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Preface

Albeit Earth has experienced many global changes of varying magnitudes, present- 
day environmental change is significant for two reasons. Firstly, the change is 
occurring in remarkably stable period of Holocene which has provided favourable 
environmental conditions for the genesis and growth of human civilization. 
Secondly, the global change occurring in the post-industrialization era is mainly due 
to human action. The rapid changes in the environment is a product of the human 
ability to dominate the Earth’s ecosystem, to enable land use changes of great mag-
nitude and to alter global carbon and nitrogen cycle. Humans in their quest to derive 
food, feed and other valuable resources modified the earth’s landscape. Nevertheless, 
industrialization, urbanization, land use changes and unprecedented natural resource 
use driven by rising human population precipitated into a series of environmental 
crisis warranting a development trajectory with underpinnings and perspectives on 
sustainability, equity, innovations, green technologies, environment health, and 
human wellbeing.

Decades back, aspiring for healthful environment, humanity endeavoured for 
sustainable development that would boost the economy, protect the natural resources 
and ensure sustainable growth and social justice. At the turn of the last century, 
United Nations member states and international organizations committed to achieve 
Millennium Development Goals (MDGs) which included a set of social priorities 
factoring in prevailing concerns for food security, malnutrition, poverty, education, 
environmental degradation, and gender inequalities. As a follow-up to the MDGs 
after their 2015 deadline, Sustainable Development Goals have been adopted in the 
light of growing urgency for sustainable development, scientific understanding 
about new geological epoch “Anthropocene” and the dire need for the humanity not 
to transgress the planetary boundaries and operate well within the safe operating 
space. Greening the development trajectory through green technologies will ensure 
sustainable development and drive the future economy. As the green technologies 
aim to safeguard Earth’s life support system, minimize the environmental degrada-
tion, mitigate climate change through low carbon emissions, conserve the natural 
resources for posterity and strive to maintain environmental health, it would be sine 
qua non for achieving sustainable development goals.
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The book epitomizes the potential of green technologies for environmental man-
agement. It caters to the needs of environmentalist, microbiologists, agriculturalists 
and those who are interested in environmental stewardship and sustainability para-
digms. We are honoured to receive chapters from leading scientists and professors 
with rich experience and expertise in the field of sustainable environmental manage-
ment. Each chapter provides a detailed account of environmental management 
through sustainable green technologies that include sustainable landscaping, cli-
mate smart agriculture technologies, geospatial technologies, biofuels, phytoreme-
diation, microbial technologies in waste management, green infrastructure, and 
biofortification.

Our heartfelt gratitude goes to the contributors for their reflections and perspec-
tives on green technologies for sustainable environmental management. We sin-
cerely thank Dr. Mamta Kapila, Senior Editor, Springer, Mr. N.S.  Pandian, Ms. 
Raman Shukla and Mr. John Ram Kumar, Project Coordinator, for their generous 
assistance, constant support and patience in finalizing this book.

New Delhi, India Shachi Shah
  V. Venkatramanan 
Guangzhou, China Ram Prasad

Preface
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Chapter 1
Enviroscaping: An Environment Friendly 
Landscaping

Malleshaiah Kumar Sharath and K. V. Peter

Abstract The goal of developing ornamental landscapes that are safe, attractive, 
and functional for urban dwellers is pursued with great interest, and vast amounts of 
energy and material resources were used in this effort. However, direct and indirect 
energy consumption, the need for supplemental water, and the concerns about soil 
and ground water contamination raise serious questions regarding the long-term 
sustainability of urban landscapes. Sustainability in landscaping can be improved 
through a number of actions, such as planning and managing landscapes to function 
more like natural environments through cycling of resources and managing energy 
costs; integrating efforts to conserve water and energy, reduce green waste, improve 
soils, increase wildlife and reducing the demand for energy and material resources 
in other sectors of the urban environment through microclimate mitigation and habi-
tat restoration. The objective of enviroscaping is to provide home gardeners and 
commercial landscapers with information that can help them to design and develop 
beautiful healthy, landscapes in an environmental friendly manner. The approach of 
enviroscaping is to manage landscapes as an interactive system by considering vari-
ous components such as temperature, water/irrigation, fertilization, plants and trees, 
insect pest and pathogens control. Enviroscaping sets new dimension to landscape 
design and maintenance that can help us to conserve energy and water, recycle yard 
wastes on site and reduce inputs of fertilizers and pesticides into the environment.

Keywords Sustainability · Landscape design · Mitigation · Recycling · Green 
architecture
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1.1  Introduction

Cities have a set of ‘Wicked problems’ to respond to including climate change, ris-
ing mountains of waste, loss of biodiversity, dramatically rising traffic congestion, 
air and water pollution are the age-old issues need to address and to create a liveable 
green city. In the era of rapid urbanization, the occupants of mega-cities have to deal 
with organised destruction of nature’s resources like land, water, vegetation and the 
environment in cities to avail comfort lifestyle in the form of concrete-built infra-
structure. In many developing countries, urbanization is taking place at rapid rate 
due to ample of opportunities in cities; this led to rose in urban population to secure 
employments and with the heedless perception of having better living standards in 
towns and cities compared to rural areas.

The face of city landscape is changing continuously due to multifaceted changes 
in employing the natural resources such as land, water, wildlife for deliberate and 
unintended economic activities by man. However, this global transformation of city 
landscapes poses global concern to rethink to build environment friendly and sus-
tainable landscape to protect and conserve the environment for well-being of nature. 
Furthermore, increasing population in mega-cities is due to rapid rural to urban 
migration lead to complex socio-environment stresses. The most serious problems 
were environmental problems; all these were result of extensive human interference 
and exploitation with environment to build comfort lifestyles lead to experience a 
so-called ecological/ecosystem crisis.

The environmental catastrophe is a predicament of unplanned, inappropriate 
industrialisation and consequence of poorly designed cities while using ecological 
landscapes. In many ways, the environmental/ecological crisis is a result of ‘design’ 
crisis. Design plays a central role in connecting culture and nature in the terms of 
energy usage, exchange of materials and land use pattern or choices. Some of 
today’s environmental problems have arisen due to failure of design process. Every 
new or altered design will have critical impact upon the nature because every deci-
sion on design is a decision on environment. Any landscape or city design is a con-
sequence of how things are under consideration, and the designers have shaped or 
placed the available natural resources. The approach and manage of our landscapes 
while we designing will have a significant impact on natural ecosystem. Therefore, 
one should learn sound landscape design principles, practices and strategies to pro-
tect and manage our fragile environment to conserve our renewable and non- 
renewable energy resources.

In a constant world of economic and social developmental change in terms of 
intensifying metropolitan cities and environmental crisis, it is wise and imperative 
to re-define, re-think and to re-design the relationship between urban inhabitants 
and natural resources. In this twenty-first century it is expected that majority of 
humanity lives in mega-cities; by 2050, 65–66% of the global population is expected 
to be urban inhabitants. If the present trends of urban population continue, it will 
perpetrate irreversible damage on the environment (Eisenstein 2001). This massive 
urbanization, industrial revolution and the declining of environment in present days 

M. K. Sharath and K. V. Peter
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triggered and amplified awareness in the mind of public to restore and reconsider 
assets of nature in urban contexts. This led to innovative designing idea of land-
scapes under the broader brand of ‘green urbanism’ with single agenda to increase 
the quality of life in the towns and city while protecting surrounding environment.

This chapter endeavours to comprehend the best practices pertaining to eco- 
friendly sustainable landscapes. In the timeline to environmentally sustainable 
movement, ‘enviroscaping’ emerged as a novel approach and indeed as a discipline 
that aims to further the interaction between the humanbeings and the environment. 
This gains importance from the perspective of minimising the environmental impact 
due to human action. The granular understanding existing between the natural land-
scapes and humans would aid the engineers and architects to foresee the conse-
quence of their action. Incentives and support from the national governments along 
with scientific understanding about sustainable architecture can aid in sustainable 
environment friendly development and promotion of sustainable infrastructure. 
This chapter dwells extensively on eco-friendly practices including green walls, 
green roofs, green homes, and xeriscaping.

1.2  Designing the Environment Friendly Landscape

The design of landscapes vary according to location, subject to landscape usage, 
availability of resources and most importantly the consumers/customers desire. The 
decision on any of landscapes design depends on the desire of end users. Designers 
should meet the consumer needs by incorporating eco-friendly sustainable princi-
ples to build aesthetically pleasing and sound landscape.

Enviroscaping revolves on broader ideas of dynamic, holistic, intuitive and 
responsive approach (Fig. 1.1) to safeguard ecological landscape. Enviroscaping is 
dynamic approach, because it is a product of natural and cultural process with land-
scape as a mosaic of ecosystems and designs and management as ongoing pro-
cesses. It is also holistic approach because it instantaneously reflects past and 
present as well as indigenous and provincial landscape processes and patterns. It 
serves as an intuitive approach by integrating emotions and imagination of creative 
art and nature of a user. Lastly, it is a very responsive approach, because it realizes 
the constraints and opportunities that exist in natural and cultural environment.

Enviroscaping attempts to conserve and safeguard clean water and air along with 
landfill spaces, the basic challenge of enviroscaping is to blend the aesthetical and 
environment friendly principles together to craft a landscape with environmentally 
comprehensive and looks aesthetically beautiful. An environment friendly land-
scape can prosper with minimal inputs of water, fertilizers, pesticides and labour. 
Designing environment friendly landscape is a thoughtful balance between usage of 
available resources and results achieved. We have to factor in environmental consid-
erations in designing landscape, to create a pleasurable landscape with sound solu-
tions to environmental problems.

1 Enviroscaping: An Environment Friendly Landscaping
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Enviroscaping is to encourage the development of landscapes that do not pollute 
or waste natural resources. Building or developing environmental friendly landscape 
begins with a good well thought design based on rigorous assessments of location or 
site. In the process of designing/redesigning new or old landscapes, our primary 
concern is to achieve low maintenance landscapes because this saves money, time 
and conserves energy and water. Low maintenance landscape design is possible by 
selecting suitable plants and placing them on the right position on the site.

1.3  Principles of Enviroscaping

The built landscapes adopting sustainable practices can augment the health of the 
ecosystem, as the built landscapes are the part of the larger ecosystem. As regards 
the sustainable practices, mulching, composting, and water conservation play an 
important role in improving soil fertility, soil biodiversity and landscape manage-
ment. Further, care must be taken to avoid invasive species and include plants that 
will benefit the ecosystem. The principles also include energy conservation and 
biological pest management.

Fig. 1.1 Approaches for enviroscaping

M. K. Sharath and K. V. Peter
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1.4  Goals and Proposed Landscape Policies

Sustainable urban landscapes with ample of environmental benefits are possible by 
clearly identifying the demands for resources and energy for a long-term. The prin-
cipal goal of enviroscaping is to provide space for the survival of all species within 
biosphere while not diminishing future options. Planning and management guide-
lines of environment friendly landscapes can increase the efficiency of our land-
scape practices and optimise environmental benefits. In essence, the planning goal 
is to conduct more of a cost-benefit analysis of urban landscapes with greater under-
standing of resources and environmental impacts, thus promoting a consistent and 
integrated framework of participation.

Natural environments can serve as models for sustainable systems. They are 
highly complex and interconnected, and demonstrate principles of energy flow and 
resource cycling. Planning for sustainable landscapes should begin with a program 
of policies and guidelines that can fit these principles of natural environments into 
the structure and functioning urban landscapes.

Efforts to achieve higher levels of environmental friendly landscapes require a 
range of policies, standards, and guidelines. Following are a number of key land-
scape goals proposed, requiring various levels of legislation to design, develop and 
to manage environmental friendly sustainable landscapes.

• Landscapes that meets ‘CRR’ idea of conserve, recycle, and reuse of available 
resources to achieve ideal levels of sustainability.

• Landscapes with increasing levels of preservation and efficiency in utilising 
energy.

• Landscapes based on principles of higher conservation and optimal use of water 
resources.

• Landscapes that produce optimum/higher levels of biomass, thus providing 
higher release of oxygen and storage of carbon.

• Landscapes built on the considerations of plants requirements such as soil, cli-
mate, water and maintenance needs.

• Landscapes with optimal levels of microclimate benefits to cut urban heat build-
 up effect to reduce energy usage for cooling and heating of built structures.

• Landscapes that integrate organic soil management practices and can accommo-
date composted landscape trimmings.

• Landscapes that devoid of toxic herbicides, pesticides and inorganic fertilizers 
that dilutes the principle of enviroscaping.

• Landscapes that support flora and fauna or any type of wildlife to build 
biodiversity.

• Events and programs to create awareness to educate public on the benefits from 
sustainable landscapes.

1 Enviroscaping: An Environment Friendly Landscaping
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1.5  Energy-Efficient Landscapes

As we are in twenty-first century of the Anno Domini era, the continued heavy con-
sumption of fossil fuels for energy looms as a major problem. Dwindling petroleum 
supplies and the effects of climate change can have a devastating impact on our 
environment and economy. A few degrees of warming may alter ocean currents, 
global air circulation patterns, rainfall regimes, and agricultural capabilities enough 
to cause mass starvation in some regions. I hope that we can avoid such worst-case 
scenarios, and in working toward that goal to achieve energy efficient landscapes 
are one means of conserving energy and creating a more sustainable society.

The demand for electricity for cooling in megacities increases about 2% for 
every 1 degree F rise in air temperature. Around 3–8% of the electricity used for 
cooling built structures in urban setup to compensate urban heat island effect 
(Akbari et al. 1992). The warmer temperatures in and around megacities compared 
to rural areas has other stressful effects like upsurges in carbon dioxide emission, 
increased water demand among urban inhabitants, unhealthy levels of ozone, dust 
pollution and depleted levels of oxygen and finally cause human discomfort. These 
grave problems of urban warming will deteriorate the standard of living in cities. 
The accelerating world trend towards rural-urban migration, especially in tropical 
regions, hastens the need for energy-efficient sustainable landscapes. Landscaping 
decisions can affect energy use through the decisions on choice of plants, plant 
forms, and their placement in the environment. Landscaping to an extent influences 
energy consumption. Albeit, estimation of energy savings from appropriate land-
scaping technology is difficult, a research conducted in California infers that land-
scaping with trees yields a marked reduction in energy use (McPherson and Simpson 
2001).

Energy-efficient landscaping which aims to modify the microclimate of a home 
or, an urban region is construed as a component of environmental landscaping or 
enviroscaping. Energy savings in landscape architecture includes measures like 
landscaping around homes, commercial structures, office buildings, road dividers, 
parking lots, etc. Quite a number of landscaping techniques are available that can 
influence microclimates resulting in marked amount of energy savings. For instance, 
deciduous trees planted in the residential milieu help to shade buildings during the 
summer months and provide access to light and solar heat during the winter months. 
Planting of deciduous trees greatly influence the ambient temperature experienced 
inside a building. Hardscaping refers to the rocks, walls, and fences that can inte-
grate with the plants, which can be use in landscaping for energy savings. In addi-
tion, diverse heights of shrubs, trees, and hardscape help to control wind speeds. 
Such windbreaks are important during winter months to reduce the effect of wind 
chill temperature. Plants that require water can be planted in a swale or rain garden. 
On the other hand, heat tolerant plants can be planted on a south facing slope, which 
will help in reducing water use.

An essential aspect of landscaping is to choose right plant for the right place to 
achieve energy conservation. As regards the plant choices, care is required to choose 

M. K. Sharath and K. V. Peter
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plants that require only few external inputs. Native and established plant flora are 
suitable for normal environments. During landscaping for extreme urban environ-
ments and harsh environments like parking lots and strips, road dividers, traffic cir-
cles, chosen plants need to be adapted to harsh environments like compacted soils, 
pollute environment, arid environment, high temperature, saline soil or water, etc.

1.5.1  Designing Energy-Efficiency Landscapes

Landscape with efficient energy optimisation and conservation requires a well- 
thought site-specific approach prior to landscape designing process. By upholding 
good landscape principles, plant components can be employed not only to achieve 
aesthetics but also for functional needs such as to save energy and water.

1.5.1.1  Sun Orientation

Landscape designers and gardening architects lack awareness on the movement and 
orientation of sun during the day, which is critical to consider during landscape 
design decisions. The sun orientation is the primary factor that influences energy 
consumption in four cardinal directions.

• Eastern direction: The eastern side of house/any-built structure that receive direct 
morning sun later in the mid noon the built structures will be shaded by the 
shadow of the building.

• Western direction: The western side of the house/any-built structure is shaded in 
the morning hours but fully exposed to the hot sun in the afternoon.

• Southern direction: The southern side of the house/any-built structure receives 
the most sunlight throughout the day but never as intense as the eastern or west-
ern direction.

• Northern direction: The northern facing side of the house/any-built structure is 
usually in shade.

1.5.1.2  Trees as Tools of Energy Conservation

Trees are employed as primary component in designing energy efficient landscapes. 
Trees can have a well-developed canopy in large dimension to shade house/any- 
built structures of landscape in helping to reduce cooling costs and increasing com-
fort of inhabitants. During selection of any form of plant components like trees, 
shrubs, and vines consideration should be given to determine the hardiness of plant 
species, soil and climatic requirements in line with location specific attributes of 
landscape. Plants species were chosen for their appearance as well as for their func-
tional abilities to control climatic factors.

1 Enviroscaping: An Environment Friendly Landscaping
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Plants species harmonize with or enhance the built architecture of landscape. A 
wide range of plant species in the group of shrubs, trees and vines are available with 
rage of appropriate size, shapes and densities to achieve shading (Fig. 1.2).

Based on shading application, tree species are divided: deciduous (trees that lose 
their leaves during winter), evergreen, and broadleaf evergreens. Deciduous tree 
species help to block heat by sun in the summer days but let much of it in during the 
winter season, evergreen tree species, shrubs, and vines too provide year-round 
shade in hot climates.

While considering the plant species knowledge on leaf out period of species is 
essential because within deciduous group of trees and shrubs, few species leaf out 
early in the spring season and other much later in the season. The shadow pattern 
and coverage area of trees varies from species to species; some species cover larger 
area and some does lesser area due to large or smaller size of leaf/branches or due 
to slow/fast growing nature of species. In general, fast- growing tree species are not 
long lasting the landscape designer or horticulturist might consider an idea of inter-
planting the fast-growing tree species with slow-growing tree species. As a normal 
rule, for a tree species to become functional in few years to provide shade in any 
landscape, trees with height of 12–18 ft. tall are suitable for planting. The absorp-
tion and reflection of sun’s rays depends on the tree canopy, leaf colour, texture, 
shape and size of tree leaves; tree species with a light or smooth leaf surface reflect 
more sunrays than those with dark and coarse surfaces. This attributes of trees 
decides the intensity of cooling. While selection and planting of shade tree species, 
the movement shade in the chosen location of landscape needs verification. 
Deciduous trees fits best in south and east sides of built structures. During winter 
months tree drops its leaves, sunlight can reach the built structures to build-up heat 
in built structures. Evergreen trees fits best on the north and western sides for best 
protection from the strong summer sun while sunset and also protection from strong 
cold winds during winter. Note: trees without leaves can able to block as much as 
60% of the sun. Evergreen shrubs and small tree species can also serves as potential 
windbreak if we plant them under dense planting.

Fig. 1.2 A tree’s shade potential depends upon its canopy shape and the density of the shadow it 
creates
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1.5.1.3  Adaptability and Hardiness

During selection of plant species, adaptability and hardiness should be major con-
siderations. Species of hardy nature is of greater choice to survive under the extreme 
weather conditions. The climatic requirement of plants varies and different location/
direction of landscape have varied climate conditions for example in northern side 
of the built structures, choose a shade-tolerant plant species and for northern loca-
tion with extreme winter hardiness tree as to be evergreen and for southern and 
western sides plants need to be drought resistant.

1.5.1.4  Root Structure

Roots of plant species is the system to supply the required nutrients and water and 
provide anchoring to plants to stand straight in all weather conditions. While selec-
tion and planting of any shade tree species near to built structures, it is important to 
think of type of root systems that tree species own, different tree species have dif-
ferent root system and different root growth habits that is influenced by type and 
depth of soil. Few tree species have surface lateral root systems, while others have 
deeper lateral root systems, some have taproots, and some have a combination of 
taproots and lateral root systems. Selection should also on the location and depth of 
soil to prevent the foundation damage of built infrastructure.

1.5.1.5  Branch Structure

Trees species with well-structured will have branches spread and growing in all 
directions. Selection of tree species with an inherently strong branch attachment are 
suitable to plant near the house/buildings to avoid snap-off in heavy rains and windy 
situation.

1.5.1.6  Arrangement

Any identified trees species for energy conservation landscapes should be part of a 
much larger landscape. Arrangement in ecological landscapes is not just a matter of 
placing a single tree species in optimal solar directions. It is about creating an eco-
logical landscape that structures and protects a wide range of plants species and 
fauna to make the whole landscape composition more beautiful and functional. 
Trees or plant species planted in groves are of perfect way to offer solutions that 
give you opportunities to use varying plant species to ensure biodiversity for ensur-
ing wildlife in the ecological space.

1 Enviroscaping: An Environment Friendly Landscaping
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1.5.1.7  Wind Control

During strong winter with powerful wind, plant species can help us protect the land-
scape. Instead of blocking strong winter winds, we can control them by diffusing 
with the help of plants species. Winds can be diverted, intercepted or channeled 
through the help of plant species. Combining evergreen and deciduous plant will 
help to diffuse the winter winds. The summer winds can be channeled by selectively 
combining shrubs and trees. Directing the wind around and over the plant species 
adjacent to any structures of landscape will boost natural ventilation.

Characteristics of an Effective Windbreak
• Sixty percent of foliage density on the windward side of landscape.
• Staggered 2–3 rows of evergreen tree species or deciduous tree species with 5–6 

rows are ideal.
• The ideal length of a windbreak in the range of 10–12 times the mature width of 

standing tree species.
• Different heights of plant species within the chosen windbreak.

1.6  Water Smart Landscapes

Water is the most precious resource by nature; without water, no life survives on 
earth. Average person water use 100 gallons/day, that’s sum up to 320 gallons/day 
by the average family. In the summer months, water usage will exceed for all the 
household purposes especially in hot and dry climates.

In dry climates, a household’s outdoor water use is higher and about 50% is uti-
lised for landscaping purposes to irrigate the plants in landscape. Ongoing popula-
tion growth and recurring drought cycles have increased our concern for conserving 
water in urban landscapes. Questions about the availability of water and the costs 
associated with its use are becoming more important in the design and management 
decisions. It must be noted that the beautiful gardens and lawns are not because of 
extensive watering, fertilization, and pesticide application. Here is how best we can 
design, create and apply water-smart landscaping principles to create beautiful land-
scapes that save water resources.

1.6.1  Principles for Designing Water Smart Landscapes

The foundation for designing and managing water smart landscapes can be discov-
ered by developing sensitivity to the regional environment and through application 
of specific design principles. This approach initially encourages to study the large- 
scale climate, topography, and soils in combination with native flora and fauna. 

M. K. Sharath and K. V. Peter



11

Such information provides context for understanding the issue of water conserva-
tion and many other aspects of ornamental landscapes, and brings attention to sev-
eral key concepts of ecology. The ecological approach allows us to see the landscapes 
as functioning system of many parts well suited to its particular region and indi-
vidual site. The regional climate, topography and soil factors provide the basic 
framework for landscape plants to adapt and flourish green. Patterns of rainfall, 
temperature extremities and edaphological properties are the prime factors of con-
sideration. This macro scale views helps to evaluate the adaptability of certain plant 
species to arid or drought stress. The seasonal nature of moisture and temperature in 
a region indicates the nature cycles and rhythms that affect the plants. The avail-
ability of soil moisture, duration of long-day and short-day light and warmth bears 
directly on plant growth, dormancy and phonological habits. The design and man-
agement of a water smart landscape need to reflect these rhythms in order to achieve 
environment friendly landscapes by making appropriate decisions.

1.6.1.1  Selection of Native and Water Wise Plants

Plants evolve and adapt in groups or associations. Instead of treating plants as indi-
vidual garden elements in a landscape, a sense of overall association is needed that 
enables plants to interact and complement each other while adapting to moisture, 
sun, soils, space and other considerations. Native and exotic plant species should 
not be introduced without some idea of their origin and natural habitat. Do they 
come from tropical, sub-tropical, Mediterranean, arid, or temperate climates? Do 
they grow in coastal, foothill or valley habitats? This background knowledge on 
plants enables to bring them together with greater levels of compatibility and suit-
ability in the landscapes.

Preserving any existing plant species saves lot of resources because established 
plants species usually demands less nutrients, water and low-maintenance. After 
establishment, native plant species demands very little to no additional water beyond 
normal rainfall of the region. In addition, plants are adapted to local soils and cli-
matic conditions and do not require any addition of nutrients and possess more 
resistant to insect-pests and pathogens. Needs more attention while selecting non- 
native species as some of them may become invasive and they can be water guzzler 
and may choke out native plant species of ecosystem.

There are many natural patterns and rhythms among plants. Physical character-
istics include the size, shape, foliage colour, texture and fragrance; cultural adapta-
tions include preferences and tolerances of sun, shade, moisture, and soil fertility. A 
successful landscape will develop plant associations that combine many layers or 
patterns of physical and cultural characteristics. A natural landscape demonstrates a 
strategy of species diversity that leads to flexibility and adaptability to many envi-
ronmental conditions and changes. These observations provide ideas for use in 
urban landscapes.
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1.6.1.2  Assemblage of Plant Species According to Water Requirement

Grouping plants species with similar water requirement into precise “hydrozones” 
will help us to save water. Turfgrasses or lawns and shrub planted areas needs sepa-
ration due to varied water requirement. This approach will aid to cater to the water 
demands of the plants and thereby significantly conserving water. Hydrozones can 
be separated into different zones like hydrozone 0 (no irrigation), hydrozone 1 (irri-
gate monthly), hydrozone 2 (irrigate twice per month), hydrozone 3 (irrigate 
weekly) and hydrozone 4 (irrigate twice per week). Knowing the water require-
ments of the plants will help in efficiently using water by catering to the timely 
needs of the plants. The watering zone designs will depend on the amount of water 
available to use for the landscape to achieve aesthetic and environmental value.

1.6.1.3  Healthy Soils

Healthy soils will help to build strong water-smart landscape by helping plants to 
build strong and healthy root systems; landscape with healthy soil with good water 
holding capacity and rich with organic matters can effectively recycle nutrients, 
minimize runoff of nutrients and retain water. Healthy soils led to healthy and effi-
cient plant root system that minimises the resources demanding in landscapes.

1.6.1.4  Reduce Turf Areas

Healthy green looking turfgrass is an aesthetic asset that act as backdrop and pulls 
the landscape design together to achieve harmony within the landscape. Turfgrasses 
demands more and considered as anti-component to have in designing water-
smart landscaping but rather than designing the non-turf landscape its wise to use 
turf to significantly reduce the amount of irrigation water usage in landscape by 
choosing less water demanding turfgrasses and placing them in right position to 
improve the aesthetics of landscape. Less demand or water-conserving warm 
 season turfgrass species, such as centipede, zoysia or bermudagrass can be  chosen. 
Among the three, Bermudagrass cultivars are best at conserving water and they 
are drought-resistant.

1.6.1.5  Water Wisely

Right amount of watering at right time is an important part of conserving and using 
water in any landscape. Without a doubt, one of the easiest ways to reduce the 
amount of water use in the garden is by ensuring no wastage. It is common to see 
lawns or beds being watered with sprinklers that throw water beyond the intended 
area and onto nearby paths. Adjusting the pressure, or designing the watering sys-
tem properly in the first place prevents this wasteful use of water.
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1.6.1.6  Use Mulch

Mulching is most beneficial in water-smart landscapes to conserve water or mois-
ture various mulches are available ranging from organic to inorganic and even plas-
tic mulches. In environmentally friendly landscapes, organic mulches are of greater 
choice such as hardwood or bark chips, shredded bark, and compost leaves and 
turfgrass clippings are useful in retaining soil moisture by reducing soil evapora-
tion. Other benefits of mulch are preventing water runoff, reduce weed growth, 
decrease soil temperature, and prevent soil erosion in the landscape.

The best water wise garden can be designed with all the above six principles in 
order to motivate people to help save water. The art and technique of water conserve 
landscaping that brings all the water conservation techniques together in terms of 
‘Xeriscaping’ concept. The idea is to exploit natural rainfall with very little or no 
additional watering. Xeriscaping is an environmentally friendly landscaping and 
gardeners can reap the benefits beautiful landscape by employing low maintenance 
landscape practices.

1.7  Xeriscaping, the Art of Conserving Water

Xeriscaping emerged as new theory of landscaping under dry areas emerged during 
1980s. The word xeriscaping originating from Greek “xeros” refers to “dry land-
scaping” (Iannotti 2017). The main drive of xeriscaping is to produce a good- 
looking landscape with vegetation that uses very little or no water (Beaulieu 2017c). 
The focus of xeriscaping is to reduce water usage in gardening to reduce the pres-
sure on the water supply.

Fundamentally, xeriscaping is with seven key principles; planning and design, 
improvement of soil, plant selection, minimizing turf, efficient irrigation, use of 
mulch, and maintenance. Xeriscaping encourages reduction of turfgrass areas to 
adopt low maintenance ground covers as an alternative. Towards this end, plants 
with similar needs are grouped together. Appropriate planning and selection of plant 
species are important to lessen the maintenance and the amount of water usage 
(Friedman 2012). With regard to soil health, suitable nutrients must be provided in 
the soil through sustainable practices like mulching to maximise the plant growth. 
All these techniques helps to create beautiful garden while conserving water.

The best type of plant species to use while designing xeriscape garden are plants 
species with drought resistant or tolerant. Plants that originates in dry or desert habi-
tat are hardy; require low care, and drought resistant. Few best examples that can 
grow in dry and sunny environments are Bird of Paradise, Bougainvillea, Fairy 
Duster, Lantana, Oleander, Pampas Grass, Purple Sage and Yellow Bells.
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1.7.1  Planning and Design

Appropriate planning is a key step to design an operative xeriscape garden with right 
plants species based on the availability and requirement of water to synchronize 
with natural adjoining landscape. Environmental conditions like wind direction, 
location/site influence greatly the planning of xeriscape sites. Proper land grading is 
required so that the water instead of moving as runoff may soak the soil and help the 
plants to absorb water. Land grading includes slope management, which will aid 
water conservation. At times, obstructions and utilities lying underground may be 
challenging during land grading (Landscape America 2018). Naturally, raised beds 
dry out much quickly as compared to standard flat beds and in many cases; the stan-
dard flat beds are not encouraged. Drought tolerant plants species on the side of the 
dominant winds can shelter the less tolerant plants species. Plants species of similar 
water requirements can be in beds together to allow for optimum growth and devel-
opment with limited water usage. (http://gardenline.usask.ca/yards/xeri1.html).

1.7.2  Soil Improvement

The growth and development of plant is influenced by physical, chemical and bio-
logical characteristics of soil. Soil samples can be analysed for its chemical compo-
sition, which will help in gauging the nutrient status of the soil. Soil management 
aids in growth of wide variety of vegetation. As regards the composition, sand, silt 
and clay content define the textural class. In case of sandy soils, the water drains 
quickly due to interconnected macropores. Sandy soils can be easily worked but 
needs a lot of vegetative cover to minimise the erosion losses. Due to its low mois-
ture holding capacity and nutrient status, plants grown in sandy soils require regular 
irrigation and fertilization. Whereas, the clayey soils has high water holding capac-
ity. Soil management with organic manures like compost, manure greatly improves 
the soil quality (http://gardenline.usask.ca/yards/xeri1.html).

1.7.3  Minimizing Turf

Lawn maintenance is a difficult proposition. Lawns require repeated watering, 
 fertilizer application, and gasoline to keep them healthy. Therefore, in case of xeri-
scaping, the focus is on reducing the amount of lawn turf. This is achieved through 
either minimizing the actual grass cover or using alternative lawn coverings. 
Irrespective of the methods adopted for turf management, lawn grass need to be 
chosen based on the soil, and climatic condition. Interestingly, clover and mosses 
had emerged as a popular alternative to the lawn grass as clover and mosses require 
less maintenance and nutrients (Cacciatore et al. 2010; Beaulieu 2017b, 2018).
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1.7.4  Appropriate Plant Selection and Efficient Irrigation 
Methods

Selection of plants for xeriscaping is important, as care must be taken to choose 
plants that are native and use less water their growth (Landscape Design Advisor 
2018). Water conservation is paramount in xeriscaping. Irrigation demand varies 
with the plants. Plants that demand less water are preferred over other more water 
demanding plants (Landscape Design Advisor 2018). Efficient irrigation methods 
and practices are to be adopted for efficient landscaping. Efficient irrigation meth-
ods like drip irrigation system which provides irrigation water at regular interval, in 
small quantities cater to the irrigation demand of the plants most efficiently (Iannotti 
2017). Through adoption of such methods, wastage of irrigation water and surface 
runoff are drastically reduced. Drip irrigation system operates at a little pressure to 
progressively supply right amount of water to the plant’s root system using a net-
work of laterals or small plastic tubes (Shock 2013).

1.7.5  Use of Mulch for Soil and Moisture Conservation

Mulches include leaves, debris, shredded bark, and compost. Mulches aid in reduc-
ing and moderating soil temperature, reduce weed growth and soil erosion. On 
decomposition, mulches add nutrients to soil and aid in improving physical, chemi-
cal and biological properties of soil. During the summer months, mulch moderates 
the soil temperature and protects the root system from soil temperature. Whereas, 
during winter months, mulch ensures a consistent ground temperature (Beaulieu 
2017a). With respect to maintenance, xeriscaped gardens require trimming or prun-
ing, weeding, and natural insect-pest management (Iannotti 2017).

1.7.6  Advantages of Xeriscape

Xeriscape gardens provides healthy environment and are economical as the cost 
involved in maintenance is less. As regards water conservation, xeriscape consumes 
less water. These gardens use less of fertilizers and pesticides and thereby the 
ground water contamination is averted. Urban xeriscaping has immense potential to 
reduce urban temperature, outdoor thermal discomfort and influence the urban 
water use. The detrimental effects of urban heat Island can be mitigated to some 
extent through sustainable approaches like growing low water intensive xerophytic 
plants within residential yards (Chow and Brazel 2012).
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1.8  Constructed Wetlands

“Constructed wetland is an artificial wetland designed to exploit and elevate the 
natural biological processes that occur in natural wetlands to treat wastewater” 
(Rousseau et al. 2008). The idea of constructed wetlands was developed in Germany 
in late 1960s and refined in the 1970s (Vymazal 2005). It became popular because 
of lower capital costs. There are three main types constructed wetlands namely sur-
face flow (SF) wetlands (free water surface wetlands), subsurface flow (SSF) wet-
lands, and vertical flow (VF) wetlands (Ghermandi et al. 2007).

Wastewater treatment using constructed wetlands prevent the discharge of harm-
ful pollutants into the natural environment. Treated water derived from the con-
structed wetlands can be used for irrigation (Ghermandi et al. 2008; Rousseau et al. 
2008). Constructed wetlands are piece of land covered with water or saturated with 
moisture permanently or on season basis. Wetland waters may be fresh, salty, or 
brackish but they serves the important function of environment by purifying water 
systems by removing the excess nutrients and other water pollutants in rain and 
storm water. Wetlands also helps in conserving biological biodiversity by support-
ing many species of amphibian, reptile, waterbird, fish, insects and other kind of 
animals. Wetlands can be home for various types of hydrophytic vegetation and 
selection of these aquatic plants needs a careful scrutiny of benefits that each plant 
can offer to its local ecosystem. In general, every hydrophytes with vigorous growth 
are able to uptake nutrients and absorb pollutants that can help us to improve the 
quality of water bodies. The most commonly used plant species for planting in 
constructed wetlands incudes Cattails (Typha sp.) and common reeds (Phragmites 
australis). In addition to their capacity to improve water quality, these two species 
also add the aesthetic value to wetlands and offer comfortable habitat for insects 
and small bird species. Maintenance of constructed wetlands is required in order to 
keep the wetland system functional and beautiful, regular trimming of wetlands 
vegetation, removal of dead and invasive species are essential. Some of examples of 
plants that are not recommended to use in constructed wetlands includes hydrilla 
(Hydrilla verticillata), and the water hyacinth (Eichhornia crassipes) due to inva-
siveness of these plant species that grow vigorously and multiply fast in wetlands 
rich with excess nutrients and their invasiveness is contrary to the principles of 
enviroscaping.

The advantages of adopting constructed wetlands include cost effectiveness, 
energy efficient, recreational facility, and reduction of pollution load (Cardoch et al. 
2000). Though constructed wetlands for wastewater treatment have many advan-
tages, the demerit with this technology is the land required for treatment. In many 
cases the constructed wetlands are preferred in the rural areas where the cost of the 
land may not be exorbitant (Cameron et al. 2003). Care must be taken to avoid over-
flow as that can lead to public health issues.
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1.9  Water Management in Singapore: A Case Study

Singapore, a tropical island nation, receives abundant rainfall of about 2400 mm 
annually that unevenly distributed temporally. Two-thirds of the island in low-lying 
areas often suffers from widespread flooding (PUB 2014). The projected climate 
trends show increased uncertainty in frequency and intensity of heavy rainfall 
events, making the city more vulnerable to floods. An effective storm drainage sys-
tem is therefore critical. In the past, conventional approaches were used to enlarge 
and line most natural waterways with concrete, including the Kallang River and 
Sungei Sembawang to reduce bank erosion. While concrete waterways are able to 
discharge higher flow, but they fail to build any habitat that support aquatic ecosys-
tems for the uplift of environmental integrity. At the same time, Singapore experi-
enced seasonal water shortages, which calls for a more integrated approach to 
inter-linked water issues. To address the flooding and other related water issues and 
improve the living environment of its people, Singapore envisioned becoming a 
‘City of Garden and Water’ and developed a strategy of total water management. 
This strategy relies on precise control and management of the entire water cycle and 
different forms of water, to achieve the objectives of flood risk reduction and 
improve water environment and year-round availability.

These approaches involve precise assessment of water movement, from rainfall 
to water storage to runoff generation in order to determine the storage and infiltra-
tion capacity required to absorb the flood water from various sources. Such assess-
ment and management of the water movement underpins the selection and 
implementation of a range of ‘green’ technologies and multifunctional infrastruc-
tures to reduce the flood hazards. Many of the green infrastructures such as con-
structed wetlands also serve to treat the storm water, store up water for dry seasons 
and improve the landscape.

The overall strategy and approach of Singapore water management are reflected 
in the very successful program called ‘ABC’ waters program that stands for Active, 
Beautiful, Clean waters program launched in 2006 by Singapore’s Public Utility 
Board (PUB) as key program to implement the vision of ‘City of Garden and Water’. 
This program is a deliberate effort to conserve and to improve the quality of water 
to harvest the full potential of the water management. ABC program integrated the 
reservoirs canals and drains all along the Singapore Island with the surrounding 
environment in an all-inclusive and eco-friendly manner (PUB 2014).

The major element of 2007 ABC Master Plan was to integrate Singapore city’s 
rivers, canals, drains and reservoirs with the environment and to transform the 
city water bodies into lively, charming and hygienic flowing streams and lakes 
(PUB 2014).

The ABC Concept encapsulates Singapore’s idea of harvesting the full potential 
of water resources to integrate them into the lifestyles and environment. The ratio-
nale is to use natural systems to retain and treat storm water on site before it flows 
into reservoirs and waterways, this will enhance Singapore biodiversity and the liv-
ing environment in the country landscape (PUB 2014); ABC program also brings 
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inter-agency collaboration. The ABC Waters design principles are also recognized 
and adopted by other sector agencies such as the Building & Construction Authority 
(BCA). For example, the BCA Green Mark Scheme is a benchmark scheme, which 
includes internationally recognized finest practices in building environment friendly 
design (PUB 2014). Two of the most important criteria in evaluating the building 
performance are water efficiency, and green features and innovations adopted such 
as green roof, balcony plantation, etc. The ABC Waters Program embraces a range 
of ‘green’ technologies for different functional levels of the water cycle. At the 
catchment management level, rooftop garden, sky/terrace/balcony garden, green 
planter box within open space and vertical greenery around the buildings are widely 
adopted in the city.

Innovatively designed water management infrastructure such as Marina Barrage 
reservoir (Fig. 1.3) is making considerable contributions to reduction in the water 
management of the city and other flood risks in the geographically lower areas of 
the city with other co-benefits. For example, the Barrage has also become a well- 
known landmark and lifestyle attraction of Singapore. Similarly, the floating wet-
lands are producing multiple benefits in flood risk management, water environment 
and shortage alleviation, and landscaping. The main green infrastructure at Marina 
Barrage is iconic green roof that built with environment friendly drainage cells and 
utilizes 100% recycled plastics this vast green roof acts as natural heat insulation for 
the built structure. Barrage as countries largest collection of solar panels that 
 generates about 50% of the daytime electricity needed for indoor lighting and power 
supply at the barrage.

Fig. 1.3 Singapore marina barrage reservoir
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1.10  Green Roofs

Growing plants on rooftops is in practice for more than thousands of years. However, 
this idea took shape as green roofs, living roofs or eco-roofs only in last few decades. 
This urban greening is fairly a recent phenomenon advocated for the benefits these 
technologies provide for the building occupants, and ambient environment. Foliage 
rich green roofs symbolizes a range of benefits like energy reduction, providing 
clean air, ecological and aesthetic value, and water conservation.

The basic aim of the green roof is to have profuse foliage growth. Nevertheless, 
the generic green roof structure should not the damage the underlying structure. 
Generic green roof structure consists of different layers from bottom to top: roof 
decking (metal or concrete), insulation material, waterproof layer, drainage layer, 
plant growing medium, plant life (Banting et al. 2005) (Fig. 1.4). The waterproof 
membrane is essential to protect the underlying built structure and the drainage 
layer is constructed to drain the excess water. Soil or any lightweight substrate is 
used as a growing medium (Kosareo and Ries 2007). The substrate normally used 
in green roofs is rich with mineral nutrients and organic matter that will enable pro-
fuse plant growth and at the same time, it will exert more pressure on the built 
structure (Rogers 2013).

Fig. 1.4 Extensive green roof diagram. (Source: Green roof service LLC)
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Green roof systems are broadly classified into extensive and intensive (Table 1.1) 
based on the desired function of the roof space.

1.10.1  Extensive Green Roofs

Extensive green roofs (Fig. 1.5) are not for public use and are designed and devel-
oped to achieve ecological and aesthetic benefits. The main attributes of them is 
involving low cost of establishment, lightweight (50–150 kg/m2) and they are devel-
oped on the thin substrate medium of up to 100 mm. these type of green roofs have 
very minimal maintenance and inspection for the quality standards are only one to 
two times per year. Plants employed for extensive green roof are with low mainte-
nance and most of them are self-generative.

1.10.2  Intensive Green Roofs

Intensive green roofs also called roof gardens (Fig. 1.6). The major attributes of 
intensive green roofs are:

• Greater load of about 150 kg/m2 and more compared to extensive green roof.
• The substrates used as medium to grow plants will be more than 100 mm of 

thickness with a higher amount of mineral nutrient than extensive systems.
• Designed and developed to be accessible for people with well-incorporated areas 

of paving and seating and used as parks or building amenities.
• The can bear the added weight of people movement,
• Higher capital cost is involved in constructing and maintenance,
• Intensive planting strategies with low, medium and tall growing plants species 

were used and they have higher maintenance requirements.

Table 1.1 Differences between extensive and intensive green roof

Details Extensive green roof Intensive green roof

Maintenance Low High
Irrigation little or no irrigation Often
Plant density Low High
Plant group Grasses, Ground covers, Moss Grasses, Perennials, Shrubs, Trees
System build up height Up to 150 mm Up to 1500 mm
System build up weight 50–150 kg per m2 290–970 kg per m2

Attractive Less Very attractive
Costs Low High
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Fig. 1.5 Extensive green roof on School of Art, Design & Media at NTU, Singapore

Fig. 1.6 Intensive green roof on parking structure, Singapore
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• The plant selection for intensive green roofs ranges from ornamental lawn to 
shrubs and trees.

• Regular traditional garden maintenance such as watering, fertilizing, clipping of 
grass and weeding is mandatory.

• In addition to aesthetics and amenity spaces, these intensive green rooftops pro-
vide energy savings, aid in storm water management by absorbing huge bulks of 
storm water, and control air temperature.

1.10.3  Environmental Benefits of Green Roofs

Installing intensive or extensive green roofs is one option that can reduce the nega-
tive impact of urbanization and development while providing numerous environ-
mental, economic, and social benefits such as

• Improve storm water management by reducing runoff by retaining 60–100% of 
the storm water and improving water quality,

• Green roofs will conserve energy by providing insulation to built infrastructure.
• Helps to mitigate the urban heat island in megacities,
• increase longevity of roofing membranes,
• helps to reduce noise and air pollution,
• Urban biodiversity improvisation by providing habitat for wildlife such as birds 

and butterflies,
• Opens up space for urban faming to grow fruits and vegetables,
• Offer a more visually pleasing and healthy environment to work and live for the 

urban dwellers,
• Furthermore the economic benefits includes; Construction and maintenance of 

green roofs deliver business opportunities for green industry members such as 
contractors of roofing or plant nurseries, landscape designers and contractors

1.10.3.1  Temperature Reduction

Typical hard and dark surfaced roofs pf buildings in the cities contribute to the urban 
heat island effect. The air temperature in the city landscape becomes 4–5 degrees 
warmer compared to rural areas termed as urban heat island effect. Higher urban 
temperatures will increase the level of pollution and increased use of cooling 
resources in the office spaces. Green roofs helps to mitigate the heat island effect by 
lowering temperature in city landscape by mixing of air vertically. Warm air above 
the hard roof surfaces rises due to lower density and it is substituted by denser 
cooler air from the green rooftop. Because of mixing of air, the overall temperature 
is reduced.

M. K. Sharath and K. V. Peter



23

1.10.3.2  Improve Air Quality

Plant species under green roof will improve the quality of air directly by filtering 
airborne pollutants and releasing fresh oxygen by absorbing carbon dioxide and 
carbon monoxide by their leaves. They are also known to absorb gaseous pollutants 
through photosynthesis and sequester them in their leaves. Green roofs can also 
improve quality of air indirectly by reducing surface temperature. Green roofs can 
decrease such thermal air movements by reducing the energy available for heating. 
The increased air temperature above the roof surfaces also contributes to the chemi-
cal reaction responsible for low atmospheric ozone creation, which is the primary 
component of smog. Therefore, by monitoring the air temperature through the 
adoption of green roofs can avoid ozone formation thereby improving air quality.

1.10.3.3  Improve Rainwater Retention

Green roofs helps to retain storm water is very important in controlling runoff in 
megacities. Environmentally, this renders into benefits like reduced surface con-
taminants in the rainwater, limited soil erosion and improved wellbeing of urban 
biodiversity such as aquatic creatures, plants and animals. Studies in Berlin have 
shown that on the average size of green roofs is responsible for 75% of absorption 
of rainwater (Köhler 1989).

1.10.3.4  Habitat Preservation

Green roofs serves as an alternative habitat for urban flora and fauna. The presence 
of birds, butterflies and maintaining habitat for any type of wildlife may enrich the 
ecological quality and health of the environment and this will provide all kind of 
benefits to humans. Due to their height, green roofs may have less human interven-
tion than gardens located at grade. This will provide a safer habitat for sensitive 
plants and certain animal species that is almost absent in the urban city. Studies in 
America show that butterflies will visit gardens as high as 20 stories. Bees and birds 
are able to inhabit beyond the 19th storey (Johnston and Newton 2004).

1.10.3.5  Lower Carbon Dioxide and Higher Oxygen

Green roofs greatly influence the air quality of the surrounding area. Quick growing 
green plant foliage has the potential to reduce the atmospheric concentration of 
carbon dioxide, nitrogen dioxide, ozone, and greatly reduce the smog, which is a 
product of primary and secondary pollutants.

1 Enviroscaping: An Environment Friendly Landscaping
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1.10.3.6  Improve Water Quality

Green roofs are capable to filter out the heavy metals and mineral elements/nutrients 
present in rainwater (Johnston and Newton 2004). Green roofs in city landscape act 
as a natural filtration system in removal of any heavy metals and pollutants of rain-
water before reaching water reservoirs.

1.10.3.7  Noise and Sound Insulation

The green roof systems consisting of soil/plant growth medium, plants and trapped 
air layers within the green roof structure can act as a sound insulation barrier. The 
plant growth medium has potential to block lower sound frequencies while the 
plants above the soil layer block higher sound frequencies. Sound insulation by 
green roofs is a function of the system and the substrate depth. Green roof with a 
12 cm thickness can reduce sound by 40 dB.

