water resource systems and more importantly develop
objective tools to measure and communicate these properties for their application by
sustainability practitioners.

In light of the complexities and limitations of previous approaches to water
resource management, researchers have been exploring new directions arising
from interdisciplinary network approaches. The main strength of holistic network
approaches lies in their ability to illustrate system-level properties, trade-offs, and
network properties such as the resilience of the system. For example, while the
efficient extraction, transport, and consumption of water are commonly ascribed
policy decisions, their system-level effects, especially on the resilience of water
system, are not well understood (Scott et al. 2014). A resilient water system is
defined as a system with the capacity to persist in its ability to deliver water services
in the face of various disruptions and shocks, e.g., excessive water consumption,
droughts, and climate change impacts. Network approaches are especially beneficial
toward evaluating certain dynamics of the water system which are not easily and
physically visible – this includes most importantly the dynamics of groundwater
flow and recharge.

New insights toward evaluating system-level dynamics of water systems are
arising from information-based network approaches such as the ecological network
analysis (ENA). The ENA approach defines the dynamics of a resilient water system
as arising from a balance between network redundancy and efficiency. In this view, a
highly efficient water system maintains lower water flow redundancies and a weaker
capacity for resilience. For example, highly efficient irrigation systems of a river
basin may restrict the groundwater recharge flows and lower the system’s ability to
absorb water inflow shocks by relying on groundwater storage. Consequently, while
the rate of pumping water may not be increasing, the net amount of what is pumped
is increasing, leaving less residual to return to the aquifer. This has been referred
elsewhere to the paradox of the “net water use” which is similar to Jevons paradox.
Conversely, a highly redundant water system may result in excessive negligence,
water loss, and detrimental to the resilience of the water system. The main value of
the application of the ENA approach to water resource management research lies in
its potential to overcome the limitations of previous approaches and hydrological
models in reflecting system-level properties and trade-offs.

This article aims to introduce the ENA approach and discuss its strengths,
limitations, and future research directions to a wide audience of researchers and
practitioners in the area of water resource management. This chapter is organized as
follows: Section 14.2 discusses the theoretical underpinning of the ENA approach
and particularly focuses on network properties relevant to system resilience.
Section 14.3 presents a review of the literature applying the ENA approach to
water resource management research. Section 14.4 provides a case study example
of the application of the ENA approach toward evaluating the trends of river basin
network and applying relevant alternative scenario options. Finally, a discussion,
conclusion, and future research directions follow in Sect. 14.5.
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14.2 Ecological Network Analysis (ENA) Approach

The ecological network analysis (ENA) approach examines the emerging network
structure from the flow of materials, e.g., information, money, electricity, nutrients,
and water, among the node components of a system. This approach can be applied to
systems that can be pictorially depicted as a web structure, i.e., a collection of
compartment boxes connected by directed and weighted arrows that describe
exchanges of materials that allow the functioning of a system. Rather than empha-
sizing the particular characteristics of nodes within a system, the ENA approach
emphasizes the flow transfers between the nodes (Ulanowicz 1986). The ENA
approach allows for a detailed examination of the system-level properties of the
network and reveals network properties influencing the resilience of the system (Fath
and Patten 1999). The underlying assumptions of this approach are, first, that growth
and development are fundamentally two distinct system properties (Huang and
Ulanowicz 2014). While growth reflects an extensive property of a system, e.g.,
the size of a system as quantified through the total system throughput (TST),
development reflects an intensive property of organization within the system.
More specifically, the development of the system is based on two dialectically
related system-level network properties of efficiency and redundancy. In this avenue,
the second underlying assumption of the ENA approach is the notion that the
resilience of a networked system depends on the balance between network efficiency
and redundancy arising from the topology and magnitudes of the pathways through
which materials are circulated.