1.11  Green Walls

Green walls are normally encouraged as beautifying feature in buildings. Green 
wall refers to the vegetated wall surfaces (Figs. 1.7 and 1.8). Green walls have huge 
potential as compared to green roofs. At the micro-level, green walls can be passive 
design solution with immense potential to improve the microclimate of building, 
which provide shade and provide evaporative cooling effect. The green walls are 
classified into green facade and living walls. Green facade include climbing plants 
or hanging plants that cover the vertical wall. Green facade are grouped into direct 
and indirect green facades. Under direct green facade, plants are attached directly to 
the wall of vertical surfaces. Whereas, in indirect green facades supporting struc-
tures were used for attaching vegetation.

Fig. 1.7 Interior green wall
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Living walls permit a rapid coverage of larger vertical surfaces with more of 
uniform growth (Manso and Castro-Gomes 2015). Green walls are becoming popu-
lar nowadays across the globe. They are quite widespread in European countries. 
World’s largest living wall is found in II Fiordaliso Shopping Center in Milan, Italy, 
which is covered with more than 44,000 plants. Green walls are also gaining popu-
larity in Singapore and Germany. As the green walls consist of a diverse group of 
plants, which attracts butterflies, pollinators, insects, etc., act as a nesting ground for 
a quite number of bird species adding value to urban biodiversity. In effect, green 
walls provide enormous environmental and social benefits.

1.12  Green Homes – An Environment-Friendly Home

Green homes evolved with the concept of bringing environmentally responsible 
process and resource-efficient strategies together. Every aspect of green home from 
interior to exterior design is as per the environment responsive touch. Green homes 
are constructed, operated and maintained in environment friendly manner. These 
homes are designed to exploit the available natural resources and to reduce carbon 
footprint. A green home comprises various passive design features like orientation 
of building for natural ventilation, natural insulation and solar shading in various 
seasons of the year, environmentally suitable use of building materials, fixtures and 
fittings. Green homes built in very cost-effective way by using raw materials that are 
good for the environment with distinct aesthetics that sets it apart from other con-
ventional or non-environment friendly home designs. Various insights that archi-
tects, designers and horticulturists while designing green homes range from 

Fig. 1.8 Exterior green wall
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conditions of site to layout and orientation of home, from building materials to wall 
and floor materials, positioning of rooms and windows in to design, and use of solar 
panels to utilize the natural solar energy, an clean and renewable source of energy. 
Green homes and buildings at times are called as a sustainable building.

1.13  Conclusion

Enviroscaping is a shared sensible approach to design and maintain landscape, 
which conserves energy and water, recycles and reduce the inputs in environment 
friendly manner. Environment is our responsibility and we must do our part if we 
are to preserve natural beauty for generations to come. Enviroscaping is all about 
designing with nature and the environment in mind.
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Chapter 2
Climate Smart Agriculture Technologies 
for Environmental Management: 
The Intersection of Sustainability, 
Resilience, Wellbeing and Development
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Abstract Agriculture sync with the existence of humanity. Converging demands 
from human population, food security, climate change mitigation and adaptation, 
agricultural resources, biofuel and oil prices, food prices, have engendered a new 
transformative, resilient and smart agricultural approach entitled “Climate Smart 
Agriculture”. Rapid alteration by humans on agricultural landscape driven by aspi-
rations to maximize production, productivity, and profit with scant regard to envi-
ronmental concerns led to the degradation of agricultural lands, alteration in global 
carbon and nitrogen cycles, loss of soil fertility and biodiversity, pest and disease 
outbreaks. Under such circumstances, agriculture production system must be 
insured against impending danger of climate change; augmented with diversity of 
biological resources; enhanced with adaptive capacity and resilience; provided with 
site-specific sustainable management practices like integrated crop management, 
conservation agriculture, agriculture diversification and landscape management. 
Climate Smart Agriculture (CSA) is construed as a “comprehensive agricultural 
approach that aims at sustainable productivity enhancement, mitigation of and 
adaptation to climate change, and achieving global food security and other related 
sustainable development goals”. CSA incorporates the virtues of “climate-smart 
food system”, “climate-proof farms”, and “climate-smart soils”.
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2.1  Introduction

Humans endeavour to transform the Earth’s landscape fructified through agricul-
ture. “Agriculture land expansion is construed as one of the important human modi-
fication to the global environment” (Matson et  al. 1997). Nonetheless, land use 
changes associated with agriculture expansion was needed to sustain the growing 
population. Sooner the advent of new technology and innovations to use natural 
resources enabled humanity to dominate almost all the Earth’s ecosystem (Vitousek 
et al. 1997). Agriculture is no exception. The green in “green revolution” brought 
into the agroecosystem a wide variety of chemical fertilizers, pesticides and other 
synthetic inputs. The alteration of global carbon and nitrogen cycle which is a splen-
did example of prowess of human action, resulted in increases of radiatively active 
gases like carbon dioxide, nitrous oxide, methane, etc. (Ciais et al. 2013). Agriculture 
growth driven by synthetic fertilizers led to major changes in nitrogen cycle. The 
nitrous oxide concentration drastically increased after 1950s corroborating the 
indiscriminate use of fertilizers. Further, agricultural activity particularly lowland 
paddy cultivation and rearing of ruminants are largely responsible for the increases 
in atmospheric methane concentration. In effect, agriculture too is responsible for 
releasing GHGs into the atmosphere. Agriculture, forestry and other land use 
(AFOLU) sector is responsible for GHG emissions of 10–12 gigatonne of CO2- 
equivalent per year (Lipper et al. 2014; Smith et al. 2014).

Nonetheless, the ecosystem services rendered by agriculture are invaluable. A 
food system encompasses all the processes and infrastructure aiming to cater to 
food demands of the society. It includes food gathering/fishing; growing, harvesting 
and storing of food products; processing, packaging, transporting, marketing, and 
consumption of food; and disposing of food waste (Porter et al. 2014). Global food 
production has to be increased by 60% by 2050 to meet the needs of 10 billion 
population. Presently about two billion people suffer from micronutrient deficien-
cies (Wheeler and von Braun 2013). Achieving food security is an uphill task as it 
is very complex and changing climate mounts further pressure on all the dimensions 
of food security (Porter et al. 2014). Further, through the negative impacts on food 
production, food prices and accessibility, consumption and utilization, climate 
change has pervasive effect on global food security (Porter et al. 2014). Food pro-
duction is found to be the most focused among all the dimensions of food security. 
Indeed, studies gear up to augment food production through innovative and sustain-
able green technologies and approaches (Venkatramanan 2017). Sustainable agri-
cultural production is challenged by a complex web of concerns including climate 
change, resource constraints, biodiversity loss, food price fluctuations, structural 
diet shift (Venkatramanan 2017). Agriculture being a climate sensitive sector, is 
influenced greatly by climate change and variability, though the effects vary with 
regions, crops, degree of adaptiveness and resilience in agriculture production sys-
tem. However, the developing countries and low latitude countries are more 
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 vulnerable to climate change due to poverty, income instability and lesser adaptive 
capacity (Lipper et al. 2014). This chapter synthesizes and endeavours to reflect on 
the broad contours of relationship and interaction between agriculture and climate 
change including the impacts and GHGs emissions from agriculture. This indeed 
provide a stable plinth and growing need for structural transformations, resilient 
growth pathways, environmental stewardship, stakeholder integration, and strate-
gies to align agriculture growth with sustainable development goals. To maximise 
the synergy existing between the mitigation and adaptation to climate change and to 
achieve global food security in the times of climate change and other multiple 
stresses, FAO and World Bank put forward an approach called “Climate Smart 
Agriculture” to transform agriculture. The approach is gaining currency for its 
innate positive potential and goals to establish a smart agriculture system which is 
inclusive of “climate-smart food system” (Wheeler and von Braun 2013), “climate-
proof farms” (Schiemeier 2015) and “climate-smart soils” (Paustian et al. 2016).

2.2  World Agriculture at Crossroads

Land-use changes by humans have modified the face of the Earth surface (Foley 
et al. 2005). The bottom line of land-use changes are exploiting the natural resources 
for meeting the human needs and such changes most often destabilize the environ-
mental conditions which is indicated by changes in atmospheric composition, global 
carbon and nitrogen cycle, ecological crisis and catastrophes. Nevertheless, land- 
use practices are essential for the service of the humanity as they provide ecosystem 
services like food, feed, fodder, shelter, and freshwater. As regards the land-use 
change and food production, agriculture occupies almost 40% of the land surface. 
Incidentally, the increase in crop land area combined with technological develop-
ment had enabled global agriculture to augment food grain production (Foley et al. 
2005). Indeed, the modern agriculture is squarely based on “(i) the varietal improve-
ments in targeted crops, achieved through either conventional plant breeding or 
through genetic engineering, and (ii) increased utilization of purchased inputs, such 
as inorganic fertilizers, agrochemical crop protection, and usually petroleum-
derived energy to support large-scale production with extensive mechanization” 
(Uphoff 2015).

Sustainable development of agriculture system is challenged by environmental 
concerns like soil security, water security, climate change, food and nutritional 
security, energy security, agro-biodiversity loss, etc. These challenges have in com-
mon certain characteristics like global occurrence, complex and interconnected 
nature, and great difficulty to resolve (McBratney et al. 2014). Further, the pervasive 
influence of climate change on agriculture sector is being observed through reduc-
tion in food production, food insecurity, food crisis and food riots.

2 Climate Smart Agriculture Technologies for Environmental Management…
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2.3  A Primer on Climate Change

Climate change is not uncommon in the earth’s history. Availability of weather 
records is sine qua non for climate change analysis. Nevertheless, weather data is 
available only for few hundred years in developed countries but in less developed 
countries, the weather data exists for few decades only. However, the proxy indica-
tors like ice cores, pollen analysis, tree rings, sea sediments have enabled the past 
climate reconstruction. Fifth assessment report of IPCC stated that “warming of the 
climate system is unequivocal, and since the 1950s, many of the observed changes 
are unprecedented over decades to millennia” (IPCC 2013). Climate change refers 
to the variation in either mean state of the climate or in its variables persisting for a 
long and an extended period (decades or longer). Climate change includes rising 
temperature, changes in precipitation amount and frequency, rise in sea level rise 
and more importantly increased occurrence of extreme weather events. While on the 
contrary, climate variability refers to sudden and discontinuous seasonal or monthly 
or periodic changes in climate or its components without showing any specific trend 
of temporal change (IPCC 2013).

Natural and anthropogenic processes alter the global energy budget and drives 
climate change. “The strength of drivers is quantified as Radiative Forcing (RF) in 
unit’s watts per square metre (Wm–2). Radiative forcing refers to the change in 
energy flux caused by a driver, and is calculated at the tropopause or at the top of the 
atmosphere” (IPCC 2013). While total anthropogenic RF for 2011 relative to 1750 
is 2.29 Wm–2

, the RF from emissions of well-mixed greenhouse gases that includes 
CO2, CH4, N2O, and halocarbons for 2011 relative to 1750 is 3.00 Wm–2

. The largest 
contribution to total radiative forcing is caused by the increase in the atmospheric 
concentration of CO2 since 1750 (IPCC 2013).

Global surface temperature is the most common indicator of global climate. 
Global warming led to a decline in snow cover and sea ice, rise in sea level and 
cause many more visible impacts on the biosphere. Climate change and variability 
markedly influence all the components of biosphere. The globally averaged green-
house gas (GHGs) concentrations (Fig. 2.1) are found to increase since the onset of 
industrialization. The increases in GHGs are responsible for increase in surface 
temperature and the Fig. 2.2 throws light on globally averaged combined land and 
ocean surface temperature anomaly. One of the visible indicator of warming climate 
is sea level rise as evidenced from Fig. 2.3. Fifth assessment report of IPCC stated 
that “globally averaged combined land and ocean surface temperature data as calcu-
lated by a linear trend, show a warming of 0.85 °C (Fig. 2.2), over the period 1880- 
2012” (IPCC 2014a). Between 1906 and 2005, global climate system observed an 
increase of 0.74 °C.
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Fig. 2.1 Observed changes in atmospheric greenhouse gas concentrations. Atmospheric concen-
trations of carbon dioxide (CO2, green), methane (CH4, orange), and nitrous oxide (N2O, red). Data 
from ice cores (symbols) and direct atmospheric measurements (lines) are overlaid. (With permis-
sion from Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing 
Team, Pachauri, R.K. and Meyer, L. (eds.)]. IPCC, Geneva, Switzerland)

Fig. 2.2 Annually and globally averaged combined land and ocean surface temperature anomalies 
relative to the average over the period 1986 to 2005. Colours indicate different data sets. (With 
permission from Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II 
and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core 
Writing Team, Pachauri, R.K. and Meyer, L. (eds.)]. IPCC, Geneva, Switzerland)
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2.4  Interrelationship Between Climate Change 
and Agriculture

World agriculture including croplands and pastures occupies about 38% of Earth’s 
terrestrial surface (about 5 billion hectares) and it is one of the largest terrestrial 
biomes on our planet (Foley et al. 2005; Ramankutty et al. 2008). Climate change 
and variability has potential to influence crop geography, crop production and pro-
ductivity, and exacerbate the risks associated with crop farming activities (Scherr 
et  al. 2012). Assessment reports of IPCC upheld the gravity of climate change 
impacts on agricultural production and productivity in several agricultural regions 
of the world, and firmly expressed the vulnerability of developing countries and 
island and low-lying countries to negative impacts of climate change (IPCC 2014a). 
Impacts from extreme weather events like droughts and floods, heat and cold waves, 
must be reckon with in the coming decades through devising appropriate climate 
resilient pathways. Granular understanding of the intersection between agriculture 
and climate change expose the net negative impacts of climate change on agricul-
tural landscape, greenhouse gas emission from agriculture and uncovers the 
immense potential of agricultural sector to reduce the anthropogenic emissions.

2.4.1  Greenhouse Gas Emissions from Agriculture

Human actions continue to change the atmosphere composition and increase the 
concentration of radiatively active gases. Given the fact that the human population 
is increasing, the kindred issues with population growth would pump more 

Fig. 2.3 Annually and globally averaged sea level change relative to the average over the period 
1986 to 2005 in the longest-running dataset. Colours indicate different data sets. (With permission 
from Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, 
Pachauri, R.K. and Meyer, L. (eds.)]. IPCC, Geneva, Switzerland)
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greenhouse gases into the atmosphere and consequently increasing the earth’s sur-
face temperature. Even if the GHG concentration is kept at the present day level, the 
Earth’s surface temperature is bound to increase by 0.6 °C by the end of this century. 
The total GHG emissions due to human action (Fig. 2.4) is about 49 gigatonne of 
CO2-equivalent per year (GtCO2-eq/yr) (IPCC 2014a). Greenhouse gases emissions 
data are presented in terms of CO2-equivalents based on 100-year Global Warming 
Potential (GWP100). Equivalent carbon dioxide emission is defined as “the amount 
of carbon dioxide emission that would cause the same integrated radiative forcing, 
over a given time horizon, as an emitted amount of a greenhouse gas or a mixture of 
greenhouse gases” (IPCC 2013).

The well-mixed greenhouse gases have very long lifetimes so that they are rela-
tively homogeneously mixed in the troposphere layer of the atmosphere. For 
instance, while CH4 has a lifetime of 10 years, N2O has a lifetime of 100 years. 

Fig. 2.4 Total anthropogenic greenhouse gas (GHG) emissions (gigatonne of CO2equivalent per 
year, GtCO2-eq/yr) from economic sectors in 2010. The circle shows the shares of direct GHG 
emissions (in % of total anthropogenic GHG emissions) from five economic sectors in 2010. The 
emission data on agriculture, forestry and other land use (AFOLU) includes land-based CO2 emis-
sions from forest fires, peat fires and peat decay that approximate to net CO2 flux from the sub- 
sectors of forestry and other land use (FOLU). (With permission from Climate Change 2014: 
Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of 
the Intergovernmental Panel on Climate Change [Core Writing Team, Pachauri, R.K. and Meyer, 
L. (eds.)]. IPCC, Geneva, Switzerland)
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Importantly, the three GHGs CO2, CH4, and N2O together amount to 80% of the 
total radiative forcing and also their concentration found to increase in the post- 
industrial era. Increase in the atmospheric concentration of these three gases are 
primarily due to the fossil fuel combustion, land use changes and agricultural 
 activities. These three GHGs are important from the agriculture perspective as agri-
cultural activities are responsible for the GHGs emissions (IPCC 2014a) (Fig. 2.5). 
IPCC (2013) reports that “CO2 increased by 40% from 278  ppm about 1750 to 
390.5 ppm in 2011. During the same time interval, CH4 increased by 150% from 
722 ppb to 1803 ppb, and N2O by 20% from 271 ppb to 324.2 ppb in 2011” (Ciais 
et al. 2013). Half of the CO2 emissions was sequestered in the ocean and vegetation 
biomass, and undisturbed soil ecosystem. As regards the increase in CH4 concentra-
tion in the recent past, the causes were natural wetlands emissions (177–284 Tg 
(CH4) yr–1), agriculture and waste (187–224 Tg (CH4) yr–1), fossil fuel related emis-
sions (85–105 Tg (CH4) yr–1), other natural emissions (61–200 Tg (CH4) yr–1), and 
biomass and biofuel burning (32–39  Tg (CH4) yr–1). “N2O emissions are caused 
mainly by microbial mediated nitrification and de-nitrification reactions occurring 
in soils and in the ocean” (Ciais et al. 2013). While application of synthetic N fertil-
izer is responsible for the emission of 1.7–4.8 TgN N2O yr–1, fossil fuel use and 
industrial processes emit 0.2 to 1.8 TgN N2O yr–1 and biomass and biofuel burning 
emit 0.2–1.0 TgN N2O yr–1 (IPCC 2014a).

The agriculture, forestry and other land use (AFOLU) sector contributes about 
10–12 gigatonne of CO2-equivalent per year. The GHGs from agriculture as shown 
in the Figs. 2.5 and 2.6 are mainly due to land use and land use changes and forestry 
related activities, enteric fermentation in ruminants, biomass and biofuel burning, 
lowland paddy cultivation, and use of synthetic nitrogen fertilizers (Lipper et  al. 
2014; Smith et al. 2014).

On account of land use and land use changes like deforestation and degradation, 
CO2 is emitted into the atmosphere and the atmospheric CO2 is sequestered by land 
use activities such as afforestation, and reforestation. Global net CO2 emissions due 
to land use change from 2000 to 2009 is estimated at 1.1 + 0.8 Pg C yr–1 (Ciais et al. 
2013). Increase in atmospheric methane is mainly due to anthropogenic emissions. 
Nevertheless, the sources of CH4 can be either thermogenic or biogenic. The ther-
mogenic sources include mainly the natural emissions from geological sources. On 
the other hand, the biogenic sources include natural and anthropogenic biogenic 
sources. Anthropogenic biogenic emissions of methane is important as it is increas-
ing due to the human activities like low land paddy cultivation, rearing of ruminants, 
man-made lakes and waste management including the emissions from landfills. 
Ruminants like cattle, sheep, goats, etc. produce CH4 due to food fermentation 
occurring in their anoxic rumen environment. Increase in atmospheric concentra-
tion of N2O after 1950s is mainly due to agricultural intensification which involves 
extensive use of synthetic N fertilizers and manure application (Matson et al. 1997). 
“Human alterations of the nitrogen cycle have increased concentration of N2O” 
(Vitousek et al. 1997). Soil microbial processes like nitrification and denitrification 
are squarely responsible for increased atmospheric N2O concentration. N2O emis-
sions from soil processes may increase on account of growing food demand and 
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dependency of modern agriculture on external inputs like nitrogenous chemical fer-
tilizers (IPCC 2014a, b, c).

2.4.2  Climate Change Impacts on Agriculture

Agriculture is a climate sensitive sector. Climate change and variability affects agri-
culture production and productivity in several regions of the world. Incidentally, the 
developing countries where agriculture is a major economic sector is reported to be 
vulnerable to climate change on account of poverty, income instability and lesser 
adaptive capacity (IPCC 2014a, b; Lipper et al. 2014). Research has shown that crop 
yields reduce in response to extreme daytime temperatures particularly around 
30°C. High daytime and night time temperature was reported to reduce the growth, 
yield and quality of rice and wheat crops which are the staple food crops of South 
Asia (Venkatramanan and Singh 2009a, b). Porter et al. (2014) also stated that the 
global warming reduces yield levels of important cereal crops like rice, wheat, and 
maize, which, although, differ spatially. “Estimated impacts of both historical and 
future climate change on cereal crop yields show that yield loss can be up to 35% 

Fig. 2.6 AFOLU emissions for the last four decades. (With permission from Smith et al. (2014))

V. Venkatramanan and S. Shah



39

for rice, 20% for wheat, 50% for sorghum, 13% for barley, and 60% for maize 
depending on the geographic location, climate scenarios and projected year” (Porter 
et al. 2014; Khatri-Chhetri et al. 2017). Further, increased tropospheric ozone shows 
negative response on crop yields. While the CO2 fertilization effect stimulates the 
growth of crop plants with C3 photosynthetic pathway, climate change and increas-
ing atmospheric CO2 concentration engenders weed menace as the weed plants 
become competitive in the changing climatic conditions (Aggarwal et  al. 2009; 
Pathak et al. 2012; Porter et al. 2014). Increase in CO2 concentration in the atmo-
sphere have positive effect in C3 plants as compared to C4 plants as the C4 photosyn-
thetic rates are less responsive to increases in atmospheric CO2 concentration. As 
regards the fertilization effect of CO2, positive and beneficial responses were 
observed in case of tuber crops wherein the extra carbohydrates are stored in the 
underground storage organs (Porter et al. 2014).

2.4.3  Climate Change Impacts on Food Security

Food system encompasses activities involving agricultural production, processing, 
transport, and food consumption. Global food system is a complex system as their 
sustainability is driven by its innate potential, biophysical environment, and socio- 
economic conditions (Venkatramanan 2017). The global food chain is under con-
stant pressure from pest and disease outbreaks, life cycle GHG emissions, food 
safety issues and other demand and supply side constraints. The integrity of food 
systems faces challenges from increasing human population, structural changes in 
diet, food price volatility, and mounting competition for land, water, and energy. 
Food security can be construed as a product of functioning food system and inherent 
potential of the food systems. As regards the challenges facing food security, human 
population growth is foremost. World human population could reach 9–10 billion 
by the year 2050. Interestingly, world average per capita food availability for direct 
human consumption improved to 2770 kilo calories per person per day in 2007 
providing a rosy picture that global food production can meet the food demand of 
growing population (Alexandratos and Bruinsma 2012). Nevertheless, due to vary-
ing socio-economic conditions and biophysical environmental constraints, there is a 
huge disparity in agricultural production in the global agricultural landscape. It is 
reported that “some 2.3 billion people live in countries with under 2,500 kcal, and 
some 0.5 billion in countries with less than 2,000 kcal, while at the other extreme 
some 1.9 billion are in countries consuming more than 3,000 kcal” (Alexandratos 
and Bruinsma 2012). Demographic changes primarily in the food-insecure coun-
tries like in sub-Saharan Africa which is scourged with low per capita food con-
sumption and high population growth can modify the development trajectory in 
world food security.

Food security as a comprehensive term was used to describe whether a country 
had access to enough food to meet dietary energy requirements (Pinstrup-Andersen 
2009). The concept of food security emerged with complete clarity at the World 
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Food Summit in 1996, wherein it was categorically stated that “food security exists 
when all people, at all times, have physical, social and economic access to suffi-
cient, safe and nutritious food to meet their dietary needs and food preferences for 
an active and healthy life” (FAO 1996, 2009; Barrett 2010). The four cornerstones 
of food security are availability, access, utilization and stability. The nutritional per-
spective is an intrinsic part of food security (FAO 2009).

Availability It relates to “the availability of sufficient quantities of food of appro-
priate quality, supplied through domestic production or imports” (Wheeler and von 
Braun 2013). This dimension is concerned with the ability of the agricultural system 
to cater to the rising food demand on account of increasing population.

Access It includes “access by individuals to adequate resources to acquire appro-
priate foods for a nutritious diet” (Wheeler and von Braun 2013). This dimension is 
greatly influenced by the changes in the real income and food prices, transport of 
food grains, and purchasing power of consumers.

Stability It refers to the food accessibility to individuals, household, population at 
all times.

Utilization This dimension reflects on adequate  food, clean water, sanitation, 
health care, and food safety. This component of food security aims to achieve nutri-
tional wellbeing (FAO 2008).

Nutritional Security An essential ingredient of food security is nutritional secu-
rity. Incorporation of pulse crops and nutri-cereals in the crop basket will enable to 
achieve nutritional security and these crops are climate-resilient. Further, pulse 
crops enrich soil fertility and augment the rural livelihood security of farmers and 
cultivators. Crop and farm diversification enable the resilience and adaptive capac-
ity of agricultural system.

Climate change and food systems including food security have risk and uncer-
tainities for human societies and ecologies (Wheeler and von Braun 2013). Through 
the negative impacts on food production, food prices and accessibility, consumption 
and utilization, climate change has pervasive effect on all the dimensions of food 
security (Porter et al. 2014). In effect, climate change will affect the integrity and 
stability of food systems. Climate change indirectly impacts food security through 
its effects on access to drinking water, income, health, sanitation, income and food 
supply chain (Fig. 2.7). Vulnerable, disadvantaged particularly smallholder farmers 
and food insecure are likely to be the first affected from climate change (FAO 2009). 
Climate change affects food markets and enhances the consumer risks to food sup-
ply (Lipper et al. 2014). Agriculture-dependent and rural livelihoods that are vulner-
able to food crises face potential threats under the emerging realities of climate 
change (Lipper et al. 2014; Venkatramanan 2017). Perusal of impacts of climate 
change warrants appropriate mitigation and adaptation strategies involving green 
technologies, conservation management and wise use of agricultural inputs. Climate 
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smart agriculture is sine qua non to achieve global food security, to empower the 
rural livelihoods and to fortify and enhance the resilience of agriculture system and 
stakeholders (Venkatramanan 2017).

2.5  Climate Smart Agriculture: The Way Forward

Agriculture is at crossroads. Mounting pressure from growing food demand, declin-
ing soil fertility, competing uses for agriculture inputs like land, water, global 
change including climate change demand greening of agricultural practices, growth 
and development. Greening of agriculture growth warrants a paradigm shift in agri-
cultural planning, research and development, innovations in food systems, biotic 
and abiotic risk reduction, hazard management and climate management 
(Venkatramanan 2017). In effect, agriculture production system requires resilient 
development pathways to augment global food grain production, reduce GHG emis-
sions from agricultural activity and adapt agriculture to climate change and vari-
ability (Lipper et  al. 2014; Venkatramanan 2017). Due to growing concerns for 
hunger and malnutrition (Grebmer et al. 2012), potential threats of climate change 
and extreme weather events on agricultural food systems (Lipper et  al. 2014), 

Fig. 2.7 Direct and indirect effects of climate change on food security
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declining marginal productivity of agriculture inputs, FAO and World Bank concep-
tualised “Climate Smart Agriculture”. Climate Smart Agriculture (CSA) is aptly 
defined as an “agricultural approach that sustainably increases productivity, resil-
ience (adaptation), reduces/removes greenhouse gases (mitigation) and enhances 
achievement of national food security and development goals” (FAO 2013). The 
goals of CSA (Fig. 2.8) focusses on food security and poverty reduction; maintain-
ing and augmenting the productivity and resilience of natural and agricultural eco-
system functions (Steenwerth et  al. 2014). Climate change threats to agriculture 
system can be minimised by adopting CSA approach (Fig.  2.9) which aims at 
increasing the resilience, the adaptive capacity of the farmers and resource use effi-
ciency (Lipper et al. 2014). Adaptation is defined as the “decision-making process 
and the set of actions undertaken to maintain the capacity to deal with future changes 
or perturbations to socio-ecological system without undergoing significant changes 
in function, structural identity, while maintaining the option to develop” (Nelson 
et al. 2007). Relationship existing between climate change and food production to a 
large extent depends on which, when and how the adaptation strategies and actions 
are taken. Multi-level adaptation strategies including agronomic adaptation greatly 

Fig. 2.8 Goals of Climate Smart Agriculture
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minimize the negative impacts (Porter et  al. 2014). For instance, transformative 
policies and proactive management practices aiming to build resilience of the agro- 
ecosystem would greatly empower and insure the stakeholders and marginal and 
small farmers from climate change impacts.

Climate smart agriculture provide a pathway to achieve sustainable development 
goals which focuses on poverty reduction, food security, environmental health. 
SDGs are integrated into the development agenda as a follow-up to the MDGs. 
There are in total 17 SDGs with 169 targets and the agenda is set for 2030 (Griggs 
et al. 2013; Lu et al. 2015). The SDGs are interconnected goals having a global 
reach (Glaser 2012) and they squarely address the challenges and barrier to sustain-
able development like poverty, food and nutritional security, environmental degra-
dation, health and education (ICSU 2015). While SDG 2 deals with measures to end 
hunger, and achieve food security through sustainable agriculture and improved 
nutrition, the SDG 13 aims to combat climate change and its impacts. SDGs are 
well connected as evidenced in the connection of SDG 2 with SDG 13 (climate 
security), SDG 6 (water security), SDG 15 (soil security), SDG 7 (energy security), 
and SDG 5 (gender equality).

2.5.1  Essentiality of Resilience for Climate Smart Agriculture

Resilience as a concept factor in a range of issues like disaster risk reduction, adap-
tation, food and nutritional security, etc. (Tanner and Horn-Phathanothai 2014). 
Resilience refers to the “amount of change a system can undergo and still retain the 
same function and structure while maintaining options to develop” (Nelson et al. 
2007). The key characteristics of the resilience concept are shown in Fig.  2.10 
(Bahadur et al. 2013).

High diversity greatly augments resilience capacity, ecosystem stability, and eco-
system functioning. For instance, rich agro-biodiversity insulates the agricultural 
system from stresses like climate change. Further, the diversity concept underlines 
the need for more options for rural livelihood, looking beyond the horizon, and fac-
toring in multiple technologies, and dovetailing the non-farm livelihood opportuni-
ties with on-farm livelihoods. As regards the agro-ecosystem resilience, the system 
should have the ability to change. Inability to change can be construed as lack of 
resilience. Further, the transient behavior of ecosystem should be upheld. The natural 
ecosystem are stated to be resilient as they are continually in a transient state. Further, 
resilience thinking enable the adaptation planners’ and policy makers to plan not 
only to the predicted climate change but also to all possible scenarios including the 
failure scenario (Bahadur et al. 2013; Tanner and Horn-Phathanothai 2014).

Agricultural sustainability as enunciated by Jordan (2013) includes recognition 
of feedback interaction in ecosystems that enable the system to be controlled and 
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self regulated; maintaining the stability and sustainability of the ecosystem through 
use of free services of nature and increasing the species and landscape diversity. 
Environmental sustainability is essential to meet the food security goals. Agriculture 
on its part must strive to achieve certain environmental goals like reducing GHG 
emissions, enhancing resource use efficiency, agrobiodiversity conservation. In 
order to live sustainably well within the planetary limits, agricultural productivity 
must be enhanced through producing more from same piece of land, and increasing 
the efficiency of resource use (Fedoroff 2015). Further, to achieve the food security, 
smart agriculture must enable enhanced agricultural production, ensure integrity 
and stability of food system, improve accessibility and availability of food (Fig. 2.11) 
(Foley et al. 2011).

The community participation is one of the hall marks of resilient system. 
Community participation in tandem with traditional and indigenous knowledge 
enables community resilience as the representatives from all the sections of the 
community involve in decision making. Also, the individuals can better assess their 
capability and vulnerability, identify the coping strategies, and earnestly prepare 
and plan for the potential disturbances. Redundancy is another important character-
istic of resilient system. It refers to the ability of the response pathway, elements of 
the system, processes and capacities of ecosystem to allow for a partial failure of the 

Fig. 2.9 Dissection of Climate Smart Agriculture approach
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system without a complete collapse of the system. Resilience and sustainable devel-
opment intersect on the idea and essentiality of equity in achieving climate resilient 
growth and development. Justice and equitable distribution of assets, wealth, liveli-
hood opportunities, and equitable economy will safeguard the socio-ecological 
 system from hazards and stresses (Bahadur et al. 2013). In effect, while resilience 
approach deals with non-linear dynamics, uncertainties, and surprises, adaptation 
aim at reducing the expected damage from climate scenarios (Tanner and Horn- 
Phathanothai 2014).

2.5.2  Climate Resilient Pathways in Agriculture

As agriculture sector encounters many biotic and abiotic stresses, there exists a 
multitude of development pathways. However, the CSA pathway leads to higher 
resilience and lower risks to food security (Fig. 2.12) (Lipper et al. 2014). The driv-
ers of change greatly enhances the vulnerabilities. However, the CSA approach 
aims at reducing the impact of drivers of change through adaptation and mitigation 
measures.

Fig. 2.10 Virtues of resilience – An adaptation to climate smart agriculture approach. (Modified 
from Bahadur et al. 2013).
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Climate smart agriculture practices include integrated crop management, inte-
grated farming system, conservation agriculture, agro-forestry, management of crop 
residues, agronomic adaptation, water conservation and irrigation management. As 
regards the spatial scale of CSA adoption, CSA practices are applied from farm to 
global level through food supply chain and landscape. The driving force of CSA is 
ecosystem approach which is based on the systems approach. The cornerstone of 
CSA is adoption of mitigation and adaptation strategies and dovetailing the same 
into development trajectory of agriculture growth. Mitigation to climate change 
refers to human mediated interventions aiming to reduce or remove the GHGs 
through enhancing the sequestration of GHGs. The mitigation potential and strate-
gies for mitigation of climate change are function of crop and soil environment. To 
cite an example, lowland paddy cultivation under waterlogged and anaerobic condi-
tion, releases methane due to the action of methanogens upon the soil organic mat-
ter. The Methane emission can be reduced through adoption of appropriate 
mitigation strategies. Irrigation management is crop and region specific. Mid-season 
aeration greatly aids in mitigating methane emissions. Methane emission from 

Fig. 2.11 Meeting goals for food security and environmental sustainability. (Reprinted by permis-
sion from Springer Nature, Solutions for a cultivated planet, Foley et  al. 2011. Nature 478: 
337–342)
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ruminants can be reduced by adopting protein rich diet (Aggarwal et  al. 2009; 
Pathak et al. 2012). Adaptation to climate change is the process of adjustment to 
actual or expected climate and its effects. Adaptation strategies include crop diver-
sification, use of indigenous knowledge, development of tolerant crop varieties, etc.

2.5.3  Climate Smart Agriculture Technologies

The core of CSA is climate smart agriculture technologies. “Adaptation options that 
sustainably enhance productivity, enhance resilience to climatic stresses, and reduce 
greenhouse gas emissions are known as climate-smart agricultural (CSA) technolo-
gies, practices and services” (FAO 2010; Khatri-Chhetri et al. 2017). These tech-
nologies though are needed in all the agroecosystem, it is pertinent for the developing 
countries as these practices can bring in agricultural transformation; insure them 
against climate change and achieve food security. Albeit, several studies have 
reported diverse technologies as part of CSA, the technologies can be stated as 
smart technologies provided they are able to achieve either of the goals of CSA 
(Fig.  2.13). CSA technology adoption is mainly dependent on the bio-physical 

Fig. 2.12 Climate-resilient transformation pathways for agriculture. (Reprinted by permission 
from Springer Nature, Climate–smart agriculture for food security. Lipper et  al. 2014. Nature 
Climate Change. Vol.4: 1068–1072)
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environment, socio-economic characteristics of farmers, and virtues of CSA tech-
nologies (Khatri-Chhetri et al. 2017).

2.6  Conclusion

Agriculture is at crossroads. Perhaps, the perform or perish paradigm is stifling 
global agriculture sector. Agriculture being one of the major GHG emitter, has to 
factor in many transformative policies to mitigate climate change. On the other 
hand, being an ecosystem service provider, agriculture strives hard to upscale agri-
culture production and achieve global food security. So, in order to achieve increased 
agricultural production and decreased GHG emissions, the climate smart agricul-
ture approach came into existence. This CSA approach enables along with food 
security, mitigation of and adaptation to climate change as it is embedded with 

Fig. 2.13 Matrix of climate smart agriculture technologies. (Modified from FAO (2010) and 
Khatri-Chhetri et al. 2017)
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sustainability principles of resilience and adaptation. Further, the approach as both 
temporal and spatial dimensions. This CSA approach is applicable from local to 
global scale and it has short term and long term goals. Inherently, the approach rec-
ognises the fact that climate change mitigation and adaptation measures are country 
specific and it also possess enough elbow space to factor in trade offs. Additionally, 
stability, integrity, and resilience of agricultural system is sine qua non for human 
existence.
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Chapter 3
Phosphorus Management 
in Agroecosytems and Role and Relevance 
of Microbes in Environmental 
Sustainability

Sagar Chhabra

Abstract Phosphorus (P) is an important macronutrient source for plant growth. 
However, it is a limiting mineral resource based on its availability in the environ-
ment and the form it is available to the plants. High amount of phosphorus use in 
soil is often considered to be non-productive to agriculture and can lead to mineral 
and heavy metal accumulation, soil leaching, surface run-off, and eutrophication in 
water bodies. This chapter reviews literature concerning P management practices in 
agriculture, the importance, role and relevance of microorganisms in P availability, 
environmental sustainability and the perspective of these microbes is discussed.

Keywords Fungi · Bacteria · Phosphorus · Environmental sustainability

3.1  Introduction

Agriculture is at crossroads. Modern intensive agriculture is under immense pres-
sure to cater to the needs of growing population. The bedrock of modern agriculture 
is its dependence on chemical fertilizers, and pesticides. As regards the soil nutri-
ents, phosphorus is an essential macronutrient source in crop production and plays 
a vital role in increasing plant productivity as it helps in plant development, photo-
synthesis, transfer of genetic traits and is component of metabolic pathways, etc. 
(Armstrong 1988). The high P fertilization in agro-ecosystems is a common prac-
tice around the world today due to low availability of available form of P from either 
organic or chemical P fertilizer sources (Rodríguez and Fraga 1999). The organic 
form of P constitute 20-80% of P pool in soil and is the major portion of immobi-
lized P reservoir in soils whereas the chemical form of P fertilizer added as organic 
P substitute such as from mineral rock P resource do not exceeds more than 30% as 
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available P in soil for plant uptake on an estimate (Norrish and Rosser 1983; 
Richardson 1994).

The low availability of P in soils is due to low plant available form of P as ortho-
phosphate anions (HPO4

2-, H2PO4
-) in soil which results primarily by weathering of 

rock phosphate in environment or due to mineralization, desorption or dissolution 
of organic or inorganic P sources or pool present in soil (Compton et  al. 2000; 
Hinsinger 2001; Arcand and Schneider 2006).

The plant available form of P (orthophosphate anions) is usually highly reactive 
in soil and very often form mineral complexes with calcium, iron and aluminium 
present in soil depending on the soil pH (Shen et al. 2011). The excessive addition 
of P to overcome nutrient P deficiency in soil is therefore considered important and 
can lead to nutrient accumulation, nutrient imbalance, heavy metal accumulation 
(such as Cadmium (Cd), lead (Pb) and arsenic (As), etc. that are naturally present in 
resource P as in mineral rock phosphate, soil acidification, soil leaching and surface 
runoff resulting in eutrophication and pollution of water bodies worldwide 
(Giuffréde López Carnelo et al. 1997; Keller and Schulin 2003; Gupta et al. 2014; 
Wang et al. 2015b).

The current P management practices in agriculture therefore undermine the 
future food security and also has impact on environment and human health. This 
chapter focuses on sustainability measures to P management with the major empha-
sis on the role and relevance of microbes in P availability and environmental 
sustainability.

3.2  Approaches to P Management and Relevance 
of Microorganisms in Soil

There are number of sustainability measure that are suggested for the improvement 
of phosphorus usage and P management in agriculture. The 4R Nutrient manage-
ment approach advocated by the IFA (2009) and IPNI (2014) are useful measure on 
the selection of P fertilizer and its utilization on land such as with the focus on the 
right sources, the right rate, the right time and the right placement to limit excessive 
usage of P resource on land. The changes in fertilization practices with the adoption 
of land management practices that protect soil quality and limit soil erosion 
(Sharpley 2016). The suitable land use planning and the suitable plant breeding 
program and effective nutrient recycling and controls are other important measures 
and approaches to P management in soil (McDowell et al. 2001; Sharpley 2016).

The microbes play vital role in nutrient cycling and P availability in agriculture. 
The use of microorganisms is an important step to promote the sustainable use of 
phosphorus resources (Sharpley 2016). Figure 3.1 depicts the nutrient P resource 
and microbial mediated nutrient P cycling and the control measures to sustainable P 
management.
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3.2.1  Microbial Mediated P Availability in Soil

The soil contain highly diverse group of microorganisms such as bacteria, fungi or 
AMF and the P availability is long being associated with microbial functions 
(Table 3.1) (Richardson and Simpson 2011). Among the well-known associations, 
AMF association with land plants is the most primitive and is known to be associ-
ated with 80% of land plants (Kim et al. 2017). AMF improve P availability in land 
plants such as by indirectly increasing root soil interface and improves the P avail-
ability to plants from the soil (Johri et al. 2015). AMF are also known to release 

Control of P amendments by 
buffers and filters, chemical 
control/ dietary manipulation,

Nutrient P management 
e.g.  4R nutrient  
management approach

Available P
(HPO4

-2, H2PO4-1, 
dissolved organic P)

leachate P
Aquatic 

P  management and 
control measure

Organic and 
Inorganic P pool
(adsorbed, precipitated, 
mineral   form etc.)

Solubilization 

Immobilization

Mineralization

P resources and  its 
availability from  soil  P

pool

Fig. 3.1 Strategies for phosphorus management and its controls measures in agriculture. The 4R 
management refers to Right rate of P to match crop needs, in the Right source, at the Right time, 
and in the Right place. (From IFA (2009) and IPNI (2014)

Table 3.1 Examples of phosphate functional microbiome

Microorganisms Diversity

Bacteria Achromobacter, Agrobacterium, Bacillus, Bradyrhizobium, Burkholderia, 
Citrobacter, Enterobacter, Erwinia, Gordonia, Klebsiella, Micrococcus, 
Nitrobacter. Nitrosomonas, Pantoe, Proteus, Pseudomonas, Rhizobium, 
Serratia, Thiobacillus, Xanthomonas

Fungi Aspergillus, Candida, Chaetomium, Cladosprium, Cunnighamella, 
Curvularia,Humicola, Helminthosporium, Paecilomyces, Penicillium, 
Populospora, Phoma, Pythium, Trichoderma

AMF Glomus
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hydrolytic enzyme such as acid phosphatase and contribute to P availability directly 
by organic P mineralization in soil (Sato et al. 2015). The AMF function has been 
reported to significantly improve P availability in soils especially with low P content 
and in soil having high P fixing capacity (i.e. soil having higher immobilized form 
of P) (Balemi and Negisho 2012). AMF are also associated with other important 
plant growth promotion functions and are associated with heavy metal remediation 
potential (Khan et al. 2014a). Besides AMF, a number of other group of fungi and 
fungal endophyte that reside asymptomatically (with no visible symptoms of infec-
tion) in plants are associated in improving P availability (Johri et al. 2015).

The microbial P availability is also associated with number of bacteria present in 
soil which are involved in P solubilization and mineralization activity to increase P 
availability in soil in form of orthophosphate anions for the plant uptake (Rodríguez 
and Fraga 1999; Chhabra et al. 2013). An estimated P-solubilizing bacterial popula-
tion in soil constitute in a range of 1–50% of total population whereas the fungi in 
soil are in range of 0.5%–0.1% of the total population in soil (Kucey 1983; 
Gyaneshwar et al. 2002). The bacterial contribution to P availability to land plants 
are also associated with other or indirect function such as phytostimulation of plant 
root and root hairs which can help increase P uptake by plant from soil by increasing 
the soil root interface (Chhabra and Dowling 2017). The microorganisms also con-
tribute to P availability in soil by acting as P resource themselves, as a significant 
amount of P is cycled through the microbial biomass on land on an annual basis 
which is estimated to be typically 10 to 50 kg P/ha or may be as high as 100 kg P/
ha in soil (Richardson 2007).

3.2.2  Microbial Phosphate Solubilization and Mineralization 
Activity

Microorganisms such as bacteria and fungi isolated from plants have been shown 
under in vitro conditions to be involved in mineral phosphate solubilization (MPS) 
activity by production of extracellular organic acid anions such as gluconic acid 
(Otieno et al. 2015), malic acid (Jog et al. 2014), citric acid, salicylic acid, benzene 
acetic acid (Chen et al. 2014), tartaric acid, and acetic acid (Khan et al. 2014b), etc. 
which help to release P linked to minerals and increase P availability in soil (Kepert 
et al. 1979). The mineral P availability in soil is also associated with other functions 
such as production of siderophores, protons, hydroxyl ions, CO2 and are linked to 
the release free orthophosphate anions in the extracellular medium (Rodríguez and 
Fraga 1999; Sharma et al. 2013).

The Organic phosphate mineralization activity and its availability occurs largely 
at the expense of plant or animal remains or in the form such as phytic acid (inositol 
hexakisphosphate), mono- and diesters, phospholipids, nucleotides, sugar phos-
phates, and phosphoproteins. Also phosphonate (a class of organophosphonates) 
degradation is associated with mineralization activity (Tate 1984; Rodríguez and 
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Fraga 1999). The mineralization mechanism of organic P involves hydrolysis of the 
phosphoester or phosphoanhydride bonds carried out by phosphatases (or phospho-
hydrolases) or cleavage of the C-P bond in the case of phosphonates. There are 
several different phosphatases (or phosphohydrolases) that are involved in hydroly-
sis of phosphoester or phosphoanhydride bonds and these have been classified 
based on their activity under optimal pH conditions or their specificity such as 
acidic or alkaline phosphatase etc. (Rodríguez and Fraga 1999).

3.2.3  Functional Aspects of Phosphate Solubilizing Microbes 
and Its Role in Heavy Metal Remediation

The phosphate solubilizing or mineralizing microorganisms are recognized with 
many other functional aspects or plant growth promoting traits such as plant hor-
mone production, biocontrol function, nutrient cycling, etc. and some are detailed in 
Tables 3.2 and 3.3 and Fig. 3.2. The bioremediation potential of these microbes are 
recognized to be useful to treat heavy metals polluted soil and can be beneficial for 
soils having high immobilized form of P or high heavy metal contamination such as 
those that are also sourced by higher P fertilizers management in soil such cadmium 
(Cd), arsenic (As), chromium (Cr), lead (Pb) etc (Gupta et al. 2014) (Table 3.4).

The phosphate solubilizing microorganisms can help in heavy metal remediation 
by its immobilization or stabilization in soil also known as phytostabilization 
(Ahemad 2015). The phytoextraction of heavy metals by microbial mediated mobi-
lization in soil and its uptake by plant is another mechanism for heavy metal reme-
diation. The phytostabilization of heavy metals by P microbes are proposed to 
involve biosorption or precipitation mechanism or microbial chelation activity 
(Ahemad 2015). The phytoextraction of heavy metal or its mobilization may involve 
microbial functions such as organic acid production, secretion of siderophores, etc. 
(Table 3.4), which may help in heavy metal mobilization or its phytoextraction in 
plants (Ahemad 2015). Some of these functions from literature are detailed in 
Table 3.4.

3.2.4  Phosphate Solubilizing or Mineralizing Bioinoculant 
Potential for Sustainable Environment Management

The current strategies that underlie with sustainable P management in agriculture is 
to reduce reliance on fertilized P resource and to better exploit P accumulated in 
soil. The use of microorganisms can be useful as a biofertilizer resource for increas-
ing the mobilization of P in soil or to enhance the P availability to crops plants. The 
phosphate solubilizing microorganisms themselves are useful P resource (with 
available P in their biomass) or it can help in increasing the P availability to plant 
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Table 3.2 Examples of P mobilizing microorganisms with recognized functional aspects

Organism Isolation source Functional aspects References

Acinetobacter 
calcoaceticus

Roots of Brassica sp. 
(Brassica oleracea)

Mineral phosphate 
solubilization, Phosphatase 
activity, heavy metals 
tolerance

Ghoreishi and 
Etemadifar 
(2017)

Aspergillus sp., 
Emmericella sp. and 
Penicillium sp.

Arid and semi-arid 
soil

Phytase and phosphatases Yadav and 
Tarafdar (2003)

Bacillus species PSB10 Conventional 
(cultivated) fields 
soil

Mineral phosphate 
solubilization IAA, 
siderophores, HCN, 
ammonia

Wani and Khan 
(2010)

Bacillus thuringiensis Agricultural fields 
soil

Mineral phosphate 
solubilization, IAA, 
antibiotic resistant, heavy 
metal resistant

Sandip et al. 
(2011)

Bacillus sp., 
Azotobacter sp. and 
Pseudomonas sp.

Contaminated soil Mineral phosphate 
solubilization heavy metals, 
IAA

Mohamed and 
Almaroai 
(2017)

Gluconacetobacter 
Diazotrophicus

Roots of sugar cane 
(Saccharum 
officinarun)

Mineral phosphate 
solubilization, Biological 
nitrogen fixation

Crespo et al. 
(2011)

Pantoea agglomerans Root nodules of 
peanut (Arachis 
hypogaea L.)

Mineral phosphate 
solubilization, siderophore 
production

Taurian et al. 
(2013)

Penicillium oxalicum 
and Aspergillus niger

Rhizosphere of 
Asparagus, 
Asparagus officinalis 
L.)

Mineral phosphate 
Solubilization, biocontrol 
activity

Ruangsanka 
(2014)

Pseudomonas 
aeruginosa strain 
OSG41

Rhizosphere of 
mustard (Brassica 
campestris)

Mineral phosphate
Solubilization, IAA, 
siderophores

Oves et al. 
(2013)

Pseudomonas. 
fluorescens strain Psd

Rhizosphere of 
Black gram (Vigna 
mungo)

Mineral phosphate 
Solubilization, IAA, 
siderophores, HCN, 
antibiotics, biocontrol 
activity

Upadhyay and 
Srivastava 
(2010)

Pseudomonas sp. TLC 
6-6.5-4

Lake sediment Mineral phosphate 
solubilization, IAA, 
siderophore

Li and 
Ramakrishna 
(2011)

Rhizobium 
endophyticum sp. Nov

Seed of Common 
Bean/French bean 
(Phaseolus vulgaris)

Phytate López-López 
et al. (2010)

Streptomyces tricolor 
mhce0811

Wheat (Triticum 
aestivum)

Mineralphosphate 
solubilization phytase, 
siderophores, IAA, chitinase

Jog et al. (2014)

Trichoderma spirale Seedling of Meranti 
(Shorea leprosula) 
and (Shorea 
selanica)

Mineral phosphate 
solubilization and inhibition 
of fungal pathogen 
(Fusarium)

Hakim et al. 
(2015)
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for its uptake and often concomitantly perform many other plant growth promotion 
functions (Chhabra and Dowling 2017).

The bioremediation potential of these microorganisms can be useful in heavy 
metal remediation such as to minimize the heavy metal mobilization in food crops 
or it can be useful in improving the phytoremediation potential for heavy metals 
remediation (such as by use of selective microbial P inoculant source in soil) 
(Ahemad 2015)

Table 3.3 Examples of P mobilizing microorganisms and plant benefits

Organism Benefitted plant Benefit References

Aspergillus. niger Subterraneum Clover 
(Trifolium subterraneum 
L.)

Increased in 
seedling growth

Hayes et al. (2000)

Aspergillus niger Wheat (Triticum 
aestivum)

Improved growth Xiao et al. (2013)

Aspergillus niger, 
Penicillium aculeatum

Chinese cabbage 
(Brassicasp.)

Increased growth Wang et al. (2015a)

Bacillus amyloliquefaciens 
FZB45

Maize (Zea mays cv. 
Elita)

Improved root 
growth

Idriss et al. (2002)

Bacillus sp. and 
Pseudomonas sp.

Sesame (Sesamum 
indicum)

Increased seed 
yield

Jahan et al. (2013)

Bacillus thuringiensis Rice (Oryza sativa) Increased shoot 
length

Paul Raj et al. 
(2014)

Burkholderia cepacia Maize (Zea mays) Improved growth Zhao et al. (2014)
Burkholderia sp. Chili (Capsicum 

frutescens L. cv. Hua 
Rua)

Improved growth Surapat et al. 
(2013)

Burkholderia sp. Lotus (Lotus japonicus 
B-129 ‘Gifu’)

Increased in 
plant dry weight 
and shoot length

Unno et al. (2005)

Pantoea agglomerans 
PSB-1 and Burkholderia 
anthina (PSB-2)

Mung bean (Vigna 
radiata L.)

Improved growth Charana Walpola 
and Yoon (2013)

Piriformospora indica Maize (Zea mays) Increase in 
biomass and 
growth

Kumar et al. 
(2011); Gill et al. 
(2016)

Pseudomonas fluorescens 
L321

Pea (Pisum sativum L.) Improved growth Otieno et al. (2015)

Pseudomonas sp. and 
Rhizobium sp.

Faba bean (Vicia faba L.) Increased plant 
height

Demissie et al. 
(2013)

Serratia sp. Wheat (Triticum 
aestivum)

Improved growth Swarnalakshmi 
et al. (2013)

Sporotrichum thermophile Wheat (Triticum 
aestivum)

Increased growth 
of wheat

Singh and 
Satyanarayana 
(2010)

3 Phosphorus Management in Agroecosytems and Role and Relevance of Microbes…

https://en.wikipedia.org/wiki/Brassica_rapa


60

ACC deaminase activity

Biological Nitrogen fixation                          Siderophore production

Hormone production Biocontrol and pollutant
degradation/ remediation

Enhancing availability of trace element (e.g. zinc and potassium)

P solubilizing 
microbiome in soil 

and associated 
functional aspect 

for productive 
agriculture

Fig. 3.2 Functional aspects of P microorganisms or microbiome for more productive agriculture

Table 3.4 Examples of phosphate mobilizing microorganisms and mediated metal remediation

Organism Plant
Heavy 
metal Mechanism References

Acinetobacter 
haemolyticus RP19

Pearl millet 
(Pennisetum 
glaucum)

Zn Phytostabilization Misra et al. 
(2012)

Achromobacter 
xylosoxidans strain Ax10

Indian mustard 
(Brassica juncea)

Cu Phytoextraction Ma et al. 
(2009a)

Enterobacter aerogenes 
NBRI K24, Rahnella 
aquatilis NBRI K3

Indian mustard 
(Brassica juncea)

Ni, Cr Phytostabilization Kumar et al. 
(2009)

Pseudomonas aeruginosa 
strain MKRh3

Black gram (Vigna 
mungo)

Cd Phytostabilization Ganesan (2008)

Pseudomonas sp., 
Bacillus sp.

Indian mustard 
(Brassica juncea)

Cr Phytostabilization Rajkumar et al. 
(2006)

Pseudomonas fluorescens Soybean (Glycine 
max PK 564)

Hg Phytostabilization Gupta et al. 
(2005)

Pseudomonas sp. Chickpea (Cicer 
arietinum)

Ni Phytostabilization Tank and Saraf 
(2009)

Pseudomonas sp. TLC 
6-6.5-4

Maize (Zea mays) 
and Sunflower 
(Helianthus annuus)

Cu Phytoextraction Li and 
Ramakrishna 
(2011)

Pseudomonas sp. SRI2, 
Psychrobacter sp. SRS8, 
Bacillus sp. SN9

Indian mustard 
(Brassica juncea), 
Brassica oxyrrhina

Ni Phytoextraction Ma et al. 
(2009b)

Adapted from Ahemad (2015)
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A number of P microorganisms are being recognized with P function or tested 
with functional potential in field, green house or in vitro studies and the influence of 
these microorganisms in soil or on plant nutrient uptake can be variable among 
strains and is considered to be dependent on host species/cultivars, microbial taxa, 
and environmental conditions (Kageyama et al. 2008). The selection of an appropri-
ate microorganisms in agriculture production is an important step for its commer-
cialization and its utilization on land and mostly dependent on its field performance 
or its function.

The AM fungi belonging to the phylum Glomeromycota have been shown to 
increase P uptake in diverse crop plants (Berruti et al. 2015; Igiehon and Babalola 
2017). However, the AMF application as a commercial bioinoculant source can be 
limited due to its unculturable characteristics and difficultly to produce at a large 
scale at a competitive costs (as AMF is a obligate biotroph and requires host for 
growth) (Berruti et  al. 2015). The plant root or soil associated fungi are another 
group of microorganisms which can mobilize inorganic P such as rock phosphate to 
increase inorganic P availability in soil. Also, these microorganisms can increase P 
availability from organic P sources such as by phosphatase (phosphohydrolases) 
activity (Rodríguez and Fraga 1999). A number of soil and plant associated fungi 
are isolated and described in literature (Tables 3.1, 3.2 and 3.3). Among the com-
mercially available examples, the fungal bioinoculant Penicillium bilaiae marketed 
by Mosanto BioAg as JumpStart® are considered to be useful for P availability 
(Mosanto BioAg, Canada). The Penicillium bilaiae colonize the plant’s root of 
many plants and increases the availability of bound mineral P forms in soil and 
fertilizer phosphate. Besides role of other P fungi isolated from soil and rhizosphere 
are recognized (Johri et al. 2015). The role of fungal endophytes (that reside asym-
potmatically in plants) are also described in literature on P availability, for instance 
Piriformospora indica (phylum Basidiomycota; order Sebacinales) which is con-
sidered to be a potential candidate as a bio-inoculant as it is known to colonize a 
wide range of monocots and dicots plants (Prasad et al. 2005, 2008, 2013; Gill et al. 
2016).

The potential of bacteria are also been recognized as a commercial inoculants in 
market such as N-Fix® (Azotic Technologies, UK) or NITROFIX™- AD (AgriLife, 
India) formulated using bacteria Gluconacetobacter diazotrophicus. The G. diazo-
trophicus recognized with biological nitrogen fixation in plants are also recognized 
with functional trait such as phosphate solubilization activity (Intorne et al. 2009). 
The bacterial P microorganism with heavy metal tolerance and remediation are also 
being successfully tested by number of studies (Table 3.4). A number of phospha-
tase mineralization and phytase microorgansims are recognized and have been 
tested for increasing plant yield (Singh and Satyanarayana 2011).
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3.3  Conclusion

Phosphorus solubilizers and mobilizers can be utilized for improving agricultural 
productivity, and soil productivity through sustainable use of P resources and toxic 
pollutant remediation. The P microbial functional potential can be tapped as a use-
ful bioresource which can help in increasing agricultural production; help to reduce 
mineral P inputs; aid in bioremediation, and perform many plant growth promoting 
functions.

Acknowledgement The author acknowledges the support provided by MicroGen Biotech Ltd, 
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Chapter 4
Management of Heavy Metal Polluted 
Soils: Perspective of Arbuscular 
Mycorrhizal Fungi

R. Krishnamoorthy, V. Venkatramanan, M. Senthilkumar, R. Anandham, 
K. Kumutha, and Tongmin Sa

Abstract In recent years, intensive research have been initiated on remediation of 
metal polluted soil due to the public concerns on ecosystem deterioration. Plants 
are used as an effective tool in remediation of metal polluted soil. In natural eco-
system, plants are associated with soil microorganisms which plays an important 
role in enhancing plant growth in metal contaminated site and phytoremediation 
process. Among the microorganisms, arbuscular mycorrhizal fungi (AMF) contrib-
utes markedly in the phytoremediation process in metal contaminated site by 
enhancing plant stress tolerance and metal extraction from soil (phytoextraction) 
and immobilization of metals in soil (phytostabilization). This chapter deals with 
our study on the effect of heavy metal on AMF root colonization and diversity in 
heavy metal and metalloid contaminated sites. In addition, this chapter summarizes 
the mechanisms involved in AMF mediated phytoremediation of metal polluted 
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soil. Potential  prospects lies in revealing the mechanisms behind the tripartite 
interaction among plant species, AMF species and heavy metals for effective man-
agement of polluted soils.

Keywords Arbuscular mycorrhizal fungi · Heavy metals · Phytoextraction · 
Phytostabilization

4.1  Introduction

Plant root symbiosis with fungi occurs in different forms, which are referred as 
mycorrhiza. Mycorrhizal associations are emblematic of a symbiosis between 
plants and fungi. The term mycorrhiza was coined by Frank (1885) which was 
derived from two Greek words ‘mycos’ (meaning fungus) and ‘rhiza’ (meaning 
root). Different type of mycorrhiza are described (arbuscular, ecto, ectendo-, arbu-
toid, monotropoid, ericoid and orchidaceous mycorrhizae) so far, in which arbuscu-
lar mycorrhizae and ectomycorrhizae are the most abundant and widespread (Allen 
et al. 2003). Mycorrhizal associations are important from the perspective of plant 
growth, plant nutrition, plant diversity, nutrient cycling, ecosystem processes, and 
ecosystem functioning (Sanders and Croll 2010). Arbuscular mycorrhizal fungi 
(AMF) are able to establish symbiotic association with more than 80% of the plant 
families. AMF takes about 20% of the carbon from plant and in return help the plant 
to uptake more water, phosphorus and other nutrients from soil. Arbuscular mycor-
rhizal fungi are grouped into the phylum Glomeromycota (Smith and Read 2008).

Arbuscular mycorrhizal fungi (AMF) are important soil microorganisms that 
play a key role in facilitating nutrient uptake by crops in a variety of agroecosys-
tems, particularly in low-input farming systems, and in revegetation and rhizomere-
diation processes. Studies in glasshouse and fields have assessed the positive effects 
of AMF on nutrient uptake, plant growth and yield. Enhancing the mycorrhizal sys-
tem of a low-fertility or degraded soil helps the root system acquire more nutrients. 
It is widely recognized that AMF play an important role in improving the uptake of 
low mobile ions, in phosphate (PO4

3−) and in ammonium (NH4
+) phases (Martin 

et al. 2007). AMF not only increase the rate of nutrient transfer from the roots to the 
host plant, but they also increase resistance to biotic and abiotic stresses (Singh 
2006; Martin et al. 2007). The key effects of AM symbiosis can be summarized as 
follows: (1) enhancing uptake of low mobile ions, (2) improving quality of soil 
structure, (3) enhancing plant community diversity, (4) improving rooting and plant 
establishment, (5) improving soil nutrient cycling, and (6) enhancing plant toler-
ance to biotic and abiotic stress (Smith and Read 2008).

Glomalin is a glycoprotein secreted by AMF hypha and the soil organic matter 
fraction called glomalin related soil protein (GRSP) (Rillig 2004). GRSP appears to 
be a component of the hyphae and spore wall of AMF, likely released into the soil 
by mycelium turnover. The role of glomalin in the ecosystem is still unclear; how-
ever, the hypothetical role has evolved from that of an active secretion to enhance 
soil aggregation (Rillig and Mummey 2006) and heavy metal sequestration.
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4.2  Heavy Metals

Chemically, heavy metals refer to transition metals which have the atomic mass 
over 20 and specific gravity more than five (Rascio and Navari-Izzo 2011). 
Nevertheless, from the biological perspective, the term heavy metal refers to metals 
and metalloids that cause toxic effect to plant and animals. Some metals like Co, 
Cu, Fe, Mn, Mo, Ni and Zn are essential for normal growth and development of 
plants (Gohre and Paszkowski 2006) at low concentration. Among the metals, Cu 
and Fe act as a cofactor in many metalloenzymes and Zn play a vital role in function 
and stabilization of proteins. These metals are called trace elements, required for 
enzyme activity and have structural functions in nucleic acid metabolism (Zenk 
1996). However, some heavy metals and metalloids (from here heavy metal and 
metalloids will be grouped as heavy metals) like As, Cd, Hg, Pb or Se, are not essen-
tial, since they do not perform any known physiological function in plants. Although 
heavy metals are natural constituents of soil and occur naturally in the environment, 
nowadays these toxic metals are major concern globally as it has deleterious effects 
on plants and human health.

4.2.1  Effect of Heavy Metal on AMF Colonization 
and Diversity

Mycorrhizal colonization and diversity in the vicinity of the heavy metal contami-
nated Janghang smelter (36° 00′ N; 126° 39′ E) located in South Chungcheong 
province, South Korea was analyzed (Krishnamoorthy et al. 2015). Soil samples 
were collected from the three sites which have varying concentration of heavy metal 
and metalloids and the details are given in Table 4.1.

Based on soil heavy metal concentration (except Ni) site 1, 2 and 3 may be con-
sidered as highly, moderately and less contaminated sites, respectively. Heavy metal 
concentration of site 1 was significantly higher than site 3. Frequency of mycorrhi-
zal colonization (F%) was found higher in site 1 (85%) followed by site 2 (83.3%) 
and site 3 (80.8%) (Fig. 4.1). Root colonization of AMF was considered to be an 
important factor for the successful establishment of plants in metal contaminated 
soils (Gonzalez-Chavez et al. 2009). In line with this, we have observed higher root 
colonization in the plants grown in highly and moderately contaminated soils com-
pared to less contaminated soil. An earlier study showed that root colonization of 
maize was found to be higher in high contaminated soil compared to non- 
contaminated soil (Weissenhorn et  al. 1995). Higher root colonization in heavy 
metal contaminated sites reduces heavy metal and metalloid stress by phytoextrac-
tion or phytostabilization process.

4 Management of Heavy Metal Polluted Soils: Perspective of Arbuscular Mycorrhizal…
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Spore density (SD) in heavy metal contaminated sites ranges from 201 to 970 per 
100 g of soil, and it was significantly higher in site 1 compared to site 2 and site 3 
(Fig.  4.2). According to the recent classification of AMF (Sieverding and Oehl 
2006), out of 11 genera, 5 genera were found in all sampled areas. Glomus was the 
dominant genus in all three sites, followed by Acaulospora, Entrophospora, 
Gigaspora and Scutellospora. Spore density of all genera were found to be signifi-
cantly higher in site 1 compared to site 3. Genus richness was higher in site 1 com-
pared to site 2 and site 3. Frequency of occurrence for Glomus and Acaulospora 
genus was 100%, which means both the genus were found in all the samples. 
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Fig. 4.1 Intensity of frequency of mycorrhizal colonization (F%) in total root system of the sam-
ples collected from heavy metal contaminated soils. Data are presented as mean ± SE from 4 rep-
lications; letters shows significant differences between sites according to t- test (P < 0.05). (From 
Krishnamoorthy 2015)
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Fig. 4.2 Total number of spores (in 100 g soil) and genus level identification of AMF spores in heavy 
metal contaminated sites. Data are presented as mean ± SE from 4 replications; letters shows signifi-
cant differences between sites according to t- test (P < 0.05). (From Krishnamoorthy 2015)
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Entrophospora, Gigaspora and Scutellospora genus frequency was 66.7, 86.7 and 
60% respectively. Genus relative abundance was higher for Glomus (66%) followed 
by Acaulospora (23%) whereas other genera contributed for the remaining 11% 
(Fig. 4.2). Glomus genus RA was higher in site 2 followed by site 1 and site 3. In 
contrast RA for Acaulospora was found higher in site 3 followed by site 1 and site 
2. High root colonization may lead to produce more extraradical hyphae (EH) in soil 
for efficient uptake of nutrient under stress conditions. Higher root colonization in 
high and moderately contaminated soils may lead to production of large amount of 
EH in soil. In this cause, EH might be exposed to heavy metal and metalloids stress 
and resorted to spore production as a survival strategy. Helgason and Fitter (2009) 
reported that rapid production of spores was a likely adaptation mechanism of AMF 
under stress condition. In agreement with this, our results also showed higher spore 
density in highly contaminated soil compared to less contaminated soils. In vitro 
study with Glomus intraradices revealed that EH and spore density in root compart-
ment was increased as Pb, Zn and Cd concentrations increased (Pawlowska and 
Charvat 2004).

Soil heavy metal concentration exhibited positive correlation to mycorrhizal 
spore count and species richness. Soil arsenic concentration showed significantly 
positive correlation to total spore count (R2  =  1; P  <  0.05) (Fig.  4.3), Glomus 
(R2  =  0.98), Acaulospora (R2  =  0.92), Entrophospora (R2  =  0.93), Gigaspora 
(R2 = 0.82) and Scutellospora spore count (R2 = 0.81). Similarly soil Zn concentra-
tion also showed significant positive correlation for AMF spore count and richness. 
Positive correlation of spore count with soil Zn concentration was observed by Zarei 
et al. (2008). Significant positive correlation for total, Glomus and Entrophospora 
spore count and species richness was observed for soil cadmium. Lead showed sig-
nificant positive correlation to Glomus and Entrophospora spore count. Soil copper 
and nickel were not significantly improved species richness.

Diversity could vary due to environmental stress with succession of new/differ-
ent AMF species colonization over decades but the number of AMF species may not 
change significantly. However, interestingly in our studied soils As (R2  =  0.99; 
P < 0.001), Cd (R2 = 0.926; P = 0.09) and Zn (R2 = 0.97; P < 0.05) concentration 
significantly increased richness of AMF and other metals not influences much on 
species richness. Simpson’s diversity index and evenness were not significantly 
reduced by soil heavy metals and metalloids. Similar to this, no significant reduc-
tion in AMF species was observed between high and less contaminated soil (Hassan 
et al. 2011). Other soil characters like organic matter and available phosphorus were 
exhibiting the negative correlation for AMF diversity. Plants may not prefer mycor-
rhizal symbiosis when available phosphorus is higher in the soil which may lead to 
the suppression of AMF species (Nogueira et al. 2007). Interestingly, Glomus genus 
richness exhibited positive correlation for soil As (R2 = 0.86) and Zn (R2 = 0.96) 
concentration. In line with this, Glomus genus dominance in heavy metal contami-
nated site was observed by many authors (Renker et al. 2005; Vallino et al. 2006; 
Zarei et al. 2010).
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4.2.2  Heavy Metal Stress on Plant

Depending on the oxidation status of the heavy metals, it causes different damages 
to plant cells. At cellular and molecular level, it alters different plant physiological 
process like inactivation, denaturing of enzymes, proteins and DNA. It blocks the 
functional group in metabolically important molecules and substitute important 
metal ion from biomolecules and functional units, conformational changes and 
damaging cell membranes, which reduce the plant metabolism, photosynthesis, res-
piration and key enzymes in cellular process (Villiers et al. 2011). Further, it also 
disturbs redox homeostasis by forming free radicals and reactive oxygen species 
(ROS) (Hossain et al. 2012). Figure 4.4 illustrates the important negative impact of 
heavy metals on plant cells. Naturally, some plants have developed tolerance mech-
anism against heavy metals, which is governed by interrelated plant physiological 

Fig. 4.3 Regression analysis of soil As (a, b), Cd (c, d) and Zn (e, f) against Glomeraceae spore 
count (a, c, e), richness and diversity (b, d, f). Square, diamond and triangle represents site 1, site 
2 and site 3 respectively. In Fig. 4.3 b, d and f the open data series represents the diversity index 
and the closed ones are represents the richness. (adopted from Krishnamoorthy et al. 2015)
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and molecular mechanisms. Some of the mechanisms are restricted uptake of HM 
inside the cell (Zhu et al. 2011), immobilization in cell walls, production of antioxi-
dants (Srivastava et al. 2007), and sequestration in the cell and by phytochelation 
mechanisms (Zhang et al. 2005).

These heavy metal and metalloids cannot be chemically degraded in soil and it 
need to be physically removed or immobilized (Kroopnick 1994). Traditionally the 
heavy metal contaminated soils are excavated and disposed to the landfill sites. 
However, this kind of remediation disposed heavy metal from one place to another 
place and to the adjacent environments. Alternate to this, soil washing was followed 
to remove the contaminant, but this method is costly and need further treatments to 
remove contaminant. Use of physio-chemical methods in soil remediation affects 
the soil biological activities, which lead to the land not suitable for plant growth 
(Gaur and Adholeya 2004).

4.3  AMF Mediated Phytoremediation

AMF establish symbiotic association with plants grown in most ecosystem, includ-
ing metal contaminated soils. By enhancing the uptake of phosphate, water and 
micronutrient, it improves plant growth and stress tolerance. Similarly, heavy 

Heavy metal in soil

Competition with 
other metal ions

Excess heavy metal 
ion in plants

Deficiencies of 
essential metal ions

Binding to protein 
and DNA 

Malfunction of protein and DNA, 
alters enzyme activities

Inhibition of 
photosynthesis

Inhibition of 
respiration

Metabolic 
disturbance

Growth inhibition and yield reduction

Fig. 4.4 Effects of heavy metals on plant growth. (modified from Hossain et al. 2012)
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metals are also taken up by the fungal hypha and transported to the plants. Hence, 
in some cases mycorrhizal plants can exhibit higher heavy metal uptake and root 
to shoot transport (phytoextraction) while in other cases AMF immobilize the met-
als in soil (phytostabilization). Mycorrhizal mediated phytoextraction and phyto-
stabilization depends on the plant-fungus and heavy metal combination in 
contaminated sites.

Bacterial mediated detoxification of heavy metal in soil was recently illustrated 
by Krishnamoorthy et al. (2017). This chapter mainly focuses on the AMF mediated 
phytoremediation in metal contaminated sites. Heavy metal present in soil affects 
AMF spore germination and hyphal growth. However, spores isolated from heavy 
metal contaminated sites are more tolerant to elevated concentration of metal com-
pared to the isolate from non-polluted soil (Gohre and Paszkowski 2006). Indigenous 
AMF handles heavy metal pollutants in two different ways. One is phytostabiliza-
tion, in which the heavy metal is immobilized with in the soil. On the other hand, 
AMF enhance heavy metal uptake and transport to shoots, which is called as phyto-
extraction (Fig. 4.5).

Immobilization of heavy metal in soil is performed by seven different process. 
The first process involves chelating agent (Glomalin) secreted by AMF which pre-
cipitate heavy metal in polyphosphate granules in the soil. The second and third 
processes are binding of precipitated heavy metal to the cell wall of fungus and 
selectively prevent uptake in fungal plasma membrane. Specific and non-specific 
metal transporters will transport it to the cytosol (fourth) and chelates by metallo-
thioneins produced by fungus (fifth). Sixth and seventh processes are exporting the 
transformed heavy metal to the soil again and arrest in vacuoles. In addition to that, 
it also transports heavy metal through fungal hypha and transport to the plant cells 
(phytoextraction). Recently, Gonzalez-Chávez et  al. (2011) reported that, AMF 
hypha uptake arsenate (highly toxic form) and convert it into arsenite (less toxic 
form) in their cytosol, then it is secreted to the soil by arsenite efflux pump. Lower 
level of heavy metal was observed in the maize plant under mycorrhizal inoculation 
(Kaldorf et al. 1999), but controversially Tonin et al. (2001) reported that mycor-
rhizal inoculated clover roots showed higher accumulation of heavy metals. These 
phytostabilization and phytoextraction process mainly depends on the mycorrhizal 
fungi and plant combination.

4.3.1  Phytostabilization

Phytostabilization is an in situ method involving metal tolerant plant and soil 
amendment which can reduce the migration of metals to air, surface and ground-
water and reduce the soil toxicity. AMF contribute to the immobilization of heavy 
metal in soil beyond the rhizosphere and thereby improve phytostabilization. AMF 
secrete specific compounds to precipitate heavy metal in polyphosphate granules 
in soil, adsorbs to fungal cell wall and chelate inside the fungus (Gaur and 
Adholeya 2004).
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Some AMF species reduce the metal uptake by reducing the metal bioavailability 
via precipitation, alkalinization and complexation processes. AMF exhibit the abil-
ity to absorb metals through substratum alkalinization activity by release of OH−, 
therefore affecting the metal stability in soil (Budel et al. 2004). Glomalin secreted 
by the mycorrhizal hypha reduce metal mobility and sequesters in the glomalin 
protein called complexation of metal (Vodnik et al. 2008). Binding of heavy metal 
to the fungal cell wall chitin reduces the bioavailability of metal in soil. Study con-
ducted by Joner et al. (2000) proved that AMF hypha absorb Cd upto 0.5 mg per mg 

Fig. 4.5 Heavy metal and metalloid detoxification mechanism of AMF; 1- Chelating agents bind 
metals and metalloids in soil; 2- Bind the heavy metal to the cell wall of fungus; 3- Plasma mem-
brane of the fungi act as a selective barrier to heavy metal; 4- Active and passive heavy metal 
transporters in the cell wall; 5- Chelates heavy metal in cytosol (Metallothioneins); 6- Export from 
cell to another cell via specific or nonspecific transporters; 7- Sequestration of heavy metal in vacu-
ole; 8- Transport of heavy metal in the hypha of the fungus; 9- heavy metal are exporting from 
fungus to plant cell through arbuscules. (modified from Gohre and Paszkowski 2006)
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dry biomass. Interestingly, the metal tolerant AMF can absorb 2–4 times higher 
heavy metals in hypha compared to the metal susceptible AMF. Similar to plant 
vacuoles, AMF vesicles may store the toxic compounds and thereby, could provide 
an additional detoxification mechanisms for metal tolerance.

Plants growing in metal contaminated sites uses excluder strategy by which the 
metals are either sequestered in the vacuoles of the root cortical cells or bound to the 
cell wall (Barceló and Poschenrieder 2003). It is proven that the symbiosis between 
AMF and plants improve nutrient and water up take from soil and protect the plant 
from metal toxicity (Audet and Charest 2007; Rajkumar et al. 2012), which may be 
crucial for the survival of plants in metal contaminated soil. Generally plants grown 
in soil with high metal concentration has higher mycorrhizal root colonization com-
pared to the plants grown in soil with less metal concentration (Krishnamoorthy 
et al. 2015; Zhang et al. 2018a).

Recently Funneliformis mosseae and Funneliformis caledonium were used for 
enhancing sunflower growth in waste electrical and electronic equipment recycling 
site (Zhang et al. 2018a). Inoculation of mycorrhizal fungi reduced the accumula-
tion of heavy metal such as Cd, Cu, Pb, Cr, Zn and Ni than that of control plants, by 
phytostabilization mechanism. AMF have been demonstrated to alleviate heavy 
metal stress in plant by retaining metals in roots and reducing the translocation to 
shoot (Deng et al. 2004; Janouskova et al. 2005). Zhipeng et al. (2016) reported that 
Pb concentration in pakchoi shoots was significantly reduced by the addition of 
Funneliformis mosseae, Glomus versiforme and Rhizophagus intraradices. 
Similarly, inoculation of these three AMF species significantly reduced the Cd accu-
mulation in shoot than root. It is worth to mention that AMF inoculum would be a 
better option to enhance the yield and also reduce the metal toxic issues in contami-
nated soils.

Accumulation of heavy metals in roots of sunflower was found higher than that 
of shoots that indicates the reduction in translocation of metal from root to shoot by 
AMF (Zhang et al. 2018a). Interestingly, AMF inoculation reduced the accumula-
tion of As in root as well as in shoots of the plant grown in As contaminated sites, 
due to the dilution effect for improving P mobilization from soil (Chen et al. 2007). 
These dilution effect may be another reason for reduced metal accumulation in 
plants. AMF induces the production of antioxidant enzymes such as peroxidase and 
catalase. Peroxidase protect the plant against free radical formed during metal stress 
conditions (Latef 2013) and inoculation of AMF was found to increase the expres-
sion of genes related to synthesis of antioxidant enzymes (Ferrol et al. 2016). These 
studies proven that AMF enhances plant stress tolerance by reducing reactive oxy-
gen species produced during stress condition. AMF inoculation was found to 
increase catalase activity in sunflower (Zhang et  al. 2018a) grown in electronic 
equipment recycling site and pigeon pea grown in Cd and Pb contaminated soils 
(Garg and Aggarwal 2011).
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4.3.1.1  Glomalin Related Soil Protein

Glomalin is a glycoprotein produced by AMF hypha, which is first identified in 
1996 during a work to produce monoclonal antibodies for AMF. The antibody reacts 
with substances on AMF hypha and named as glomalin after it was first identified in 
the order Glomales (Wright et al. 1996). The name Glomalin related soil protein 
(GRSP) was used instead of Glomalin due to the soil extraction procedure and 
Bradford assay measures all proteinaceous materials in the extract (Rillig 2004). 
Three types of glomalin have been identified based on solubility characters (i) easily 
extractable glomalin related soil protein (EE GRSP), (ii) Total Glomalin related soil 
protein (T GRSP) (iii) A “scum” at the air water interface that occurs during har-
vesting of hypha from pot cultured AMF (Nichols 2003). The role of GRSP in the 
ecosystem is still not clear, however the hypothetical roles has evolved from that of 
an active secretion to enhance soil aggregation, to a hydrophobin that modifies 
water acquisition (Rillig 2005) and GRSP specifically related to fungal metabolism 
(Gillespie et al. 2011). It also correlated to soil aggregate stability, long term C and 
nitrogen storage and responds to land use changes (Rillig et al. 2001; Wilson et al. 
2009).

4.3.1.2  GRSP in Heavy Metal Remediation

Earlier studies showed that the GRSP produced by AMF plays an important role in 
carbon sequestration (Zhang et  al. 2015). In addition, GRSP has the ability to 
sequester the metals such as Pb, Cd, Zn, and Mn and reduce the availability of met-
als to the plants and reduce the metal toxicity in plants (Cornejo et al. 2008; Vodnik 
et al. 2008) (Fig. 4.6). Recently Wu et al. (2014) reported that GRSP produced by 
arbuscular mycorrhizal fungi sequestered 0.21–1.78% of lead and 0.38–0.98% of 
cadmium in a field experiment. One gram of glomalin was found to sequester 
4.3 mg Cu, 0.08 mg Cd and 1.12 mg Pb in metal polluted soil (Gonzalez-Chavez 
et al. 2004). In addition, Gigaspora rosea was found to sequester 28 mg Cu per 
gram glomalin.

Heavy metal sequestration ability of GRSP is affected by the heavy metal con-
centration, amount of GRSP and soil properties. Further, high GRSP content could 
facilitate more binding site for metals. Experiment done by Jia et al. (2016) proved 
the positive correlation between total GRSP in soil with Cd and Pb sequestration.

4.3.2  Phytoextraction

Plants can be used to remove the metal pollutants from soil and concentrating them 
in the shoot and the metal accumulated biomass can be harvested using standard 
agricultural methods and smelted to recover the metal (Pawlowska et  al. 2000). 
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Phytoextraction is a most effective and attractive strategy to clean up the metal con-
taminated sites. This process highly depends on the plant which has high root to 
shoot metal transfer ability (hyperaccumulating plants). For achieving a desired 
reduction in soil metal concentration, it is required to select and cultivate hyperac-
cumulating plants for several cycle that includes harvest and removal of metal- 
enriched biomass. Hyperaccumulation of heavy metals in plants has been recorded 
in many plants (Table 4.2). This mechanism of metal accumulation is depends on the 
plant species, soil conditions and type and state of heavy metal present in the soil.

Phytoextraction of heavy metals from contaminated site is important in terms of 
protection of the environment and reduction of the heavy metal toxicity to plant 
and animals. These hyper accumulating plants naturally take up the heavy metals 
from soil and transport them to the shoot without exhibiting toxicity symptoms 
(Zhang et al. 2018b). Selection of hyper accumulating plant is very important in 
any successful phytoremediation process. Among the plants, grasses are the excel-
lent candidate, because of their fibrous root system which can provide large sur-
face area for root-metal contact (Kulakow et al. 2000). Use of indigenous plant 
species often favoured because it requires less management and adapt to the native 
climatic conditions (Sarma 2011). Hyperaccumulating plants should have high 
growth rate and biomass production, tolerance to the metals known to exist in the 
site and high translocation capacity for successful phytoextraction of metals from 
soil. The hyperaccumulating plants should have following criteria (i) The concen-
tration of metals should be higher in shoot than roots; (ii) the concentration of 
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Fig. 4.6 Sequestration of heavy metal by glomalin related soil protein secreted by AMF
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metals in the shoot should be 50–100 times greater than the normal plants (iii) 
should have fast growth and high biomass (iv) should be easy to cultivate and fully 
harvestable (v) should have tolerance to the heavy metal present in the soil 
(Szczygłowska et al. 2011). Over 500 plant species belonging to 101 families have 
been reported with capabilities for phytoextraction which includes the members of 
the Asteraceae, Brassicaceae, Caryophyllaceae, Cyperaceae, Cunouniaceae, 
Fabaceae, Flacourtiaceae, Lamiaceae, Poaceae, Violaceae and Euphobiaceae 
family (Sarma 2011).

Earlier studies of phytoextraction have focused on the non mycorrhizal metallo-
phytes families such as Brassicaceae or Caryophyllaceae (Szczygłowska et  al. 
2011). However, after considering the contribution of AMF in phytoextraction many 
studies have been done in mycorrhizal plants in recent years. Inoculation of AMF 
enhances the uptake and root to shoot translocation of As in Pteris vittata (Leung 
et al. 2006). Experimental evidence showed that mycorrhizal plants accumulated 
88.1 g of As and non-mycorrhizal plant accumulated only 60.4 mg per kg of plant 
biomass grown in contaminated soils (Leung et  al. 2006). Turnau and Mesjasz- 
Przybylowicz (2003) reported that Berkheya coddii plant accumulated 30% more Ni 
when establishing the symbiotic association with mycorrhiza.

Soil amendment of chelating agents enhances the bioavailability of heavy metals 
and improve the phytoextraction process. Use of ethylene diamine tetraacetic acid 
(EDTA) and ethylene diamine dissuccinate (EDDS) enhance the bioavailability of 
Pb, Zn, and Cd and increased the plant shoot accumulation of heavy metals (Grcman 
et al. 2003).

Table 4.2 List of heavy metal hyperaccumulating plants

Metal Plants

Pb Brassica juncea, water hyacinth (Eichhornia crassipes), Hydrilla (Hydrilla verticillata), 
sunflower (Helianthus annuus), Lemna minor, Salvinia molesta, Spirodela polyrhiza

Cd Alpine pennycrest (Thlaspi cacrulescens), Cardaminosis helleri, Eel grass (Vallisneria 
spiralis), water hyssop (Bacopa monnieri), water hyacinth (Eichhornia crassipes), 
Hydrilla (Hydrilla verticillata), duck weed (Lemna minor), Giant duckweed (Spirodela 
palyrhiza)

As Chinese brake fern (Pteris vittata), Fern (Pteris cretica)
Cr Duck weed (Lemna minor), Ceratophyllum demersum, Giant reed (Arundo donax), 

cattail (Typha angustifolia), Alfo albo (Medicago sativa), water hyssop (Bacopa 
monnieri), Pista stratiotes, water fern (Salvinia molesta), Spirodela polyrhiza

Cu Aeolanthus bioformifollus, Lemna minor, Vigna radiate, creosote bush (Larrea 
tridentate), water hyssop (Bacopa monnieri), Indian mustard (Brassica juncea)

Ni Phyllanthus serpentines, Lemna minor, Salvinia molesta, Brassica juncea, Spirodela 
polyrhiza

Hg Lemna minor, water lettuce (Pistia stratiotes), water hyacinth (Eichhornia crassipes), 
Hydrilla (Hydrilla verticillata)

Adopted from Malik and Biswas (2012)
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4.4  Conclusion

It is highly important to study the native mycorrhizal population to know the impact 
of metals on AMF before initiating the phytoremediation process. In addition, 
understanding of metal tolerance mechanism in AMF is essential, because native 
mycorrhizal fungi shows high metal tolerance and may exhibit better performance 
in metal remediation than non-native mycorrhizal fungi. Even though mycorrhizal 
fungi is reported to enhance the phytoremediation process, plant, AMF and metal 
interaction decide the phytostabilization and phytoextraction process. Studies on 
the tripartite interaction among plant species, AMF species and heavy metals may 
enhance our in depth knowledge on how plant and AMF symbiosis decide to remove 
the heavy metal (phytoextraction) and sequester the heavy metal in the soil 
(phytostabilization).
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Chapter 5
Phytoremediation: An Alternative Tool 
Towards Clean and Green Environment

Sandhya Misra and Krishna G. Misra

Abstract Wetlands being the most productive and ecologically sensitive and adap-
tive ecosystems are constantly being challenged with anthropogenic pressures due 
to their wide variety of services they provide to mankind. The vast expansions of 
human population and associated activities have put a tremendous amount of pres-
sure on these naturally occurring resources. Uncontrolled discharge of effluents in 
water from various sources resulted into altered nature of the associated ecosystems 
giving rise to several health issues and problems. Hence, realising the urgent need 
of protecting these ecologically fragile ecosystems several adaptive measures have 
been taken. In this connection, it is found that the available conventional methods 
are not feasible on various grounds like their cost, their by-products, time frame, 
etc. Therefore, the use of plants emerged as the alternative and promising tool for 
safe and sustainable ecosystem supporting life.

Keywords Phytoremediation · Wetlands · Hyperaccumulator plants · 
Phytostabilization · Rhizodegradation · Rhizofiltration · Phytodegradation · 
Phytovolatilization · Xenobiotics

5.1  Introduction

Wetlands being the most productive, ecologically sensitive and adaptive ecosystems 
provides ample amount of services to human society (Russi et al. 2013). Rapid rise 
of human population and related activities have put a tremendous pressure on these 
natural occurring ecosystems The controlled and uncontrolled activities like dis-
posal of waste, accidental and process spillage, mining and smelting of 
metalliferous ores, sewage sludge application to agricultural soils, soils 
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contamination from industrial, military and agricultural activities either due to igno-
rance, lack of vision, or carelessness are responsible for the migration of contami-
nants into non- contaminated sites as dust or leachate and contribute towards 
contamination of our ecosystem (Kumar et al. 2013). This build-up of toxic pollut-
ants (metals, radionuclides and organic contaminants in soil, surface water and 
ground water) not only resulted into altered nature but also caused a major strain on 
ecosystems. Hence, the deteriorating condition of soil and ground water has become 
a major concern across the globe.

Thus, there is an urgent need to look for the long term sustainable and remedial 
measures. In this connection some conventional practices, such as ‘pump-and-treat’ 
and ‘dig-and-dump’ techniques are available. Other methods for remediation 
include excavation, soil washing, thermal treatment, electro-reclamation, chemical, 
and other biological techniques. However, all of these have their own limitations in 
terms of their potentiality and coverage area and tend to be more expensive. 
Additionally, these approaches to remediation often make the soil infertile and 
unsuitable for agriculture and other uses by destroying the microenvironment. 
Hence, there is a need to find an alternative, taking into account the probable end 
use of the site once it has been remediated. In this regard, green plants seem to be 
the alternative tool, where the natural potential of plants to take up and absorb min-
eral and toxins from the environment can be used as remedial measure. Hence, the 
use of green plants to treat soil and ground water pollution popularly known as 
phyto-remediation emerged as potential and environmentally sound technology for 
pollution prevention, control and remediation (Rai 2008; Mander and Mitsch 2009; 
Vangronsveld et al. 2009).

The term phytoremediation (“phyto” means plants & the latin suffix “remedium” 
means to clean or restore) is a process in which, green plants are used to remove, 
transfer, stabilize, and/or destroy pollutants or contaminants like metals, pesticides, 
explosives, and oil, etc., taking advantage of their natural abilities to take up, accu-
mulate, and/or degrade constituents of their soil and water environments (Pilon- 
Smits and Freeman 2006). However, good and effective results are found at places/
environment where contaminant levels were low because high concentrations put 
limits on plant growth and take too long to clean up. Thus, the plants not only put a 
check on contaminants but also help to prevent wind, rain, and groundwater flow 
from carrying contaminants away from the site to surrounding areas or deeper 
underground. Choice of plants for this technology largely depends on the state of 
polluted/contaminated ecosystem, whether it is soil or water. Water is an important 
component of living systems and contamination of water especially due to anthro-
pogenic activities (human induced) viz., discharge of municipal sewage and indus-
trial activities, synthetic fertilizers, herbicides, insecticides and plant residues 
released from agricultural activities deteriorated water quality in both urban and 
rural areas respectively. This has raised a concern among society worldwide. Hence, 
in the present chapter, an attempt has been made to present brief review of various 
aspects related to phytoremedation in an aquatic ecosystem like wetlands.
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5.2  Types of Contaminants in an Aquatic Ecosystems

Depending on the sources of pollutant coming from Industrial, municipal and 
domestic waste water, contaminants are categorised into organic and inorganic 
components (Fig. 5.1).

5.2.1  Physical Contaminants

Physical contaminants coming from different sources mainly add sludge and create 
anaerobic conditions, which result into variable colour, odour and suspended waste 
in a polluted aquatic ecosystem.

5.2.2  Chemical Contaminants

On the basis of their nature, components in this category can further be classified 
into organic and inorganic. Industrial effluents consist of inorganic contaminants 
such as heavy metals, ammonia, nitrate, nitrite, sulphate and cyanide, while oil, 
grease, refractory compounds, organochlorides and nitro compounds are the major 
organic contaminants (Nwoko 2010). Heavy metals, chlorides, sulphate and nitrates 
are inorganic contaminants commonly reported in groundwater and majority of 
wastewaters, while pesticides, pharmaceuticals, solvents, food additives, surfactants 
and petroleum products are the major organic contaminants (Kolpin et al. 2002; Lin 
et al. 2008; Stuart et al. 2011).

Fig. 5.1 Various components of waste water
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5.2.2.1  Organic Contaminants

Numerous measures like Total Organic Carbon (TOC), Biochemical Oxygen 
Demand (BOD) and Chemical oxygen demand (COD) are used to determine the 
organic content and hence determines the quality of water. Presence of persistent 
organic pollutants (POPs) popularly called xenobiotics are severely affecting the 
aforementioned parameters and hence are gaining concern from public health and 
safety point of view. Xenobiotics like pesticides, polychlorinated dibenzodioxins 
and dibenzofurans (often referred to as dioxins) as well as polychlorinated biphe-
nyls (PCBs), aldrin, toxaphene, DDT, chlordane, dieldrin, endrin, HCB, heptachlor 
and mirex are extremely stable and persistent, toxic to humans and other living biota 
and have biomagnified along trophics webs and transported over long distance 
(Carvalho 2006). These xenobiotics are very resilient to biotic and abiotic degrada-
tion and cause detectable harmful effects even at relatively low concentrate ions 
(Larsen 2006). Apart from all these, other contaminants include pesticides, deter-
gents, antimicrobials, food additives, solvents and sterols. Various such organic con-
taminants reported in waste water are well cited in the work carried out by Petrović 
et al. (2003), Bolong et al. (2009). In their work they have found that the there are 
many other contaminants like Endocrine-disrupting chemicals (EDS), pharmaceuti-
cal products, personal care products, surfactants, and various industrial additives 
whose presence is affecting public health and safety. Most of these organic contami-
nants (including chlorinated solvents, pesticides and hydrocarbons) are known car-
cinogens and neurotoxins. They cause damage to the central nervous system, 
irritation of respiratory and gastrointestinal systems and immunological, reproduc-
tive and endocrine disorders in children.

5.2.2.2  Inorganic Components

In polluted water, inorganic contaminants are found in the form of metals, ions/
nutrients and radionuclide. Heavy metals like cadmium (Cd), chromium (Cr), cop-
per (Cu), mercury (Hg), lead (Pb), cobalt (Co), iron (Fe), nickel (Ni), manganese 
(Mn), zinc (Zn) and arsenic (As) are highly toxic and even their adverse effect on 
ecology and human life are well reported and it was found that accumulation of 
heavy metals in living organisms is not only toxic but also causes various diseases 
and disorders (Chaney 1988; Wani et al. 2012). Excessive nitrogen and phosphorus 
loading in wastewater is a major threat to water quality and leads to increased rates 
of eutrophication which has been identified as a major environmental threat in both 
freshwater and marine waters all over the globe. Hence the product of the decay of 
nitrogenous organic wastes in the form of ions /nutrients like ammonia, nitrite, 
nitrate, chloride, sulphate, phosphorus and cyanide (CN) are the major contami-
nants commonly found in groundwater and wastewater. Radioactive isotopes/ radio-
nuclides like isotopes of radium (Ra), uranium (U) and radon (Rn) occurring 
naturally or produced due to anthropogenic activity like nuclear power generation 
(Manahan 1994) are reported in drinking water and found harmful to life.
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5.2.3  Biological Contaminants

Among the biological contaminants, viruses, protists and other pathogens such as 
bacteria are frequently encountered in wastewater. Their excessive presence causes 
not only contamination in water bodies but also severely affect humans and aquatic 
biota.

5.3  Remedial Measures to Treat Polluted Aquatic System

5.3.1  Conventional Methods

For the treatment of organic and inorganic contaminants present in polluted waters, 
conventional practices, such as ‘pump-and-treat’ and ‘dig-and-dump’ techniques 
have been used since long. It was found that these conventional methods of treat-
ment are often expensive and have their own limitations in terms of their potentiality 
and coverage area. Additionally, these conventional approaches to remediation 
often make the soil infertile and unsuitable for agriculture and other uses by destroy-
ing the microenvironment. Most of these technologies are based on physical and 
chemical methods that require input of chemicals, which makes the technology 
expensive. Moreover, they produce adverse impacts on aquatic ecosystems and 
human health. Over the time, all over the world considerable attention has been paid 
to select alternate methods/materials particularly biological methods for wastewater 
treatment, taking into account the probable end use of the site once it has been 
remediated.