While in the long term, natural systems have been observed to increase their
efficiency at the expense of their redundancy (Ulanowicz 1997), current levels of a
trade-off between these two system variables depend on agency behavior, environ-
mental constraints, and shocks or disruptions directed at the system. The efficiency
of a system can be defined as the degree of articulation or constraints of flows in a
network. In a water system, the efficiency of a system can be increased, for example,
through the development of irrigation and drainage canals and aqueducts. In more
objective and quantifiable terms, the average mutual information (Ulanowicz 2009;
Ulanowicz and Norden 1990) is used to define the network efficiency of a system as:

Efficiency ¼
X

i, j

T ij

T ::
log

TijT ::

Ti:T :j
ð14:1Þ

Here, Tij is a flow from agent i to agent j, Ti. ¼ ∑jTij is the total flow leaving
agent i, T.j ¼ ∑iTij is the total flow entering agent j, and the sum of all flows in the
system, T.. ¼ ∑ijTij, is known as the total system throughput (TST).

The redundancy of a system, the countering variable to efficiency, can be defined
as the degree of freedom or overhead of flows in a network. Network redundancy
reflects the diversity of pathways in a system and is critical for a system’s flexibility
and capacity to adapt to changing environmental conditions arising from shocks and
disruptions. In a water system, the redundancy of a system can be increased, for
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example, through the application of water reuse and recycling technologies or
through the expansion of wetlands and aquifer recharge. In more objective and
quantifiable terms, the conditional entropy is used to define the network redundancy
(Ulanowicz 2009) of a system as follows:

Redundancy ¼ �
X

i, j

T ij

T ::
log

T2
ij

T i:T :j
ð14:2Þ

Both values of efficiency and redundancy are intensive, dimensionless, and based
on units of information depending on the base logarithm used in their calculation,
e.g., bits if the base 2 logarithm is used or nats if the natural logarithm is used. In the
ENA literature, the natural logarithm is predominantly used in calculations.

Intuitively, following a disruption, networks with more diverse connections are
more flexible in rerouting their flows and maintaining critical functions. Conversely, a
more efficient network with a minimal number of well-organized connections can
concentrate its capacity for growth and development. As illustrated in Fig. 14.1,
overly redundant networks may be incoherent and lacking the efficiency to grow,
while overly efficient networks may be brittle and prone to collapse when subjected to
stress. To help determine a balance between constraint imposed by efficiency and the
flexibility provided by redundancy, the relative order in the system is introduced as:

α ¼ Efficiency= Efficiencyþ Redundancyð Þ, where 0 � α � 1 ð14:3Þ

The ratio α is a convenient way to express the degree of which property domi-
nates the system at a given time. Departing from the relative order and invoking the
Boltzmann measure (Boltzmann 1872) of its disorder, the level of a system’s
theoretical resilience can be expressed as (Ulanowicz et al. 2009):

Theoretical Resilience ¼ �α log αð Þ ð14:4Þ

From Eq. 14.4, a maximum value for theoretical resilience is derived as
1/e � 0.3704 (independent of the logarithm’s base). Empirical investigations have
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Fig. 14.1 The conceptual
model of the ecological
information-based approach
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determined that natural networks, e.g., ecosystems and food webs, lie in close
proximity to this maximum (Ulanowicz 2009), while economic systems indicate
higher levels of redundancy (Kharrazi et al. 2013). The maximum resilience value,
however, should be seen as a theoretical benchmark; optimal (minimal) vulnerability
of real heterogeneous systems under various environmental conditions may be
different from this value.

Theoretical resilience (Eq. 14.4) signifies the balance between efficiency and
redundancy as a single metric and therefore is useful in exploring and comparing the
configurations of heterogeneous networks. However, the analytical implications of
the variable are limited and should be approached with caution. Firstly, the variable
does not differentiate among shocks against which the network system might be
judged to be resilient. Secondly, despite arguments of biomimicry, derived from
evolutionary observations (Kharrazi et al. 2016a, b), it may be difficult to prescribe
an optimal level of theoretical resilience to socioeconomic networks. Without a
normative value, changes to the network configurations may be difficult to translate
into actions, strategies, and practices.