In this regard, interest has been generated in the use of bio-sorbents for treating 
industrial, municipal and domestic wastewaters (Salt et al. 1995). Various biological 
agents including microbes (bacteria), algae, fungi, plants and agricultural residues 
possess potential for removing various contaminants from environment and treating 
wastewater generated from dairies, tanneries, sugar factories, pulp and paper indus-
tries, palm oil mills, distilleries, etc. Hence, phytoremediation is considered envi-
ronmentally sound technology for pollution prevention, control and remediation.

5.3.2  Use of Green Plants (Local Flora)

In the era of bioremediation, vegetation/plants as a biological resource with immense 
capacity for removing variable contaminants from various components of ecosys-
tem have been studied by several workers in diversified geographical parts of coun-
try and across the globe. Terrestrial as well as aquatic plant species show ability to 
remove/transform/degrade contaminants (Fig. 5.2). Crop plants, tree species, weeds 
and other wild plants with their natural ability to remove or degrade selected 
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Fig. 5.2 Various plant species suitable for phytoremediation
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contaminants present in soil, sludge, sediment, groundwater, surface water and 
wastewater by utilizing their metabolic and hydraulic processes have been demon-
strated and thereby found improving the environment. Thus, the plants not only put 
a check on contaminants but also help to prevent wind, rain, and groundwater flow 
from carrying contaminants away from the site to surrounding areas or deeper 
underground.

Hence the plant root systems together with the translocation, bioaccumulation 
and contaminant degradation abilities aid the technique. However, good and effec-
tive results depend on several factors like:

 (a) Plant–The physical characteristics of plant and its genetic adaptations and bio-
logical processes including metabolic and absorption capabilities should be 
taken into consideration while choosing a plant for phytoremediation. Higher 
biomass production and species with higher adaptability to climatic and soil 
conditions are a necessary requirement for good phytoremediation capacity. 
The seeds or plants should be from, or adapted to, the climate of the phytoreme-
diation site. Therefore, the selection of plant variety is critical to ensure superior 
and effective remediation. For metal remediation, identification and selection of 
suitable hyper-accumulator plant species is required (Schnoor et al. 1995).

 (b) Physical properties–Physicochemical parameters are yet another important 
factor taken into consideration as pH, organic matter, redox potential, contami-
nant concentration and the mineral content of the soil and water affect the 
removal/degradation of the contaminant.

 (c) Root zone–Degradation of contaminants in the soil is facilitated by plant 
enzymes and root exudates. Hence, root length and root diameter plays an 
important role in determining the contaminant uptake and degradation capaci-
ties of a plant.

 (d) Chelating agent–To fasten up the heavy metal-uptake capacity of the plant, 
chelating agents such as EDTA and micronutrients increase the bio-availability 
of contaminants especially heavy metals and thus speed up the remediation 
process.

 (e) Plant biomass–Plant species with higher biomass production have potential to 
remove contaminant and thus it is a necessary requirement for successful 
phytoremediation.

5.3.3  Methods Involved in Phytoremedation

Through phytoremediation technology both organic and inorganic contaminants 
can be treated to successful range depending on the uptake mechanisms of plant and 
the contaminant targeted (Barceló and Poschenrieder 2003). Treatment of organic 
contaminants mainly involves the process of phytostabilization, rhizodegradation, 
rhizofiltration, phytodegradation and phytovolatilization mechanisms, while in case 
of inorganic contaminants processes like phytostabilization, rhizofiltration, phyto- 
accumulation and phytovolatilization give good results (Table 5.1 and Fig. 5.3).
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5.3.3.1  Phytoextraction

It is also referred to as phytoaccumulation, phytoabsorption, phytosequestration, 
phytomining or biomining. It involves uptake/absorption and translocation of con-
taminants/ hyper-accumulated metal contaminants and/or excess nutrients in har-
vestable root and shoot tissue. This process is applicable for metals (Ag, Cd, Co, Cr, 
Cu, Hg, Mn, Mo, Ni, Pb, Zn), metalloids (As, Se), radionuclides (90 Sr, 137 Cs, 234 
U, 238 U), non-metals (B, Mg) and organic contaminants present in soils, sediments 
and sludge (Brooks 1998). There exist a variety of plants called hyper accumulator 
that can accumulate high quantities of metals than required for plant growth ranging 
from 10 to 100-fold (Erakhrumen 2007; Wani et al. 2012). The minimum concentra-
tion of metal a plant needs to contain to be termed a hyper accumulator varies for 
each metal (Reeves and Brooks 1983; Baker and Brooks 1989). Maximum number 
of hyper accumulators (Table 5.2) has been reported from families Brassicaceae, 
Lamiaceae, Scrophulariaceae, Cyperaceae, Poaceae, Apocynaceae, Euphorbiaceae, 
Flacourtiaceae, Fabaceae and Violaceae.

Table 5.1 List of plants species and the processes they use for the contaminants removal

Processes Contaminants Media Plants used Remarks

Phytoextraction Inorganic components 
like radionuclides and 
metals (Cr, Cu, Ni, Zn, 
Cd, Ag)

Soil, 
sediment, 
sludge

Alyssum, 
Brassica, 
Thapsi, 
sunflower

Process of uptake 
of contaminants 
into plant roots 
by accumulation 
or harvestable 
shoots

Rhizofiltration Inorganic pollutants like 
metals and 
radionuclides(137Cs, 
230Pb, 238U)

Ground 
water, 
surface 
water, 
waste 
water

Eichhornia, 
Lemna

Process involves 
removal of 
contaminants 
through plant 
roots

Phytovolatilization Organic/inorganic 
contaminants (Se, Hg, 
As)

Soil and 
sediments

Poplar, 
Phragmites, 
scirpus

Done by 
volatilization of 
contaminants by 
leaves

Phytostabilization Metals (As, Cd, Cr, Cu, 
Pb, Zn)

Soil, 
sediment, 
sludge

Sunflower, 
Chenopodium

Process involves 
stabilization of 
contaminants by 
binding/
complexation

Rhizo/
Phytodegradation

Organic contaminants 
like aromatic, aliphatic 
and petroleum 
hydrocarbons, 
chlorinated solvents, 
TNT pesticides

Soil 
sediment 
sludge

Grasses, 
alfaalfa, hybrid 
poplar, Brassica, 
Typha, Jatropha, 
Cassia

Microbial 
degradation in 
the rhizosphere 
stimulated by 
plants
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5.3.3.2  Phytostabilization

Plants are used to immobilize the contaminants in the soil and groundwater through 
absorption and accumulation in plant tissues, adsorption onto roots or precipitation 
within the root zone preventing their migration in soil. The plant root exudates sta-
bilize, demobilize and bind the contaminants in the soil matrix, thereby reducing 
their bioavailability. This process is suitable for organic contaminants and metals 
present in soils, sediments and sludges.

Table 5.2 List of hyperaccumulator plant species and the element they accumulate

Hyperaccumulator species Element

Pteris vittata As
Eichhornia crassipes, Thlaspi caerulescens Cd
Alyssum sp. Co
Elodea nuttallii Cu
Alyssum sp., Phytolacca acinosa Mn
Berkheya coddii, Alyssum bertolonii Ni
Spirodela polyrhiza, Dicoma niccolifera, Sutera fodina Cr
Thlaspi rotundifolium, Minuartia verna, Brassica sp., Sesbania 
drummondii

Pb

Astragalus bisulcatus, Stanleya pinnata Se
Thlaspi caerulescens, Eichhornia crassipes Zn

Fig. 5.3 Phytoremediation process. (adopted from Dhir 2013)
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5.3.3.3  Rhizofiltration

This process involves the removal of contaminants in surface water by plant roots 
by adsorption or precipitation onto plant roots or absorption followed by sequestra-
tion in the roots. Metals like Pb, Cd, Cu, Fe, Ni, Mn, Zn, Cr, excess nutrients and 
radionuclide (90 Sr, 137 Cs, 238 U, 236 U) present in groundwater, surface water 
and wastewater can easily be removed through this process (Dushenkov et al. 1995, 
1997a, b). It is generally applicable for treating large volumes of water with low 
contaminant concentrations (ppb). It can be conducted in situ or ex situ to remediate 
contaminated surface water bodies. Efficiency of this process largely depends on 
the parameters such as pH, flow rate and contaminant concentration. In this method, 
proper disposal of the contaminated plant biomass could be a limitation.

5.3.3.4  Phytovolatilization

In this technique, growing trees and other plants take up water along with the con-
taminants, pass them through their leaves and volatilize into the atmosphere at com-
paratively low concentrations. This process is successfully used for removing metal 
contaminants present in groundwater, soils, sediments and sludge medium.

5.3.3.5  Rhizodegradation

This process involves the breakdown of contaminants in the soil through microbial 
activity localized in the root zone. Here microorganisms consume and digest organic 
substances for nutrition and energy. This method gives promising results for the 
treatment of a wide range of organic contaminants such as petroleum hydrocarbons, 
PAHs, pesticides, chlorinated solvents, PCP, poly chlorinated biphenyls (PCBs), 
benzene, toluene, o-xylene and surfactants can be removed by this technique 
(Donnelly et al. 1994; Gilbert and Crowley 1997).

5.3.3.6  Phytodegradation

In this process, enzymes produced and released by the plant are used to metabolize 
and degrade contaminants in the soil, sediments, sludges, groundwater or surface 
water. Nitroreductase enzyme present in Myriophyllum aquaticum degrades TNT 
concentrations (Schnoor et  al. 1995). Hybrid poplar trees metabolized TNT to 
4-amino-2, 6-dinitrotoluene (4-ADNT), 2-amino-4,6-dinitrotoluene (2-ADNT) and 
other unidentified compounds in laboratory hydroponic and soil experiments 
(Thompson et al. 1998). Thus, it is a successful method to remove organic com-
pounds such as munitions (trinitrotoluene), chlorinated solvents, herbicides, insec-
ticides and inorganic nutrients (Burken and Schnoor 1997; Thompson et al. 1998; 
Campos et al. 2008).
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5.4  Current State of Phytoremediation Technology

A review of available literature shows that there has been a great progress in using 
this green technology for restoring and removing contaminants from several sites in 
diversified geographical parts of world. In this regard, a list of biological entities 
and terrestrial and aquatic plant species that have been exploited for phytoremedia-
tion/bioremedation is compiled (Table 5.3).

A review of work done in this field of phytoremediation by workers across the 
world document the advantage of this technology over the available conventional 
ones. But there are studies (Henry 2000; Prasad 2004) that also documented the 
disadvantage associated with various processes involved in phytoremediation 
(Table 5.4).

These phytoremediation methods proved to be very promising; from cost point 
of view they are 4–1000 times cheaper (Sadowsky 1999) and even from ecological 
point of view they are not that hazardous. Apart from having advantages over other 
technologies phytoremediation has its own limitations which cannot be neglected 
and need attention. These technologies have their limitation to a particular site, and 
the processes involved in degradation of chemical alters the nature of soil that could 
affect food chain. Further, there are chances of air pollution while burning the leaves 
and twigs of plants containing dangerous chemicals. Phytoremediation has been 
studied extensively in research and small-scale demonstrations, but full-scale appli-
cations are currently limited to a small number of projects (Cunningham and Ow 
1996).

5.5  Conclusion

Wetlands are ecologically fragile ecosystems providing innumerable ecosystem ser-
vices. However, anthropogenic pressure limit the functioning of these ecologically 
sensitive and adaptive ecosystems. Rampant discharge of effluents into water bodies 
from various sources resulted in imbalances in functioning of ecosytems giving rise 
to several health issues and ecological degradation. In these pressing circumstances, 
phytoremediation has emerged as an alternative and promising technology for safe 
and sustainable ecosystem supporting life. Phytoremediation is a process in which, 
green plants are used to remove, transfer, stabilize, and/or destroy pollutants or 
contaminants like pesticides, metals, etc., by tapping their natural abilities to take 
up, accumulate, and/or degrade constituents of their soil and water environments. 
Through processes like phytostabilization, phytodegradation, phyto-accumulation, 
phytovolatilization, rhizodegradation, rhizofiltration, organic and inorganic con-
taminants can be successfully treated. However, phytoremediation has its own set of 
drawbacks which warrants attention, and extensive study. In near future, the focus 
of the research should be in the direction of designing a safe and clean method to 
dispose the waste from this technology. Further, for wider use, we need to look into 
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Table 5.3 List of plants/biological entities used for bioremediation/phytoremediation

Category Organism/Taxa Targeted pollutant/application References

Bacteria Flavobacterium spp. Organophosphates Dhir (2013)
Cunniughamella 
elegans and Candida 
tropicalis

PCBs (polychlorinated 
biphenyls) and PAHs 
(polycyclic aromatic 
hydrocarbons)

Dhir (2013)

Alcaligenes spp. and 
Pseudomonas spp.

PCBs, halogenated 
hydrocarbons, alkylbenzene 
sulphonates, organophosphates, 
benzene, anthracene, phenolic
Compounds, 2,4-D, DDT and 
2,4,5-trichlorophenoxyacetic
Acid etc.

Dhir (2013)

Actinomycetes Raw rubber Dhir (2013)
Nocardia tartaricans Chemical detergents 

(ethylbenzene)
Dhir (2013)

Arthrobacter and 
Bacillus

Endrin Dhir (2013)

Closteridium Lindane Dhir (2013)
Trichoderma and 
Pseudomonas

Malathion Dhir (2013)

Fungi Phanerochaete 
chrysosporium

Halocarbons such as lindane 
and pentachlorophenol

Dhir (2013)

P. sordida and Trametes 
hirsuta

DDT, DDE, PCBs, 
4,5,6-trichlorophenol, 
2,4,6-trichlorophenol, 
dichlorphenol and chlordane

Dhir (2013)

Zylerion xylestrix Pesticides/herbicides (aldrin, 
dieldrin, parathion and 
malathion)

Dhir (2013)

Yeast (Saccharomyces) DDT Dhir (2013)
Mucor Dieldrin Dhir (2013)

Algae Selanastrum 
capricornatum
Cyanobacteria(blue- 
green algae)
Microcystis aeruginosa

Benzene, toluene, naphthalene, 
pyrene,
Acrylonitrile, 
Dibenzanthraceae,
Fluoroanthene, petroleum 
hydrocarbons

Dhir (2013)

Chlamydomona sp.
Chlorella sp.
Chlorococcum sp.
Cylindrotheca sp.
Dunaliella sp.
Euglena gracilis
Scenedesmus obliquus
Selenastrum 
capricornutum

DDT, parathion, phenol, 
benzene,
Toluene, chlorobenzene,
1,2-dichlorobenzene, 
nitrobenzene
Naphthalene, 
2,6-dinitrotoluene,
Phenanthrene, 
di-nbutylphthalate,
Toxaphene, methoxychlor

Dhir (2013)

(continued)
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Table 5.3 (continued)

Category Organism/Taxa Targeted pollutant/application References

Terrestrial plant Alfalfa, Populus 
deltoids, Brassica 
juncea, Helianthus 
annuus, Thlaspi sp., T. 
caerulescens & T. 
rotundifolium

Water clean up Dhir (2013)

Lolium perenne, Festuca Rhizodegradation and 
phytostabilization

Dhir (2013)

Teris vittata, Sutera 
fodina, Alyssum and 
Thlaspi rotundifolium

Remove heavy metals such as 
as, Cr, Ni, Zn and cd

Dhir (2013)

Zea mays, Setaria 
faberi,
Solanum melongena, 
Spinacia oleracea, 
Raphanus sativus, 
Ocimum basilicum and 
Oryza sativa

Transform and bioaccumulate
Herbicides and pesticides like 
DDT and endosulfan

Dhir (2013)

Hordeum vulgare and 
Conyza canadensis

Sequestration of herbicide 
metolachlor and glyphosate in 
vacuoles

Dhir (2013)

Vetiveria zizanioides Soils contaminated with 
polyaromatic hydrocarbons

Dhir (2013)

Pteris vittata Extract arsenic (As) in the 
above-ground part.

Dhir (2013)

Populus × Canadensis 
(Hybrid)

Soil and groundwater 
contamination with petroleum- 
related organics,

Dhir (2013)

Brassica juncea Treat the radionuclide 
strontium (Sr89/90)-
contaminated soil

Dhir (2013)

Helianthus annuus Treat lead-contaminated soil Dhir (2013)
Submerged 
aquatic 
macrophytes 
(with heavy 
metal 
accumulation 
potential)

Ceratophyllum 
submersum

Ni Kara (2010)

Ceratophyllum 
demersum L.

Arsenate, Pb Cr Xue et al. (2012), 
Saygideger et al. 
(2004), 
Osmolovskaya and 
Kurilenko (2005)

(continued)
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Table 5.3 (continued)

Category Organism/Taxa Targeted pollutant/application References

Myriophyllum spicatum Co, Ni, Cu, Zn Wang et al. (1996), 
Sivaci et al. 
(2004), Lesage 
et al. (2008)

Potamogeton pectinatus Cd, Pb, Cu, Zn, Mn Rai et al. (2003), 
Tripathi et al. 
(2003), Singh 
et al. (2005)

Hydrilla verticillata Cu, As Srivastava et al. 
(2010, 2011)

Eichornia crassipes, 
Ipomea aquatica, 
Wolffia arrhiza, Trapa 
bispinosa, Pistia 
stratiotes, Colocasia 
esculenta, Cyperus 
rotundus, Scirpus sp. 
Sagittaria 
montevidensis, Cynodon 
dactylon

Ca Cr, Cu, Pb, Zn, Mn and Fe Mazumdar and 
Das (2014), 
Chatterjee et al. 
(2011)

Free-floating 
macrophytes

Azolla pinnata Hg, Cd Rai (2008)

Emergent 
species (with 
heavy metal 
accumulation 
potential)

Typha latifolia As, Zn, Cu, Si Ye et al. (1997), 
Qian et al. (1999), 
Nguyen et al. 
(2009), Manios 
et al. (2003), 
Afrous et al. 
(2011)

Typha angustifolia Pb Panich-pat et al. 
(2005)

Elodea densa Hg Molisani et al. 
(2006)

Phragmites australis As, Hg Windham et al. 
(2001, 2003), 
Afrous et al. 
(2011)

Scirpus maritimus As, Hg Afrous et al. 
(2011)

Spartina alterniflora As, Hg, Cu, Pb Al, Fe, Zn, Cr, 
Se

Carbonell et al. 
(1998), Ansede 
et al. (1999), 
Windham et al. 
(2001, 2003)

Spartina patens Cd, As Zayed et al. 
(2000), Carbonell 
et al. (1998)

(continued)
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Table 5.3 (continued)

Category Organism/Taxa Targeted pollutant/application References

Aquatic plant 
species (with 
potential for 
removing 
explosives)

Myriophyllum 
aquaticum

TNT, RDX, HMX Best et al. (1997, 
1999a, b), Hughes 
et al. (1997), 
Rivera et al. 
(1998), 
Pavlostathis et al. 
(1998), Bhadra 
et al. (1999, 2001)

Myriophyllum spicatum TNT Hughes et al. 
(1997)

Potamogeton nodosus TNT, RDX Best et al. (1997, 
1999b), Bhadra 
et al. (1999)

Ceratophyllum 
demersum

TNT, RDX Best et al. (1997, 
1999b), Bhadra 
et al. (2001)

Elodea canadensis RDX, HMX Rivera et al. 
(1998), Best et al. 
(1999a, b)

Phalaris arundinacea TNT, RDX Best et al. (1999a, 
b)

Typha angustifolia TNT, RDX Best et al. (1999a, 
b)

Sagittaria latifolia TNT, RDX Best et al. (1997), 
Bhadra et al. 
(2001)

Scirpus cyperinus TNT, RDX Best et al. 
(1997,1999a,b)

Aquatic plant 
species with the 
potential for 
accumulating 
radionuclides

Lemna minor 140 La, 99 Tc, 60 Co Hattink et al. 
(2000), Hattink 
and Wolterbeek 
(2001), Weltje 
et al. (2002), Popa 
et al. (2006)

Lemna gibba 60 Co, 32 P, 134 Cs El-Shinawy and 
Abdel-Malik 
(1980)

Azolla caroliniana 137 Cs, 60 Co Popa et al. (2004)
Ceratophyllum 
demersum

137 Cs, 60 Co, 32 P, 60 Co, 
134 Cs, 89 Sr

El-Shinawy and 
Abdel-Malik 
(1980), 
Abdelmalik et al. 
(1980), 
Shokod’Ko et al. 
(1992), 
Bolsunovski˘ et al. 
(2002)

(continued)

5 Phytoremediation: An Alternative Tool Towards Clean and Green Environment



102

Table 5.3 (continued)

Category Organism/Taxa Targeted pollutant/application References

Potamogeton pectinatus 238 U, 137 Cs, 90 Sr Kondo et al. 
(2003)

Potamogeton lucens 90 Sr Bolsunovski˘ et al. 
(2002)

Elodea canadensis 137 Cs, 90 Sr, 241 Am Shokod’Ko et al. 
(1992), 
Bolsunovski˘ et al. 
(2002), 
Bolsunovsky et al. 
(2005)

Aquatic plant 
species (with 
the potential 
removing/
accumulating 
various organic 
contaminants)

Eichhornia crassipes Ethion, dicofol, cyhalothrin, 
pentachlorophenol

Roy and Hanninen 
(1994), Xia et al. 
(2002a, b)

Lemna gibba Phenol, 2,4,5-trichlorophenol 
(TCP)

Ensley et al. 
(1994), Sharma 
et al. (1997), 
Hafez et al. 
(1998), Tront and 
Saunders (2006)

Lemna minor 2,4,5-trichlorophenol (TCP), 
halogenated phenols

Tront et al. (2001), 
Day and Saunders 
(2004), Tront and 
Saunders (2006), 
Tront et al. (2007)

Spirodela oligorrhiza Organophosphorus and 
organochlorine compounds 
(o,p′-DDT, p,p′-DDT), 
chlorobenzenes

Gobas et al. 
(1991), Rice et al. 
(1997), Gao et al. 
(2000a, b)

Myriophyllum 
aquaticum

Simazine, o,p-2 DDT, p,p-2 
DDT, hexachloroethane 
(HCA), perchlorate

Knuteson et al. 
(2002), Nzengung 
et al. (1999), Gao 
et al. (2000a)

Potamogeton crispus Phenol Barber et al. 
(1995)

Ceratophyllum 
demersum

Organophosphorus and 
organochlorine compounds, 
chlorobenzenes

Gobas et al. 
(1991), Wolf et al. 
(1991), Rice et al. 
(1997), Gao et al. 
(2000a, b)

(continued)
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Table 5.3 (continued)

Category Organism/Taxa Targeted pollutant/application References

Elodea canadensis Phenanthracene, 
organophosphorus and 
organochlorine compounds, 
chlorobenzenes 
Hexachloroethane (HCA), 
DDT, carbon tetrachloride

Gobas et al. 
(1991), Wolf et al. 
(1991), Rice et al. 
(1997), Machate 
et al. (1997), Gao 
et al. (2000a, b), 
Nzengung et al. 
(1999), Gao et al. 
(2000a), Garrison 
et al. (2000)

Pontederia cordata Oryzalin (herbicide) Fernandez et al. 
(1999)

Scirpus lacustris Phenanthracene Machate et al. 
(1997)

Table 5.4 Advantages and disadvantages of various methods used in phytoremediation techniques. 
(From Singh et al. 2011)

Method Advantages Disadvantages

Phytoextraction It is a cost effective method Time taking process as the metal hyper- 
accumulators are usually slow and secondly 
they grow with small biomass and shallow 
root systems

Permanents removal of the 
contaminants

This process needs the harvestation and 
removal of plant biomass followed by metal 
reclamation or proper disposal of the biomass

Rhizofiltration Both terrestrial and aquatic 
plants can be used onsite 
and offsite

There is a constant need to maintain pH

Do not require translocation 
of contaminants to the 
shoots

Requires efforts and time in maintaining the 
initial stage of plant in a nursery or green 
house

Phytosatbilization There is no requirement of 
disposal of hazardous 
biomass

Contaminant/pollutant stay back in the soil

Useful to control soil 
erosion and reduce water 
availability in the system

Continuous monitoring is required

Phytovolatilization It can transform the 
contaminants to less toxic 
forms

There is a risk of accumulation of hazardous 
elements in vegetation

Effective and rapid 
degradation of the released 
contaminants

Plant tissues reported to have low level of 
metabolites
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much detail right from the stage of plant selection to remediation of sites and their 
sustainability.
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Chapter 6
Biodegradation of Polycyclic Aromatic 
Hydrocarbons (PAHs): A Sustainable 
Approach

Shaili Srivastava and Madan Kumar

Abstract Polycyclic aromatic hydrocarbons (PAHs) are aromatic hydrocarbons 
having two or more fused benzene rings. PAH are found in environment from natu-
ral as well as anthropogenic sources. They are widely distributed environmental 
contaminants that have detrimental biological effects, including toxicity, mutagen-
icity, and carcinogenicity. PAHs are thermodynamically more stable and resistant to 
microbial degradation due to their hydrophobic nature and their stabilization due to 
presence of multiple benzene rings and low aqueous solubility. Despite these prop-
erties, a variety of bacterial, fungal and algal species are reported for biodegrada-
tion. Most of studies involved in PAH microbial degradation is based on enzymes 
involved in PAH metabolism and their mineralization. Several bacteria have been 
found to degrade PAH such as Sphingomonas sp., Psedomonas sp., Alcaligens 
eutrophus, Burkhelderia sp. Mycobacterium, Rhodococcus, Nocardioides, 
Mycobacterium, Rhodococcus, Nocardioides and Novosphingobium, etc. There are 
several biochemical pathways and gene reported which are responsible for bacterial 
degradation of PAHs. Many fungi metabolize polycyclic aromatic hydrocarbons 
with enzymes that include lignin peroxidase, manganese peroxidase, laccase, cyto-
chrome P450, and epoxide hydrolase. The products include trans-dihydrodiols, 
phenols, quinones, dihydrodiol epoxides, and tetraols, which may be conjugated to 
form glucuronides, glucosides, xylosides, and sulfates. The fungal and bacterial 
metabolites generally are less toxic than the parent hydrocarbons. Cultures of fungi 
that degrade polycyclic aromatic hydrocarbons may be useful for bioremediation of 
contaminated soils, sediments, and waters. Microalgae and eukaryotic algae sp. 
have been also reported for their bioaccumulation, biotransformation and degrada-
tion capability of PAH. While mechanism of biodegradation pathways from algae 
are not very specific and vary from species to species. In case of algal biodegrada-
tion of PAH it works more precisely in combination with bacterial co-culture.
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6.1  Introduction

Aromatic hydrocarbons are most abundant and diverse organic pollutants present in 
the environment. Aromatic compounds are defined as the organic molecules with at 
least one benzene ring. The major sources of aromatic compounds are living organ-
isms (aromatic amino acids), plants (secondary metabolites), lignin and fossil 
reserves (Fuchs et al. 2011). The aromatic compounds exist as complex mixtures in 
the environment. Aromatic compounds can be grouped into three major classes: 
polycyclic aromatic hydrocarbons (PAHs), heterocyclic compounds and substituted 
aromatics (Seo et al. 2009). These compounds are of great environmental concern 
and their removal from the polluted system is essential due to their recalcitrance, 
bioaccumulation potential and toxicity to ecosystems including humans. Their 
removal from the contaminated system has led to development of various physical, 
chemical, thermal and biological processes. Among these, biological processes are 
the most common, cost effective and sustainable approach for degradation (Haritash 
and Kaushik 2009; Vila et al. 2015; Kuppusamy et al. 2017). In this chapter, we 
have focused on sources, properties, and biodegradtion of PAHs.

6.2  Sources of PAHs

PAHs are ubiquitous recalcitrant environmental pollutants with known mutagenic, 
teratogenic and carcinogenic properties. PAHs comprise of fused benzene rings 
having only carbon and hydrogen in the structure. On the basis of benzene rings 
present in the structure: PAHs can be classified as low molecular weight (LMW) 
and high molecular weight (HMW). The LMW consists of 2–3 rings (naphthalene, 
phenanthrene anthracene fluorine) and HMW contains 4–7 rings such as pyrene, 
chrysene, coronenes (Kuppusamy et al. 2017). These benzene rings are arranged in 
linear, angular and cluster form in the structure. PAHs are mainly produced as com-
plex mixture and there are more than 100 types of PAHs present in the environment. 
The United States Environmental Protection Agency (US EPA) report 2008 labeled 
28 compounds as hazardous (Gan et al. 2009). The 16 PAH are categorized as pol-
lutants of high concern by US EPA.  The World Health Organization also docu-
mented 8 PAHs (benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]
fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd], pyrene, Dibenz(a,h)Anthracene 
(DBahA) and benzo[ghi]perylene) has potential expected to be carcinogenic pollut-
ants (Bansal and Kim 2015).
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PAHs are group of organic compounds that are produced naturally by volcanic 
eruptions, forest fires, oil seeps, exudates from trees and through anthropogenic 
sources such as incomplete burning of crude oil, coal, gas, wood, garbage, cooking 
at high temperatures, exhaust from vehicles, discharge from industry and treatment 
plants (DHHS 1995; Gehle 2009). On the basis of their source of origin, PAHs can 
be classified as petrogenic, pyrogenic and biogenic PAHs. The pyrogenic PAHs are 
produced from the incomplete combustion of organic compounds at high tempera-
ture or prolonged heating at low temperature either at low or absence of oxygen. 
Incomplete combustion taking place either by natural or anthropogenic means are 
the largest contributor of PAHs to the environment. The example of pyrogenic pro-
cesses is thermal cracking of petroleum, distillation of coal for coke and coal tar 
production, forest fire, vehicular emission, etc. Petrogenic PAHs are generated from 
crude oil, crude oil products such as petroleum product and oil spills. The biogenic 
sources include plants and microbes and their degradation products, industries, 
incinerators, wastewater treatment plants, emission from burning of motor fuels, 
grilled and smoked food, cigarette, tobacco, wood burning (Haritash and Kaushik 
2009; Abdel-Shafy and Mansour 2016).

6.3  Properties, Fate and Exposure of PAHs

Physical and chemical property of PAH depends on the number of rings or molecu-
lar weight. These compounds are solids having relatively high molecular weight, 
low volatility at room temperature, less or insoluble in water, soluble in organic 
solvents and prone to photo-oxidative degradation (DHHS 1995). Their aqueous 
solubility, volatility and reactivity decreases with increase in molecular weight (Seo 
et al. 2009). In pure form these chemicals are colorless, white or pale yellow-green 
with faint or pleasant odour. These are used in synthesis of medicine, dyes, pesti-
cides and plastics (DHHS 1995). The physical and chemical properties of 16 most 
priority PAHs are presented in Table 6.1 as listed by US EPA. These are present 
ubiquitously in interstellar space and the environment i.e., air, water, and soil or 
sediment. The soil is the reservoir of PAHs with almost 90% of total PAH burden in 
the environment (Kuppusamy et al. 2017). The global annual emission of 16 PAHs 
was 504 Gg in 2007 and the major contributors were biomass (residential/ commer-
cial) burning, open field biomass burning, deforestation, wildfire and petroleum 
combustion by motor vehicles. The HMW carcinogenic PAH emission was 6.19% 
of total PAH emission. The carcinogenic PAH emission was higher in developing 
countries (6.22%) compared to developed countries (5.735) due to difference in 
advancement in technology and energy structure (Shen et al. 2013). The exposure of 
PAHs takes place through air, water, soil and food sources and the route of exposure 
is inhalation, ingestion and dermal contact in both occupational and non-occupa-
tional conditions (Abdel-Shafy and Mansour 2016).
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6.4  Biodegradation of PAHs by Bacteria

The remediation of PAHs in the environment takes place by various established 
physical, chemical, thermal and biological processes and their integration such as 
chemical oxidation, incineration, solvent extraction, thermal conduction, phytoreme-
diation, bioaugmentation, biostimulation, bioreactors and composting (Haritash and 
Kaushik 2009; Kuppusamy et al. 2017). Compared to various physic-chemical pro-
cesses, biological processes is cost effective, sustainable and green approach to envi-
ronment. Physico-chemical processes only cause transformation from one compound 
to another less toxic form but in case of biological processes, complete mineraliza-
tion of contaminants in the form of CO2 and water can be observed. In this chapter, 
we are discussing biological processes for pollutants remediation. The contaminants 
are utilized by microorganisms as source of energy and carbon in the environment. 
The bioremediation of PAHs pollutants in the environment can be done by ex situ and 
in situ treatment methods. The bioremediation of pollutants by microorganisms is 
very promising technology and this research field is very active as new contaminants 
and microbes are being identified and reported on regular basis. The versatility and 
adaptability of microbes to utilize diverse range of contaminants present in diverse 
environment for energy and carbon source is the key to bioremediation. The biologi-
cal degradation of contaminants can be aerobic and anaerobic process.

6.4.1  Aerobic Degradation of PAH by Bacteria

The microbial degradation of recalcitrant environment pollutants such as PAHs 
takes place favorably under aerobic conditions and are extensively documented. In 
aerobic degradation process, oxygen molecule is the final electron acceptor and also 
acts as co-substrate for hydroxylation and oxygenolytic cleavage of aromatic rings 
(Ghosal et al. 2016). There are various microorganisms identified as PAH degraders 
and these microbes belongs to Pseudomonas, Alcaligenes, Sphingomonas, 
Mycobacterium, Streptomyces, Burkholderia, Polaromonas, Ralstonia, 
Rhodococcus, Stenotrophomonas Flavobacterium, Bacillus, Rhodotorula, 
Acenitobacte, Klebsiella and Arthrobacter (Haritash and Kaushik 2009; Seo et al. 
2009). The degradation of four or more ring HMW PAHs containing four or more 
ring was commonly observed in genus Sphingomonads, Actinobacteria and 
Mycobacterium as sole energy and carbon source (Vila et al. 2015).

6.4.1.1  Pathways and Enzymes Involved in Aerobic Degradation of PAHs

Microorganisms can degrade PAHs through both aerobic and anaerobic pathways 
but the aerobic pathway is studied extensively. In the aerobic degradation pathway, 
the PAHs is activated by incorporating molecular oxygen directly with the help of 
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mono or di oxygenases. The multicomponent dioxygenase usually consists of 
reductase, ferrodoxin and terminal iron sulfur containing terminal oxygenase 
(Haritash and Kaushik 2009; Ghosal et al. 2016). These ring hydroxylating oxygen-
ases (RHD) belongs to rieske-type non-heme iron oxygenase family. PAH specific 
RHD can be distinguished phylogenetically in Gram positive and Gram negative 
bacterial strains. The dioxygenase hydroxylates the aromatic ring of PAH and 
results in formation of cis-dihydrodiol and gets rearomatized to diol intermediate by 
dehydrogenases. These diol are cleaved by intadiol or extradiol ring cleaving dioxy-
genase by ortho or meta cleavage pathway and forms common intermediate cate-
chol followed by their conversion in TCA intermediates (Seo et  al. 2009; Fuchs 
et al. 2011). Bacterial monooxygenase or cytochrome P450 activates catabolic pro-
cess by introduction of one oxygen molecule in the aromatic ring and convert into 
arene epoxide intermediate and its subsequent conversion intotrans-dihydrodiols 
(Moody et al. 2004).

Naphthalene is the simplest PAH and there are several microorganism discov-
ered and reported with detailed mechanism of degradation, metabolic intermediates 
formed, enzymes involved and regulation of genes. The proposed pathway for deg-
radation of naphthalene has been represented in Fig. 6.1.

The gene for naphthalene degradation can be divided into nah-like in 
Pseudomonas and non nah-like gene in other genus. In Pesudomonas putida strain 
G7, the catabolic gene is present in three operons encoding enzymes for upper path-
way (naphthalene to salicylate), lower pathway (salicylate to TCA by meta-cleav-
age) and third nahR (a LysR trans-acting positive transcriptional regulator). In this 
operon, a terminal dioxygenase is reported with highly conserved structure having 
alpha and beta chains. The nahAc gene (naphthalene 1,2 dioxygenase) was used as 
biomarker for PAH degradation as well as to establish correlation between PAH 
degradation and its levels present in the environment (Cébron et al. 2008; Lu et al. 
2011). Ralstonia sp. U2 contains nag gene cluster similar in order to that of nah 
from Pseudomonas with additional nagG and nagH gene for salicylate to gentisate 
conversion (Zhou et al. 2001). The PAH catabolic gene reported from other bacteria 
are phn gene from Burkholderia sp. strain RP007, phd genes of Nocardioides sp. 
KP7, nar genes from Rhodococcus sp. NCIMB12038, phd genes from Comamonas 
teststeroni strain GZ39. These genes were detected while degradation of PAH 
(naphthalene, phenanthrene and anthracene). The involvement of nid genes in PAH 
such as fluoranthene, phenanthrene, pyrene and benzo(a) pyrene degradation has 
been reported from Mycobacterium sp. strain PYR-1 (Moody et al. 2001).

Phenanthrene is a LMW, three ring containing PAH pollutant ubiquitously present 
in an environment. It is a model compound for the degradation study of carcinogenic 
compounds (PAH) as its structure contains reactive ‘K-’ region and ‘-bay’ regions 
commonly observed in other carcinogenic compounds (Seo et al. 2009; Ghosal et al. 
2016). The catabolic pathway and enzymes for phenanthrene degradation has been 
extensively studied in Mycobacterium sp. strain PYR-1 (Fig. 6.2). The degradation 
of phenanthrene has been widely studied and the catabolizing microbes isolated 
are Burkholderia, Arthrobacter, Mycobacterium, Pseudomonas, Sphingomonas, 
Acidovorax and Pseudomonas (Tian et al. 2002). The utilization of phenanthrene has 
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been studied in detail from Mycobacterium sp. strain PYR-1. The catabolic activa-
tion of ring occurs at K- region by mono and dioxygenases, followed by ortho and 
meta ring cleavage (Moody et al. 2001; Haritash and Kaushik 2009; Seo et al. 2009).

Pyrene is the model compound used for the degradation study of HMW 
PAH. This compound contains four benzene rings in the structure and is highly 

Fig. 6.1 Proposed pathway for aerobic degradation of Naphthalene. (Adapted from Seo et  al. 
2009)
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Fig. 6.2 Proposed pathway for aerobic degradation of phenanthrene by Mycobacterium sp. strain 
PYR-1. (Adapted from Moody et al. 2001)
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hydrophobic in nature. The catabolism of pyrene as sole carbon and energy source 
has been studied in Mycobacterium, Pseudomonas, Burkholderia, Bacillus, 
Cycloclastics and Sphingomonas (Seo et  al. 2009). The enzymes and pathways 
involved in pyrene degradation from Mycobacterium sp. strain KMS has been 
comprehensively studied and the degradation pathway was proposed (Fig.  6.3). 
The enzymes such as aromatic-ring-hydroxylating dioxygenase, dihydrodiol dehy-
drogenase, oxidoreductase, and epoxide hydrolase was found to be induced in 
presence of pyrene and the catabolic intermediates have also been detected (Liang 
et al. 2006; Seo et al. 2009).

Benzo[a]pyrene (BAP) is a highly recalcitrant five membered aromatic ring PAH 
and one of the most potent carcinogen. The genera reported for degraded of BAP are 
Mycobacterium sp., Stenotrophomonas and Sphingomonas. The metabolism of 
BAP has been extensively studied in Mycobacterium vanbaalenii PYR-1 and the 
enzymes and pathways involved in degradation has also been elucidated (Fig. 6.4). 
The catabolic activation of BAP ring (C-4,5, C-9,10, and C-11,12) takes place by 
stereo- and regioselective dioxygenases and monooxygenases and the degradation 
intermediates and pathways also proposed (Moody et al. 2004; Seo et al. 2009).

Fig. 6.3 Proposed pathway for aerobic degradation of pyrene by Mycobacterium sp. strain KMS. 
(Adapted from Liang et al. 2006)
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6.4.2  Anaerobic Degradation of PAHs by Bacteria

Aerobic degradation of PAH is most extensively studied from various environments 
and the pathway of degradation has also been elucidated. In aerobic process, the 
degradation takes place in presence of oxygen where oxygen helps in ring opening 
and acts as terminal electron acceptor (Meckenstock and Mouttaki 2011). The 
degradation of contaminants in places where there is less or lack of oxygen such as 
ocean sediment, aquifers, lakes and lower soil layer takes place by anaerobic mech-
anism. In anaerobic degradation process, nitrogen, sulphur, metal ions (ferric and 
manganese), CO2, chlorate, perchlorate, trimethylamine oxide and fumarate can act 
as terminal electron acceptor (TEA) in place of oxygen (Meckenstock and Mouttaki 
2011; Nzila 2018). The TEAs capture electron released during the degradation 
of organic compounds and helps in synthesis of ATP from ADP (Fig.  6.5). The 
ananerobic degradation of polyaromatic compounds is an important bioremediation 
process in the environment. In 1988, first report of anaerobic degradation can be of 
naphthalene was reported by Mihelcic and Luthy (1988) and later on described with 
sulphate, ferric ion and manganese as electron acceptor (Mihelcic and Luthy 1988; 
Meckenstock and Mouttaki 2011).

Fig. 6.4 Proposed pathway for the aerobic degradation of benzo[a]pyrene by Mycobacterium van-
baalenii PYR-1. (Adapted from Moody et al. 2004)
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But since then the degradation of aromatic pollutants under anaerobic conditions 
is limited to LMW PAH and very few studies have reported HMW PAH degrada-
tion. Limited biotransformation of naphthalene, phenanthrene, anthracene, pyrene, 
acenaphthylene and acenaphthene by methanogenic consortia was observed 
(Christensen et  al. 2004; Maillacheruvu and Pathan 2009). Biodegradation of 
14C-labelled pyrene was studied under nitrate reducing condition and the emission 
of 14C CO2 was observed (Nieman et al. 2001). Gas chromatography (GC) or high-
pressure liquid chromatography (HPLC) was used to study the degradation of 
anthracene using sediment from aquifer under nitrogen reducing conditions (Wang 
et  al. 2012). The PAH degradation by single strain Microbacterium sp., 
Cellulosimicrobium cellulans CWS2, Pseudomonas sp. and Pseudomonas sp. JP1 
under nitrate and sulphate reducing conditions were observed (Nzila 2018). The 
mixture of PAHs and their degradation by consortia from sludge sample of a munic-
ipal sewage treatment plant, petrochemical sludge, sediments from a rice field, 
marine sediments, mangrove sediment, municipal solid waste compost with differ-
ent TEAs and their combinations were studied (Nzila 2018).

6.4.2.1  Pathways and Enzymes for Anaerobic PAHs Degradation

The degradation of PAHs by anaerobic process is challenging due to stability of C-C 
and C-H bonds in benzene ring. The metabolic activation of PAH takes place by 
carboxylation, methylation and fumarate addition in absence of oxygen by anaero-
bic microorganisms (Zhang and Young 1997; Meckenstock and Mouttaki 2011). 
13C-labelled buffer study under sulphate reducing conditions identified major 

Fig. 6.5 Representation of anaerobic biodegradation of organic pollutants including PAHs. 
(Adapted from Nzila 2018)
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metabolite as 2-napthonic acid and phenanthrene-2-carboxylic acid from naphtha-
lene and phenanthrene respectively with labelled carboxylic acid in the structure 
(Zhang and Young, 1997).Methylation of napthalene and other hetercyclic com-
pounds by methyltransferases followed by fumarate addition to 2-naphthoyl-CoA 
production was also proposed pathway for degradation of PAH (Annweiler et al. 
2001; Safinowski and Meckenstock 2006). The carboxylases perform initial carbox-
ylation of naphthalene to 2-naphthoic acid followed by 2-naphthoyl CoA, cyclohex-
ane ring formation, ring cleavage and its subsequent multistep conversion to CO2 as 
shown in Fig. 6.6 (Meckenstock and Mouttaki 2011).

Fig. 6.6 Pathways and enzymes involved in anaerobic degradation of proposed anaerobic naph-
thalene and 2-methylnaphthalene degradation pathways
Enzymes represented as G, naphthalene carboxylase; H, naphthoyl-CoA ligase; (A) naphthalene 
methyl-transferase; (B) napthyl-2-methylsuccinyl synthase; (C) napthyl-2-methyl-succinyl-CoA 
transferase; (D) naphthyl-2-methyl-succinyl-CoA dehydrogenase; (E) naphthyl-2-methylene suc-
cinyl-CoA hydratase; (F) naphthyl-2-hydroxymethyl-succinyl-CoA dehydrogenase; (G) napthyl-
2-oxomethyl-succinyl-CoA thiolase; (H) naphthoate carboxylase; (I) naphthoyl-CoA ligase; (J 
and K) 2-napthtoyl-CoA reductase; (L) enoyl-CoA hydratase. Cis-2-carboxycyclo-hexylacetic 
acid is then further degraded to form acetyl-CoA and CO2. (Adapted from Meckenstock and 
Mouttaki 2011)
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The mechanism of phenanthrene degradation takes place first by hydroxylation, 
methylation and carboxylation of first ring while other rings remains intact and then 
same process goes for other rings till all are cleaved. The metabolites detected from 
phenanthrene and pyrene degradation are 1,2,3,4-tetrahydro-4-methyl-4-phenan-
threnol, p-cresol, phenol, 2-methyl-5-hydroxy-benzaldehyde 1-propenyl-benzene, 
anthraquinone and 1-anthraquinone-carboxylic acid (Tsai et al. 2009; Liang et al. 
2014). Phenanthrene and pyrene degradation products are shown in Fig. 6.7.

Anthracene degradation detected anthraquinone and 1-anthraquinone-carboxylic 
acid as catabolic intermediates during degradation. The degradation of benzopyrene 
resulted in generation of ethyl chrysene, 1,12-dimethylbenz[a]anthracene, 
7,8,9,10-tetrahydrobenzo[a]pyrene pyrene, phenanthrene, four naphthalene deriva-
tives [1-(2-hydroxypropyl)-naphthalene, 1,7-dimethyl-naphthalene, 1-methyl-
naphthalene, 2-hydroxy-3-(3-methyl-2-butenyl)-1,4-naphthalenedione] and two 
benzoic acid derivatives i.e., diethyl phthalate, 2-acetyl-3-methoxybenzoicacid by 
Pseudomonas sp. JP1 and Microbacterium sp. CSW (Liang et al. 2014; Qin et al. 
2017). The anaerobic degradation of benzopyrene by Microbacterium sp. CSW is 
represented in Fig. 6.8.

The anaerobic process is advantageous compared to aerobic process i.e., removal 
or degradation of pollutants, nitrate and sulphate removal from site and opportunity 
for production of biomethane as alternate energy source while degradation. But the 
major disadvantage of anaerobic process is extremely slow growth rate and very 
less efficiency. The limitations of anaerobic degradation can be overcome by bio-
augmentation, surfactant or biosurfactant addition, pH, introduction of consortia of 
microorganism, co-metabolism and improving biomethane production.

Fig. 6.7 Pathways for degradation of phenanthrene (a) and pyrene (b) and their metabolites 
detected during degradation.PHE (Phenanthrene). (Modified from Nzila 2018)
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6.5  PAHs Degradation by Complex Microbial Communities

The contaminants emitted and present in the environment are in mixture form and 
there are several microbes present in the environment to degrade them. Pure culture 
based methods ignore the interaction going on between the diverse microbial com-
munities in the environment so culture independent approach is applied to study the 

Fig. 6.8 Proposed pathway of anaerobic benzopyrene degradation by M.CSW3 CSW3 under 
nitrate-reducing conditions. (Qin et al. 2017)
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microbial community. These approaches identify the microbial communities and 
their abundance on the polluted site. The microbes in communities are intercon-
nected through metabolic pathways. With the advancement in ‘omics’ approach 
such as genomics, proteomics and metabolomics and their application in environ-
ment sample will help to understand the functionally relevant communities, their 
interaction and construction of their metabolic network in the environment.

The techniques commonly used for identification of microbial communities are 
denaturing gradient gel electrophoresis (DGGE), pyrosequencing, Stable Isotope 
Probing (SIP), Microarrays, functional gene (RHD) as molecular marker and their 
combination RHD-SIP, BACTRAPS (in situ protein-SIP and 16S rRNA gene pyro-
sequencing), metagenomics, mettranscriptomics, metaproteomics in combination 
with metabolomics (Vila et al. 2015).

Massive marine oil spills are usually followed by intensification in hydrocarbon 
degradation research. Analyses of sand from a beach affected by the Prestige oil 
spill had shown high relative abundances of Sphingomonadaceae and Mycobacterium 
that could be associated to PAH degradation (Vila et al. 2015). The link of commu-
nity dynamics to depletion of specific fuel components and to single PAH exposure 
revealed a role in PAH utilization for the gammaproteobacteria Methylophaga and 
Marinobacter, and members of Actinobacteria (Vila et al. 2015). The detection of a 
NidA dioxygenase gene in subcultures with pyrene identified an uncultured 
Gordonia as a key HMW PAH degrader. A similar community composition was 
found in a beach affected by the surface oil slick from Deepwater Horizon oil spill. 
The reduced complexity of microbial consortia enriched from natural communities 
facilitates the correlation between specific populations and functions. Jones et al. 
(2014) used substrate enrichment, co-incubation experiments and pyrosequencing 
to identify the genera Cupriavidus (Betaproteobacteria) and Luteimonas 
(Gammaproteobacteria) as the most likely related to benzo(a)pyrene cometabolism 
in a PAH-polluted soils. However, the most relevant studies on the identification of 
soil and groundwater PAH-degrading phylotypes are based on DNA-SIP.

6.6  Biodegradation by Fungi

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants in the envi-
ronment with potential mutagenicity and carcinogenicity, which are generated from 
natural combustion processes as well as from human activities (Cerniglia 1992). 
Some PAHs are acutely toxic, mutagenic and carcinogenic (Boonchan et al. 2000). 
The deleterious properties of PAHs have made their remediation a critical need. 
Bioremediation is one of the promising technologies to reclaim PAH-contaminated 
sites due to its relatively low cost and limited impact on the environment (Liebeg 
and Cutright 1999). Diverse fungi capable of utilizing PAHs have been investigated 
as well. Some filamentous fungi, basidiomycetes, white-rot fungi and deuteromyce-
tes have been shown to remove PAHs more competently than bacteria. PAHs sus-
ceptible to fungal biodegradation include naphthalene, phenanthrene, anthracene, 
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pyrene, benzo[a]pyrene, fluorene, dibenzothiophene, catechol, benzo[α]anthracene, 
chrysene, benzo[β]fluoranthene and benzo[k]-fluoranthene (Zheng and Obbard 
2002). At least two mechanisms are involved in PAH biodegradation: one utilizes 
the cytochrome P-450 system (Yadav et al. 2006) and the other uses the soluble 
extracellular enzymes of lignin catabolism, including lignin peroxidase, manganese 
peroxidase (Steffen et al. 2003) and laccase (Gianfreda et al. 1999).

6.6.1  Fungal Species

In contrast to bacteria, fungi do not utilize PAHs as their sole sources of carbon and 
energy but transform PAHs co-metabolically to detoxified chemical products. 
Recent studies have reported several fungal species with the capacity to degrade a 
series of PAHs, such as naphthalene, phenanthrene, fluoranthene, chrysene, pyrene 
and benzo[a]pyrene (Kiehlmann et al. 1996; Saraswathy and Hallberg 2002; Mollea 
et al. 2005; Mineki et al. 2015). Compared to bacteria, there are advantages in using 
fungi for bioremediation as they possess extracellular enzymes and their mycelia 
provide deeper penetration and larger surface area for absorption in soil. PAHs bio-
degradation has been reported by using different species of White rot fungi (WRF) 
such as Phanerochaete chrysosporium, Pleurotus ostreatus, Bjerkandera adusta, 
Irpex lacteus, Trametes versicolor, etc. (Wang et al. 2008; Mir-Tutusaus et al. 2014). 
A diverse group of ligninolytic and non-ligninolytic fungi (Marco-urrea et al. 2015) 
are able to oxidize PAHs (Table 6.2).

Many of bacterial strains are also able to degrade five-benzene-ring PAHs par-
tially, forming oxidized products. In contrast to bacteria, fungi generally do not 
utilize PAHs as their sole carbon and energy source but transform these compounds 
cometabolically to detoxified metabolites (Sutherland 1992). The most extensive 
studies have focused on white rot fungi such as Phanerochaete chrysosporium, 
Pleurotus ostreatus and Trametes versicolor. These fungi are able to degrade some 
five-benzene-ring PAHs and detoxify PAH-polluted soils and sediments due to the 
production of extracellular lignin-degrading enzymes. Nonlignolytic fungi, such as 
Cunninghamella elegans, Penicillium janthinellum, and Syncephalastrum sp., can 
transform a variety of PAHs, including pyrene, chrysene, and benzo[a]pyrene, to 
polar metabolites (Pothuluri et al. 1994). Biodegradation of PAHs by the white rot 
fungus Phanerochaete chrysosponum has clearly been verified in several studies 
that report mineralization of 4C-labeled PAH (Sanglard et al. 1986).

Extensive biodegradation of PAH, e.g., fluorene and benzo[a]pyrene (B[a]P) was 
reported from P. chrysosponum, Trametes versicolor TV1 and Chrysosponum ligno-
rum CL1 (Morgan et  al. 1991). Field et  al. (1992) has been studied on different 
isolates of fungal strains such as Bjerkandera adusta CBS 595.78, Polyporus, pin-
situs CBS 678.70, Trametes sp. strain Naald 11; Trametes sp. strain Eik 39; Trametes 
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sp. strain Berk 41; an unidentified strain of the order Aganicales, strain Beuk 47; 
Bjerkandera sp. strain Bos 55; Daedaleopsis confragosa GM 2; and Stereum sp. 
strain Schim 22. These strains were originally isolated from rotting pine needles, 
rotting oak wood, rotting birch wood, rotting beech wood, forest litter, forest soil, 
and forest litter, respectively. He found that PAH biodegradation is a ubiquitous 
phenomenon among white rot fungi. All strains tested degraded anthracene, and 
some of the strains degraded Benzo alpha pyrene, significantly beyond the level in 
the poisoned mycelium controls. Although PAH biodegradation was found to be a 
universal characteristic of the white rot fungi tested, two distinct patterns of PAH 
biodegradation could be distinguished.

Table 6.2 Polycyclic aromatic hydrocarbon utilized by different fungal species

S. 
no. Compound Fungal sp./Strain

1 Acenaphtene Cunninghamella elegans

2 Anthracene Bjerkandera sp., Cunninghamella elegans, Naematoloma frowardii, 
Phanerochaete chrysosporium, Phanerochaete laevis, Pleurotus ostreatus, 
Pleurotus sajor-caju

3 Phenanthrene Aspergillus niger, Cunninghamella elegans, Naematoloma frowardii, 
Phanerochaete chrysosporium, Phanerochaete laevis, Pleurotus ostreatus, 
Syncephalastrum racemosum, Trametes versicolor

4 Fluorene Cunninghamella elegans, Laetiporus sulphureus, Phanerochaete 
chrysosporium, Pleurotus ostreatus, Trametes versicolor

5 Fluoranthene Cunninghamella elegans, Naematoloma frowardii, Laetiporus sulphureus, 
Penicillium sp., Pleurotus ostreatus

6 Pyrene Aspergillus niger, Agrocybe aegerita, Candida parapsilopsis, Crinipellis 
maxima, Crinipellis perniciosa, Crinipellis stipitaria, Crinipellis zonata, 
Cunninghamella elegans, Fusarium oxysporum, Kuehneromyces mutablis, 
Marasmiellus ramealis, Marasmius rotula, Mucor sp., Naematoloma 
frowardii, Penicillium janczewskii, Penicillium janthinellum, 
Phanerochaete chrysosporium, Pleurotus ostreatus, Syncephalastrum 
racemosum, Trichoderma harzianum

7 Benzo[a]
anthracene

Candida krusei, Cunninghamella elegans, Phanerochaete chrysosporium 
Phanerochaete laevis, Pleurotus ostreatus, Rhodotorula minuta, 
Syncephalastrum racemosum, Trametes versicolor

8 Benzo[a]
pyrene

Aspergillus ochraceus, Bjerkandera adusta, Bjerkandera sp., Candida 
maltosa, Candida tropicalis, Chrysosporium pannorum, Cunninghamella 
elegans, Mortierella verrucosa, Naematoloma frowardii, Neurospora 
crassa, Penicillium janczewskii, Penicillium janthinellum,

9 Chrysene Cunninghamella elegans, Penicillum janthinellum, Syncephalastrum 
racemosum

10 Benzo[a]
pyrene

Cunninghamella elegans

Modified from Kadri et al. (2017)
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6.6.2  Fungal Enzymes and Degradation Pathways

Fungi is found to possess inherent potential and efficiency to degrade PAHs. 
Ligninolytic fungi was of much interest to the scientists as they produce extracel-
lular enzymes with reduced substrate specificity. This feature of ligninolytic fungi 
provided a necessary fillip for the organisms to degrade various organopollutants 
(Hammel 1995). Extracellular peroxidases produced by these fungi causes the ini-
tial oxidation of PAHs (Zhang et al. 2015). While fungal lignin peroxidases oxidize 
quite a number of PAHs directly, fungal manganese peroxidases co-oxidize them 
indirectly through enzyme-mediated lignin peroxidation. Further, it was reported 
that white rot fungi oxidize anthracene to anthraquinone (Vyas et  al. 1994). 
Basically, the ligninolytic system contains three principal enzyme groups namely 
lignin peroxidase (LiP), Mn-dependent peroxidase (MnP), phenol oxidase (laccase, 
tyrosinase), and H2O2 producing enzymes (Novotný et al. 2004). Ligninolysis is an 
oxidative process and it is found to operate under nutrient limiting conditions for 
instance nitrogen limiting conditions (Novotný et  al. 2004). In effect, the fungal 
mediated degradation of PAHs is slow and it was found that fungi have potential to 
degrade diverse group of xenobiotics. Ability of many soil fungi to live, grow, prop-
agate (Lee et al. 2015a, b) and capability to degrade PAHs through fungal enzymes 
like cytochrome P450 monooxygenase, epoxide hydrolases, lipases, proteases and 
dioxygenases have been studied in depth (Balaji et al. 2014).

The two main enzyme groups involved in the initial attack on PAHs by fungi are 
the cytochrome P-450 monoxygenases and the lignin peroxidases (Fig. 6.9). Both 

Fig. 6.9 Initial steps in the microbial pathways for oxidation of polycyclic aromatic hydrocar-
bons. (Adopted from Cerniglia 1993)
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enzymes are relatively non-specific for the PAHs that they metabolize. Cytochromes 
P-450 incorporate one atom of molecular oxygen into the PAH molecule to form an 
arene oxide, which then undergoes either spontaneous isomerization to form a 
phenol, with subsequent conjugation with sulfate, glucuronic acid, glucose or 
xylose, or enzymatic hydration to form a trans-dihydrodiol. A non-ligninolytic 
fungus, Cunninghamella elegans, has been shown to metabolize PAHs that range in 
size from naphthalene to benzo[a]pyrene (Sutherland 1992).

Lignin peroxidases and laccases are extracellular enzymes produced by the white 
rot fungi (Field et al. 1992). The lignin peroxidases have been shown to oxidize 
PAHs that have ionization potentials of less than about 7.6 eV. The extracellular 
lignin peroxidases initiate a free radical attack on PAHs, by a single electron trans-
fer, to form quinones. Phanerochaete chrysosporium was reported by Hammel et al. 
(1991) to oxidize anthracene via 9,10-anthraquinone to phthalate. In a similar study, 
they showed that P. chrysosporium oxidizes phenanthrene at its C9 and C10 posi-
tions to give 2,2′-diphenic acid as a ring cleavage product (Hammel et al. 1991).
These results suggest that both lignin peroxidase and other enzymes may be involved 
in the degradation of PAHs. Sutherland (1992) reported that P. chrysosporium under 
non-lignolytic conditions metabolizes phenanthrene to phenols and trans-dihydro-
diols, which suggests a cytochrome P-450 mediated reaction. Thus, P. chrysospo-
rium contains several enzymes that may be involved in the degradation of PAHs.

Ligninolytic enzymes enable a one electron radical oxidation of contaminant 
resulting in the formation of aryl cation radicals and subsequently quinones (Vyas 
et al. 1994). It was reported that pure culture of P. chrysosporium degrade anthra-
cene to anthraquinone (Hammel et al. 1991) which was broken down into phthalic 
acid and carbon dioxide. Further, it was found that purified forms of lignin peroxi-
dase and manganese peroxidase were found to oxidize anthracene, pyrene, fluorene 
and benzo[a]pyrene to quinones (Hammel et al. 1991, 1992; Hammel, 1995; Bogan 
and Lamar 1996) (Fig. 6.10).

Hence, several systems are involved in the degradation of PAHs with fungal 
enzymes including intracellular cytochrome P450 and extracellular lignin peroxi-
dase, manganese peroxidase and laccase. The pathways of degradation of PAHs 
vary for each enzymes and dependent on nutritional and environmental conditions 
of fungal strains (Fig. 6.11).

PAHs biodegradation occurs both under aerobic and anaerobic conditions. 
Clemente et al. (2001) reported the highest degradation of naphthalene (69%) and 
phenanthrene (12%) by a fungal strain that had manganese peroxidase enzyme sys-
tem. Soil fungi like Aspergillus sp., Trichocladium canadense, and Fusarium oxyspo-
rum coulddegrade polycyclic aromatic hydrocarbons of low-molecular-weight PAHs 
(2–3 rings) and produce ligninolytic enzymes and activities (LiP, MnP, laccase). 
Under anaerobic conditions, ligninolytic enzyme activity was not normally observed 
(Silva et al. 2009).
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6.7  Algal Degradation of PAHs

Currently, the use of microalgae in bioremediation of colored wastewater has 
attracted great interest due to their central role in carbon dioxide fixation. In addi-
tion, the algal biomass generated has great potential as feedstock for biofuel produc-
tion. These bioremediation capabilities of microalgae are useful for environmental 
sustainability. Compared to bacteria and fungi, relatively little attention has been 
paid to the biodegradation of PAHs by microalgae (cyanobacteria, diatoms etc.). 
Microalgae are one of the major primary producers in aquatic ecosystems, and play 
vital roles in the fate of PAHs in those environments. Several strains of microalgae 
are known to metabolize naphthalene, phenanthrene, anthracene, BaP and other 
PAHs (El-sheekh et al. 2012) (Table 6.3).

The biotransformation pathway of naphthalene by microalgae Oscillatoria sp., 
strain JCM are shown in the Fig. 6.12 (Cerniglia et al. 1980). Under photoautotro-
phic growth conditions, strain JCM has been reported to oxidize naphthaleneto1-

Fig. 6.10 Oxidation of PAHs by lignolytic fungi. (Kadri et al. 2017)
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naphthol, whereas marine cyanobacterium Agmenellum quadruplicatum strain 
PR-6 can convert phenanthrene to phenanthrene trans-9,10-dihydrodiol and 
1-methoxyphenanthrene (Narro et al. 1992a, b).

The microalgae Scenedesmus obliquus GH2 is used to construct an artificial 
microalgal-bacterial consortium for crude-oil degradation (Tang et  al. 2010). 
Addition of the bacterial consortium in different amendments significantly enhanced 
degradation efficiency of both aliphatic and aromatic hydrocarbons of crude oil. 
Another consortium of pre-isolated oil-degrading bacteria in association with three 
species of plants effectively remediated contaminated silt-loam soil more than silt, 
loam and sandy loam with an average 80% reduction of total petroleum hydrocar-
bon (Ghosh and Syed 2001).

Table 6.3 The bioaccumulation and biotransformation of selected pesticides by eukaryotic algae

Algae Bioaccumulation Biotransformation

Chlamydomonas Mirex Lindane, 
naphthalene, phenol

Chlorella sp Toxaphene, methoxychlor Lindane, 
chlordimeform

Chlorococcum sp. Mirex
Cylindrotheca DDT
Dunaliella Mirex DDT, naphthalene
Euglena gracilis DDT, parathion Phenol
Scenedesmus 
obliquus

DDT, parathion Naphthalene 
sulfonic acids

Selenastrum 
capricornutum

Benzene, toluene, chlorobenzene, 
1,2-dichlorobenzene, nitrobenzene, naphthalene, 
2,6-dinitrotoluene, phenanthrene, di-n-
butylphthalate, pyrene

Benzo[a]pyrene

Adapted from Kobayashi and Rittman (1982)

Fig. 6.11 Different pathways for the fungal metabolism of polycyclic aromatic hydrocarbons. 
(Modified from Kadri et al. 2017)
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The phytoremediation of PAHs by algae have limited success due to the high 
toxicity (Dhankher et al. 2012). The accumulation and biodegradation of two typi-
cal polycyclic aromatic hydrocarbons (PAHs), phenanthrene (PHE) and fluoran-
thene (FLA), by the diatoms was studied by Hong et al. (2008), using two algal 
species Skeletonema costatum and Nitzschia sp. It was found that the accumulation 
and degradation abilities of Nitzschia sp. were higher than those of S. costatum. 
Degradation of FLA by the two algal species was slower, indicating that FLA was a 
more recalcitrant PAH compound. The microalgal species also showed comparable 
higher efficiency in the removal of the PHE and FLA mixture compared with PHE 
or FLA alone, suggesting that the presence of one PAH stimulated the degradation 
of the other.

Muñoz et al. (2003) suggested that it is possible to use microalgae to produce the 
O2 required by acclimatized bacteria to biodegrade hazardous pollutants such as 
polycyclic aromatic hydrocarbons, phenolics, and organic solvents. When PAHs are 
taken up by microorganisms, they activated in aerobic metabolism by insertion of 
two oxygen atoms by bacteria and green algae to produce either cis-dihydrodiols or 
phenols.

Jinqi and Houtian (1992) investigated the degradation of azo dyes by Chlorella 
vulgaris and C. pyrenoidosa and found that certain dyes, such as Eriochrome blueSE 
and blackT, could be decolorized and actually used as carbon and nitrogen sources, 
but this was dependent on the chemical structure of the dyes (Fig. 6.13). The degra-
dation was found to be an inducible catabolic process. They also found that the 

Fig. 6.12 Proposed naphthalene biotransformation pathway by the cyanobacteria, Oscillatoria sp. 
strain JCM. (Adapted from Cerniglia et al. 1980)
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algae degraded aniline, a potential degradation product of the azo dye breakdown. 
In another study, Ochromonas danica, a nutritionally versatile chrysophyte, grew 
heterotrophically on phenol or p-cresol as the sole source of carbon up to concentra-
tions of 4 mM.

There are few examples of algae degrading aromatic compounds. (1980) and 
Jinqi and Houtian, (1992) have shown the removal of pollutants, accumulation of 
catabolic intermediates and the involved processes (Figs.  6.12 and 6.13, respec-
tively). More detailed studies were carried out by some researchers (Lindquist and 
Warshawsky 1985a, b; Warshawsky et al.1995; Schoeny et al. 1988) who examined 
the effects of the chlorophyte alga, Selenastrum capricornutum, on benzo[a]-pyrene. 
They found that the alga used a dioxygenase system to oxidize the compound to 
cis-dihydrodiols which were then converted to sulfate ester and α and β-glucoside 
conjugates. The presence of this ring hydroxylating dioxygenase system is of par-
ticular importance as this mechanism is typically found only in bacteria and not in 
eukaryotes, where trans-dihydrodiols typically originate from epoxidation by the 
action of cytochrome P-450 monooxygenases and epoxide hydrolases on the PAH 
molecule.

Fig. 6.13 Proposed degradation of azo dyes by eukaryotic algae. (Adapted from Jinqi and Houtian 
1992)
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6.8  Conclusion

During the past decade, a variety of microorganisms have been isolated and char-
acterized for their ability to degrade different PAHs. Furthermore, many meta-
bolic enzymes for the degradation of different PAHs have been isolated from 
microorganisms and several novel pathways have been elucidated based on the 
identification of initial ring oxidation and ring cleavage products. The genes 
responsible for PAHs catabolic pathways are always localized as gene clusters, 
and some gene clusters have been cloned and sequenced. The advancement in 
genetic, genomic, proteomic and metabolomic approaches, which are employed 
to study catabolism of organic pollutants have contributed remarkably in our 
understanding on the physiology, ecology, biochemistry of PAHs degrading 
microorganisms. However, detailed research is a prerequisite to determine exactly 
what is going on in PAH-contaminated environment. In addition, there are still 
various aspects of bioremediation of PAHs that remain unknown or otherwise 
have insufficient information, which requires further study. Enzymatic bioreme-
diation is the tool to convert PAHs to less harmful/non-harmful forms with less 
chemicals, energy, and time. It is a solution to degrade/remove contaminants in an 
eco-friendly way. Microbial degradation represents the major mechanism respon-
sible for the ecological recovery of PAH-contaminated sites. Some microorgan-
isms are known to excrete biosurfactants which enhance the bioavailability of 
organic pollutants. Many microorganisms exhibit chemotaxis toward pollutants. 
These strategies lead to enhanced degradation of organic pollutants. The addition 
of small amount of biosurfactant, which increases the bioavailability of PAHs, or 
some merely toxic chemicals, like salicylicacid, which induce PAHs catabolic 
operons may enhance biodegradation of PAHs in the environment. It has been 
seen that organic amendments influence the indigenous microbial community as 
well as efficiency of bioremediation of PAHs in contaminated soil. Research has 
brought to the light the ability of diverse group of fungi in the bioremediation of 
PAHs contaminated sites through enzyme systems like MnP, LiP, laccase and 
other fungal enzymes, such as cytochrome P450 monooxygenase, epoxide hydro-
lases, lipases, protease and dioxygenase. Eukaryotic algae are capable of biotrans-
forming and biodegrading aromatic pollutants commonly found in natural and 
wastewaters. However there are still some persistent organic pollutants that are 
difficult to degrade by the microalgae. The genetic engineering can solve this 
problem and offers a promising tool to improve the absorption and bioremediation 
of many organic pollutants and increase microalgal tolerance to these pollutants. 
From this chapter, we can conclude that the organisms like bacteria, fungi, and 
microalgae has immense potential in the biodegradation of many organic 
pollutants.
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Chapter 7
Rain Gardens as Stormwater Management 
Tool

Piyush Malaviya, Rozi Sharma, and Pradeep Kumar Sharma

Abstract Stormwater runoff contributes significantly to urban flooding, ground-
water pollution, reduction in water table, surface water quality impairment, etc. as it 
contains various pollutants that pose risks to life forms. Therefore, management 
practices must be implemented for mitigating stormwater pollution. Out of the sev-
eral best management practices (BMPs), rain gardens (also known as bioretention 
systems (green infrastructures)) is one such practice that is being widely used these 
days to reduce non-point source pollution arising from urban areas. Physico- 
chemical and biological features of rain gardens positively helps in remediating 
contaminants, storing runoff water, reducing peak-flow, nutrient cycling, seques-
tring heavy metals and also provides supplementary benefits such as recreational 
facilities. In this chapter, information has been provided on stormwater pollution 
and use of rain gardens for stormwater treatment. The potential of rain gardens for 
stormwater treatment has also been critically examined by looking at the present 
research initiatives taken towards effective implementation of this Green 
Infrastructure (GI) technology.

Keywords Rain gardens · Green infrastructure · Stormwater management

7.1  Introduction

Proliferation of urban infrastructure has resulted in the qualitative degradation of 
ecosystem services due to the replacement of urban green surfaces/ permeable land 
surfaces with impermeable surfaces like paved roads, driveways, or roofs which are 
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made up of concrete and asphalt. These impervious surfaces completely seal soil 
layers and block the infiltration of surface runoff. Improperly managed stormwater 
runoff, thereby, results in increased peak flows and runoff velocities and may cause 
floods and erosion, particularly in lower altitude areas and underground construc-
tions. Impermeable surfaces also block the groundwater recharge pathway and 
hence reduce aquifer replenishment. Increased runoff from roads that are mostly 
travelled accelerates the mobilization and transport of pollutants resulting in degra-
dation of the quality of water bodies that receive such pollutant loaded surface run-
off. Hence, runoff from impermeable surfaces is the major contributor to the collapse 
of healthy freshwater ecosystems in urban areas. These problems eventually lead to 
increased pollutant load in the receiving water bodies, impairment of the hydrologi-
cal characteristics of urban watersheds, ecosystem damage and threatening of pub-
lic health. All these problems are not only because of the dramatic increase in 
impermeable ground surfaces, but also due to the encroachment of stream areas, 
changed rainfall patterns and insufficient sewer network capacity (Malaviya and 
Singh 2012).

Besides these consequences, stormwater has the potential to provide a non- 
potable water supply. If stormwater is treated properly, we can exploit this wastewa-
ter for numerous non-potable uses. It requires less treatment as compared to 
municipal wastewater treatment. However, the perceived risks, particularly those 
associated with public health, are needed to be properly addressed before utilising 
the stormwater (Lundy et al. 2017). Outdated techniques like end-of-pipe control 
technologies and automated effluent monitors do not work efficiently for the treat-
ment of episodic and variable loading of pollutants in stormwater. Thus, structural 
best management practices (BMPs) such as filter strips and swales, infiltration sys-
tems, storage facilities and alternative road structures (Eriksson et al. 2007) are pre-
ferred over these traditional technologies for stormwater treatment. Out of the 
various BMPs, phytopurification or green infrastructure technologies act as most 
critical tools due to their cost effectiveness. Green infrastructures (GIs) like perme-
able pavement, rain gardens, and green roofs dovetail landscaping with stormwater 
management. Further, GIs provide opportunities for permeation of stormwater, 
evaporation and uptake by plants, targeting to improve water quality and the reduc-
tion of sewer overflows.

The most recommended green infrastructure technology involves rain gardens 
(bioretention systems) for successful use in the treatment of stormwater runoff 
(Alyaseri et al. 2017). Rain gardens serve as small sponges that soak stormwater 
into the ground through a soil-based medium, removes pathogens, reduces nutri-
ents, organic substances and various heavy metals present in stormwater runoff. 
Viewing the importance of rain gardens (bioretention systems) for stormwater treat-
ment, in the present chapter we endeavour to discuss about stormwater and its char-
acteristics, rain gardens, their types, pros and cons, construction and also the 
important studies relating to stormwater and its treatment by rain gardens.
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7.2  Urban Stormwater Pollution: Present Scenario

The term urban stormwater is defined as runoff concomitant with rain or snow storm 
and that can be measured in a downstream river, stream, trench, sewer or pipe 
shortly after the precipitation has reached the ground (NRC 2008). Water that has 
been permeated into the ground but reaches a stream channel within a day or so of 
the rainfall is also included in stormwater. Stormwater pollutant load is comprised 
of litter, debris and sediments which are visually apparent components and nutri-
ents, heavy metals, coliforms and toxic chemicals (e.g., polycyclic aromatic hydro-
carbons (PAHs), polychlorinated biphenyls, organochlorines) which forms hidden 
component (Taebi and Droste 2004).

Urban set-up has significantly affected the quality of ecosystem services. The 
quality of ecosystem services has been worsening day by day due to the replacement 
of urban green spaces with water-resistant surfaces that are made up of materials 
like concrete and asphalt, which completely seal soil layers (Ishimatsu et al. 2017). 
Subsequently, increased impermeable surfaces alter the hydrological regimes and 
local stream discharge resulting in higher flood peaks in urban streams and rivers 
(Gallagher et al. 2011). Due to the biodiversity loss and changed rainfall patterns, 
urban flooding caused by stromwater is threatening the life of urban dwellers.

Accumulation of surface water not only damages human and animal lives and 
property in nearby areas by flooding but also carries nutrients and chemicals to 
nearby wetlands and water bodies and pollute them (Fu et al. 2005). Oils and other 
chemicals deposited on the surfaces of roads are washed off by rain, and thus initial 
flush of water runoff containing a number of anthropogenic pollutants enters nearby 
streams, ponds, and wetlands (Hostetler 2009). Thus, urbanization induces an 
increase in pollutant transportation rates over impermeable surfaces in addition to 
increase in pollution sources (Fu et al. 2005). Runoff, therefore, needs to be slowed 
down and retained so as to prevent volumes of water polluting freshwater ecosys-
tems or flooding of low land areas (Hostetler 2009; Van-meter et al. 2011).

The types of surfaces encountered determine the quality of the stormwater and 
the characteristics of the pollutants (e.g., roads, parking lots, roofing materials, rec-
reational areas, etc) (Steuer et al. 1997). Stormwater runoff from urbanized water-
sheds is also perceived to be a source of pollutants to water bodies (U.S. EPA 1995a, 
b). NPS pollution mainly contributes to the impairment of receiving waters through 
the Unites States (U.S.  EPA 2002). The list of 25 Selected Stormwater Priority 
Pollutants (SSPP) derived from DayWater project along with the bacterial indica-
tors is presented in Table 7.1. The table includes six categories: basic water quality 
parameters, metals, PAHs, herbicides, miscellaneous organic compounds (Eriksson 
et al. 2007) and bacterial indicators (Oliveri et al. 1977; Characklis et al. 2005). The 
presence of microorganisms in stormwater and wet discharges is not specified in the 
list derived from the DayWater project but bacterial indicators such as faecal coli-
forms and pathogenic organisms are also identified as stormwater priority pollutants 
and hence given due consideration and are also presented in Table 7.1. (Oliveri et al. 
1977; Characklis et al. 2005).
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7.3  Uses of Urban Stormwater

On one side, stormwater is creating multiple problems but on the other side, 
reclaimed stormwater can be used for several non-potable purposes. Stormwater 
requires less treatment than municipal wastewaters. However, the perceived risks, 
particularly those associated with public health should be properly addressed before 
using the treated stormwater for any purpose. It is advisable to manage the storm-
water runoff for beneficial purposes like reducing pollution and erosion issues in 
receiving water bodies. Potential applications of reclaimed stormwater are given 
below (Lundy et al. 2017).

Non irrigational use: Toilet flushing, vehicle washing, street cleaning.
Irrigational use: Lawns/flowers and shrubs Parks, playground, public open spaces, 

sports ground, nurseries, agricultural crops, orchards.
Habitats, aesthetics and recreation: Ornamental/recreational waterbodies, deten-

tion/retention basins, wetlands.
Water supply and recharge: Surface reservoirs and ground recharge.

7.4  Best Management Practices (BMPs) for Stormwater 
Treatment

The degree of the stormwater pollution is expected to worsen further due to the 
growing population, swing of the world’s population to urban locales and landscape 
alteration that takes place there. There is urgent need of adopting proper 

Table 7.1 List of selected stormwater priority pollutants (indicator parameters)

Type Name

Basic parameters Biochemical oxygen demand,
Chemical oxygen demand
Suspended solids, Phosphorus
Nitrogen, pH

Metals Chromium as chromate
Cadmium, Platinum, Copper, Nickel, Lead, Zinc

PAHs Benzo[a]pyrene, Naphthalene, Pyrene
Herbicides Phenmedipham, Pendimethalin

Terbutylazine, Glyphosphate
Miscellaneous Nonylphenol ethoxylates and degradation products (e.g., nonylphenol), 

2,4,4-Trichlorobiphenyl (Polychlorinated biphenyl 28), Di(2-ethylhexyl) 
phthalate, Methyl tert-butyl ether, Pentachlorophenol

Bacterial indicators Fecal coliforms (Escherichia coli,b Enterococci sp.b)
pathogens (Pseudomonas aeruginosa,a

Staphylococcus aureus,a Clostridium perfringensb)

From aOliveri et al. (1977), bCharacklis et al. (2005), Eriksson et al. (2007)
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management practices to lower down the concentration of pollutants in stormwater 
before they are discharged into the receiving waters (Malaviya and Singh 2012). 
Stormwater control measures (SCMs) or integrated structural and non-structural 
BMPs needs to be designed as an efficient system to tackle with this issue of storm-
water pollution. BMPs must incorporate watershed goals, site characteristics, land 
use development, erosion and sedimentation controls, aesthetics, monitoring and 
maintenance.

Non-structural SCMs or BMPs includes product substitution, better site 
design, conservation of natural areas, and watershed and land-use planning which 
can radically reduce the volume of surface runoff and the pollutant load that it 
carries. Ion exchange, electrolyte or liquid extraction, electrodialysis, precipita-
tion, reverse osmosis, etc. are few conventional and emerging methods that can 
be applied to reduce contaminants to acceptable level before discharging storm-
water into water bodies. Structural BMPs or sustainable urban drainage systems 
(SUDs) like filter strip, swales, infiltration trench, infiltration and detention 
basins, sedimentation tanks, rain gardens, constructed wetlands, lagoons, etc. are 
also widely used these days to reduce the problems arising due to stormwater 
runoff (Eriksson et  al. 2007). Different best management practices for storm-
water have been discussed along with the short descriptions in Table 7.2 (Scholes 
et al. 2005).

The major limitation of stormwater runoff is its diffuse delivery, which requires 
extensive regional infrastructure in union with a system that allows degradation as 
well as removal of pollutants present in it (Malaviya and Singh 2012). One of the 
BMPs, rain gardens, can overcome this problem by allowing infiltration of diffused 
runoff from sealed surfaces or roofs into themselves. Rain gardens are also known 
as bioretention cells, bioretention systems, biofilters, bioswales. Contrary to the all 
of the above-mentioned solutions, rain gardens provide a cost-effective, environ-
mentally sound solution (Sweets 2013). This is an important BMP and is commonly 
adopted in commercial and residential areas (Davis et al. 2006; Dietz 2007; Boivin 
et al. 2008; Piguet et al. 2008).

Rain gardens have been recommended as a best management practice (BMP) to 
reduce NPS pollution from urban areas (Prince George’s County 1993; US EPA 
2000). Rain gardens are shallow depressions in the landscape planted with trees 
and/or shrubs and covered with a bark mulch layer or ground cover. They allow 
stormwater to creep down into the soil structure and replenish aquifers, reduce 
peak flows, effectively remove sediments, heavy metals, phosphorus, nitrogen, 
hydrocarbons and pathogenic bacteria from stormwater and hence also improve the 
quality of ecosystem. Rain gardens make use of various processes like evapotrans-
piration, infiltration, overflow, exfiltration to native soils, underdrain discharge, 
sorption, vegetative uptake and particulate capture to manage stormwater runoff 
(Roy-Poirier 2009).
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7.5  Rain Gardens: An Eco-technological Advancement 
as Structural Best Management Practice

Rain gardens (bioretention systems) are usually built close to cemented areas such 
as roads and parking lots to reduce peak runoff flow and improve water quality. A 
rain garden is a small depression constructed in residential lawn to temporarily hold 
and soak rainwater coming from a house roof, driveway or other open area. The 
collected rainwater allows groundwater to replenish and the plants to retain some of 
the stormwater. Rain gardens are typically planted with ornamental grass, perennial 
flowers and woody shrubs that are well adapted to wet and dry conditions. The rain 
garden aims at recovery of water quality in nearby water bodies and storage of rain-
water for plant use which is otherwise sent through drains straight into sea (Prince 
George’s Country 1993; Alyaseri et al. 2017; Kluge et al. 2018).

Table 7.2 List of different types of best management practices (BMP) (Scholes et al. 2005)

BMP type Description

Filter strip Grassed or vegetated strip of ground that stormwater flows across
Swales Vegetated broad shallow channels for transporting Stormwater
Soakaways Underground chamber or rock-filled volume; stormwater soaks into the 

ground via the base and sides; unplanted but host to algal growth
Infiltration trench A long thin soakaway; unplanted but host to algal growth
Infiltration basin Detains stormwater above ground, which then soaks away into the 

ground through a vegetated or rock base
Detention basin Dry most of the time and able to store rainwater during wet conditions; 

often possess a grassed surface
Retention pond Contain some water at all times and retains incoming stormwater; 

frequently with vegetated margins
Sedimentation tank Symmetrical concrete structure containing appropriate depth of water to 

assist the settling of suspended solids under quiescent conditions
Extended detention 
basin

Dry most of the time and able to store rainwater during wet conditions 
for up to 24 h; grassed surface and may have a low basal marsh

Filter drains Gravelled trench systems where stormwater can drain through the 
gravel to be collected in a pipe; unplanted but host to algal growth

Lagoons Pond designed for the settlement of suspended solids; fringing 
vegetation can sometimes occur

Constructed wetlands Vegetated system with extended retention time
  (a) Subsurface flow Typically contain a gravel substrate, planted with reeds, through which 

the water flows
  (b) Surface flow Typically contain a soil substrate, planted with reeds, over which the 

water flows
Porous asphalt Open graded powdered/crushed stone with binder: high void ratio; no 

geotextile liner present
Porous paving Continuous surface with high void content, porous blocks or solid blocks 

with adjoining infiltration spaces; an associated reservoir structure 
provides storage; no geotextile liner present; host to algal growth
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Rain gardens (also known as bioretention systems) are a key piece of green infra-
structure, an infrastructure that simulates natural processes to vaporize, reuse, or 
return stormwater to groundwater (Sweets 2013). Rain gardens are the most com-
monly used GIs (Green infrastructures) because of their versatile nature and better 
performance capability. Rain gardens make use of evapotranspiration and infiltra-
tion processes to restore natural hydrology of the site. A rain garden is a depression 
of depth of about 0.8–0.9 m and backfilled with highly pervious medium to increase 
infiltration. The filling media comprised of sand, top soil, organic matter (Alyaseri 
et al. 2017).

The first rain gardens were constructed primarily to impersonate the natural 
water retention areas that occurred before development of an area. The rain gardens 
for residential use were firstly developed by Dick Brinker in 1990 in Prince George’s 
County, Maryland, when he had the idea to replace the traditional pond with a bio-
retention area. He discussed his idea with Larry Coffman, an environmental engi-
neer and the county’s Associate Director for Programs and Planning in the 
Department of Environmental Resources (US EPA 1995a, b). That idea resulted in 
the construction of rain gardens on each house’s property in Somerset, a residential 
subdivision (Wisconsin Natural Resources (magazine) 2003). This way, concept of 
rain gardens came into practical utilisation and quiet common nowadays.

7.5.1  Structure of Rain Gardens

Rain gardens normally look like common gardens but there are some specific fea-
tures that distinguish them from ordinary gardens. These specific features favour 
increased runoff infiltration and short-time storage to underlying soil layers and 
contribute to total runoff reduction as well as its peak (Katsifarakis et al. 2015). A 
typical rain garden mainly consists of the three parts; ponding area, inflow and over-
flow structures (Basdeki et al. 2016):

 (a) Ponding area: It is a naturally occurring or artificially constructed depression 
in the ground. Bottom of the ponding area is filled with mulch layer and then the 
top soil is added. Gravel layer needs to be constructed on bottom, in case the 
water infiltration rate in the underlying strata is not adequate. A punctured 
under-drain pipe can also be used in same situation. Surfaces with large slope 
are not much suitable for rain garden construction, therefore, at such land-
scapes, it is formed by soil excavation and building an earth berm at the 
downslope side.

 (b) Inflow structure: Runoff from downspouts or surrounding impermeable areas 
(streets, sidewalks) is directed by inflow structure into the ponding area.

 (c) Overflow structure: When the ponding area is full, collected water leaves the 
rain garden through overflow structure and is directed towards the desired place 
(usually the sewer network). This structure helps to reduce erosion risk. The 
detailed structure of a rain garden is shown in Fig. 7.1.

7 Rain Gardens as Stormwater Management Tool
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7.5.2  Benefits of Planting Rain Gardens

Rain gardens have a number of benefits associated with them like they reduce total 
runoff, store water for future use, replenish groundwater recharge, mitigate pollu-
tion, etc. (Katsifarakis et al. 2015). Various advantages of rain gardens are given 
below.

• Reduces total stormwater runoff and peak flow.
• Stores rainwater which can be used for irrigation of gardens.
• Increases groundwater recharge and helps in local aquifer replenishment.
• Reduces property loss and activity disruption that is caused by excessive runoff.
• Make use of processes like pollutant retention, filtration, decomposition, plant 

uptake, etc. to improve the quality of urban runoff.
• Reduces pollutant load of runoff receiving water bodies.
• Plantings of flowers, grasses and ornamental plants, berms adding height, con-

trast, and texture to level areas adds to the beauty of place and provides a pleas-
ing garden view.

• Used as a stormwater retrofit by altering existing landscaped areas or resurfacing 
parking lot.

Fig. 7.1 Rain garden with ponding area, inflow and underdrain structure, berm, garden bed and 
plants growing in it. (Source: https://www.fairfaxcounty.gov/soil-water-conservation/sites/soil-
water conservation/files/Assets/images/rgcross_thumb.jpg)
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7.5.3  Drawbacks of Rain Gardens

Although rain gardens have a number of advantages but few drawbacks are also 
associated with them like stagnant water in them may attract pests, can pose acci-
dental drowning, contaminate groundwater in case they are not isolated from ground 
water table, etc.

• Rodents, raccoons, opossums, insects and many other pests are attracted towards 
the rain gardens.

• If not drained properly, they create stagnant pools of water that act as breeding 
grounds for pests.

• There is also the possibility of drowning hazard in rain garden when it is amply 
pooled.

• They can be placed over utility crossings only if the trench dams are installed.
• The ground water table can intersect with the bed of the bioretention facility, if 

rain garden is not isolated from it.

7.5.4  Types of Rain Gardens

Depending upon the function, rain gardens are grouped into detention basins, filtra-
tion basins, infiltration basins, ephemeral ponds and sedge meadows. (https://www.
slideshare.net/SarinaLotlikar/raingarden-education)

• Detention basins: artificial ponds built adjacent to rivers, lakes, streams and 
ponds to protect against flooding, erosion and hold water for short period of time.

• Filtration basins: shallow artificial ponds that infiltrate water and protect water 
quality in lakes, streams, rivers and ponds.

• Infiltration swales: shallow channels constructed adjacent to streets or residen-
tial areas that collect and dispose stormwater runoff.

• Ephemeral ponds: natural or artificial pools that provide habitat for some 
animals.

• Sedge meadows: large natural or artificial wetland areas planted mostly with 
sedges and other native wildflowers. Sedge meadow infiltrates water and also 
protects shorelines from erosion.

Depending upon the soil type and extent of infiltration of inflow, rain gardens are 
of full infiltration, full infiltration with reservoir, partial infiltration and partial infil-
tration with reservoir types (https://www.crd.bc.ca/education/green-stormwater-
infrastructure/rain-gardens).

• Full Infiltration type: These rain gardens have soil permeability greater than 
30  mm/hr. In this type of rain gardens, inflow completely infiltrates into the 
underlying subsoil.
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• Full Infiltration with Reservoir type: These rain gardens have subsoil perme-
ability greater than 15 mm/h and show full infiltration of water. They have a drain 
rock reservoir that causes surface water to move swiftly through the installed 
growing medium but infiltrate slowly into subsoils from the reservoir below.

• Partial Infiltration type: In these rain gardens, most of the surface water infil-
trates into the underlying soil and surplus overflow is drained by perforated 
pipes. Such pipes are placed near the top of the drain rock reservoir. These rain 
gardens have subsoil permeability ranging between 1–15 mm/h.

• Partial Infiltration with Flow Restriction type: These are a kind of rain gar-
dens which have subsoil permeability less than 1 mm/h, act like a small detention 
facility, offer water quality treatment and allow some infiltration. Additionally, 
there is a flow restrictor assembly with a small outlet which slowly empties the 
top portion of the water reservoir.

7.6  Construction and Design Considerations

Design Considerations Before designing rain gardens, various important factors 
should be kept in mind like type of soil and plants, location where it is to be con-
structed, appropriate depth, size and shape of garden, etc. (http://extensionpublica-
tions.unl.edu/assets/pdf/g1758.pdf).

• A rain garden should be kept at least 10 feet downslope from a house.
• Depth of rain garden should be 2–6 inch and approximately 18 inches, if stand-

ing water is not desired and desired, respectively.
• Size of rain garden should be 70 square feet approximately. Shape or design 

should follow the drainage system of the landscape.
• Water mains, electrical lines and all other utilities should be well marked to avoid 

digging up or over them during rain garden construction.
• Rain gardens should be built away from the septic drain fields.
• Construction of gardens should be avoided in right of way areas (e.g. phone 

lines, adjacent public roads) unless specific permission is granted by the utility 
that owns the right of way.

• Plants adaptable to rain garden conditions, regionally native or adapted plants 
found in natural landscapes should be planted in rain gardens.

• Soils with infiltration rate >0.25  inches/h are believed to be effective for rain 
gardens.

• Insolation should be adequately available for rain garden plants.

Construction Selection of location, size and depth of rain gardens are foremost 
points that are to be kept in mind before designing rain gardens. After that garden bed 
is prepared to grow and support suitable plants. Timely maintenance is also needed 
for long life of rain gardens. Following steps are involved in constructing rain  garden. 
(http://www.montgomeryconservation.org/wp-content/uploads/2012/11/01_ 
raingardenbrochure.pdf)
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Selection of location of garden

Determining the appropriate size of garden 

Preparation of garden bed

Selection of plants to be grown

Timely care and maintenance  

• Appropriate location of rain garden is selected. Garden is located near down-
spouts and/or in a low spot where water collects.

• After the location has been decided, next step is to determine the proper size of 
rain garden. Size is not a critical factor for a residential rain garden. Rain gardens 
are typically 100 square-feet or less in size and 6–8 inch deep.

• For preparation of garden bed, ditch is dug out and bottom of the bed is levelled 
to the depth of 6–8 inch. A berm (mound) is built at the low end of the garden. If 
soil is clayey or compacted, the garden is over-dug 12 inch below the calculated 
rain garden depth, removing some soil and replacing with a mix of sand and 
compost. A path from the downspout to the garden is constructed using a grass 
swale, gravel, or plastic pipe/extension. Stones are arranged at the inlet of water 
to the garden to slow the flow and prevent erosion.

• Selection of the plants which are to be grown in the rain garden is made. Native 
plants are best suited. Soil type (sand, silt, loam or clay) is also taken into con-
sideration during plant selection. Taller plants are planted in the middle or back 
of the garden and drier species on the berm and perimeter of the garden.

• Care and maintenance is necessarily required for efficient construction and work-
ing of rain gardens. Plants are watered regularly until they become  established. 
Mulching with hardwood and removal of weeds is done. It is advisable to prune 
and remove dead vegetation in spring. Plants can also be moved around if it 
appears that they would do better in drier or wetter part of the garden.

7.7  Material Specifications for Rain Gardens

Rain gardens are basically constructed by using materials like mulch, gravels, 
stones, manure and soil. There are some specifications associated with each of the 
material used. Appropriate size and quantity of the materials and the way to use 
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them plays an important role in efficient functioning of rain gardens in stormwater 
management. Table  7.3 shows various materials which are used in rain gardens 
along with their specifications, required size/depth, etc. (https://arlingtonva.
s3.dualstack.us-east-1.amazonaws.com/wp-content/uploads/sites/13/2016/05/
Rain-Garden-Spec-FINAL.pdf)

7.7.1  Plants Used

Plants are integral part of rain gardens. Plants remove nutrients and pollutants from 
stormwater through vegetative uptake and microbial community support. Plants 
remove surplus water through evapotranspiration and also create pathways for infil-
tration through root development. Different types of trees, shrubs, perennials, ferns, 
grasses and groundcover species can be used in rain gardens but preferably native 
plants are used in rain gardens. Plants that are tolerant to periodic inundation are 

Table 7.3 List of materials used in rain gardens and their specifications

Material Specifications Size/depth Notes

Mulch Double-shredded 
hardwood or approved 
pine straw substitute

NA/2–3 inches Aged minimum of 6 months.

Cobble/Stone Washed river rock, large 
gravel, or small rip-rap

3–5 inch diameter 
stone/ 1 or 2 layers 
deep

Use at downspouts, inlets, 
outlets, and along hardscape 
edges as needed to dissipate 
flow and prevent soil 
erosion. Use filter fabric 
under stone.

Compost (if not 
replacing the 
soil)

The material should be 
well composted and free 
of viable weed seeds.

NA/Add 2 inches of 
compost across rain 
garden surface area 
and incorporate into 
top 6 inches of soil

Follow recommendations 
from soil test if compost 
amendments are suggested.

Fresh manure should not 
be used because of its 
high bacteria and 
nutrient levels.

Filter bed soil 
mix (if replacing 
the soil)

Bioretention soil mix 
from an approved 
Arlington County 
vendor OR mixture of 
approximately:

NA/18–36 inches Plan for a volume of soil 
based on 110% of the design 
volume, to account for 
settling or compaction.