14.3 Applying the ENA Approach in Water Resource
Management Research

While the roots of the ENA approach lie within the ecological modeling and food
web literature (Mukherjee et al. 2015), the approach has been gradually expanded to
other economic (Goerner et al. 2009; Huang and Ulanowicz 2014) and environmen-
tal research areas (Chen et al. 2011, 2015). The ENA is a well-matched research
approach for water system research as water systems encompass different inputs,
outputs, and transformations between their compartments. Within the water resource
management research domain, researchers have applied the ENA approach at dif-
ferent scales including, for example, at the level of urban, river basin, and virtual
water systems.

At the level of urban water networks, the ENA approach has been applied in
Albareto, Ravenna, and Sarmato in Italy (Bodini 2012; Bodini and Bondavalli 2002;
Bodini et al. 2012). Within these studies, the ENA approach was used to illustrate
water exchanges between the different sectors of the cities, and comparisons were
made between present network configurations and network configurations arising
from new water usage scenarios. In the same research vein, Pizzol et al. (2013) apply
the ENA approach in examining the urban water management system of Hillerød,
Denmark, using data from 2004 to 2008 and two future scenarios for 2015 and 2020.
In this study, the authors compare the network properties found in the urban water
system to natural ecosystems and discuss network-based strategies for increasing the
resilience of the system to flooding and heavy rain events.

The ENA approach has been most frequently applied to the level of river basins,
and most studies are based on case studies based in China. In one of the earliest
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studies in this avenue, Li et al. (2009) apply the ENA approach to six subsystems of
the Yellow River Basin in China based on data from 1998 to 2006. This study
develops new metrics based on the ENA approach and attempts to incorporate
socio-environmental properties underlying the supply and demand of water. In a
similar study, Li and Yang (2011) examine four subsystems of the Haihe River Basin
in China based on data from 1999 to 2002 and 2005 to 2007. Within this study, the
authors examine the optimal balance of network properties relevant to the resilience
of the water system, i.e., efficiency against redundancy, in seven distinct scenarios.
More recently, Hai et al. (2015) develop three new composite indicators based on the
concept of optimality within ENA approach and in combination with conventional
multidimensional social, economic, and environmental indicators. Using these com-
posite indicators, the authors examine four subsystems of Huaihe River Basin in
China from 2005 to 2011. The ENA approach has also been employed to examine the
network configurations of the Baiyangdian River Basin in China from 2008 to 2013.
Within this study, the authors attempt to advance the use of subsystem-level ENA
indicators in examining different scenarios of the water system. Finally, Kharrazi
et al. (2016a, b) examine the changes to system-level network configurations of the
middle reaches of the Heihe River Basin in China from 2000 to 2009. In this study,
the authors focus their discussion on the long-term resilience of the water system and
more specifically the effects of changes in the groundwater body levels. The authors
advance two hypothetical alternative scenarios, based on water recycling and saving
strategies, to improve the long-term resilience of the water system.

The ENA approach has also been applied at the scale of virtual or embodied water
flows. In this avenue, Fang and Chen (2015) construct virtual water network
consisting of six economic sectors for Ganzhou District in the Heihe River Basin
in China using data from 2002 to 2010. In addition to the system-level network
properties reflecting the efficiency and redundancy of the water system, this study
examines the dominant controlling sectors for water circulation and the utility
relationships between pairwise sectors within the system.

14.4 Applying the ENA Approach in the Middle Reaches
of the Heihe River Basin

Case studies are essential in advancing the application, practicality, and understanding
of the strengths and limitations of the ecological network analysis (ENA) approach for
water resource management research. Toward this end, we introduce a recent case
study research by Kharrazi et al. (2016a, b) in examining the trends of the network
properties of middle reaches of Heihe River Basin. The Heihe River Basin, China’s
second largest inland river basin, begins from the heights of the Qilian Mountains and
ends in the perimeter of China’s Gobi Desert (see Fig. 14.2). Given its bountiful water
resources, this river basin has increased the region’s capacity for agricultural devel-
opment, especially in its middle reaches. The increasing anthropogenic activities
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require further exploitation of the surface and groundwater resources and in turn
harming the ecology of the lower reaches. Realizing such critical trends, since the
2000s, the Chinese government has implemented regional water resource management
plans, e.g., agricultural water quotas, more efficient water canals, and water conser-
vation strategies (Cheng et al. 2006).