  80–90% sand
  10–20% topsoil
  3–5% organic matter 

(compost)

https://arlingtonva.s3.dualstack.us-east-1.amazonaws.com/wp-content/uploads/sites/13/2016/05/
Rain-Garden-Spec-FINAL.pdf
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most suitable. Different plants which are suitable for rain gardens are listed below 
with their common as well as scientific names. (https://pubs.ext.vt.edu/content/
dam/pubs)

Trees

Bald Cypress Taxodium distichum
Black Gum Nyssa sylvatica
Green Ash Fraxinus pennsylvanica
Hackberry Celtis occidentalis
Katsura Tree Cercidiphyllum japonicum
Lacebark Elm Ulmus parvifolia
Red Maple Acer rubrum
River Birch Betula nigra
Sweetgum Liquidambar styraciflua
Water Oak Quercus nigra
Willow Oak Quercus phellos

Shrubs

Arrowwood Viburnum dentatum
Buttonbush Cephalanthus occidentalis
Chokeberry Aronia arbutifolia
Devilwood Osmanthus americana
False Indigo Amorpha fruticosa
Inkberry Ilex glabra
Spicebush Lindera benzoin
Steeplebush Spiraea tomentosa
Swamp Rose Rosa palustris
Winterberry Ilex verticillata

Perrenials

Arrowhead Sagittaria latifola
Beardtongue Penstemon digitalis
Beebalm Monarda didyma
Calla Lily Zantedeschia spp.
Canna Lily Canna spp.
Crinum Lily Crinum spp.
Daylilies Hemerocallis spp.
Gingers Hedychium spp.
Lizard Tail Saururus cernuus
Lungwort Pulmonaria spp.
Rain Lilies Zephyranthes spp.
Spiderwort Tradescantia spp.
Turtleheads Chelone lyonii/obliqua
Wild Ginger Asarum canadense
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Ferns

Holly Fern Cyrtomium falcatum
Lady Fern Athyrium felix-femina
Royal Fern Osmunda regalis
Wood Ferns Dryopteris spp.

Grasses and grass-like

Broom Sedge Andropogon virginicus
Foxtail Grass Alopecurus pratensis
Sweetflag Acorus spp.
Switchgrass Panicum virgatum
Sedges Carex spp.

Ground covers

Bugleweed Ajuga spp.
Foamflower Tiarella cordifolia
Lilyturf Liriope spicata
Mazus Mazus reptans

7.8  Rain Gardens as Stormwater Management Tool

The use of rain gardens epitomizes a potentially cost-effective, practical and a 
relatively novel approach for treatment of stormwater. The idea of commissioning 
rain gardens for capturing stormwater runoff and pollutants has been extracted 
from an understanding of the role they play in urban areas like controlling peaks 
and volumes of surface runoff, maintaining evapotranspiration and groundwater 
recharge and reducing pollution of water bodies (Zhang and Guo 2014). Rain 
gardens have been recognized as an effective low impact development (LID) prac-
tice, comprehensively advocated to be built with urban landscaping for reducing 
stormwater runoff through the retention and infiltration processes. However, the 
field performance and regional effect of rain gardens have not been exhaustively 
studied so far.

Rain gardens have been found to be effective in flow retention and pollutants 
removal in several studies (Zhang and Guo 2014). Study by Hunt et  al. (2008) 
reported about 46–100% flow reduction with rain gardens. This range was supposed 
to be affected by seasonal difference and stormwater characteristics. In another 
study by Hatt et  al. (2009), peak flow reductions between 49% and 80% were 
observed from different rain gardens. Brown and Hunt (2011) used two bioretention 
cells having variable media depth in their study to find the extent of stormwater 
retention and their study concluded that larger depth resulted in more flow volume 
reduction and vice versa. Similarly, Davis (2008) studied on flow reduction with the 
help of two bioretention cells for 49 runoff events in 2 years and the flow peak 
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reductions ranging from 44% to 63% were observed. This percentage of peak reduc-
tions satisfied the LID goals set for stormwater management.

Infiltration rate of a functional rain garden must be necessarily sustained because 
holding capability of a rain garden partially depends on infiltration capacity of its 
soil media. Regular influxes of stormwater deposits fine particles which cause soil 
clogging and reduce infiltration rate of rain gardens. Choking of the filter media by 
fine particles occurs with time, depends upon the characteristics of stormwater and 
consequently poses threat to the infiltration rate (Siriwardene et al. 2007). In few 
field studies, it has been found that the accumulation of fine particles do not always 
result in decrease of infiltration rates of rain gardens. It is because of the root devel-
opment of plants and resultant macro pores in the soil medium (Jenkins et al. 2010).

Available studies on rain gardens are mostly engrossed on the performance of 
individual facilities which accomplish hydrological benefits through storage and 
permeation of stormwater runoff and are mostly conducted over a short period of 
time. Little attention is paid towards the regional effect of rain gardens in retaining 
rain runoff and their longstanding use. Research by Endreny and Collins (2009) 
showed that the regional effect of rain gardens and distribution of such facilities are 
closely linked. For proper evaluation of the system performance and validation of 
hydrological models, the long term monitoring of the rain garden flow processes is 
important, which can be then used for envisaging hydrological effect of rain garden 
constructions on urban stormwater reduction.

7.9  Rain Gardens for Treatment of Various SSPSs

Rain gardens/ bioretention systems are management practices designed to remove 
pollutants from urban runoff. This relatively new BMP is effective at removing sedi-
ments, heavy metals, pathogens, phosphorus, nitrogen and hydrocarbons from 
stormwater (Ning-Yuan and Tian 2016). Various studies regarding treatment of dif-
ferent SSPPs using rain gardens (bioretention systems) are discussed in following 
subsections:

7.9.1  Nitrogen Removal

Urban stormwater contains nitrogen (N) and carries it to receiving waters. The 
major nitrogen sources are fertiliser application and deposition of vehicle emis-
sions. Addition of excess of N to aquatic ecosystems cause eutrophication, which 
alters community structure, degrades habitat quality and gives rise to harmful algal 
blooms. Ammonium (NH3-N), nitrate (NO3-N), nitrite (NO2-N), dissolved organic 
nitrogen (DON) and particulate organic nitrogen (PON) are the different chemical 
forms in which nitrogen is present in stormwater. The nitrogen composition depends 
on land use and hydrologic conditions (Li and Davis 2014).
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Several studies have reported poor removal of NO3-N by rain gardens. Efforts 
have been made by the researchers to boost the NO3−N removal performances of 
rain gardens with main focus on the development of different soil media composi-
tion and variable design configurations. Kim et al. (2003) and Dietz and Clausen 
(2006) in their studies found that the removal efficiency of NO3-N from synthetic 
runoff can be improved by creating a submerged zone through elevating the outlet. 
Hsieh et al. (2007a) also reported improved NO3-N removal by extending the con-
tact time by using less pervious soil.

Ning-Yuan and Tian (2016) used three bioretention systems to study nitrogen 
removal under wetting and drying regimes: conventional bioretention column (T1) 
with only one layer of media; a three layered bioretention column (T2) with less 
pervious soil layer, planting soil layer and a sand filter layer and two- layered biore-
tention column (T3) composed of the planting soil layer and sand filter layer. 
Behaviours of inorganic N species in T1, T2 and T3 under an intermittently wetting 
regime were analysed. The mean NH4

+N, NO3-N and total nitrogen removal effi-
ciencies for T1 were found to be 71%, 1% and 41%, respectively; for T2, respective 
efficiencies were 83%, 84% and 82%, and the values for T3 were found to be 63%, 
31% and 53%, respectively. Important timeframe for the removal of NO3-N was 
draining period.

In another study, Wan et al. (2018) reported a wood-chip bioretention system that 
receives the runoff from an elevated highway. Different nitrogen species were trans-
formed which indicated that the field-scale bioretention system with wood-chips 
also inhibited leaching of N.  Hydraulic loading rate of the bioretention system 
affected nitrate removal and removal was mainly observed during the wet period.

7.9.2  Phosphorus Removal

Phosphorus, besides being a macronutrient for all life-forms, is also a water pollut-
ant. The major phosphorus sources are fertiliser application and deposition of vehi-
cle emissions. High concentrations of phosphorus in the water bodies can lead to 
algal blooms and eutrophication, which has noteworthy ecological, environmental 
and economical impacts. Total phosphorus (TP) removals ranging between 70–85% 
with an average of 82% were noted by Davis et  al. (2006) in bioretention box 
experiments.

Two rain gardens were constructed by Dietz and Clausen (2005) in Haddam, 
Connecticut. An increase in TP concentration was consistently observed in the 
underdrain of both rain gardens, over a monitoring period of 1 year. An exponen-
tially declining trend in underdrain phosphorus concentrations and linearly decreas-
ing trend in the inlet was observed over time. Similarly, monitoring of two field-scale 
bioretention cells in the University of Maryland campus, showed TP removals of 
79% and 77% on mass basis for two respective cells, one of the cells was designed 
to include an anoxic layer (Davis 2007).
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The short-term effectiveness of bioretention soil media in retaining phosphorus 
was studied through lab-scale column studies by Hsieh et al. (2007b). Their study 
reported total phosphorus removal of 85% (on mass basis) for high conductivity soil 
filtration media. Low conductivity media showed lower phosphorus retention poten-
tial (65% on mass basis).

Zhang et al. (2008) studied the potential of different materials used as soil media 
in bioretention systems to remove phosphorus. Fly ash was found to have significant 
potential for phosphorus sorption after performing sorption tests. Since fly ash has 
low permeability, therefore, sand amended with 5% of fly ash can better improve 
phosphorus retention in bioretention systems. They also carried out desorption tests 
which showed insignificant amounts of phosphorus leaching from the mixture under 
low concentration influents, while 42% of previously sorbed phosphorus leached 
from a non-amended sand sample.

7.9.3  Heavy Metal Removal

Washout from tyres, vehicular exhausts, road asphalt, fuel burning, parking dirt, and 
recreational land are the sources of heavy metals present in stormwater. Discharge 
of heavy metals into surface and subsurface water bodies can badly affect public 
health and also cause environmental hazards. Rain gardens are  proposed as BMPs 
to treat stormwater contaminated with heavy metals (Reddy et al. 2014).

Glass and Bissouma (2005) measured inlet and outlet concentrations of a variety 
of heavy metals in a parking lot bioretention cell over a period of 90  days and 
reported removal efficiencies of 81%, 66%, 79%, 53%, 75%, 17%, 11% and 53% 
for Cu, Cd, Zn, Cr, Pb, Al, Ar and Fe, respectively.

Efficiency of bioretention systems in removing heavy metals from synthetic run-
off under cold climatic conditions was examined by the researchers of Norwegian 
University of Science and Technology and Lulea University of Technology in 
Sweden (Muthanna et al. 2007a). Experiments were performed in April and August. 
Metal retention was good during both months leading to 90% removal of Zn in the 
study period. Removals were favoured by warmer temperatures. Increase from 83% 
to 89% was seen for lead and removal of copper from 60% to 75% was observed.

Muthanna et al. (2007b) performed a series of bioretention box experiments to 
test the capacity of bioretention cells for heavy metal removal from snowmelt. They 
used snow collected from three sites with different pollutant loadings resulting from 
roadway traffic. In all the cases, Zn, Cu, Pb and Cd removals in the range of 81–99% 
(on a mass basis) were reported.

Li and Davis (2008), in their study investigated heavy metal capture and accumu-
lation in bioretention media through the use of one-dimensional filtration equation 
for particulate metals, advection/dispersion/adsorption transport equations for dis-
solved metals and successive extractions. Zinc, copper and lead profiles showed 
highest accumulation at surface and decreasing accumulation trend with increasing 
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media depth. Highest concentrations of heavy metals and runoff particles were 
shown in surface street particle- enriched areas. Soluble-exchangeable bound met-
als from the sequential extraction allied well with predicted water dissolved metals; 
the more strongly connected metal fractions correlated with modelled runoff and 
media particulate metals.

7.9.4  Total Suspended Solids (TSS) Removal

The presence of suspended solids in water indicates the presence of organic matter, 
particulate nutrients, heavy metals and several other pollutants. Hsieh and Davis 
(2005) used synthetic runoff and carried out a series of twelve bioretention column 
tests. During the first 6-h run, sediment washout was observed and total TSS removal 
of 91% was noted at the end of experiment.

Field monitoring of two bioretention facilities by Davis (2007), over a period of 
14 months, showed low levels of TSS removal. 54% and 59% (on a mass basis) of 
influent TSS was retained, respectively, in the first and second bioretention cells. 
Event mean concentrations (EMCs) for 23 storm events were decreased by 41% and 
22% by first and second bioretention cells, respectively. Anoxic zone is included at 
the base of second cell. Sediment washout was also observed as TSS effluent con-
centrations exceeded influent concentrations, mostly during first storm events fol-
lowing the initiation of the system.

Li and Davis (2008) investigated the filtration mechanism of bioretention cells 
by performing a series of bioretention column tests and field observations. In their 
study, they found that stratification tends to occur in the media as particulate matter 
is captured by bioretention media. They also observed that finer soil particles were 
present in the upper media and suspended solids were trapped inside the media 
which altered the characteristics of media and thus reduces its hydraulic conductiv-
ity. Their study also concluded that clogging may limit the useful lifespan of biore-
tention filter media.

7.9.5  BOD and Pathogens Removal

When organic matter rich stormwater enters the water bodies, it leads to oxygen 
depletion because aerobic digestion occurs. The presence of pathogens in stormwa-
ter is of great concern because they pose health hazards to both human and aquatic 
species.

Column tests performed by Rusciano and Obropta (2007) showed that bioreten-
tion systems have the ability to reduce pathogen count in stormwater to a significant 
level. For the 13 experiments comprising a range of fecal coliform counts, an aver-
age reduction of 91.6% and removal efficiencies ranging between 54.5–99.8% was 
obtained.
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The results of a 2-year monitoring project on bioretention cell constructed by 
Hunt et al. (2008) showed an average reduction of 69% in fecal coliform count and 
71% reduction in E. coli. They confirmed that the bioretention cells have ability to 
reduce pathogens from stromwater.

7.9.6  Removal of Polycyclic Aromatic Hydrocarbons (PAHs)

Stormwater runoff containing soil and sediments eroded from roadsides often con-
tain particles contaminated with polycyclic aromatic hydrocarbons (PAHs). The 
sources of PAH compounds in the soil and sediments adjacent to roads are atmo-
spheric depositions from vehicular emissions, coal-tar based sealcot and abraded 
bituminous asphalt particles from paved roads (Azah et al. 2015).

Diblasi et al. (2009) installed a bioretention cell and conducted a study on 16 
polyaromatic hydrocarbons (PAHs). Their study reported that mean total PAH con-
centration was reduced from 2.08  ug/L in the inflow of bioretention system to 
0.22 ug/L in the outflow, corresponding to 90% mean reduction in concentration. 
The study showed that concentrations of PAHs in the outflow were same for all the 
events. In events with high influent concentrations, higher removal percentages 
were noted which suggested that bioretention cells can reduce PAHs concentrations 
to a specific threshold, independent of influent concentrations. Core analysis of soil 
media suggested that lower media depths may be enough to reduce PAHs loads 
because PAHs concentrations were higher in the top 10 cm of the soil media than at 
greater depths.

7.10  Removal of Organic Contaminants by Rain Gardens

Rain gardens permits water runoff to soak into the ground through soil media, 
reduce peak flows and remove particulate and dissolved pollutants. Soil organic 
matter (SOM) has been found to efficiently sorb many pollutants, amend the biore-
tention medium with highly effective adsorbents and extend lifetime of bioretention 
system. To compare the removal of organic compounds by rain gardens having 
SOM and rain gardens having soil amended with SBAC (sewage sludge- based acti-
vated carbon), few researchers have carried out studies.

One such study was carried out by Bjorklund and Li (2017). They explored the 
role of activated carbon in increasing the efficiency of rain gardens to remove hydro-
phobic organic compounds (HOCs) from stormwater. In their study, they packed 
three lab-scale columns with soil collected from a rain garden receiving runoff from 
roof and a grassed area receiving runoff from surface. Out of the three columns, 
activated carbon made from the sewage sludge (0.5% w/w) was added to only two. 
Leaching tests were performed to ensure that the soil did not release even a single 
studied HOCs in a detectable amount. Compounds studied were fluorene,  anthracene, 
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pyrene, 4-nonlyphenol, 4-tert-octylphenol, dibutyl phthalate and di(2- ethylhexyl) 
phthalate. Activated carbon (SBAC) showed considerably more adsorption capacity 
for tested compounds and also showed the potential to extend lifetime of bioreten-
tion medium by approximately 10–20 years before saturation of these pollutants 
occurs.

7.11  Performance of Bioretention Systems After Long-Term 
Operation

Bioretention systems are broadly used to treat stormwater pollutants and allow infil-
tration of diffused runoff from concrete surfaces and roof tops. However, the ques-
tion arises about the long term hydraulic performance and accumulation of pollutants 
in these systems. Rain gardens have a predicted design life of about 25 years but 
currently limited data is available on metal accumulation of these systems with 
operational time >10 years.

Study carried out by Kluge et al. (2018) dealt with the metal accumulation in a 
variety of long term operational bioretention systems (11–22 years) to derive further 
operation recommendations for the authorities. Hydraulic performance of most bio-
retention systems was observed to meet the technical guidelines even after long- 
standing operation; significant metal accumulation was seen in the top layer of soil 
(0–20  cm), median concentrations of all metals were highest at the soil surface 
(0–10 cm) but followed declining pattern with increasing depth. High concentra-
tions of metals were found at the inflow points of runoff water. At a distance more 
than 1.5 m from the inflow point, metal concentrations were increased slightly as 
compared to the initial soil concentrations. They concluded from the leachability 
tests that most of the metals deposited in bioretention soil- media were slightly 
soluble in water.

To determine initial flow reduction, total suspended solids, and nutrient removal, 
Willard (2014) evaluated the effectiveness of a bioretention cell for 5 months in 
Blacksburg, Virginia, USA.  Results of the study indicated that the bioretention 
medium did not accumulate nitrogen and phosphorus since installation, and the 
bioretention system remained effective at reducing flow volume and peak flow rates, 
as well as TSS, TN, TP, total coliforms, E. coli, and enterococci loads.

Thus, it can be deduced that even after the long-term operations, the hydraulic 
conductivity of the bioretention systems show good performance. Various researches 
also underline the strong retaining ability of bioretention systems after long-term 
operation. The research on long-term operations suggested that to enhance the 
working quality of bioretention systems, regular replacement of the accumulated 
sediments, fine particles or soils at the inflow points after 20–25 years should be 
made. Technical optimization of the bioretention systems also leads to more homo-
geneous infiltration of stormwater.
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7.12  Case study

Rain Gardens as an Integral Parts of Urban Sewage Systems- A Case Study 
in Thessaloniki (Greece)
Rain gardens cannot replace sewer network but can be used as their integral part and 
that too cost- effectively. Integration of rain gardens with sewage systems have been 
studied with the help of a case study, in Saranta Ekklisies, a neighbourhood close to 
the centre of Thessaloniki, Greece (Basdeki et  al. 2016). Five rain gardens were 
constructed at different sites in the study area. The selected rain garden sites are 
shown in Fig. 7.2 and described hereunder.

 1. Location K1 (Agiou Dimitriou Street): The area of proposed rain garden was 
2415 m2.

 2. Location K2 (at the junction of Raidestou and Anaktoriou Streets): The area of 
the proposed rain garden was 33 m2.

 3. Location K3, K4 and K5 (parks around the A and C student dormitories) with 
proposed area equal to 273 m2, 360 m2 and 1543 m2, respectively.

Study took into account a 2-year return period, namely the worst rain event that 
was likely to happen every 2 years. To calculate the rain-runoff quantities, a diagram 
was used in which x- and y- axis showed the duration and intensity of the rainfall, 
respectively while the different curves represented the worst rainfall likely to hap-
pen once in every 2, 5, 10, 20 and 50 years (Fig. 7.3). It was concluded that pro-
posed rain gardens were able to mitigate the rain runoff in the study area. Also, the 
rain garden construction was calculated to be less than 50 Euros per m2 and could 
be combined with rehabilitation of green areas.

Fig. 7.2 Map of the study area showing selected rain garden sites (based on EYATH map). 
(Basdeki et al. 2016)
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7.13  Conclusion

Urbanization has resulted in reduction of green grounds. Due to the replacement of 
urban permeable land surfaces with impermeable concrete made surfaces, soil lay-
ers have been completely sealed and blocked the way of groundwater recharge and 
infiltration of surface runoff. This has resulted in higher flood peaks in urban streams 
and rivers, pollution, reduced ground water table, etc. We need to bring drastic 
changes in already existing stormwater management practices so as to protect 
human health, urban infrastructure and natural ecosystems from stormwater haz-
ards. Emphasis should be laid on source-control stormwater management 
techniques.

Rain gardens (bioretention systems), one of the Green infrastructure (GI) tech-
nologies, play an important role for urban environments to reduce impacts of 
 stormwater runoff. In the present chapter, types, design and construction, advan-
tages and disadvantages, composition materials, suitable plants, various functions 
and features of rain gardens were discussed. Rain gardens can reduce surface run-
off, property damage and flood peaks, decrease pollutant load of the runoff receiv-
ing water bodies, and replenish groundwater resources. This chapter also discussed 
about different models of rain gardens that are constructed with different types of 
fill media, different area ratios, varied depression depths, different levels of imper-
viousness, different types of soil, etc. to treat various pollutants like nitrogen, phos-
phorus, TSS, BOD, PAHs, pathogens, heavy metals, etc. The rain gardens having 
soil amended with activated carbon were found to be more efficient in removing the 
organic contaminants than those having simple soil media.

Fig. 7.3 Rain curves for the study period for different time periods. (Basdeki et al. 2016)
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In general, the environmental benefits of a green infrastructure (GI) approach to 
surface water drainage provision not only include reduced surface water runoff and 
associated pollution, but also serve to absorb carbon and link niche habitat sites 
within the wider urban area. Rain gardens can offer cost-effective and a low envi-
ronmental impact alternative to expensive reconstruction of sewer networks. 
Moreover, hydraulic performance and the accumulation of the pollutants in the bio-
retention systems remain quite satisfactory even after the long term. Rain gardens, 
however, could not be considered as panacea for stormwater pollution but when 
combined with other structural and non-structural BMPs, effective performance 
could certainly be obtained.
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Chapter 8
Application of Geospatial Techniques 
in Hydrological Modelling

Dharmaveer Singh, S. P. Rai, and Dinesh Rai

Abstract Water management planners face considerable uncertainty in  determining 
water availability, as change in global climate and land use/land cover patterns have 
altered hydrologic conditions and led to change in the dynamics of the water cycle. 
Therefore, it calls for having a better understanding of hydrologic processes and 
surface/groundwater dynamics in hydrologic and water resources management 
studies. The water budget analysis of a region can be done with the help of hydro-
logical models and geospatial techniques. In the present chapter, applicability of 
geospatial techniques in hydrological modeling is described in detail.

Keywords Geographic information systems (GIS) · Remote sensing · 
Hydrological modelling · Water resource management

8.1  Introduction

Water is an important natural resource and it is essential to sustain life over the 
Earth’ surface. Availability of abundant water on time is a prime concern for agricul-
ture, energy and industrial sectors. The world has viewed an increase in demand of 
water due to rapid growth in population, urbanization and industrialization. However, 
usable water is reducing and becoming scarce day by day due to changed pattern of 
climate, reduced storage areas and increased anthropogenic disturbances leading to 
the changed land use/land cover patterns. These, in combined, have altered the 
hydrologic conditions and led to the reduced availability of water from various sur-
face and sub-surface sources. The Intergovernmental Panel on Climate Change 
(IPCC) in its Fifth Assessment Report (AR5) have expressed concern for global 
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warming and extreme climate events as these are anticipated to become more 
 persistent in the future (IPCC 2013). In consonance with, changed in patterns of 
rainfall is also predicted, which may affect the spatial and temporal availability of 
regional water. This may, further, aggravate crisis in water sector. Therefore, supply-
ing water for various sectors such as agricultural, industrial, energy and domestic is 
one of the great challenges for twenty-first century. This suggests for adopting some 
efficient approaches for analyzing the uses, depletion, and productivity of water to 
maintain continuous water supply (Qin et al. 2008). In this respect, geospatial tech-
niques, combined with hydrological models, can be of great importance, and effec-
tively be employed in hydrologic and water resources management studies.

8.2  Hydrological Models

Hydrological or watershed models, developed to simulate the catchment behavior, 
are complex mathematical models (Xu et  al. 2001). These models use complex 
mathematical equations to explain how climatological forcings (precipitation and 
moisture) are converted into the watershed response in the form of runoff through 
processes such as interception, evaporation, transpiration and infiltration etc. 
(Shelton 2009). These models are being used as state-of-the-art tools due to their 
economic feasibility in water resource management since many years. These assist 
in better understanding of hydrological phenomena functioning in the basin and 
also show how changes in the basin parameters affect these phenomena. Hydrological 
models, applied to predict/simulate hydrological behaviour of the basin under 
changing climate conditions and land use/land cover patterns, provide synthetic 
time series of hydrological data for facility design (Greene and Cruise 1995).

Different hydrological models have been developed for particular applications 
considering underlying difficulty of quantifying a basin-scale response to small- 
scale spatial complexity of physical processes (Shelton 2009). Based on levels of 
sophistication and complexity, these are categorized into a number of groups. Xu 
(2002) discussed the chronological development of various hydrological models as 
well as their applications in detail. These models can be grouped into stochastic, 
deterministic, empirical, physical, conceptual, lumped, distributed and semi- 
distributed models based on randomness, purpose and characteristics of model 
structure and spatial variations (Fig. 8.1) (Chow et al. 1988; Sui and Maggio 1999; 
Thompson 1999; Xu 2002).

Stochastic models deal with large random variables to represent process uncer-
tainty, and use probability distributions of hydro-climatic variables to simulate the 
conversion of basin precipitation into runoff. On the other hand, deterministic 
 models are based on real physical processes that are involved in transforming pre-
cipitation into runoff. In case of empirical models, also known as black-box models, 
hydrological output is directly linked with climatic inputs through some empirical 
equations without defining the physical processes involved in modelling. These do 
not aid in physical understanding due to ignorance of internal structure and resultant 
response of the basin (Shelton 2009).

D. Singh et al.



169

F
ig

. 8
.1

 
G

ro
up

s 
of

 h
yd

ro
lo

gi
ca

l m
od

el
s.

 (
Fr

om
 S

ui
 a

nd
 M

ag
gi

o 
19

99
)

8 Application of Geospatial Techniques in Hydrological Modelling



170

Conversely, physical models incorporate complex systems of equations based on 
physical laws and theoretical concepts that govern hydrological processes such as 
evapotranspiration, infiltration, overflow and saturated and unsaturated zone flow. 
These models have a logical structure similar to the real-world, and are data inten-
sive and operate at fine temporal scales (Arnell 1996; Xu 2002). Conceptual models 
are between empirical and physical models. They take into account physical laws 
but in very simplified form and characterise the catchment as an idealized represen-
tation of storages.

Lumped models consider the complete basin as a homogeneous whole that can be 
characterised by a single set of parameters. Generally, these are represented by a set 
of differential or empirical algebraic equations without considering spatial variabil-
ity of processes, inputs, boundary conditions (Singh and Valiron 1995). Lumped 
models ignore spatial traits of the basin. They incorporate average values of the 
catchment characteristics i.e. vegetation, soils, geology or topography. In distrib-
uted models, the basin is divided into separate units or grids and flows are passed 
from one node to another as water drains through the basin (Singh 1988). Their 
ability in representing spatial heterogeneity of the catchment and their realistic 
nature make them applicable over wide range of physical environment including 
gauged and ungauged watersheds.

Semi-distributed models use a combination of lumped and distributed model 
attributes by assigning separate units as homogeneous areas to simulate runoff. The 
basin is divided into number of small sub-basins where model parameters are 
allowed to vary partially in space. The major advantage of semi distributed models 
is that their structure is more physically based than the structure of lumped models 
and that these are computationally less demanding than fully distributed models 
(Cunderlik 2003; Gassman et al. 2007). Soil and Water Assessment Tool (SWAT) is 
an example of this category (Arnold et al. 1993).

8.3  Role of Geospatial Techniques in Hydrological Modelling

The ability of distributed and semi-distributed hydrological models in integrating 
with spatial distribution of various inputs and boundary conditions has raised the 
demand for spatial data (Qin et al. 2008). The spatial data applied in hydrological 
modelling can be divided into two classes, viz., topographical data and topological 
data (De Vantlier and Feldman 1993). Elevation property of the terrain is defined by 
the topographical data whereas topological data represents spatial distribution of 
terrain attributes. This mainly involves catchment area, land use and land cover 
classes, flow length, surface roughness and soil types. These attributes help to 
describe the ability of a region to store and transmit water (Singh and Fiorentino 
1996).

Recently, remote sensing techniques have emerged as an advanced tool in deriv-
ing spatial data required in hydrological modelling, and in some extreme cases it is 
the only source of getting data needed for hydrological models (Brivio et al. 2002). 
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Remotely sensed data, including topography, land use/land cover, precipitation, 
snow, climatic variables, ET, and vegetation characteristics, may be used directly as 
inputs in hydrological models. These data are available at different temporal and 
spatial resolutions. This makes remote sensing techniques as an indispensable and 
decisive tool for successful hydrological model analysis, prediction and validation 
(Jain et al. 1998).

The proper handling of large volumes of spatial and temporal datasets as well as 
their integration on a common spatial platform has always been a serious issue in 
hydrological modelling. This has also been acknowledged in past research studies 
(Kopp 1996; Al-Sabhan et al. 2003). However, to the larger extent, this problem has 
been resolved with advent of Geographic Information System (GIS) and its integra-
tion with hydrological models (Chairat and Delleur 1993; Singh and Fiorentino 
1996; Xu et al. 2001). GIS is a system that facilitates the preparation and analysis of 
georeferenced data. The term GIS is spelled out in many ways. Burrough (1996) 
defined GIS as a tool that can be used in coding, storing and retrieving geographic 
information. Further, Morris (2006) defined GIS as a computer based system that 
can be used to store, manage, manipulate, analyses and retrieve large volumes of 
georeferenced spatial data and associated attributes collected from a variety of 
sources. The most obvious feature of GIS is its capability of performing spatial 
analysis (Jain et al. 1998). The ability of GIS in processing Digital Elevation Model 
(DEM) data has offered modelers with new platforms for data handling and visual-
ization (DeVantier and Feldman 1993). Grid-based GIS is a very suitable tool for 
hydrologic modeling due to its capability in processing DEM (Ashour 2000).

The coupling of Geographic Information System with hydrological models can 
be established using four approaches. These are embedding GIS like capabilities in 
hydrological modelling package, embedding hydrological modelling in GIS pack-
age, loosely coupled integration and tightly coupled integration (Fig. 8.2) (Kopp 
1996; Sui and Maggio 1999). In this way, distributed hydrological models, together 
with remote sensing and GIS, can be effectively applied in water resource manage-
ment practices. The integration of SWAT model with GIS is an example of loose 
coupling approach where model input and output parameters are facilitated directly 
by GIS.

8.4  Conclusion

Water is a precious natural resource essential for existence of living organisms. 
Timely water availability is growing concern for agriculture, energy and industrial 
sectors. Increasing population in tandem with urbanization and industrialization 
increases the demand for water necessitating an in-depth understanding of hydro-
logic processes and spatio-temporal variability of water resources. In this respect, 
geospatial techniques, combined with hydrological models, have shown significant 
potential in hydrologic and water resource management studies. Hydrologic mod-
els, developed to simulate the catchment behaviour, are grouped categorically into 
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stochastic, deterministic, empirical, physical, conceptual, lumped, distributed and 
semi-distributed models based on the level of sophistication and complexity. 
Further, to augment the performance of distributed and semi-distributed models, 
these models are integrated with geospatial techniques. The chapter endeavoured to 
dwell on the applicability of geospatial techniques in hydrological modeling.
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Chapter 9
Sustainable Energy: Challenges 
and Perspectives

S. Prasad, K. R. Sheetal, V. Venkatramanan, S. Kumar, and S. Kannojia

Abstract Currently, energy security, sustainable development and wellbeing are 
the energy policy drivers throughout the world. India has made significant progress, 
far more rapidly in the past 2 years, increasing the installed capacity of sustainable 
energy, and potentially this upward drift is anticipated to persist. The innovation in 
new and advanced technologies, aggressive energy policies, action, and planning 
activities has enabled India to resolve the barriers of commercial production of sus-
tainable energy. The domestic production and use of renewable energy, such as off- 
grid power sources, i.e., solar power, wind power, small hydropower, biofuels and 
bioenergy from new biomass will help to reduce the fossil fuel use and its imports 
from other countries.

Sustainable economic and industrial growth also requires safe and sustainable 
energy resources. The use of sustainable energy will help in strengthening low- 
carbon energy in India and providing a clean environment through reduction of 
pollutants and greenhouse gas emissions. Prospective attention to financial and 
development needs by the use of sustainable energy will also improve the living 
standards of society with equity and economic sustainability. There is a strong need 
to extensively adopt and use sustainable energy technologies to supply off-grid 
power, especially in the areas with difficulty in accessing the central grid power, 
such as un-electrified villages, remote areas, and hilly terrains. Finally, these sus-
tainable energy sources offer massive benefits and can contribute significantly to 
ensuring a secure energy future for India.
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9.1  Introduction

Energy is a key driver for agriculture, industries, and service sectors that influence 
economic development, but today’s rising concern over its sustainability has put 
India in a critical position. The burning of fossil fuels causes multiple environmen-
tal problems such as air pollution and global climate change (Zidanšek et al. 2009). 
Global change threatens the very existence of life. Transforming the present coal 
dominated energy mix to renewable and sustainable energy dominated energy use is 
one of the herculean tasks facing India (Institute for Energy Research 2014). A fine 
balance of environmental sustainability with necessary economic development is 
required. On the other hand, the transition to sustainable and renewable energy tech-
nologies provides an opportunity to address not only the environmental problems 
but also overall economic and developmental needs to improve the living standards 
of people with equity and economic sustainability (IAC 2007).

The global community is becoming increasingly clear that management of the 
considerable risks due to air pollution and climate change, necessitates reduction in 
fossil fuel utilization, as has been explained in several reports including the fifth 
assessment report released by IPCC. It is of utmost importance, urgency and prior-
ity that a policy objective of finding ways and methods to generate and use energy 
that helps to preserve the integrity of elementary natural systems, arrest environ-
mental degradation and sustain development toward a more sustainable, fair and 
civilized world (IAC 2007). Solar, wind and water-based energy and biofuels are a 
few examples of sustainable energy (IAC 2007; Steven and Majumdar 2012). The 
innovation in new and advanced energy technologies has enabled India to resolve 
the barriers of commercial production of sustainable energy. Therefore, sustainable 
energy and low-carbon technologies could provide ways for development opportu-
nities that result in a world that is healthy, viable and has a secure energy source 
(Steven and Majumdar 2012).

9.2  Energy Consumption Pattern: Global Scenario

According to 5th Assessment Report of IPCC, the world energy consumption is ris-
ing at the rate of 2.3% annually (IPCC 2014). The global energy mix in 2012 was 
dominated by coal, natural gas, and oil with 87%. However, the dominance changes 
between these three sources with year, although only marginally. In the same year, 
while the contribution of natural gas and coal increased 0.1% and 0.2%, that of oil 
reduced by 0.3%, in the global energy consumption. This trend was predicted to 
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lead to replacement of oil by coal by the year 2017 by the International Energy 
Agency (IEA) (World Watch Institute 2015). The IEA also expects an increase in 
global energy requirement under the existing scenario, from 12 to approximately 
17 billion tonne oil equivalents (t.o.e.) in the time period from 2009 to 2035 (WEO 
2009).

9.3  Energy Consumption Pattern: Indian Scenario

India was the 3rd largest consumer of petroleum products and crude oil in 2015, and 
it was also the 3rd largest net importer of crude oil and petroleum products after the 
United States and China in 2016 (IBEF 2017). The Indian energy demand is rising 
at a rate of 6.5% year−1. With energy consumption of 0.55 tonnes of oil equivalent 
per capita, India’s consumption is far below the international average of 1.9 tonnes; 
but the consumption is expected to almost double by 2035 (The Hans India 2017). 
With a gap of more than four times between the demand (4 million barrels per day) 
and production (1 million barrels per day) of oil as of 2015, the gap between India’s 
oil demand and supply is widening (Dunn 2016). India’s consumption was nearly 
194 million tonnes in 2016–2017 as against 148 million tonnes in 2012 fiscal. By 
2040, the Indian oil production predicted to remain steady while the oil demand is 
predicted by IEA to increase up to 7.5 million barrels per day. Energy companies in 
India are hence turning to other energy sources to reduce the country’s dependency 
on oil imports.

The net oil import dependency of India rose from 43% in 1990 to 75% in 2015 
that resulted in a massive strain on the current account as well as the government 
exchequer (US EIA 2014; Dunn 2016). The transport sector accounts for the most 
significant share in terms of utilization of petroleum products in India, consuming 
nearly 70% of diesel and 99.6% petroleum, and the demand is anticipated to show 
a growth of 6–8% in the coming time in tandem with the rapidly growing vehicle 
ownership. This implies that imports will also rise to 92% by 2030 (WEO 2009). 
With domestic oil production providing only one-fourth of the national demand, 
energy security has emerged as a vital question for India. This situation necessitates 
the production of alternate energy from readily available resources (IEC 2015).

9.4  Energy and Environmental Quality

The advancements in scientific monitoring capabilities and increased awareness in 
recent past has shed more light on the more understated effects associated with 
energy production, conversion, and use, on ecology and environment like being the 
cause for pollution and climate (Levine 1991; World Watch Institute 2015).
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9.4.1  Fossil Fuels and Air Pollution

Present energy and transportation systems, mainly based on fossil fuels, are the 
most significant contributor to air pollution throughout the world. The burning of 
fossil fuel releases carbon monoxide (CO), Volatile Organic Compounds (VOCs), 
nitrogen oxides (NOx) and particulate matter (PM). In the presence of sunlight, the 
VOC and NOx mixture results in ozone (O3) formation in the troposphere, the lead-
ing constituent of photochemical smog (Levine 1991). Coal-based power plants are 
known to have higher CO2 emissions and other pollutants per kWh electricity gen-
eration (IEA 2004).

The combustion of coal also severely affects local air quality by emitting sulfur 
dioxide (Institute for Energy Research 2014). Contributing about 40% and 38% of 
gross CO2 and ozone, burning of biomass is also a grave source of gaseous emis-
sions (Levine 1991). In addition, combustion of biomass as fuels in conventional 
systems also contribute to 1.4 million tonnes (MT) of methane (CH4). The emissions 
are not the only points of ecological concern while using energy (Prasad et al. 2012). 
Hence, this energy system is turning out to be unsustainable, and sustainability is an 
essential criterion for energy in this century (Steven and Majumdar 2012).

9.4.2  Fossil Fuels and Global Climate Change

One of the significant threats facing the world today is climate change (Zidansek 
et al. 2009). According to IPCC 5th Assessment Report, the major anthropogenic 
contributor to climate change is the use of fossil fuels (coal, gas, oil) which came 
into practice at the dawn of the industrial era, which amplified the atmospheric con-
centration of heat-trapping greenhouse gases. Atmospheric greenhouse gas concen-
tration since the pre-industrial revolution to the recent time and global warming 
potential is given in Table 9.1 (Blasing 2014). The report also reveals that of the 
10 GtCO2eq increase in annual anthropogenic GHG emission that occurred in the 
last decade (2001–2010), energy supply was the major contributor with 47%, 
followed by industry, transport and building sectors with 30%, 11% and 3% respec-
tively (IPCC 2014).

Table 9.1 Recent tropospheric greenhouse gas (GHG) concentrations

GHGs Pre-1750 level Recent level
GWP(100-year 
time horizon)

Increased radiative 
forcing (W/m2)

CO2 280 395.4 ppm 1 1.88
CH4 722 1893/1762 ppb 28 0.49
N2O 270 326/324 ppb 265 0.17
O3 237 337 ppb n.a. 0.40
CFC- 11 zero 236/234 ppt 4660 0.061

Source: Blasing (2014)
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According to IPCC 5th Assessment Report, more than three-fourth of the increase 
in greenhouse gas emissions in the 40 years since 1970 was mainly from industry 
and burning fossil fuels. CO2 emissions from fossil fuel use have touched 32 (±2.7) 
GtCO2/year, in 2010, and increased further by about 3% during the next year and 
approximately 1–2% in the year after (IPCC 2014). Global climate change is 
 predicted to cause irreversible and irreparable adverse impacts on agriculture, health 
sector and on the earth and the ecosystem as a whole (IPCC 2014).

The herculean and insurmountable task of reducing GHG emissions by 60–80% 
by 2050 compared to 1990s, necessary to limit temperature rise to 2 °C above pre- 
industrial levels and to stabilize CO2 concentrations below 550 ppm, requires a total 
shift to low-carbon emission technologies that can effectively tackle climate change 
(IPCC 2014). It was observed that global CO2 emissions from fossil fuels and indus-
try were almost stable in the years 2014 to 2016, increasing only 0.2%, against the 
2.2% average rise during the previous decade. This decline was primarily due to 
decreasing in global coal use and improvement in efficiency of energy use and 
increased utilization of renewable alternative energy sources (REN21 2017). India 
is also developing its various renewable energy sources, especially power genera-
tion from solar, wind, biomass, and other viable alternative sources (Zidansek et al. 
2009). From 2012 onwards, India has started reforms in oil and gas pricing to pro-
mote sustainable investment and to lower subsidy costs (Dani 2014), which could 
efficiently augment energy supply, at the same time improving energy efficiency in 
India (Prasad et al. 2014).

9.5  Renewable and Sustainable Energy

Solar energy, wind power, and biofuels are examples of renewable energy which 
refers to the energy obtained from natural resources that will not deplete over time 
(Farrel and Gopal 2008). Non-renewable energy sources like fossil fuels form over 
millions of years and hence do not regenerate easily. The technologies developed to 
exploit renewable energies are known as renewable energy technologies (RET) or 
clean technologies or green energy. Sustainable energy goes one step further in 
terms of energy efficiency than renewable energy. Optimizing energy supply and 
use leading to minimum wastage leads to higher energy efficiency (Beckett 2012). 
Renewable energy base and energy efficiency are the twin pillars of sustainable 
energy.

Sustainable energy systems, technologies or resources support economic and 
human development needs, at the same time conserving the environment, reducing 
climate change risks by reducing GHG emissions, giving equal chances for all peo-
ple to access energy and also improving energy security (IAC 2007; Steven and 
Majumdar 2012; Beckett 2012).
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9.6  Renewable Energy: Global Landscape

Today, the scope of renewable energy lies beyond providing the viable future energy 
sources (IAC 2007). It is a tool to deal with problems caused by fossil fuel use on 
environmental and human health and promote energy security, economic and social 
welfare (REN21 2014). The contribution of renewable energy to global energy pro-
duction is increasing gradually. In 2015, renewable energy provided 19.3% of global 
energy production with modern renewables contributing around 10%, and rest by 
biomass (Fig. 9.1). Out of total energy use, heat energy from modern renewable 
sources contributed to 4.2%; hydropower accounted for about 3.6% and 2.4% from 
other renewable sources (REN21 2017).

As per International Renewable Energy Agency’s (IRENA) estimate, the global 
share of renewable energy can exceed 30% by 2030 for which technologies are 
already on hand. This global share can be further enhanced by 6% by improving 
energy efficiency and upgrading energy access (MNRE 2009). This trend is visual-
ized through the fast growth rate of renewable installed capacity and production 
during past years, predominantly in the power sector (Fig. 9.2). Renewables pro-
vided 24.5% of electric power worldwide by latter part of 2016. The highest 
improvement in renewable sector was found in solar energy which accounted for 
almost half of the newly installed power, followed by wind and hydropower (REN21 
2017). Similarly, growth rate of biofuel production, mainly for transport sector, also 
picked up pace in 2013, after a slow pace from 2010 to 2012. Although biofuel 
blends remain the primary focus of the policy support for alternate energy in the 

Fig. 9.1 Renewable energy share of global final energy consumption in 2016. (From REN21 
2017)
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transport segment, policies encouraging the exploitation of electric vehicles (EVs) 
are emerging (REN21 2017).

9.7  Sustainable Energy Policies, Institutions, and Programs 
in India

Global policy decisions are at present being greatly influenced by problems of envi-
ronmental pollution, energy security and climate change (Planning Commission 
2003). The Public Utilities Regulatory Policy Act, 1978 forced the purchase of elec-
tricity from independent power generators at reasonable rates in the US. As a result, 
by 1990s, similar rules were brought in other countries as biomass electricity pro-
duction grew substantially (Larson and Kartha 2000).

India is one country to have a separate ‘Ministry of New and Renewable Energy’ 
to address issues of development of renewable energy sources along with biofuels. 
Of the total installed power, renewable power (14.8%) has secured the second posi-
tion after thermal (69.4%) and is spreading its wings rapidly in India (MNRE 2017).

Numerous initiatives were taken up by the Government of India in the past few 
years including the idea of solar park and Green Energy Corridor concept, rooftop 
solar program initiation, increase in clean environment cess, solar pump scheme, 
making purchase of energy from waste to energy plants, etc. attempt has been made 
to create 50,000 people trained in solar photovoltaic systems under the Surya Mitra 

Fig. 9.2 Average annual growth rates of renewable energy capacity and biofuels production. 
(From REN21 2014)
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Scheme by March 2020. Advancing towards improved cook-stoves initiatives; com-
mencing coordinated R & D activities in solar thermal and photovoltaic systems; 
second-generation biofuels, hydrogen energy, and fuel cells, etc. are the other note-
worthy schemes.

Since 1993, India has had a fixed purchase price for biomass-generated electric-
ity to encourage expansion of biomass-generating capacity. A task force was consti-
tuted by MNRE leading to development of a National Programme on Biomass-based 
co-generation (Shukla 2000), which recognized bagasse waste as a potential energy 
resource and suggested initial thrust on bagasse co-generation in the sugar industry. 
The Government of India (GOI) is enthusiastic in increasing contributions of sus-
tainable energy (resources as a low-carbon generation), undertaking necessary plan-
ning and policies to ensure the use of renewable energy in all sectors. The success 
of this goal is ensured by national-level institutes such as National Institute of Solar 
Energy (NISE), National Institute of Wind Energy (NIWE), and Alternate Hydro 
Energy Center (AHEC) (MNRE 2014), under the government’s supervision.

Financial support for renewable energy development and improving energy effi-
ciency projects is provided by the Indian Renewable Energy Development Agency 
(IREDA), also supervising the renewable energy incentive programs. Funding is 
also provided by GOI and multilateral lending agencies. Ministry of Power, Planning 
Commission and Prime Minister’s Council on climate change are few other govern-
ment institutions responsible for developing renewable energy (REN21 2014).

The GOI in 1981 launched a national project on biogas development. The 
National Biogas and Manure Management Program (NBMMP) is implemented by 
MNRE in the country. It is executed by the state nodal departments/state nodal 
agencies and Khadi and Village Industries Commission (KVIC), and Biogas 
Development and Training Centers (BDTCs). MNRE is also funding research proj-
ects on different aspects of hydrogen energy, geothermal energy technology devel-
opment. These projects are assisting in the development of indigenous research and 
industrial base, proficiency, trained workforce and models/devices/systems in the 
country (MNRE 2014).

In a bid to decrease dependency on imported fuels, a notification was made by 
GOI in Sept 2003 making blending of petrol with 5% ethanol compulsory initially 
in 9 states and 3 union territories, which was to be extended to the whole of India 
later on. In the case of biodiesel also some steps were taken such as the identification 
of Jatropha curcas as the highly likely candidate for biodiesel production through 
the ‘National Mission on Biodiesel, 2003’ and emphasis on wasteland plantations of 
this tree-borne oilseed (MNRE 2009, 2014). Further, a ‘biodiesel purchase policy’ 
was brought into action in 2005 to enable oil companies to purchase biodiesel for 
5% blending with diesel by the Ministry of Petroleum and Natural Gas (MOP&NG). 
In another step forward, the National Biofuels Policy (NBP), 2009 was launched to 
ensure prevention of debates between food and fuel and the use of only wastelands 
for biofuel crop cultivation (MNRE 2009). It also gave attention to issues like 
Minimum Support Prices (MSPs), subsidies for biofuel crops growers, marketing, 
subsidies for the biofuel industry, mandatory blending of with ethanol and biodiesel, 
testing and certification of biofuels (Planning Commission 2003; MNRE 2014).
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9.8  Renewable Energy Installed Capacity of India

With a noteworthy growth in clean energy over the past years, our country is catch-
ing up fast on the determination to becoming a global leader in production of renew-
able energy (MNRE 2014; IRENA 2014). India has tremendous growth potential in 
the energy production from different renewable sources, with a potential of about 
900 GW (Table 9.2). Table 9.3 shows India’s total renewable energy installed capac-
ity (in MW). As per MNRE reports, solar, wind, small hydropower and biomass 
together contribute to 16% of total electrical installed capacity by the end of 2016 
(MNRE 2017), with wind energy contributing more than half of the installed capac-
ity among renewable (GWEC 2017).

India has set a target of 16,660 MW of renewable installed energy for the year 
2016–2017, including solar (12,000 MW), wind (4000 MW), SHP (250 MW), bio- 
energy (400 MW) and energy from waste (10 MW). Other than this, solar photovol-
taic energy, cogeneration from non-bagasse biomass, energy from waste, gasification 
of biomass, small wind/hybrid systems, micro hydel systems are also targeted to 
produce about 100, 60, 15, 10, 1, 1 MW eq. of renewable energy as off-grid energy, 
along with large number of biogas plants for the same financial year 2016–2017 
(MNRE 2017). For the future, GOI also hopes to achieve establishment 100, 60, 10 
and 5 MW of solar, wind, biomass and small hydropower leading to reaching the 
target of 175 GW of clean energy by 2022, through the work of several organiza-
tions and provisions dedicated towards this goal. Advancing the national goal of the 
creation of renewable energy systems not only benefits ecology and environment in 
the long term, but also helps to secure energy requirements, employment creation, 
achieve financial development and reduce dependency upon the exhaustible energy 
resources (IRENA 2014; Kumar et al. 2015).

Table 9.2 Total renewable 
energy potential from various 
sources in India

Sectors Potential (in MW)

Wind Energy 102,788
Solar Energy 748,990
Small Hydro Power (SHP) 19,749
Biomass 17,538
Bagasse Cogeneration 5000
Waste to Energy 2556
Total 896,621

Source: Energy Statistics (2017), Govt. of India
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9.9  Renewable and Sustainable Energy Technologies: 
The Path Forward

The challenge of sustainable development can be realized through development of 
renewable energy technologies (RETs) (Make in India 2015). Many scientific and 
technological obstacles need to be overcome in the next 5–10 years to meet the 
ambitious RETs capacity addition goal and biofuel mandates for sustainable energy 
supply. However, the current innovations in RETs are capable of resolving the bar-
riers of commercial production.

9.9.1  Wind Power

Among renewable energy sources, wind energy is becoming one of the essential 
sources of power generation. In India, wind turbines are generally used for off-grid 
mechanical power or electricity generation. The wind energy plants comprise of a 
wind turbine and an electrical generator connected using a gearbox. The wind tur-
bine converts wind kinetic energy into mechanical power. It can be used for specific 
tasks such as grinding grain or pumping water, or an electrical generator can convert 
this mechanical power into electrical energy (Ahmad et al. 2014). The rate of wind 
energy is now waning due to noteworthy advancements in wind mill technology, as 
well as raise in the height of the wind towers.

Industry associations of India emphasize the high potential for wind energy from 
65 to 242 GW, if tower heights are kept more than 50 m, energy conversion efficien-
cies are improved and necessary policy initiatives are adopted (Ramasamy et  al. 
2015). At a hub height of 100 m, India’s wind power potential is approximated to be 
302 GW as per NIWE. Presently, with 31 GW installed capacity in the first quarter 
of 2017 and contributing to 57% of total renewable energy, India is at the 4th posi-
tion globally, with respect to wind power (Table 9.3) (MNRE 2014; GWEC 2017). 
This energy is mainly generated in the states of Tamil Nadu, Maharashtra, Gujarat, 
Rajasthan, and Karnataka, together supplying 94% of total wind energy generated. 
The Wind Resource Assessment is led by the coastal state of Gujarat with 84.4 GW 
estimated potential, followed by the other states mentioned earlier (GWEC 2017). 

Table 9.3 Total renewable energy installed capacity (as on 31 Dec 2016)

Renewable energy (RE) sources Power (MW) % Contribution to Installed energy

Wind Power 28700.44 57.3
Solar Power 9012.66 18.0
Small Hydro Power 4333.85 8.6
Biomass energy 7907.34 15.8
Waste to Power 114.08 0.2
Total 50068.37

Source: MNRE (2017)
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To fulfill the rising demand for energy, other states are also following in the foot-
steps to increase wind power production (Ahmad et al. 2014).

Installed wind power capacity of various Indian states till March 2016 is shown 
in Table 9.4. Tamil Nadu, the state with maximum wind energy installed, increased 
its capacity from over a period of 5 years from 2009, with a result of 69% increase 
(Make in India 2015). Apart from the on-shore potential, India also has high off- 
shore wind power potential owing to its long coastline (7600 km) and wind patterns. 
The states of Tamil Nadu and Gujarat will play a major role in this addition of 
energy production capacity with proper planning and estimation (Ramasamy et al. 
2015). Increasing the energy conversion efficiencies can help elevate Indian power 
position to that of the global wind energy leaders, which requires technological and 
market interventions (Ramasamy et al. 2015).

9.9.2  Solar Energy

There are two techniques of using solar energy: thermal and photovoltaic way. The 
thermal route employs the heat from solar energy for cooking, water heating and 
purification, drying, etc. The solar photovoltaic (SPV) method transforms the light 
in solar energy into electricity via the use of solar cell installed in a solar panel, 
which can then be used for lighting, pumping, communications, and off-grid power 
supply in un-electrified areas (Indian Renewable Energy Status Report 2010). Being 
a tropical country, India is bestowed with abundant number of clear sunny days, 
obtaining 4–7 kilowatt-hour per square meter per day radiation on an average and as 
a result, shows good potential for development of solar power (Ramasamy et al. 
2015). The desert state of Rajasthan receives the highest annual solar radiation in 
India.

Table 9.4 Installed capacity of wind power in various states of India (as on 31 Dec 2016)

S. No. States of India
Installed capacity of wind 
power (in MW) % Wind power potential used

1. Tamil Nadu 7613.86 22.53
2. Karnataka 2869.15 5.14
3. Maharashtra 4653.83 10.25
4. Rajasthan 3993.95 21.28
5. Andhra Pradesh 1431.45 3.24
6. Madhya Pradesh 2141.1 20.42
7. Gujarat 3948.61 4.68
8. Kerala 43.5 2.56
9. Telangana 77.7 1.83
10. Others 4.3 0.13

Source: MNRE (2017)
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The solar energy plans are executed by the MNRE, considered one of the most 
extensive programs globally. India has an assessed solar power potential of around 
748,990 MW, out of which the solar grid had a cumulative capacity as of October 
2017 of 15.60 GW (Energy statistics 2017; MNRE 2017). Increase in solar capacity 
has led to decline in solar electricity rates, which has gone below that of coal based 
electricity. Out of the total commissioned solar power capacity in the country as of 
March 2017, the share of Andhra Pradesh is maximum, closely followed by 
Rajasthan Tamil Nadu, Telangana, and Gujarat (Bridge to India 2017).

The state and central governments combined initiation of the Jawaharlal Nehru 
National Solar Mission (JNNSM) in 2010, is a momentous stride towards the sup-
port of sustainable energy in India. The objectives of the mission are (i) to establish 
20,000 MW of grid-connected solar power (ii) to develop 20 million solar lights 
which will meet the target of 2000 MW of off-grid power (iii) to cover an area of 
20 million meter squares with the solar thermal collector; by the year 2022. The tie-
 up of the MNRE with IREDA aims to encourage use of solar energy and in general, 
increase clean energy capacity in India, through location-specific and need-based 
research, demonstrations, financial support and in league with private sector proj-
ects (MNRE 2014; Ramasamy et al. 2015).

9.9.3  Small Hydropower (Less than 25 MW)

When economic feasibility is taken into consideration, small hydro projects were 
found better than other sources (Balachandar 2014). However, presently only 5% of 
this source’s capacity has been exploited on a global scale, out of 150–200 GW 
potential as per the International Energy Agency. Another advantage is the lower 
and comparable rates of this small hydropower to traditional thermal power of 
around Rs 2–3/kWh, without the addition of any associated variable fuel cost (i.e. 
natural gas or coal) as in thermal power (World Bank 2010). In India also, this 
source can play a major role in supplying energy to remote and inaccessible regions, 
carving its niche in the Indian energy sector. Small hydropower plants are catego-
rized in the following segments presented in Table 9.5.

India has an estimated small hydropower (less than 25 MW) potential of approx-
imately 20,000  MW out of which the collective installed capacity as of 31st 
December, 2016 was 4333.85  MW counting both off-grid and grid-connected 

Table 9.5 Classification of 
Small Hydro Power Project 
(SHP)

S. No. Category Station capacity in kW

1. Micro Hydro Up to 100
2. Mini Hydro 101–2000
3. Small Hydro 2001–25,000

Source: MNRE (2014), Annual Report, Govt. of 
India
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sources (MNRE 2017). Irrigation channels in plains and rivers in hilly areas are the 
areas with high potential to generate this power. To successfully tap into this power, 
the government has set subsidies for new installations as well as to maintain existing 
hydropower plants (Indian Renewable Energy Status Report 2010). Further incen-
tives for establishment of this source is provided through loans at low interest rates 
and income tax exemptions, all of which has culminated in its significant share in 
India’s electrification efforts in rural areas without access to electricity from the 
central grid (Ramasamy et al. 2015; World Bank 2010).

9.9.4  Geothermal Energy

Thermal springs have drawn consideration, being the surface manifestation of the 
vast resources of energy at depth in the form of geothermal reservoirs (Mittra 2011). 
The geothermal energy is now better known for electricity generation. It is derived 
from the Earth’s core, mantle, and crust heat, and has been helping meet both indus-
trial as well as household energy needs with great success. Geothermal energy holds 
the key to solve the power problem of India. It is an ideal alternative energy resource 
meeting all requirements as a clean, non-exhaustive energy (Razdan et al. 2008). 
The global leader in this sector is the United States with 3.6 GW installed capacity 
followed by Philippines and Indonesia in 2016, with global production being a pro-
jected 78 terawatt-hours (REN21 2017).

India is at the budding stages of development of geothermal energy, chiefly due 
to the lower rates of coal. Reports from the Geological Survey of India (GSI) reveal 
the existence of about 340 hot springs, which are distributed in seven geothermal 
provinces of the country (Aggarwal 2016), i.e. Himalayan (Puga, Chhumathang), 
Sahara Valley, Cambay Basin, Son-Narmada-Tapi (SONATA) lineament belt, West 
Coast, Godavari and Mahanadi basin. Most of them are in the low surface tempera-
ture range from 37 to 90 °C, which is suitable for direct heat and power applications 
(Kakkar et al. 2012). At present, the geothermal resource is tiny, but the GOI has an 
ambitious plan to produce 10,000 MW of geothermal energy by 2030 (Aggarwal 
2016). According to International Sustainable Energy Agency, geothermal solutions 
can provide not only sustainable but also economical and safe energy for all by 2050.

9.9.5  Biomass-Derived Bioenergy and Biofuels

Plants capture sunlight and carbon dioxide from the atmosphere for growth, and this 
basic mechanism leads to the classification of biomass as a renewable source 
(Larson and Kartha 2000). Tropical countries, like India have enormous potential 
for energy generation through biomass and its residues. It is available in plenty in 
the form of agricultural waste (crop residue and cattle dung, etc.), urban waste 
(municipal solid waste, etc.) and industrial waste. India has about 500  million 
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metric tons of biomass availability annually, which can be converted to bioenergy 
(by the thermo-chemical and biochemical process) or directly used as a heat and 
power source (IRENA 2014).

Deploying bioenergy with carbon capture and sequestration results in a net 
decline in atmospheric carbon. The vast potential of biofuels becomes more notice-
able as an alternative to the depleting fossil fuels. Moreover, they can be locally 
produced, requiring very less modification before final-use. Biomass energy also 
supports rural economy, requires lesser capital investment than other renewable, 
leading to lesser unit cost (Sharma and Trikha 2013).

9.9.5.1  Biomass to Bioenergy by Thermo-chemical Process

The conversion of biomass to an alternative form of modern bio-energy can be 
achieved primarily through thermo-chemical conversion of biomass. The end- 
products of the thermo-chemical processes such as combustion, pyrolysis, and gas-
ification, include heat, electricity, or gaseous or liquid precursors which may be 
modified into biofuels. With biomass serving as an energy source for more than 
three-fourth of the country and producing 32% of the total primary energy use, bio-
mass occupies a central position in our energy security (Biomass Knowledge Portal 
2017), with over 30,000 MW estimated power production of which only a meager 
8% has been exploited as yet (Schroder et  al. 2008). Currently, India has over 
5940 MW power capacity from biomass based plants of which only 4946 MW is 
grid-connected (mainly from bagasse cogeneration and waste to energy plants) and 
994 MW off-grid power plants (mainly from non-bagasse cogeneration and biomass 
gasifier systems) (Biomass Knowledge Portal 2017).

Biomass energy along with other renewable, can play a major role in the planned 
electrification of about 24,500 remote identified villages of India where the exten-
sion of grid electricity is not possible or very expensive (EAI report 2012; Thomas 
et al. 2015). The uniform availability of biomass throughout India, particularly in 
the rural areas, increases the importance of biomass as an energy source for electri-
fication. This abundant resource worth annual investments of crores of rupees with 
>700 billion electricity units production and also employing several people, has the 
potential to form a significant element of India’s energy mix in upcoming future 
(Thomas et al. 2015).

9.9.5.1.1 Direct Combustion of Biomass

The direct combustion of biomass has been carried out worldwide since ancient 
times. Since ancient times, firewood, field level residues and cow dung, have been a 
crucial segment of energy supply and these traditional biomass still has its followers 
particularly in rural areas and remote location. In complete combustion, biomass is 
oxidized giving out carbon dioxide, water and heat energy (Farrell and Gopal 2008). 
A popular ‘biomass combustion technology’ or the traditional cooking method in 
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developing countries involves burning biomass under a pot supported by three 
stones. Despite its huge popularity, energy efficiency of this method is very less 
(15%), simultaneously exposing users to air pollutants such as methane (CH4) car-
bon monoxide (CO), particulates (PM), nitrogen oxides (NOX), and tars (Farrell and 
Gopal 2008).

9.9.5.1.2 Biomass Pyrolysis

Pyrolysis is essentially the thermal breakdown of organic components in waste to 
energy under inert atmospheric conditions or in limited air supply, at temperatures 
ranging from 350–550 °C up to 700–800 °C (EAI report 2012). During the process, 
the long carbon, hydrogen and oxygen compound chains break down into smaller 
molecules in the form of highly heterogeneous gaseous, liquid, and solid by- 
products (Jahirul et al. 2012). The pyrolysis oil, a liquid product is a heterogeneous 
blend constituted of high oxygen content and resembling a very viscous tar, from 
which fuels or chemicals may be produced (Fisher et al. 2002). Char is the interme-
diate solid residue which is formed in reactors during pyrolysis processes. This 
residual char finds use as a fuel or soil amendment (Jahirul et al. 2012).

9.9.5.1.3 Biomass Gasification

Gasification is the efficient means of producing green power. It is incomplete oxida-
tion of biomass under controlled conditions aimed at getting peak yields of gaseous 
compounds rich in carbon and hydrogen compounds such as CO, CH4, H2, CO2 and 
heat (Fisher et al. 2002). These by-products are referred to as syngas or producer gas 
can be used with minor changes in air inlet, to operate a diesel engine in dual fuel 
mode. A drawback of this process is due to one of its condensate product ‘tar’, an 
environmental pollutant, formed from high molecular weight volatiles (EAI report 
2012; Fisher et al. 2002).

The gas can be put into use directly for electricity generation via a spark-ignited 
gas engine incorporated with an alternator (Tanger et al. 2013). This electricity can 
be used locally or off-grid or can be made on-grid, providing enough flexibility for 
small or large scale production for remote and difficult areas. These features also 
ensure the sustainability and feasibility of biomass gasification in India.

9.9.5.2  Biomass to Liquid Biofuels by Biochemical Process

Liquid biofuels like ethanol and biodiesel are the most feasible green alternatives to 
fossil fuel-based transportation fuels. Molasses, a waste product of sugar industry is 
the main feedstock for bioethanol production in India, while biodiesel is made by 
the transesterification of non-edible oilseeds. Indian government has brought forth 
several missions and policies in support of biofuels, along with loans at lower 
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interest rates for establishing ethanol production plants, encouraging cultivation of 
non- edible and tree-borne oilseeds and tax exemptions for biodiesel use.

9.9.5.2.1 Ethanol as Biofuel

Production of energy efficient technologies offers the world the safest and the most 
environmentally benign way to sustainability. In the past few decades, great atten-
tion has been focused on the development of alternative fuel sources with particular 
reference to ethanol. Raw materials containing sugars, or resources which can be 
converted into sugars, can be used as fermentation feedstocks for ethanol produc-
tion (Meshram and Mohan 2007). The fermentable raw materials can be grouped 
into three (a) directly fermentable sugar containing materials such as starch (b) lig-
nocellulosic biomass (c) urban/industrial organic residues. Reports are also avail-
able on direct fermentation of sugarcane, sugar beet and sweet sorghum to ethanol 
(Prasad et  al. 2009), which require the least costly pretreatment, where starchy, 
lignocellulosic resources and other wastes need expensive pretreatment, to change 
into fermentable substrates (Rao et al. 2013). However, since maintaining the food 
security is given higher priority in our agrarian economy faced with rising popula-
tion pressure, it is not possible to divert a fraction of the sugary or starchy food 
sources towards biofuel production.

Recently, lignocellulosic biomass, as the most abundant renewable resource has 
been widely considered for ethanol production. It gives us an opportunity to look 
forward to the day when all fuel needs can be met from the utilization of agricultural 
residues, as it has been reported that use of currently available 74 Tg of agricultural 
residues across the earth could produce 16 times higher ethanol production over 
present level (Prasad et al. 2007). The ethanol production potential from biomass is 
high enough to replace 32% of the global petrol consumption (Meshram and Mohan 
2007). With respect to India, the entire annual petrol consumption can be met by 
utilizing jut one-third of available surplus biomass (Ramasamy et al. 2015).

Ethanol from biological systems is considered of particular importance because 
it can be readily used as a fuel for spark ignition engines without necessitating any 
modifications. Ethanol contains high oxygen percent of 34.7% by weight, aiding 
complete fuel burning and a marked drop in emissions. It is usually used as an addi-
tive in petrol to increase octane number, and improve the type of emissions. Ethanol, 
being the low-carbon fuel, appears to have enormous potential benefits to minimize 
the risk of greenhouse gas emissions. It also reduces carbon monoxide emissions 
and smog; usually caused due to sulfur deposits in gasoline (Kim and Dale 2004).

9.9.5.2.2 Biodiesel as Biofuel

Biodiesel is defined as ‘monoalkyl esters of long chain fatty acids obtained from 
renewable lipid feedstock, such as vegetable oil or animal fat’ by the American 
Society for Testing and Materials (ASTM) (Prasad et al. 2012). As the best diesel 
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alternate, it may be used directly or after blending. The ‘B20’ blend which consists 
of biodiesel and diesel in 1:4 ratio by volume is most common. Biodiesel fuel blends 
cut down emissions of particulate matter (PM), carbon monoxide (CO), hydrocar-
bon (HC) and sulfur oxides (SOx), thus less toxic to humans and environment. Also 
with 80–95% lesser carbon dioxide emissions over its life cycle, biodiesel has very 
little share in climate change, as compared to fossil fuels (Karmakar et al. 2010).

Substantial developmental actions have been done regarding the production and 
use of biodiesel. A 1000 liters/day capacity biodiesel production plant was estab-
lished by the Aatmiya Biofuels Pvt. Ltd. at Por-Vadodara, Gujarat, using jatropha 
seeds as feedstock (Marina et al. 2002). Another commercial level plant with an 
expandable daily biodiesel production capacity up to 100 tonnes was proposed by 
Southern Online Biotechnologies (P) Ltd., in Andhra Pradesh. Lurgi Life Science 
Engineering, Germany is providing the technology for this unit, along with their 
Delhi-based associates (Biswas et al. 2006).

9.9.6  Hydrogen Energy

Hydrogen (H2) is a sustainable energy, which is produced from available sources 
and used in every application where fossil fuels are being used. H2 is the fuel of the 
future, largely due to its high conversion efficiency, non-polluting nature, and recy-
clability, yielding only water after combustion (Francis et al. 2005). There are many 
hydrogen production processes, including electrolysis of water, biomass gasifica-
tion, and biological processes. Currently, steam reformation of methane or elec-
trolysis of water is employed almost exclusively to produce H2. Currently, H2 is 
produced, almost exclusively, by steam reformation of methane or by water elec-
trolysis. Supercritical water partial oxidation, steam reforming, and gasification are 
the thermo-catalytic processes employed for H2 production (Gupta et al. 2013). In 
the last decade, the important problems associated with H2 economics have changed 
dramatically. Nevertheless, refineries now have turned into net consumers of H2 to 
cut pollution and meet environmental rules and regulations.

In India, hydrogen production from renewable resources is at the dawn of devel-
opment. The Many research projects focusing on the development of different 
aspects of hydrogen production technology is being undertaken, funded by 
Government of India. The Indian Institute of Science, Bangalore, is researching on 
employing an open top downdraft gasification system to enhance the performance 
of the oxy-steam gasification unit for hydrogen production at a rate of about 0.1 kg/
kg biomass at various steam-to-biomass ratios. The National Institute of Technology, 
Rourkela is working on the development of a 5 kW capacity bench scale fluidized 
bed gasifier for hydrogen production rate of about 0.09 kg/kg of feedstock (Sherif 
et al. 2003). The roadmap envisions initiating research and development activities in 
various sectors and aspects of hydrogen energy technologies and envisaged goals of 
aggregate hydrogen-based power generation capacity of 1000 MW and one million 
hydrogen-fuelled vehicles in the country by 2020 (Nouni 2012).
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9.9.7  Biogas

Biogas production is a sustainable energy technology which not only efficiently 
manages and converts organic wastes into clean bioenergy but also allows the best 
possibilities to cut tropospheric emissions of greenhouse gases (Kumar et al. 2010). 
Biogas is produced via the anaerobic digestion of organic and bio-degradable 
resources such as agricultural waste, food waste, municipal waste, sewage etc. The 
slurry produced after digestion is rich in macro and micronutrients and can be used 
directly as valuable organic fertilizer. Biogas is a mixture of different gases primar-
ily methane (CH4) and carbon dioxide (CO2) and may have small quantities of 
hydrogen sulphide (H2S) and moisture. Methane is the only combustible constituent 
of biogas (Pathak et al. 2009).On account of methane’s low specific gravity, meth-
ane biogas will rise on escaping, thus dissipating from the site of a leak which 
makes it safer than other fuels like petrol and Liquefied Petroleum Gas. One cubic 
meter of biogas generates 1.5 kWh which is equivalent to 1 lb of LPG, 0.54 L of 
petrol, 0.52 L of diesel and 4 kWh of electricity in terms of calorific value.

Biogas finds its use both as a source of heat for cooking by direct combustion and 
for mechanical or electrical power applications with internal combustion engines 
(Pathak et al. 2009; Rao et al. 2010). Biogas plant helps to attain self- sufficiency for 
cooking gas and highly nutrient- rich organic fertilizer for households having feed 
material (Horst 2000). Further, this technology can solve the problems of indoor air 
pollution in households and while saving on the cost of refilling of LPG cylinders. 
The Government of India offers a subsidy for family type biogas plants as per the 
rates are given in Table 9.6.

Table 9.6 Subsidy for setting up of biogas plants under national biogas and manure management 
programme

S. No.
Particulars of central financial assistance

Family type biogas 
plants size cubic meter 
(M3) capacity day−1

Central subsidy rates applicable (In Rs.) 1 M3 2–6 M3

1. North Eastern Region States, Sikkim (except plain areas of 
Assam) and including SC & ST Categories of NE Region 
States

15,000 17,000

2. Plain areas of Assam 10,000 11,000
3. Jammu & Kashmir, Himachal Pradesh, Uttarakhand, Niligiri 

of Tamil Nadu, Sadar Kurseong & Kalimpong Sub- 
Divisions of Darjeeling, Sunderbans (West Bengal) and 
Andaman & Nicobar Islands

7000 11,000

4. Scheduled Castes/Scheduled Tribes of all other States except 
North Eastern Region States (including Sikkim)

7000 11,000

5. All Others 5500 9000

Source: MNRE (2014), Annual Report, India
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9.10  Contribution of Sustainable Energy to CDM

Despite all challenges, the clean development mechanism (CDM) saw rapid growth 
in the past decade, quickly becoming the most significant carbon offsetting mecha-
nism in the world. Currently, India accounts for approximately 4% of global green-
house gases emissions. However, on per capita basis, its emissions are only 
one-fourth of the global average and less than 10% of those of most developed 
nations. India has committed to reduce its economy’s emission intensity to 20–25% 
below 2005 levels by 2020 and has pledged that per capita GHG emissions will not 
surpass those of industrialized countries (Ngumah et al. 2013).

In 2008, NAPCC (National Action Plan on Climate Change) was launched to 
promote development goals while addressing GHG mitigation and climate change 
adaptation. As per NAPCC, renewable sources have the potential to meet 15% of 
India’s energy demand by 2020 (Ramasamy et  al. 2015). The NAPCC includes 
eight dedicated missions, out of which one is devoted to solar energy (Sood et al. 
2014). India is observed to be one of the most attractive Non-annexe-I countries for 
CDM project development.

The Clean Development Mechanism (CDM) of the Kyoto Protocol extends sup-
porting hands for the development of renewable energy projects in India. The fun-
damental economic hurdle is the relatively higher costs of electricity generation 
through Renewable Energy Technology (RET), although the scale of difference var-
ies with each technology. This price difference can be compensated to some extent 
by the revenues attained from selling CERs from a CDM project (Sood et al. 2014).

9.11  Conclusion

Sustainable energy is the need of the time and it is gaining currency due to its low–
carbon generation potential, often accompanied by its co–benefits. The transition of 
the fossil fuel based conventional energy to sustainable energy will help in effective 
management of air pollution, climate change mitigation, and spur sustainable eco-
nomic growth and improve living standards of people with equity and environmen-
tal quality. The IPCC Fifth Assessment Report validates the promising role of 
bioenergy in encouraging economic development by increasing and diversifying 
farm incomes and providing rural employment and in offering cheap alternatives for 
mitigating climate change. There is a need to adopt and use renewable and sustain-
able energy technologies for mitigating of environmental challenges across all 
sectors.
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Chapter 10
Microbial Fuel Cell: Sustainable Green 
Technology for Bioelectricity Generation 
and Wastewater Treatment

Shachi Shah, V. Venkatramanan, and Ram Prasad

Abstract Global Environmental Change and the rapid exhaustion of non- renewable 
energy sources like coal, and petroleum products have kindled the necessity of 
humankind for the invention of viable and efficient sustainable green technologies 
for harvesting energy resources. Microbial Fuel Cell (MFC) technology offers an 
effective carbon neutral alternative for bioelectricity generation. This environmen-
tally benign technology capitalizes the ability of electrogenic bacteria to produce 
electricity from chemical energy produced from the degradation of organic sub-
strates including wastewater. Bioelectricity generation by electrogenic bacteria is 
influenced by factors like nature/type of substrate, concentration of substrate, 
hydrogen ion concentration, organic loading rate and internal resistance. Of late, 
studies in the field of substrates for MFCs demonstrate that a diverse group of 
organic sources can be used as a substrate for microbes and consequently, sustain-
able energy can be produced. MFC-based systems found applications in hydrogen 
production, environmental sensors, seawater desalination, bioremediation, and 
microbial electro-synthesis and energy recovery. In this chapter, an insight has been 
given to the principles, components, upscaling, and potential applications of MFC 
as green and clean technology for bioelectricity generation and waste reduction.
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10.1  Introduction

Microbial fuel cells technology gained currency in the backdrop of energy crisis, 
widening demand -supply gap, and global climate change. Microbial fuel cells tech-
nology (MFC) is promising, efficient and environmentally benign approach in sus-
tainable wastewater treatment and bioelectricity generation. Microbial fuel cells 
technology takes advantage of the metabolic activity of electrogenic bacteria which 
generate bioelectricity through degradation of organic substrates. As the technology 
entails renewable methods and biological processes devoid of toxic outputs, this 
green microbial fuel cells technology can be construed as an alternative and sustain-
able method for power generation that can bridge the gap between energy demand 
and supply at the local level (Logan 2004; Mohan et al. 2008; Chaturvedi and Verma 
2016; Roy et al. 2017). MFCs are bioelectrochemical devices which are capable to 
thrive on diverse biodegradable substrates. Fundamentally, the MFCs contain elec-
trodes namely anode and cathode. A proton exchange membrane separates both 
electrodes. In the anode compartment, oxidation of substrates like organic sub-
stance, wastewater, contaminants, etc., results in the production of electrons and 
protons. While, the protons through the proton exchange membrane reaches the 
cathode, the electrons from the anode through an external circuit or load reaches the 
cathode compartment, only to be accepted by the electron acceptor like oxygen and 
reduces to form water in the presence of a proton (Ucar et al. 2017). In the recent 
past, MFCs have found application in wastewater treatment, microbial solar cells, 
bioelectricity generation, industrial chemicals recovery, pollutant removal, micro-
bial desalination cells, sensors, hydrogen production, bioremediation, and energy 
recovery (Zhang and Angelidaki 2011; Chandrasekhar and Venkata Mohan 2012; 
Roy et al. 2017; Ucar et al. 2017). As regards the MFCs in wastewater treatment, the 
pollutants are removed either at cathode as an electron acceptor or as an electron 
mediators, or at anode as an electron donors (Ucar et al. 2017).

10.2  Microbes as Energy Producer

Biologist Luigi Galvani way back in 1780 exhibited the connections existing 
between biological organisms and bioelectricity generation. Nevertheless, in the 
early twentieth century, potential of microbes in electricity generation was dem-
onstrated vividly by Potter (Potter 1911) and eventually extensive studies were 
conducted to know the role of micro-organisms in the degradation of organic 
materials, and to gauge the capability of biological organisms to generate bioelec-
tricity. Potter demonstrated using Saccharomyces cerevisiae as a bioelectrogenic 
bacteria, glucose as a carbon source, and Pt as an electrode, bioelectricity genera-
tion of 0.3–0.5 V (Potter 1911). MFCs tap the cellular respiration of microbes for 
electricity generation. The products of cellular respiration in addition to carbon 
dioxide are protons and electrons. The electrons released on account of bacterial 
respiration reaches the anode in the MFC either in the presence of mediators or 
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absence of mediators. Mediators like thionine, neutral red, etc., enable transfer of 
electrons from electrogenic bacteria to anode. Interestingly, studies undertaken 
by Kim and co-workers in the late 1990s was path breaking as it led to the devel-
opment of mediatorless MFC (Allen and Bennetto 1993; Park and Zeikus 1999; 
Kim et al. 2002).

10.3  Fundamentals of MFC

Microbial fuel cells enable generation of bioelectricity through the redox reactions 
of electrogenic bacteria. Fundamentally, microbial fuel cells are made of anode 
compartment with an anode electrode and anolyte; Cathode compartment with cath-
ode and catholyte; and Ion exchange membrane between anode and cathode com-
partment (Logan et al. 2006; Ishii et al. 2013). While the anode electrode is placed 
in the anoxic environment, the cathode is placed in aerobic condition which is made 
possible by supply of oxygen (Kim and Lee 2010; Nastro 2014). The electrogenic 
bacteria in the process of degradation or oxidation of carbon rich organic matter 
gain electrons due to cellular respiration and the electrons are then transferred to the 
anode electrode. From the anode, the electrons are transferred to the cathode through 
an resistor or load which generates power. On reaching the cathode, the electrons 
are accepted by terminal electron acceptor and the terminal electron acceptor gets 
reduced. This completes the circuit (Fig. 10.1) (He and Angenent 2006; Logan et al. 

Fig. 10.1 A typical 
two-chamber microbial 
fuel cells. (Yuan and He 
2015)
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2006; Logan 2008; Roy et al. 2017). It was observed that the anodic compartment 
in the absence of oxygen are efficient in power generation. So, the anode compart-
ment is maintained under anaerobic condition. This is made possible by using semi- 
permeable proton exchange membrane which maintains the anode compartment 
under anaerobic condition. Further, the protons produced at the anode due to oxida-
tion passes through the proton exchange membrane to reach cathode electrode 
where in the terminal electron acceptor like oxygen accepts the electron and reduces 
to form water (Logan 2008). Single chamber MFCs and two-chamber MFCs are 
formed based on the absence and presence of proton exchange membrane respec-
tively (Xia et  al. 2018). Many different configurations are possible for MFCs 
(Fig. 10.2). Two chamber MFC are inexpensive and popular. They are built in the 
form of “H” shape with two bottles that are well connected by a tube containing 
cation exchange membrane. The cation exchange membrane (CEM) can be either 
Nafion, Ultrex or a plain salt bridge (Park and Zeikus 1999; Bond et  al. 2002; 
Rabaey et  al. 2003; Min et  al. 2005; Logan et  al. 2005). Nevertheless, single- 
compartment MFCs do not require separation (Logan et al. 2006).

Fig. 10.2 Types of MFC (With permission from Logan et al. 2006): (a) Easily constructed system 
containing a salt bridge (shown by arrow) (Min et al. 2005); (b) four batch-type MFCs where the 
chambers are separated by the membrane (without a tube) and held together by bolts (Rabaey et al. 
2005); (c) same as B but with a continuous flow-through anode (granular graphite matrix) and 
close anode-cathode placement (Rabaey et al. 2005); (d) photoheterotrophic type MFC (Rosenbaum 
et  al. 2005); (e) single-chamber, air-cathode system in a simple “tube” arrangement (Liu and 
Logan 2004); (f) two-chamber H-type system showing anode and cathode chambers equipped for 
gas sparging (Logan et al. 2005)
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The processes occurring at the anode and cathode of MFCs with glucose as 
organic source are illustrated with the following equations:

 Anode C H O H O CO H e: 6 12 6 2 26 6 24 24+ → + ++ −

 (10.1)

                   Cathode H e O H O: 24 24 6 122 2
+ −+ + →  (10.2)

The efficiency of MFC system depends also on electron transfer mechanisms which 
entail the “direct” and “mediated electron transfer”. As regards the electron transfer 
through direct mode, “nanowires” and “membrane bound cytochromes” play a vital 
role. In case of mediated electron transfer, mediators play a prominent role (Feng 
et al. 2014; Xia et al. 2018). Electrochemically active bacteria are capable of trans-
ferring electrons to the anode either through the formation of anode biofilm or elec-
tron mediators (Yu et  al. 2012). Certain electron mediators like cysteine, flavins 
(flavin mononucleotide), etc., are synthesized by the electrochemically active 
microbes in the anode compartment. In certain cases, the e- mediators like humic 
substances are present in the anolyte itself (Kumar et al. 2015). Biofilms are poly-
meric matrix structures produced by certain group of bacteria either in pure culture 
or consortia. These “electrochemically active biofilms” play an important role in 
bioelectricity generation as they enable exchange of electrons with electrodes 
(Babauta et al. 2012). The process of biofilm formation involves a series of stages 
like movement and attachment of micro-organisms to the electrodes, colonization, 
and maturation of biofilms (Kumar et al. 2015; Saeed et al. 2015).

As regards the electron acceptors, generally, oxygen is preferred as an electron 
acceptor as it has an oxidation potential of 1.23 volts (10.3). The cathode compart-
ment of MFCs is normally enriched with electron acceptor-oxygen through bub-
bling with air.

 
O H e H O E vo

2 24 4 2 1 23+ + → =( )+ − .
 

(10.3)

However, energy intensive option of using oxygen as an electron acceptor has led to 
extensive studies on variety of electron acceptors so as to bring down the cost and 
upscale the bioelectricity generation (Ucar et al. 2017). Interestingly, use of nitrate, 
iron, copper, and such other electron acceptors has opened up the opportunities to 
use MFCs in wastewater treatment plants and pollution abatement strategies (Ucar 
et al. 2017).

10.4  Exoelectrogens in MFC

Exoelectrogens are group of organisms which are capable of transporting electrons 
directly outside the cell. Exoelectrogens have been found application in MFCs on 
account of their unique functional characteristics. Extensive studies have been 
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conducted on exoelectrogens like Geobacter sp., Burkholderia sp., Rhodoferax fer-
rireducens, and Shewanella sp. to know the electrogenesis process, to understand 
the diversity of exoelectrogens in the biofilm, and also to decipher the ecology of 
exoelectrogens (Logan 2008; Feng et al. 2014). Diverse group of micro-organisms 
and wide variety of substrates are used in MFCs for bioelectricity generation 
(Table 10.1).

The electron transfer mechanisms adopted by the exoelectrogens can be either 
through oxidation-reduction active proteins housed on the cell surface or self- 
produced mediators like flavin nucleotides, etc., or filamentous and conductive 
structures popularly called nanowires (Fig. 10.3) (Kumar et al. 2015). The perfor-
mance of MFCs is also dependent on the electron transfer kinetics which can be 
greatly upscaled by adopting measures like electrode (anode) surface alteration, 
gene expression enabling the production of e- mediators like flavin, etc. (Kumar 
et al. 2016).

Pure culture of electrochemically active bacteria due to the anoxic condition pre-
vailing in anode chamber, are found to grow slowly in the anolyte, resulting in lesser 

Table 10.1 Micro-organisms and diverse substrates used in MFCs for bioelectricity generation

Microorganisms
Substrates/
co-substrates

Current density/
power density References

Pure culture
Rhodoferax ferrireducens Glucose, xylose 

sucrose, maltose
158 mW/m2 Liu et al. (2006)

Pseudomonas aeruginosa Pyocyanin 4310 mW/m2 Rabaey et al. 
(2004)

Saccharomyces cerevisiae Glucose 16 mW/m2 Rahimnejad et al. 
(2009)

Pseudomonas sp. Peptone 979 mA/cm2 Daniel et al. 
(2009)

Klebsiella pneumoniae strain 
L17

Glucose 34.77 mW/m2 Liu et al. (2009)

Shewanella oneidensis strain 
14063

Sodium pyruvate > 40 mW/m2 Fernando et al. 
(2012)

Escherichia coli strain K-12 Sucrose 215 mW/m2 Zheng and 
Nirmalakhandan 
(2010)

Cellulose degrading bacteria Cellulose 188 mW/m2 Zhou et al. (2013)
Mixed culture
Thermophilic effluent from 
anaerobic digestion of brewery 
wastewater

Acetate 1030 mA/cm2 Jong et al. (2006)

Gammaproteo and Shewanella 
affinis (KMM3586)

Cyctenin 36 mW/m2 Zhou et al. (2012)

Desulfobulbus and 
Clostridium

Rice straw 
hydrolysate

137.6 mA/cm2 Cui et al. (2014 )

Fly ash leachate Fermentation 
effluent

85.07 mA/cm2 Varanasi et al. 
(2015)
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bioelectricty generation. Comparatively, a microbial consortia are found to out- 
perform the activity of pure culture in treatment of wastewater, as the diversity in 
the consortia can widen the biodegradation capabilities. Substrates like sludge, 
wastewater are preferred to be used in MFCs as they possess rich microbial diversity 
(Chandrasekhar et al. 2018). Systems operated with mixed cultures or consortia are 
found to yield higher power densities and the operational cost is much lesser than 
the pure culture (Rabaey et al. 2005; Ömeroğlu and Sanin 2016).

10.5  Configuration of MFC

Design and configuration of MFCs depend on number of chambers, mode of 
operations, and other specifications. Basically, MFCs include single chamber and 
two chambers MFCs. The traditional and classical design of MFCs are made of 
anode and cathode compartments separated by proton exchange membrane. Such 

Fig. 10.3 Mechanisms of electron transfers from micro-organisms to electrode. (With permission 
from Kumar et al. 2015)
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dual chamber MFCs are generally run in batch mode or in the continuous mode 
depending on the requirements (Du et al. 2007). On the contrary, the single cham-
ber MFCs consist of only anodic chamber which are coupled with air cathode. 
The MFCs with single chamber which is devoid of a proton exchange membrane, 
the terminal electron acceptor (O2) is provided to the cathode compartment 
directly by the diffusion of air (Liu and Logan 2004; Logan and Regan 2006). 
Recently, MFCs with triple chambers have been developed to house a desalina-
tion chamber in the MFCs. The triple-chamber MFCs consist of desalination 
chamber sandwiched between the anode and cathode compartments. Triple-
chamber MFCs are constructed by using an anion exchange membrane and a 
proton exchange membrane on both sides of the desalination chamber (Fig. 10.5) 
(Kim and Logan 2013). The power generation of MFCs are a function of nature 
of substrate, composition of electrode, exoelectrogens, exoelectrogenic micro-
organisms, electrode material, electron acceptors, circuit resistance, and the reac-
tor configuration (Kim et al. 2011). As regards the MFC architecture, there is a 
need for finding suitable electrode composition, augmenting bioelectricity gen-
eration and reducing cost.

10.5.1  Configuration of Anode

Configuration of anode entails up-scaling of operating efficiency of anode compart-
ment which squarely depends on the growth of biocatalyst on the anode surface in 
the form of biofilms. Certain group of bacteria called exoelectrogens which are 
efficient in electron transfer mechanism are sine quo non for the operation of anode. 
With respect to the anode material, it should enable the formation of active biofilms 
which aid in the transfer of electrons from the exoelectrogens to the anode. Further, 
materials like carbon plates, Pt rods, etc., are used as an anode material. Oxidation 
of organic wastes, and contaminants in wastewater in the anode compartment 
releases electrons which are transported to the anode. The electrons passes via an 
load or the external circuit to the cathode compartment where in the electron is 
accepted by the electron acceptors like oxygen. In order to increase the O2 reduction 
rate at the cathode, the cathode electrode is made of Pt, MnO2, etc. (Pandit and Das 
2018). Extensive studies have been initiated to modify the anode electrode using 
different techniques including nanoengineering methods which can enhance the 
electron transfer and eventually upgrade the MFC performance (Scott et al. 2007). 
Carbon nanotubes was found to augment the electron transfer feasibility and inci-
dentally the carbon nanotubes structure provided more electrode surface area (Qiao 
et al. 2007). It is reported that polymer materials with appreciable conductivity like 
polyaniline, polytetrafluoroethylene are preferred as anode material (Rahimnejad 
et al. 2015).
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10.5.2  Configuration of Cathode

There is an immense need to up-scale the MFCs and also transfer the technology from 
pilot scale to industrial scale. However, this proposition demands suitable cathode 
configuration to produce more bioelectricity. Commonly used cathode material are 
carbon paper, carbon fibre, Cu, granular graphite, etc. (Niessen et al. 2004; Chen et al. 
2008; Ghasemi et al. 2013; Rahimnejad et al. 2015). In the initial period of operation 
of MFCs with Pt cathodes, bioelectricity generation was much higher than the MFCs 
with Pt free electrodes. However, after the lapse of few days, there exists no difference 
in bioelectricity generation between the Pt cathodes and Pt free cathodes (Santoro 
et al. 2013). Recently, studies have been directed to explore carbon based electrodes 
for efficient and cost effective functioning of MFCs. Simultaneously, studies have 
been initiated in right earnest to explore efficient cathodic electron acceptors so that 
MFCs can find applications in wastewater treatment plants, pollutant removal and at 
the same time generate increased voltage potential (Ucar et al. 2017). Knowledge of 
the microbial growth on the cathode surface had given impetus to develop biocath-
odes which possess the advantage of cost effectiveness and the biofilms formed on the 
cathode surface aid in enhanced power generation (Niessen et al. 2004).

10.5.3  Membrane Configuration

The selective membrane used in MFCs have a pivotal role to play in electricity gen-
eration (Watanabe 2008). The selective membrane placed between the anode and 
cathode compartment enables movement of protons from the anode compartment to 
the cathode compartment. Further, the proton selective membrane also negates the 
movement of oxygen from cathode compartment to anode compartment so as to 
maintain anoxic condition in anode chamber (Berchmans 2018). The classical 
MFCs having two chambers essentially require cation selective exchange mem-
brane to set apart the anode and cathode compartments. This may not be the case 
however in single chamber MFCs. Nowadays, Nafion or perflurosulphonic acid is 
used as cation exchange membrane (CEM). Research is directed to find alternatives 
to Pt, Nafion so that cost can be reduced (Logan 2008). As cost reduction is essential 
for the economic feasibility of MFCs, there is a constant urge to identify suitable 
alternative membranes which are both cost effective and efficient, for the fabrication 
of MFCs (Li et al. 2011; Yousefi et al. 2016, 2017).

10.6  Substrates Used in MFC

The activity of electrochemically active bacteria is dependent on the nature and type 
of substrates. The substrates which are fuel for the biocatalyst varies widely from 
carbon rich substrates to nitrogen rich substrates; domestic wastewater to petroleum 
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refinery wastewater; and food waste to metal contaminated waste material (Pant 
et al. 2010; Chandrasekhar and Venkata Mohan 2012). Further, it is reported that 
certain pollutants play the role of electron shuttle compounds. The role of mediators 
in electron transfer mechanism cannot be overestimated (Mu et al. 2009; Kumar 
et al. 2012; Wen et al. 2013). Albeit, the bioelectricity generation is a function of 
concentration of substrate, increasing the concentration of substrate above a certain 
threshold have a negative impact on bioelectricity generation. Therefore, it is perti-
nent to note that in addition to the nature of substrate, the concentration of substrate 
is equally important warranting optimization so as to obtain maximum bioelectric-
ity output.

10.7  Scaling Up of Technology

Although, MFC technology is gaining currency as a sustainable and an alternate 
source of electricity generation, the technology faces constraints from the perspec-
tive of output, cost, efficiency and up-scalability (Song et al. 2015; Ucar et al. 2017). 
Indeed, the efficiency of MFC system lies in the power output. Type and nature of 
substrate, substrate concentration, exoelectrogens, material composition of elec-
trodes, MFC architecture and functioning of electron acceptors greatly influence the 
power output of MFCs (Ucar et al. 2017). Transfer of MFC technology from pilot 
scale to industrial scale is need of the hour. In this regard, to attain economic effi-
ciency, measures are warranted in the domain of upscaling MFC reactor size, 
enhancing the bioelectricity generation, and augmenting the treatment efficiency 
(Logan 2010). Prospects of MFCs in addition to bioelectricity generation, was iden-
tified in wastewater treatment plants. It is essential to develop MFC technology 
which is sustainable, self-sustained and productive (Zhang et al. 2013). Consequently, 
the task set for research on MFC is to augment simultaneously the energy genera-
tion and upscale of MFC reactor size. In this regard, studies on upscaling of MFC 
technology highlight the significance of spacing between the electrodes in case of 
MFC unit containing multiple electrodes and also the need for augmenting the sur-
face area of the electrodes as they determine the power output (Liu et al. 2008; Li 
et al. 2008). However, factors like MFC systems, high internal resistance, high fab-
rication and material cost, reduced pollutant degradation dynamics, and voltage 
losses challenge the upscaling of MFC technology (Fornero et  al. 2010; Logan 
2010; Gude 2016). Further, granular study of microbial ecology of electrochemical 
active bacteria and exoelectrogens, and innovations in the application of MFC tech-
nology would aid in the development and integration of MFCs in pollution abate-
ment technologies, industrial chemicals recovery plant and wastewater treatment 
plants (Logan 2008, 2009).
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10.8  MFC Applications

MFC technology progressively developed from early twentieth century to late twen-
tieth century. Nevertheless, scientific developments in the field of electron transfer 
mechanisms and increasing recognition of MFCs as a sustainable and renewable 
energy source led to extensive studies to map the application of MFC in diverse 
areas like wastewater treatment, biodegradation, bioelectricity generation, etc. 
(Fig. 10.4). Studies have reported that diverse waste products ranging from agricul-
tural waste to municipal waste can be used as a substrate for MFCs (Kumar et al. 
2012; Chandrasekhar et al. 2015). Erable and co-workers (2010) reported that cur-
rent focus of research on MFCs is to identify the ways to augment the “power den-
sity level” and bioelectricity generation capacity of MFC so that it can be used on 
industrial scale (Erable et al. 2010). Also, MFCs are used in the areas of biosensors, 
heavy metal and toxicity detection, hydrogen production, and wastewater quality 
monitoring (Mook et  al. 2013). Further, in the sediment microbial fuel cells 
(SMFCs), the bioelectricity is generated due to the redox gradient present naturally 
across the sediment and water interface (De Schamphelaire et al. 2008). SMFCs 
involve placement of anode electrode in the sediments and the cathode electrode in 
the water body. SMFCs enable increased oxidation of organics for instance in con-
structed wetlands, redox control and simultaneous generation of bioelectricity. 

Fig. 10.4 Landscape of microbial fuel cell applications
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Further, the efficiency of SMFCs can be improved by using carbon nanotube coated 
cathode and by augmenting the oxygen concentration and rate of reduction of oxy-
gen at the cathode using photosynthetic algae like chlorella vulgaris (Wang et al. 
2014). With regard to the scale-up of SMFCs, Ewing and co-workers recommended 
isolation of electrodes through use of a power management system connected to 
smaller sized SFMCs (Ewing et al. 2014).