To examine the steady-state network (Jørgensen et al. 2007) of the Heihe River
Basin, an eight-compartment model was constructed to represent the various hydro-
logical and consumption flows between the compartments. This eight-compartment
model represents hydrological inputs, outputs, and socioeconomic consumption

Fig. 14.2 A map of Heihe River Basin
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components of the river basin. The first compartment reflects rainwater, the second
compartment represents river water from the upper reaches, and the third compart-
ment reflects groundwater. The first three environmental compartments of the model
circulate water to the social-economic compartments (4–7), i.e., agriculture, natural
landscape, industry, and households. The output of the model to the lower reaches of
the river basin is represented in the eighth compartment. Particular to the case study
region, certain assumptions were made for this model. The groundwater recharge
from the natural landscape f53 was not considered because annual rainfall below
200 mm usually results in negligible groundwater body recharge (Scanlon et al.
2006). All flows are static annual flows of water (108 m3). Figure 14.3 illustrates the
network model, and Table 14.1 illustrates the construction of the matrix of the
network model, and a description of flows is given in Table 14.2. The data collected
for this model is from the year 2000 to the year 2009.

14.4.1 Heihe River Basin Case Study Results

Through the ENA approach, the evolution of the network topology of the middle
reaches of the Heihe River Basin from 2000 to 2009 can be revealed. As seen in
Table 14.3, the extensive variable of TST, reflecting the total flows of the system,
indicates a positive increase in the total size of the system during the 10-year period

Fig. 14.3 The eight-compartment water network flows of Heihe River Basin
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by 11%. While the overall scale of the network has increased in size, the inner
development of the system as reflected in the intensive network properties reveals
important changes in the configuration of the network. Specifically, the efficiency
(E) variable has increased by 6%, while the redundancy (R) variable has decreased
by 6% from 2000 to 2009. These trends warrant a more in-depth examination of the
inner dynamics of the water network.

Table 14.1 The matrix of the
network model and
corresponding row and
column number, where ( f )
are internal flows between the
compartments, (I ) are
boundary input flows, (u) are
boundary output flows, and
(o) is the water output to the
lower reaches of the river
basin

1 2 3 . . . . . . . . . . . . n n + 1

1 – – – f14 f14 – – – –

2 – – – f24 f25 f26 f27 f28 –

3 – f14 – f34 f35 f36 f37 f38 u1
. . . – – f43 – – – – – u2
. . . – – – – – – – – u3
. . . – – – – – – – f68 u4
. . . – – – – – – – f78 u5
n – – – – – – – – o1
n + 1 I1 I2 I3 – – – – – –

Table 14.2 The flows and
their description of the Heihe
River Basin networks

Flows Description

I1 Precipitation

I2 Annual river discharge at YLX

I3 Groundwater discharge from mountainous areas

O1 Annual river discharge at ZYX

u1 Groundwater storage change

u2 Evapotranspiration from the farmland

u3 Evapotranspiration from the landscape

u4 Consumptive water use of industrial sector

u5 Consumptive water use of domestic sector

f14 Precipitation to the farmland

f15 Precipitation to the landscape

f32 Groundwater discharge to surface water

f24 Agricultural water use from surface water source

f25 Landscape water use from surface water source

f26 Industrial water use from surface water source

f27 Domestic water use from surface water source

f28 Surface water flowing from YLX directly to ZYX

f34 Agricultural water use from groundwater source

f35 Landscape water use from groundwater source

f36 Industrial water use from groundwater source

f37 Domestic water use from groundwater source

f38 Annual groundwater discharge to ZYX

f43 Groundwater recharge from agriculture

f78 Domestic waste water
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The health of the groundwater body is fundamental to the health of the river basin
network through time. Excessive extraction or insufficient recharge of the ground-
water component damages the health of the network through time. Given the static
nature of the annual data snapshots of the Heihe River Basin and the limited
understanding of the storage capacities, it is difficult to dynamically examine the
dynamics of the groundwater body component and its responses to flow changes in
the system. However, some insight can be attained by examining the input and output
trends of the groundwater body component. As seen in Table 14.4, it is evident that
the output consumption of the groundwater is increasing, while most critically, the
groundwater recharge is decreasing. Furthermore, it is evident that the hydrological
outputs of the groundwater have also been reduced. These trends indicate a critical
negative balance of the groundwater component of the Heihe River Basin.

The results of the trend in the network configuration of the Heihe River Basin
reveal two important points relevant to the long-term sustainability of the system.
The decreasing trend of firstly the network redundancy and secondly the groundwa-
ter recharge flows harms the long-term resilience of the water availability in the
middle reaches of the Heihe River Basin. The discussed trends indicate the decreas-
ing capacity of the system to withstand potential shocks and disruptions, for exam-
ple, hydro-environmental changes or excessive water consumption, and lower the
system’s flexibility in rerouting water flows in response to such stresses. The
weakening of the resilience of the system to potential stresses is perhaps best
illustrated in the flow changes directly affecting the groundwater body component.
Results indicate excessive extraction and more importantly a significant decrease in
recharge, i.e., a reduction of 31%, to this critical component. Considering the input-
output flow balance to the groundwater body component, the long-term health of the
system has been weakened. This may indicate a strong connection between improve-
ments in the irrigation canals and, consequently, decreasing water seepage and lower
groundwater recharge flows.

Table 14.3 Trends of ENA
variables of the Heihe River
Basin network from 2000
to 2009

Year TST (E) (R)

2000 85.45 1.00 1.53

2001 78.93 0.98 1.60

2002 85.19 1.04 1.50

2003 94.50 1.05 1.45

2004 79.98 1.03 1.51

2005 88.80 1.04 1.52

2006 90.50 1.06 1.46

2007 95.62 1.06 1.43

2008 93.51 1.04 1.49

2009 94.69 1.06 1.43

Average 88.72 1.04 1.49

Lowest 78.93 0.98 1.43

Highest 95.62 1.06 1.60

% change 11% 6% �6%
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14.4.2 Scenario Analysis

In response to the critical challenges discussed in the previous section, based on the
2009 network, two alternative scenarios are proposed. The first scenario focuses on
water recycling, while in the second scenario, in addition to water recycling, water
conservation and a groundwater recharge strategy are envisioned. In the first sce-
nario, water recycling is proposed between the agriculture, industry, and household
compartments of the system, i.e., between agriculture and industry as f46 and f64 both
for 0.5 108 m3, households and industry as f67 and f76 both for 0.25 108 m3, and
households and agriculture as f74 and f47 both for 0.25 108 m3. The amount of
recycled water reflects annual rates and therefore does not pressure the input and
output flows of the system. Furthermore, these small volumes demonstrate how
basic changes to the flow structure can affect network indices. In the second
scenario, water saving in the agriculture compartment by 0.5 108 m3 and its diversion
to the groundwater recharge ( f43) is proposed.

The results of the network configuration of these two scenarios can be seen in
Table 14.5. The results from the first scenario reveal a significant increase in the
redundancy (R) and a small decrease in the efficiency (E) of the system. In the
second scenario, these changes were more pronounced. Due to additional water flow
from recycled flows, results from both scenarios revealed an increase in the TST
value. Results from the second scenario revealed that the increase of groundwater
recharge flows ( f43) did not significantly change the network configurations of the
water system. However, the increasing recharge flows changed the input-output
balance of the groundwater body to positive levels and therefore consequently
improves the long-term health of the groundwater body compartment.

14.4.3 Policy Considerations for Sustainable Water Resource
Management

The results of the trends of the network configurations of the middle reaches of the
Heihe River Basin reveal two important water resource management considerations.
First, the efficiency of the water network in the middle reaches needs to be
maintained at a level which also allows for ample water flow to the lower reaches.
The efficiency of the water network can be configured through water resource
management strategies promoting conservation, for example, through enhanced

Table 14.5 The system-level and subsystem-level indicators of the two alternative scenarios and
their changes relative to the 2009 network configurations

Index Original (2009) Scenario 1 Change (%) Scenario 2 Change (%)

TST 94.6928 108 m3 96.6928 2.11 96.6928 108 m3 2.11

E 1.0575 nats 1.0526 �0.46 1.0454 nats �1.14

R 1.4339 nats 1.5237 6.27 1.5211 nats 6.08
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water canals, less intensive agriculture, and water tariffs and quotas. Second, the
redundancy of the water network in the middle reaches needs to be maintained so as
not to harm the long-term health and resilience of the water system. As reflected in
the results of the case study, these two water resource management considerations
may pose trade-offs. In this avenue, the alternative scenarios may provide preferable
modifications to the network configurations which better reflect both of the above
considerations. However, these scenarios are realistic to a certain extent and do not
completely reflect economic or environmental costs.

14.5 Discussion and Conclusion

The ecological network analysis (ENA) approach enables important insights toward
the sustainable management of water resource systems. As a holistic approach, the
strength of the ENA approach lies in its ability to evaluate system-level trade-offs
and better policies in consideration of the resilience of the water system. As
illustrated in the case study of the Heihe River Basin, the ENA approach is
specifically insightful toward evaluating the health of physically less visible com-
ponents of water systems such as the groundwater flows and its recharge dynamics.
Through the ENA approach, the resilience of a water system is evaluated as a
balance between the network efficiency and redundancy of water flows. In the
case of the Heihe River Basin, higher network efficiency was achieved through
governmental efforts toward the improvement of irrigation canals and water usage
quotas. The success of these efforts was confirmed through increases in the value of
efficiency (E) of the system and evident through the increase of boundary outflows
to the lower reaches of the river basin. This outcome, however, resulted in lower
water flow redundancies. A highly efficient water system negates the capacity of the
system for resilience and its ability to absorb, for example, climatic and/or socio-
economic shocks. The detrimental effect of higher network efficiency resulting from
the implementation of the government’s water policy was best illustrated through the
changes to the input-output flow balance of the groundwater component of the
system.

While the ENA approach can raise awareness among policy- and decision-makers
of system-level trade-offs critical to resilient water resource management, the limi-
tations and weaknesses of the application of the approach should also be considered.
In this avenue, researchers should take caution in utilizing the ENA approach in
deriving optimal values for the network configurations and should instead consider
optimum values that meet local conditions – see Eq. 16 in Ulanowicz et al. (2009).
The discussions surrounding optimal network configurations can be traced to
research on natural ecological networks, where these systems were found to maintain
configurations within a window of vitality (Ulanowicz 2009). Based on this, some
researchers have advanced the idea of biomimicry and the need to change network
configurations toward this optimal point for maintaining system resilience. How-
ever, this line of reasoning is questionable and its application to systems involving
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human activities uncertain. Firstly, the literature examining the relationship of
natural systems to this optimal point is not systematic, and only 17 ecosystem flow
networks have been found to be in close proximity to this optimal point (Ulanowicz
2009). Therefore, to ascertain the existence of such optimality, more natural net-
works need to be examined. Secondly, while biomimicry in itself is not necessarily
without merit, the brutal evolutionary dynamics underlying such optimality may not
be possible or desirable in systems involving socioeconomic agents. Therefore, it is
questionable whether the evaluation of systems against an optimal point is indeed
fruitful – systems may, in fact, maintain heterogeneous optimal points based on their
environmental surroundings and the potential shocks and disruptions they may face.
Toward this end, it may be insightful to examine whether if networks from different
classes of systems, e.g., water, energy, food, and trade, cluster around certain ranges.

The application of the ENA approach to water systems is also weak in consider-
ing changes in the quality of the water flows. The issue arises when one considers the
various qualities and their suitability for consumption. For example, while water
used for agriculture can be reused by industry, water used for the industry may
perhaps not pass the quality requirement for household consumption. As the ENA
approach assumes the quality of all water flows as equal, researchers need to take
caution and also consider the qualitative aspects of water flows in the system under
their examination. In the meantime, a number of different models have been
developed to investigate material cycles in river basins. They have been developed,
respectively, to examine nitrogen cycles (Do-Thu et al. 2014), phosphorus cycles
(Strokal et al. 2015), and other chemical compositions. Overcoming existing chal-
lenges around these models such as data availability and uncertainty, it becomes
possible and worthwhile to integrate ENA with them.

The values of the network configurations resulting from the ENA approach may
be affected by how the researcher develops and designs the model reflecting the
water system. In this avenue, the discretion of the researcher in considering the scale,
boundary, and detail of the components of the water system is important. The
inclusion or exclusion of nodes representing environmental, water distribution, and
socioeconomic components may, in fact, result in the reduction or increase of
pathways within the network and influence the values of the network configuration.
Although researchers are limited in their ability to model a system based on data
availability and policy relevance, it is necessary to take into account the limitations
of taking under consideration all components of a system and the effects that model
design may have on network configuration values.

For future research, it is necessary to advance the applicability of the ENA
approach for water resource management and make it more communicable to policy-
and decision-makers. Toward this end, more scenarios testing the resilience of the
water system to various probable and possible socio-environmental shocks are
necessary. These scenarios increase the ability to situate the network configurations
of a system to relevant policy deliberations. In the same vein, the ENA approach can
also be utilized toward the examination of the system-level effects of water policy
scenario options. As illustrated by the two alternative scenarios in the case study of
the Heihe River Basin, water conservation, recycling, and groundwater recharge
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policies can alter network configurations and positively affect the resilience of the
water system. In the case study of the Heihe River Basin, the alternative scenarios,
although not far from reality, were hypothetical in nature and did not consider the
social, economic, and environmental feasibilities and costs. Therefore, new research
directions are essential in better situating water scenario planning options utilizing
the ENA approach. In this avenue, the multi-criteria decision analysis (MCDA)
framework is a promising research direction. The MCDA framework allows for the
performance ranking of various scenario decisions against multiple criteria which
may be even measured through different units (Hajkowicz and Collins 2007). The
MCDA framework is also beneficial towards more stakeholder community engage-
ment and decision-making transparency and allows system-level deliberations to be
better grounded in social, environmental, and economic realities.

The future application of the ENA approach to water resource management can be
strengthened through more abundant and higher-quality data sets. These data sets
should include various hydrological and socioeconomic flows reflecting urban,
regional, and river basin water systems and enable researchers to better compare
findings across different research scales. While the ENA approach has been applied to
analyze steady-state system-level properties and trade-offs of water resources, it also
has the potential to make more detailed temporal and spatial analytical insights. In this
vein, the ENA approach can, for example, be used to integrate material cycle, hydro-
ecological, and multi-agent models based on the finite element method. Although the
spatial differences among administration, river, and groundwater basin boundaries
pose challenges of boundary setting and data collection, it is probable that the
integration of these models would be a promising future research area. Furthermore,
as water resource management is an issue of optimization of the allocation of water
resources and given the increasing amounts of data used for toward their analysis, it is
worthy to examine new approaches based in quantum computing as well as quantum
annealing to solve relevant combinatorial optimization problems. Finally, new direc-
tions leveraging big data, citizen science, low-cost sensors, and hydro-informatics are
also promising approaches in this avenue (Chen and Han 2016).

This chapter expanded on the theoretical underpinnings of the ecological network
analysis (ENA) and discussed the strengths, weaknesses, and limitation of its
application in water resource management research. It is hoped that this article
inspires further research in applying the ENA approach toward sustainable water
resource management and advancing this holistic approach for practical water policy
deliberations.
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