Analogous to MFCs, a recent development in the area of bio electricity genera-
tion is microbial desalination cell (MDCs), which are capable of generating elec-
tricity, treatment of wastewater, desalination and bioremediation of contaminated 
groundwater (Saeed et al. 2015; Carmalin Sophia et al. 2016). The architecture of 
MDC is similar to microbial fuel cells but for the addition of desalination chamber 
which is sandwiched between the anode and cathode compartments of MDC 
(Fig. 10.5). Structurally, the desalination component of MDC is placed between 
the two electrode compartments by placing the anion selective membrane and cat-
ion selective membrane on both sides of the desalination compartment. Like MFCs, 
MDCs also generate bioelectricity. Nevertheless, to ensure electro-neutrality of 
electrode compartments, while anions like chlorine present in the salt water moves 
across the anion selective membrane to the anode compartment, cations like 
sodium from salt water moves across the cation selective membrane to the cathode 

Fig. 10.5 Microbial fuel cells and its analogues. (With permission from Berchmans 2018)
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compartment of MDCs. MDCs simultaneously generate bioelectricity and using 
the self produced energy, removes salts from the salt water (Saeed et  al. 2015; 
Sevda et al. 2015). Intensive study by Sevda and co-workers (2017) highlighted the 
use of MDCs for simultaneous treatment of wastewater from petroleum refineries 
and salt removal from the sea water (Sevda et  al. 2017). Extensive studies on 
MDCs led to the novel integration of MDC with microbial electrolysis cells with 
an aim to remove pollution causing nutrient elements like nitrogen from wastewa-
ter; remove salt content from salt water; and to simultaneously generate bioelec-
tricity from the oxidation of organic wastes in wastewater and enable the integration 
of MDCs and microbial electrolysis cells as a self-sustaining and prospective sys-
tem (Li et al. 2017).

10.8.1  Wastewater Treatment

Biodegradable organic component of wastewater possess energy which can be 
tapped using suitable technology (Du et al. 2007). Wastewater treatment plant con-
sists of series of processes aimed at treating the wastewater efficiently, cost- 
effectively and monitoring the pollution load of the treated effluent. The wastewater 
treatment plant for domestic wastewater consists of screens and grit chamber (to 
remove the large sized particles); primary clarifier (to remove the settable particles); 
secondary or biological treatment stage that includes activated sludge treatment, 
trickling filters, etc.; and chlorination unit as part of the tertiary treatment of waste-
water (Logan 2008). The efficiency of wastewater treatment plants is gauged from 
point of view of operational feasibility, economic sustainability, and ease of main-
tenance. As regards the biological wastewater treatment, functionally, it is respon-
sible for the removal of huge quantity of organic matter and nutrients as well 
(Rahimnejad et al. 2015). Recently, MFCs found recognition on account of their 
potential to produce bioelectricity from domestic wastewater (Fig. 10.6) (Min and 
Logan 2004; Logan et  al. 2006), cattle manure, brewery wastewater (Feng et  al. 
2014), and waste sludge (Jiang et  al. 2011; Wang et  al. 2018). The potential of 
MFCs for wastewater treatment was explored from the perspective of pollution 
reduction, cost efficiency, bioelectricity generation and sustainability of the system. 
Logan 2008 opined that MFCs has potential to be implemented in wastewater treat-
ment either by replacing the traditional biological treatment methods with MFC or 
as a prelude to the membrane bioreactor or as membrane bioreactor itself (Logan 
2008). MFC incorporation in wastewater treatment plant has potential benefits in 
terms of energy savings, bioelectricity generation and reduced quantum of solids 
produced from the bioreactor (Logan 2008). Successful integration and functioning 
of MFCs with wastewater treatment plants depend on oxygen supply to cathode 
compartment and supply of wastewater as a fuel to the anode compartment. Further, 
the surface area of the electrodes and internal resistance of the system determines 
the efficiency of MFCs (Logan 2010). With regard to harvesting of CO2 which is a 
greenhouse gas, studies have been conducted to develop “microbial carbon capture 
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cells” where in the oxidation product from the anode is transferred to the cathode 
with photosynthetic Chlorella vulgaris which sequesters the CO2. Wang and co- 
workers (2010) reported that the microbe enabled CO2 capture in MFCs was remark-
able (about 94%) and further, such analogues of MFCs can be an integral part of the 
wastewater treatment plants (Wang et al. 2010).

10.9  Conclusion

Biological fuel cells endeavour in the presence of a catalyst to convert the chemical 
energy in the organic substrates into electrical energy. Based on the biocatalyst used 
in the fuel cells namely the enzyme or a bacterial cell, biological fuel cells are 
grouped into enzymatic fuels cells and microbial fuel cells (MFC). The MFCs entail 
tapping the energy produced from the cellular metabolism of substrates. Interestingly, 
MFC use wide variety of substrates ranging from agricultural waste, municipal 
waste, food waste to wastewater. MFCs which are bioelectrochemical devices uses 
bioelectrogenic micro-organisms to treat different wastewater and other substrates 
to generate bioelectricity. This virtue of MFCs give a radiant hope to pollution man-
agement and bioelectricty generation which are essentially important in the back 
drop of growing energy crisis and environmental pollution. Biodegradable organic 
component of wastewater possess energy that can be tapped using MFCs. Generally, 
wastewater treatment plant aims at treating the wastewater efficiently, 

Fig. 10.6 Microbial fuel cells in wastewater treatment. (With permission from Gude 2016)
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cost-effectively and monitoring the pollution load of the treated effluent. Of late, 
MFCs found recognition in environmental pollution management on account of 
their potential to produce bioelectricity from domestic wastewater, cattle manure, 
brewery wastewater, and waste sludge, etc. MFCs prospects for wastewater treat-
ment can be gauged from the perspective of pollution reduction, cost efficiency, 
bioelectricity generation and sustainability of the system. Further, integration of 
MFCs in wastewater treatment plants has potential benefits in terms of energy sav-
ings, bioelectricity generation and reduced quantum of solids produced from the 
bioreactor. Granular research is deeply sought for in the areas of reactor design and 
fabrication, electron transfer mechanisms, microbial ecology of exoelectrogens, and 
upscaling of MFCs.

References

Allen, R., & Bennetto, H. (1993). Microbial fuel-cells. Applied Biochemistry and Biotechnology, 
39-40, 27–40. https://doi.org/10.1007/bf02918975.

Babauta, J., Renslow, R., Lewandowski, Z., & Beyenal, H. (2012). Electrochemically active bio-
films: Facts and fiction. A review. Biofouling, 28, 789–812. https://doi.org/10.1080/08927014
.2012.710324.

Berchmans, S. (2018). Microbial fuel cell as alternate power tool: Potential and challenges. In 
D. Das (Ed.), Microbial fuel cell. Cham: Springer.

Bond, D. R., Holmes, D. E., Tender, L. M., & Lovley, D. R. (2002). Electrode-reducing micro-
organisms that harvest energy from marine sediments. Science, 295, 483–485. https://doi.
org/10.1126/science.1066771.

Carmalin Sophia, A., Bhalambaal, V., Lima, E., & Thirunavoukkarasu, M. (2016). Microbial desal-
ination cell technology: Contribution to sustainable waste water treatment process, current sta-
tus and future applications. Journal of Environmental Chemical Engineering, 4, 3468–3478. 
https://doi.org/10.1016/j.jece.2016.07.024.

Chandrasekhar, K., & Venkata Mohan, S. (2012). Bio-electrochemical remediation of real field 
petroleum sludge as an electron donor with simultaneous power generation facilitates biotrans-
formation of PAH: Effect of substrate concentration. Bioresource Technology, 110, 517–525.

Chandrasekhar, K., Amulya, K., & Venkata Mohan, S. (2015). Solid phase bio-electro fermenta-
tion of food waste to harvest value-added products associated with waste remediation. Waste 
Management, 45, 57–65.

Chandrasekhar, K., Kadier, A., Kumar, G., Nastro, R. A., & Jeevitha, V. (2018). Challenges in 
microbial fuel cell and future scope. In D. Das (Ed.), Microbial fuel cell. Cham: Springer.

Chaturvedi, V., & Verma, P. (2016). Microbial fuel cell: A green approach for the utilization of 
waste for the generation of bioelectricity. Bioresources Bioprocessing, 3, 38.

Chen, G., Choi, S., Lee, T., Lee, G., Cha, J., & Kim, C. (2008). Application of biocathode in 
microbial fuel cells: Cell performance and microbial community. Applied Microbiology and 
Biotechnology, 79, 379–388. https://doi.org/10.1007/s00253-008-1451-0.

Cui, Y., Rashid, N., Hu, N., Rehman, M., & Han, J. (2014). Electricity generation and microalgae 
cultivation in microbial fuel cell using microalgae-enriched anode and bio-cathode. Energy 
Conversion and Management, 79, 674–680. https://doi.org/10.1016/j.enconman.2013.12.032.

Daniel, D., Das Mankidy, B., Ambarish, K., & Manogari, R. (2009). Construction and operation 
of a microbial fuel cell for electricity generation from wastewater. International Journal of 
Hydrogen Energy, 34, 7555–7560. https://doi.org/10.1016/j.ijhydene.2009.06.012.

10 Microbial Fuel Cell: Sustainable Green Technology for Bioelectricity Generation…

https://doi.org/10.1007/bf02918975
https://doi.org/10.1080/08927014.2012.710324
https://doi.org/10.1080/08927014.2012.710324
https://doi.org/10.1126/science.1066771
https://doi.org/10.1126/science.1066771
https://doi.org/10.1016/j.jece.2016.07.024
https://doi.org/10.1007/s00253-008-1451-0
https://doi.org/10.1016/j.enconman.2013.12.032
https://doi.org/10.1016/j.ijhydene.2009.06.012


214

De Schamphelaire, L., Rabaey, K., Boeckx, P., Boon, N., & Verstraete, W. (2008). Outlook for 
benefits of sediment microbial fuel cells with two bio-electrodes. Microbial Biotechnology, 1, 
446–462. https://doi.org/10.1111/j.1751-7915.2008.00042.x.

Du, Z., Li, H., & Gu, T. (2007). A state of the art review on microbial fuel cells: A promising 
technology for wastewater treatment and bioenergy. Biotechnology Advances, 25, 464–482.

Erable, B., Duteanu, N., Ghangrekar, M., Dumas, C., & Scott, K. (2010). Application of electro- 
active biofilms. Biofouling, 26, 57–71. https://doi.org/10.1080/08927010903161281.

Ewing, T., Ha, P., Babauta, J., Tang, N., Heo, D., & Beyenal, H. (2014). Scale-up of sediment 
microbial fuel cells. Journal of Power Sources, 272, 311–319. https://doi.org/10.1016/j.
jpowsour.2014.08.070.

Feng, C., Li, J., Qin, D., Chen, L., Zhao, F., Chen, S., Hu, H., & Yu, C. (2014). Characterization 
of exoelectrogenic bacteria enterobacter strains isolated from a microbial fuel cell exposed 
to copper shock load. PLoS One, 9, e113379. https://doi.org/10.1371/journal.pone.0113379.

Fernando, E., Keshavarz, T., & Kyazze, G. (2012). Enhanced bio-decolourisation of acid orange 
by Shewanella oneidensis through co-metabolism in a microbial fuel cell. International 
Biodeterioration and Biodegradation, 72, 1–9.

Fornero, J., Rosenbaum, M., & Angenent, L. (2010). Electric power generation from municipal, 
food, and animal wastewaters using microbial fuel cells. Electroanalysis, 22, 832–843. https://
doi.org/10.1002/elan.200980011.

Ghasemi, M., Daud, W., Rahimnejad, M., Rezayi, M., Fatemi, A., Jafari, Y., Somalu, M., & 
Manzour, A. (2013). Copper-phthalocyanine and nickel nanoparticles as novel cathode cata-
lysts in microbial fuel cells. International Journal of Hydrogen Energy, 38, 9533–9540. https://
doi.org/10.1016/j.ijhydene.2013.01.177.

Gude, V. (2016). Wastewater treatment in microbial fuel cells – An overview. Journal of Cleaner 
Production, 122, 287–307. https://doi.org/10.1016/j.jclepro.2016.02.022.

He, Z., & Angenent, L. (2006). Application of bacterial biocathodes in microbial fuel cells. 
Electroanalysis, 18, 2009–2015. https://doi.org/10.1002/elan.200603628.

Ishii, S., Suzuki, S., Norden-Krichmar, T., Wu, A., Yamanaka, Y., Nealson, K., & Bretschger, 
O. (2013). Identifying the microbial communities and operational conditions for optimized 
wastewater treatment in microbial fuel cells. Water Research, 47, 7120–7130. https://doi.
org/10.1016/j.watres.2013.07.048.

Jiang, D., Curtis, M., Troop, E., Scheible, K., McGrath, J., Hu, B., Suib, S., Raymond, D., & Li, B. 
(2011). A pilot-scale study on utilizing multi-anode/cathode microbial fuel cells (MAC MFCs) 
to enhance the power production in wastewater treatment. International Journal of Hydrogen 
Energy, 36, 876–884. https://doi.org/10.1016/j.ijhydene.2010.08.074.

Jong, B., Kim, B., Chang, I., Liew, P., Choo, Y., & Kang, G. (2006). Enrichment, performance, and 
microbial diversity of a thermophilic mediatorless microbial fuel cell. Environmental Science 
& Technology, 40, 6449–6454. https://doi.org/10.1021/es0613512.

Kim, M., & Lee, Y. (2010). Optimization of culture conditions and electricity generation using 
Geobacter sulfurreducens in a dual-chambered microbial fuel-cell. International Journal of 
Hydrogen Energy, 35, 13028–13034. https://doi.org/10.1016/j.ijhydene.2010.04.061.

Kim, Y., & Logan, B. (2013). Microbial desalination cells for energy production and desalination. 
Desalination, 308, 122–130. https://doi.org/10.1016/j.desal.2012.07.022.

Kim, H., Park, H., Hyun, M., Chang, I., Kim, M., & Kim, B. (2002). A mediator-less microbial 
fuel cell using a metal reducing bacterium, Shewanella putrefaciens. Enzyme and Microbial 
Technology, 30, 145–152. https://doi.org/10.1016/s0141-0229(01)00478-1.

Kim, J., Han, S., Oh, S., & Park, K. (2011). A non-Pt catalyst for improved oxygen reduction reac-
tion in microbial fuel cells. Journal of the Korean Electrochemical Society, 14, 71–76. https://
doi.org/10.5229/jkes.2011.14.2.071.

Kumar, A. K., Reddy, M. V., & Chandrasekhar, K. (2012). Endocrine disruptive estrogens role 
in electron transfer: Bio-electrochemical remediation with microbial mediated electrogenesis. 
Bioresource Technology, 104, 547–556. https://doi.org/10.1016/j.biortech.2011.10.037.

S. Shah et al.

https://doi.org/10.1111/j.1751-7915.2008.00042.x
https://doi.org/10.1080/08927010903161281
https://doi.org/10.1016/j.jpowsour.2014.08.070
https://doi.org/10.1016/j.jpowsour.2014.08.070
https://doi.org/10.1371/journal.pone.0113379
https://doi.org/10.1002/elan.200980011
https://doi.org/10.1002/elan.200980011
https://doi.org/10.1016/j.ijhydene.2013.01.177
https://doi.org/10.1016/j.ijhydene.2013.01.177
https://doi.org/10.1016/j.jclepro.2016.02.022
https://doi.org/10.1002/elan.200603628
https://doi.org/10.1016/j.watres.2013.07.048
https://doi.org/10.1016/j.watres.2013.07.048
https://doi.org/10.1016/j.ijhydene.2010.08.074
https://doi.org/10.1021/es0613512
https://doi.org/10.1016/j.ijhydene.2010.04.061
https://doi.org/10.1016/j.desal.2012.07.022
https://doi.org/10.1016/s0141-0229(01)00478-1
https://doi.org/10.5229/jkes.2011.14.2.071
https://doi.org/10.5229/jkes.2011.14.2.071
https://doi.org/10.1016/j.biortech.2011.10.037


215

Kumar, R., Singh, L., Wahid, Z., & Din, M. (2015). Exoelectrogens in microbial fuel cells toward 
bioelectricity generation: A review. International Journal of Energy Research, 39, 1048–1067. 
https://doi.org/10.1002/er.3305.

Kumar, R., Singh, L., & Zularisam, A. (2016). Exoelectrogens: Recent advances in molecular driv-
ers involved in extracellular electron transfer and strategies used to improve it for microbial 
fuel cell applications. Renewable and Sustainable Energy Reviews, 56, 1322–1336. https://doi.
org/10.1016/j.rser.2015.12.029.

Li, Z., Yao, L., Kong, L., & Liu, H. (2008). Electricity generation using a baffled microbial fuel cell 
convenient for stacking. Bioresource Technology, 99, 1650–1655. https://doi.org/10.1016/j.
biortech.2007.04.003.

Li, W., Sheng, G., Liu, X., & Yu, H. (2011). Recent advances in the separators for microbial fuel cells. 
Bioresource Technology, 102(1), 244–252. https://doi.org/10.1016/j.biortech.2010.03.090.

Li, Y., Styczynski, J., Huang, Y., Xu, Z., McCutcheon, J., & Li, B. (2017). Energy-positive waste-
water treatment and desalination in an integrated microbial desalination cell (MDC)-microbial 
electrolysis cell (MEC). Journal of Power Sources, 356, 529–538. https://doi.org/10.1016/j.
jpowsour.2017.01.069.

Liu, H., & Logan, B. (2004). Electricity generation using an air-cathode single chamber microbial 
fuel cell in the presence and absence of a proton exchange membrane. Environmental Science 
& Technology, 38(14), 4040–4046. https://doi.org/10.1021/es0499344.

Liu, Z., Lian, J., Du, Z., & Li, H. (2006). Construction of sugar-based microbial fuel cells by dis-
similatory metal reduction bacteria. Chinese Journal of Biotechnology, 22, 131–137. https://
doi.org/10.1016/s1872-2075(06)60010-1.

Liu, H., Cheng, S., Huang, L., & Logan, B. (2008). Scale-up of membrane-free single-chamber 
microbial fuel cells. Journal of Power Sources, 179(1), 274–279. https://doi.org/10.1016/j.
jpowsour.2007.12.120.

Liu, Z., Liu, J., Zhang, S., & Su, Z. (2009). Study of operational performance and electrical 
response on mediator-less microbial fuel cells fed with carbon- and protein-rich substrates. 
Biochemical Engineering Journal, 45, 185–191. https://doi.org/10.1016/j.bej.2009.03.011.

Logan, B. E. (2004). Extracting hydrogen electricity from renewable resources. Environmental 
Science & Technology, 38(9), 160A–167A. https://doi.org/10.1021/es040468s.

Logan, B. E. (2008). Microbial fuel cell. New York: Wiley.
Logan, B. E. (2009). Exoelectrogenic bacteria that power microbial fuel cells. Nature Reviews 

Microbiology, 7, 375–381. https://doi.org/10.1038/nrmicro2113.
Logan, B. E. (2010). Scaling up microbial fuel cells and other bioelectrochemical systems. Applied 

Microbiology and Biotechnology, 85, 1665–1671. https://doi.org/10.1007/s00253-009-2378-9.
Logan, B., & Regan, J. (2006). Microbial fuel cells—challenges and applications. Environmental 

Science & Technology, 40, 5172–5180. https://doi.org/10.1021/es0627592.
Logan, B., Murano, C., Scott, K., Gray, N., & Head, I. (2005). Electricity generation from 

cysteine in a microbial fuel cell. Water Research, 39, 942–952. https://doi.org/10.1016/j.
watres.2004.11.019.

Logan, B.  E., Hamelers, B., Rozendal, R., Schröder, U., Keller, J., Freguia, S., Aelterman, P., 
Verstraete, W., & Rabaey, K. (2006). Microbial fuel cells: Methodology and technology. 
Environmental Science & Technology, 40, 5181–5192. https://doi.org/10.1021/es0605016.

Min, B., & Logan, B. (2004). Continuous electricity generation from domestic wastewater and 
organic substrates in a flat plate microbial fuel cell. Environmental Science & Technology, 38, 
5809–5814. https://doi.org/10.1021/es0491026.

Min, B., Cheng, S., & Logan, B. (2005). Electricity generation using membrane and salt 
bridge microbial fuel cells. Water Research, 39, 1675–1686. https://doi.org/10.1016/j.
watres.2005.02.002.

Mohan, Y., ManojMuthu Kumar, S., & Das, D. (2008). Electricity generation using microbial 
fuel cells. International Journal of Hydrogen Energy, 33, 423–426. https://doi.org/10.1016/j.
ijhydene.2007.07.027.

10 Microbial Fuel Cell: Sustainable Green Technology for Bioelectricity Generation…

https://doi.org/10.1002/er.3305
https://doi.org/10.1016/j.rser.2015.12.029
https://doi.org/10.1016/j.rser.2015.12.029
https://doi.org/10.1016/j.biortech.2007.04.003
https://doi.org/10.1016/j.biortech.2007.04.003
https://doi.org/10.1016/j.biortech.2010.03.090
https://doi.org/10.1016/j.jpowsour.2017.01.069
https://doi.org/10.1016/j.jpowsour.2017.01.069
https://doi.org/10.1021/es0499344
https://doi.org/10.1016/s1872-2075(06)60010-1
https://doi.org/10.1016/s1872-2075(06)60010-1
https://doi.org/10.1016/j.jpowsour.2007.12.120
https://doi.org/10.1016/j.jpowsour.2007.12.120
https://doi.org/10.1016/j.bej.2009.03.011
https://doi.org/10.1021/es040468s
https://doi.org/10.1038/nrmicro2113
https://doi.org/10.1007/s00253-009-2378-9
https://doi.org/10.1021/es0627592
https://doi.org/10.1016/j.watres.2004.11.019
https://doi.org/10.1016/j.watres.2004.11.019
https://doi.org/10.1021/es0605016
https://doi.org/10.1021/es0491026
https://doi.org/10.1016/j.watres.2005.02.002
https://doi.org/10.1016/j.watres.2005.02.002
https://doi.org/10.1016/j.ijhydene.2007.07.027
https://doi.org/10.1016/j.ijhydene.2007.07.027


216

Mook, W., Aroua, M., Chakrabarti, M., Noor, I., Irfan, M., & Low, C. (2013). A review on 
the effect of bio-electrodes on denitrification and organic matter removal processes in bio- 
electrochemical systems. Journal of Industrial and Engineering Chemistry, 19, 1–13. https://
doi.org/10.1016/j.jiec.2012.07.004.

Mu, Y., Rabaey, K., Rozendal, R., Yuan, Z., & Keller, J.  (2009). Decolorization of azo dyes in 
bioelectrochemical systems. Environmental Science & Technology, 43(13), 5137–5143. https://
doi.org/10.1021/es900057f.

Nastro, R.  A. (2014). Microbial fuel cells in waste treatment: Recent advances. International 
Journal of Performability Engineering, 10(4), 367–376.

Niessen, J., Schröder, U., Rosenbaum, M., & Scholz, F. (2004). Fluorinated polyanilines as superior 
materials for electrocatalytic anodes in bacterial fuel cells. Electrochemistry Communications, 
6, 571–575. https://doi.org/10.1016/j.elecom.2004.04.006.

Ömeroğlu, S., & Sanin, F. (2016). Bioelectricity generation from wastewater sludge using 
microbial fuel cells: A critical review. CLEAN – Soil, Air, Water, 44, 1225–1233. https://doi.
org/10.1002/clen.201500829.

Pandit, S., & Das, D. (2018). Principles of microbial fuel cell for the power generation. In D. Das 
(Ed.), Microbial fuel cell (pp. p21–p41). Cham: Springer.

Pant, D., Van Bogaert, G., Diels, L., & Vanbroekhoven, K. (2010). A review of the substrates used 
in microbial fuel cells (MFCs) for sustainable energy production. Bioresource Technology, 101, 
1533–1543. https://doi.org/10.1016/j.biortech.2009.10.017.

Park, D. H., & Zeikus, J. G. (1999). Utilization of electrically reduced neutral red by Actinobacillus 
succinogenes: physiological function of neutral red in membrane-driven fumarate reduction 
and energy conservation. Journal of Bacteriology, 181(8), 2403–2410.

Potter, M. (1911). Electrical effects accompanying the decomposition of organic compounds. 
Proceedings of the Royal Society B: Biological Sciences, 84, 260–276. https://doi.org/10.1098/
rspb.1911.0073.

Qiao, Y., Li, C., Bao, S., & Bao, Q. (2007). Carbon nanotube/polyaniline composite as anode 
material for microbial fuel cells. Journal of Power Sources, 170, 79–84. https://doi.
org/10.1016/j.jpowsour.2007.03.048.

Rabaey, K., Lissens, G., Siciliano, S., & Verstraete, W. (2003). A microbial fuel cell capable of 
converting glucose to electricity at high rate and efficiency. Biotechnology Letters, 25, 1531–
1535. https://doi.org/10.1023/a:1025484009367.

Rabaey, K., Boon, N., Höfte, M., & Verstraete, W. (2005). Microbial phenazine production 
enhances electron transfer in biofuel cells. Environmental Science & Technology, 39, 3401–
3408. https://doi.org/10.1021/es048563o.

Rahimnejad, M., Mokhtarian, N., Najafpour, G., Ghoreyshi, A., & Dahud, W. (2009). Effective 
parameters on performance of microbial fuel cell. 2009 Second International conference on 
environmental and computer science. IEEE, 1, 411–415. https://doi.org/10.1109/icecs.2009.23.

Rahimnejad, M., Adhami, A., Darvari, S., Zirepour, A., & Oh, S. (2015). Microbial fuel cell as 
new technology for bioelectricity generation: A review. Alexandria Engineering Journal, 54, 
745–756. https://doi.org/10.1016/j.aej.2015.03.031.

Rosenbaum, M., Schro¨der, U., & Scholz, F. (2005). In situ electro oxidation of photobiologi-
cal hydrogen in a photo bioelectrochemical fuel cell based on Rhodobacter sphaeroides. 
Environmental Science & Technology, 39, 6328–6333. https://doi.org/10.1021/es0505447.

Roy, S., Marzorati, S., Schievano, A., et al. (2017). Microbial fuel cells. In M. A. Abraham (Ed.), 
Encyclopedia of sustainable technologies (pp. 245–259). Amsterdam: Elsevier.

Saeed, H., Husseini, G., Yousef, S., Saif, J., Al-Asheh, S., Abu Fara, A., Azzam, S., Khawaga, 
R., & Aidan, A. (2015). Microbial desalination cell technology: A review and a case study. 
Desalination, 359, 1–13. https://doi.org/10.1016/j.desal.2014.12.024.

Santoro, C., Ieropoulos, I., Greenman, J., Cristiani, P., Vadas, T., Mackay, A., & Li, B. (2013). 
Current generation in membraneless single chamber microbial fuel cells (MFCs) treating urine. 
Journal of Power Sources, 238, 190–196. https://doi.org/10.1016/j.jpowsour.2013.03.095.

S. Shah et al.

https://doi.org/10.1016/j.jiec.2012.07.004
https://doi.org/10.1016/j.jiec.2012.07.004
https://doi.org/10.1021/es900057f
https://doi.org/10.1021/es900057f
https://doi.org/10.1016/j.elecom.2004.04.006
https://doi.org/10.1002/clen.201500829
https://doi.org/10.1002/clen.201500829
https://doi.org/10.1016/j.biortech.2009.10.017
https://doi.org/10.1098/rspb.1911.0073
https://doi.org/10.1098/rspb.1911.0073
https://doi.org/10.1016/j.jpowsour.2007.03.048
https://doi.org/10.1016/j.jpowsour.2007.03.048
https://doi.org/10.1023/a:1025484009367
https://doi.org/10.1021/es048563o
https://doi.org/10.1109/icecs.2009.23
https://doi.org/10.1016/j.aej.2015.03.031
https://doi.org/10.1021/es0505447
https://doi.org/10.1016/j.desal.2014.12.024
https://doi.org/10.1016/j.jpowsour.2013.03.095


217

Scott, K., Rimbu, G., Katuri, K., Prasad, K., & Head, I. (2007). Application of modified carbon 
anodes in microbial fuel cells. Process Safety and Environmental Protection, 85, 481–488. 
https://doi.org/10.1205/psep07018.

Sevda, S., Yuan, H., He, Z., & Abu-Reesh, I. (2015). Microbial desalination cells as a versatile 
technology: Functions, optimization and prospective. Desalination, 371, 9–17. https://doi.
org/10.1016/j.desal.2015.05.021.

Sevda, S., Abu-Reesh, I., Yuan, H., & He, Z. (2017). Bioelectricity generation from treatment of 
petroleum refinery wastewater with simultaneous seawater desalination in microbial desali-
nation cells. Energy Conversion and Management, 141, 101–107. https://doi.org/10.1016/j.
enconman.2016.05.050.

Song, H., Zhu, Y., & Li, J. (2015). Electron transfer mechanisms, characteristics and applications 
of biological cathode microbial fuel cells  – A mini review. Arabian Journal of Chemistry. 
https://doi.org/10.1016/j.arabjc.2015.01.008.

Ucar, D., Zhang, Y., & Angelidaki, I. (2017). An overview of electron acceptors in microbial fuel 
cells. Frontiers in Microbiology, 8, 643. https://doi.org/10.3389/fmicb.2017.00643.

Varanasi, J., Roy, S., Pandit, S., & Das, D. (2015). Improvement of energy recovery from cel-
lobiose by thermophillic dark fermentative hydrogen production followed by microbial fuel 
cell. International Journal of Hydrogen Energy, 40, 8311–8321. https://doi.org/10.1016/j.
ijhydene.2015.04.124.

Wang, X., Feng, Y., Liu, J., Lee, H., Li, C., Li, N., & Ren, N. (2010). Sequestration of CO2 dis-
charged from anode by algal cathode in microbial carbon capture cells (MCCs). Biosensors & 
Bioelectronics, 25, 2639–2643. https://doi.org/10.1016/j.bios.2010.04.036.

Wang, D., Song, T., Guo, T., Zeng, Q., & Xie, J.  (2014). Electricity generation from sediment 
microbial fuel cells with algae-assisted cathodes. International Journal of Hydrogen Energy, 
39, 13224–13230. https://doi.org/10.1016/j.ijhydene.2014.06.141.

Wang, Y., Zhang, H., Li, B., & Feng, Y. (2018). Integrating sludge microbial fuel cell with inclined 
plate settling and membrane filtration for electricity generation, efficient sludge reduc-
tion and high wastewater quality. Chemical Engineering Journal, 331, 152–160. https://doi.
org/10.1016/j.cej.2017.07.173.

Watanabe, K. (2008). Recent developments in MFC technologies for sustainable bioenergy. 
Journal of Bioscience and Bioengineering, 106, 528–536. https://doi.org/10.1263/jbb.106.528.

Wen, Q., Yang, T., Wang, S., Chen, Y., Cong, L., & Qu, Y. (2013). Dechlorination of 4- chlorophenol 
to phenol in bioelectrochemical systems. Journal of Hazardous Materials, 244-245, 743–749. 
https://doi.org/10.1016/j.jhazmat.2012.11.002.

Xia, C., Zhang, D., Pedrycz, W., Zhu, Y., & Guo, Y. (2018). Models for microbial fuel cells: 
A critical review. Journal of Power Sources, 373, 119–131. https://doi.org/10.1016/j.
jpowsour.2017.11.001.

Yousefi, V., Mohebbi-Kalhori, D., Samimi, A., & Salari, M. (2016). Effect of separator electrode 
assembly (SEA) design and mode of operation on the performance of continuous tubular micro-
bial fuel cells (MFCs). International Journal of Hydrogen Energy, 41(1), 597–606. https://doi.
org/10.1016/j.ijhydene.2015.11.018.

Yousefi, V., Mohebbi-Kalhori, D., & Samimi, A. (2017). Ceramic-based microbial fuel cells 
(MFCs): A review. International Journal of Hydrogen Energy, 42(3), 1672–1690. https://doi.
org/10.1016/j.ijhydene.2016.06.054.

Yu, J., Cho, S., Kim, S., Cho, H., & Lee, T. (2012). Comparison of exoelectrogenic bacteria 
detected using two different methods: U-tube microbial fuel cell and plating method. Microbes 
and Environments, 27, 49–53. https://doi.org/10.1264/jsme2.me11205.

Yuan, H., & He, Z. (2015). Graphene-modified electrodes for enhancing the performance of micro-
bial fuel cells. Nanoscale, 7, 7022–7029. https://doi.org/10.1039/c4nr05637j.

Zhang, Y., & Angelidaki, I. (2011). Submersible microbial fuel cell sensor for monitoring micro-
bial activity and BOD in groundwater: Focusing on impact of anodic biofilm on sensor applica-
bility. Biotechnology and Bioengineering, 108, 2339–2347. https://doi.org/10.1002/bit.23204.

10 Microbial Fuel Cell: Sustainable Green Technology for Bioelectricity Generation…

https://doi.org/10.1205/psep07018
https://doi.org/10.1016/j.desal.2015.05.021
https://doi.org/10.1016/j.desal.2015.05.021
https://doi.org/10.1016/j.enconman.2016.05.050
https://doi.org/10.1016/j.enconman.2016.05.050
https://doi.org/10.1016/j.arabjc.2015.01.008
https://doi.org/10.3389/fmicb.2017.00643
https://doi.org/10.1016/j.ijhydene.2015.04.124
https://doi.org/10.1016/j.ijhydene.2015.04.124
https://doi.org/10.1016/j.bios.2010.04.036
https://doi.org/10.1016/j.ijhydene.2014.06.141
https://doi.org/10.1016/j.cej.2017.07.173
https://doi.org/10.1016/j.cej.2017.07.173
https://doi.org/10.1263/jbb.106.528
https://doi.org/10.1016/j.jhazmat.2012.11.002
https://doi.org/10.1016/j.jpowsour.2017.11.001
https://doi.org/10.1016/j.jpowsour.2017.11.001
https://doi.org/10.1016/j.ijhydene.2015.11.018
https://doi.org/10.1016/j.ijhydene.2015.11.018
https://doi.org/10.1016/j.ijhydene.2016.06.054
https://doi.org/10.1016/j.ijhydene.2016.06.054
https://doi.org/10.1264/jsme2.me11205
https://doi.org/10.1039/c4nr05637j
https://doi.org/10.1002/bit.23204


218

Zhang, X., Liang, P., Shi, J., Wei, J., & Huang, X. (2013). Using a glass fiber separator in a 
single-chamber air-cathode microbial fuel cell shortens start-up time and improves anode per-
formance at ambient and mesophilic temperatures. Bioresource Technology, 130, 529–535. 
https://doi.org/10.1016/j.biortech.2012.12.091.

Zheng, X., & Nirmalakhandan, N. (2010). Cattle wastes as substrates for bioelectricity produc-
tion via microbial fuel cells. Biotechnology Letters, 32, 1809–1814. https://doi.org/10.1007/
s10529-010-0360-3.

Zhou, M., Jin, T., Wu, Z., et  al. (2012). Microbial fuel cells for bioenergy and bioproducts. In 
K. Gopalakrishnan, J. van Leeuwen, & R. Brown (Eds.), Sustainable bioenergy and bioprod-
ucts. Green energy and technology (pp. 131–171). London: Springer.

Zhou, M., Wang, H., Hassett, D., & Gu, T. (2013). Recent advances in microbial fuel cells (MFCs) 
and microbial electrolysis cells (MECs) for wastewater treatment, bioenergy and bioproducts. 
Journal of Chemical Technology and Biotechnology, 88, 508–518. https://doi.org/10.1002/
jctb.4004.

S. Shah et al.

https://doi.org/10.1016/j.biortech.2012.12.091
https://doi.org/10.1007/s10529-010-0360-3
https://doi.org/10.1007/s10529-010-0360-3
https://doi.org/10.1002/jctb.4004
https://doi.org/10.1002/jctb.4004


219© Springer Nature Singapore Pte Ltd. 2019 
S. Shah et al. (eds.), Sustainable Green Technologies for Environmental 
Management, https://doi.org/10.1007/978-981-13-2772-8_11

Chapter 11
Biofuels: A Clean Technology 
for Environment Management

S. Prasad, V. Venkatramanan, S. Kumar, and K. R. Sheetal

Abstract Air quality (AQ) and greenhouse gas (GHG) emission management are 
the key drivers related to sustainability goal around the world today because most of 
the aforementioned issues are attributable to fossil fuels burning. Biofuels are the 
clean, alternative fuels that are derived from biomass-based resources. It addresses 
efficient management of air pollution problems and the collective goal of climate 
change mitigation. Recent times have witnessed accelerated growth in biofuel pro-
duction worldwide. The Government of India has been very keen on promoting 
manufacture and blending of ethanol derived from sugarcane molasses, and bio-
diesel from non-edible and waste oils for mixing with diesel. India’s biofuel policy 
(2003), dealing with bio-ethanol and biodiesel, sights to channelize biofuels into the 
energy and transport sector to address energy security and improvement in the liv-
ing standard of rural areas. Biofuels as an alternative energy source can help to 
lessen the dependency on imported fossil fuel oil, achieve sustainability goal and 
several other societal requirements.
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11.1  Introduction

Presently, most of our energy demands are satisfied by fossil fuels based products. 
Fossil fuels consumption is the well-known contributor to air pollution, (Tyagi et al. 
2016), greenhouse gas (GHG) emissions and the environmental consequences with 
a large endowment of coal and has an energy system that is more carbon intensive 
(USDoE 2007; Prasad and Dhanya 2011a). The burning of fossil fuels generates 
almost 21.3 billion tons of carbon dioxide (CO2) per year, and the natural sources 
can only absorb nearly half of that amount, so there is a net addition of 10.65 billion 
tonnes of atmospheric CO2 (USDoE 2007). CO2 is one of the principal GHG respon-
sible for the rise in global warming and thus an increase in average surface tempera-
tures of the earth (Prasad et al. 2014).

The Intergovernmental Panel on Climate Change (IPCC) declares that the warm-
ing of the climate is unequivocal, with temperatures 0.85 °C higher than those docu-
mented since the 1880 baseline. If the current trajectory of emissions continues, the 
world can expect 3.7 °C to 4.8 °C of warming by 2100. Under all future projections 
of GHGs, the earth surface temperatures are likely to increase with associated 
increases in the frequency of heat waves, extreme rainfall, ocean acidification, and 
global sea levels (IPCC 2014). The burning of fossil fuel also emits a significant 
amount of pollutant gases such as nitrogen oxides, carbon monoxide, VOCs and 
particulate matter fractions. The reactions between the combination of VOCs and 
NOx with sunlight make the tropospheric ozone (O3), which is the chief constituent 
of photochemical smog. These gaseous air pollutants have further deteriorated the 
health of human beings and agricultural productivity (Vinish 2005).

The world is facing a severe environmental crisis due to these critical changes in 
atmospheric condition. The question now arises how to manage this environment 
adversity and human well-being sustainably. An essential component of environ-
mental management is promoting pollutants reduction and mitigation of GHGs 
through available resources, technologies, and policies, which can substantially 
reduce the possible risks associated with these consequences (IPCC 2014). So, it is 
essential to look at a broader agenda that promotes energy security, and sustainable 
economic development without a complete restructuring of the current working 
energy system (Prasad et al. 2012; Kumar et al. 2016). Over the last few decades, 
biofuels had come to the forefront of environmental problems management and 
have the potential to fight the challenges of climate change and air pollution 
(Sudhakar et al. 2013; Prasad et al. 2014).

The current evidence suggests that the biofuels offer a number of benefits to 
society such as energy security, pollutant reduction, and sustainable economic 
development (Sudhakar et al. 2013; Attal et al. 2014). There is a need to manage the 
environmental issues more sustainably to advance the understanding of energy effi-
ciency, transportation, efficient use of organic materials and sustainability for a low 
carbon future. Biofuels production practices are considered to be carbon neutral 
since CO2 captured by the biomass during its growth and development is only 
returned to the atmosphere on combustion. The decreased dependency on imported 

S. Prasad et al.



221

fuels, increased energy efficiency, cut emissions of harmful pollutants, enhanced 
possibilities for carbon storage and carbon credits are all advantages that can be 
achieved by the proper management and utilization of biomass resources and biofu-
els (Lynd et al. 2005; Prasad et al. 2012; Sheetal et al. 2017).

11.2  Biofuels

Biofuels are alternative fuels that originated from biomass resources to meet our 
growing energy needs. Biofuels have oxygen levels ranging from 10% to 45% while 
petroleum has essentially none, exhibiting the chemical properties of biofuels quite 
distinct from those of petroleum (Prasad et al. 2007). Currently, the marketed biofu-
els are produced from sugar crops (sugarcane, sugar beet) and their by-products like 
molasses, food grain-starch (corn, potatoes), vegetable oils from soybean, sun-
flower, and rapeseed, etc., and animal fats like beef tallow. Sugar and grain starch is 
processed into ethanol by fermentation. Vegetable oils and animal fats are trans-
formed into biodiesel by trans-esterification. Ethanol and biodiesel are the most 
widely used as an automobile’s fuel (Attal et al. 2014; Prasad et al. 2017).

Biofuels are very sought after as an alternative fuel on account of their simplicity, 
and production through well-known processes and technologies. Biofuels have the 
capacity for mitigation of global warming without the complete restructuring of the 
current working energy requirements. Biofuels can be blended with conventional 
fuels in existing engines and potential to facilitate worldwide mobilization around a 
standard set of regulations and practices. It is the readily accessible energy source 
with great public acceptance and ample uniform distribution than fossil fuel and 
nuclear resources. It also has the potential to have the advantages for the economy 
especially in rural areas, including employment (Rothengatter 2010).

Bioethanol and biodiesel are the most popular liquid biofuels for global road 
transport (Attal et  al. 2014). Biofuel demand is increased at an average annual 
growth rate of 1.5, 12.1 and 15.4% for solid biomass, liquid and gaseous biofuels, 
respectively, between 1990 and 2008. In 2009, biofuels accounted for almost 3% of 
global road transportation, with the production of bioethanol and biodiesel growing 
by 10% and 9%, respectively (SRREN 2011). Biofuels, particularly the second and 
third generation fuels are anticipated to play a significant role in satisfying the 
requirements for transportation fuel in the future.

11.3  Biofuels as a Leading Alternative to Fossil Fuel

Most of the energy demands are currently supplied by fossil fuels–coal and 
petroleum- based products and natural gas (MoPNG 2014). Worldwide biofuels 
have brought considerable attention since they become the first alternative to fossil 
fuel, are produced domestically by various countries. It requires just modest changes 
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to retailer supply chain and end-use technologies. According to FAO, global ethanol 
generation is supposed to increase by 70% compared to the average of 2010–2012, 
and cross 168 billion liters by 2022 (FAO 2013).

The benefit of biofuels is its compatibility with petroleum-fuels to be used as 
blends in existing petrol engines. Liquid biofuels have similar characteristics to 
petrol/diesel regarding engine performance and refueling points (Planning commis-
sion 2003). On the other hand, limits on the percentage of blends with gasoline (e.g., 
E85) and the difficulty in its distribution using existing fuel pipelines, because of its 
tendency to absorb water. Advanced biofuels usually contain higher carbon chains 
and are considered to avoid the problems (Atsumi and Liao 2008). According to 
IPCC, biofuels were recognized as a “key mitigation strategy” (IPCC 2007). 
Nevertheless, the debate especially on biofuel from biomass in the food versus fuel 
competition, and growing concerns about land use, water, replacement of forests, 
etc. have acted as catalysts for the promotion and implementation of sustainability 
criteria, policies, market chain and regulation frameworks (SRREN 2011; Das et al. 
2010). Moreover, support for advanced bio-refinery and next-generation biofuel 
possibilities are driving biofuel to be more sustainable in future (IPCC 2014).

In India, the Biofuel Policy (2003), associated with bioethanol and biodiesel, 
aims to utilize biofuels in the energy and transportation sector to address issues of 
food and energy security, climate change mitigation, air pollution abatement and 
rural development and standard of living (Sheetal et  al. 2017). Having sufficient 
high renewable energy production potential, India is now encouraging the produc-
tion of bio-ethanol derived from sugarcane molasses and biodiesel derived from 
non-edible and waste oils for blending with petrol and diesel, respectively (Aradhey 
2014).

Though the biomass-derived biofuel industry in the country is still under devel-
opmental stages, however extensively used biofuel especially ethanol is being pro-
duced from the abundantly available molasses. Currently, in India, there are 140 
distilleries, with the potential to distill around 2 billion liters of conventional bio-
ethanol per annum (Aradhey 2014). The production of biodiesel is still commer-
cially negligible and not implemented. Even though India has an installed biodiesel 
capacity of 1.2 million tons per annum, presently only 7% is utilized because of 
several other restrictions (Economic Times 2014). Ensuring energy and food secu-
rity to entire segments of the society, and fulfilling international commitments 
towards climate change, biofuels provides an opportunity for the strengthening of 
the existing linkages within society, science, and policy (Das et al. 2010; Sheetal 
et al. 2017). Besides direct services as alternative fuels to the nation-building, it also 
has indirect benefits like employment generation, diminishing oil import depen-
dency, sequestration of carbon through biosource utilization. The aim of rural devel-
opment and an enhanced standard of living can be additionally gained.
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11.4  Biofuel Policies

The GOI has undertaken various policy initiatives to augment production and use of 
biofuels during the last few decades. There are several ministries and departments 
associated with policymaking, regulation, promotion, and development of the bio-
fuels at the national level (MNRE 2009). The expansion of a domestic biofuels 
market and supply chain is anticipated to improve rural livelihood by creating 
employment opportunities (Biswas et al. 2006). Ministry of Petroleum & Natural 
Gas (MoPNG) announced a notification in September 2002 for mandatory blending 
of 5% ethanol in major 9 states and 3 Union Territories (Prasad et al. 2007; Prasad 
et al. 2012). In 2008, the target was tried to be increased to 10% biofuel blends 
(Bandyopadhyay 2015).

The GOI approved the National Policy on Biofuels (NPB) on December 24, 
2009. The Goal of the NPB (2009) is to ensure that a minimum level of biofuels 
become readily available in the market to fulfill the increased demand for fuel at any 
given time (MNRE 2009). An aspirational target of 20% blending of biofuels by 
2017 was proposed, both for bio-diesel and bio-ethanol (Indian Express 2008; 
MNRE 2009). India achieved its highest ever ethanol market penetration at 3.3% in 
2016 but will eventually settle below last year’s level given tight supply through 
2017.

The GOI and several state governments will promote the planting of Jatropha 
and other non-edible oilseeds by providing fiscal incentives to various public, pri-
vate, and cooperative sectors (Prasad et  al. 2017). The Planning Commission 
renamed as National Institution for Transforming India commission (NITI Ayog) 
had even set a grand target of planting Jatropha in11.2 to 13.4  million hectares 
(Mha) wasteland by the end of April 2012 but fell short (Aradhey 2017). By the year 
2022, the GOI proposes to reduce its dependence on crude oil imports by 10% 
points in several ways: increasing domestic output; promoting energy efficiency and 
conservation; and encouraging the broader use of alternative fuels (Aradhey 2017).

India’s biofuel policy continues to concentrate on the use of non-food resources; 
namely molasses for the production of bio-ethanol and non-edible oils for the pro-
duction of biodiesel. Biodiesel blending targets will be regularly reviewed and 
adjusted as needed. The policy proposes establishing a National Registry of feed-
stock availability to help monitor production potential and set blending targets 
(MNRE 2009; Aradhey 2010). NBP drafted by the MNRE, assures that the biofuel 
programme would not compete with food security and the fertile farmlands would 
not be diverted for plantation of biofuel crops (MNRE 2009). The policy deals with 
many issues like Minimum Support Prices (MSPs) for biofuel crops. The policy 
also deals with subsidies for growers and farmers of biofuel crops, marketing, sub-
sidies and fiscal concessions for the biofuel industry, research, and development, the 
obligatory blending of auto-fuel with biofuel, quality norms, testing and certifica-
tion of biofuels (MNRE 2009, Prasad et al. 2012).
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11.5  Biodiesel Production Process

“Biodiesel” refers to an oxygen-rich fuel prepared from biological resources, with 
characteristics similar to that of diesel (Planning commission 2003; Sukumar et al. 
2010). Currently, soybean in the United States (US), rapeseed in Europe, and palm 
in SE Asia are the primary feedstock for biodiesel production. Biodiesel belongs to 
a non-petroleum-based diesel fuel containing mono-alkyl-esters of long chain fatty 
acids, produced by trans-esterification of oil/fat/lipid sources (Chisti 2007). 
Fig. 11.1. shows the transesterification reaction.

The edible/non-edible oil is composed of triglycerides of long chain fatty acids 
associated with glycerol. In the transesterification process, any natural oil (vegeta-
ble or animal) is mixed with any alcohol, in the presence of a catalyst leading to 
modification of one type of ester into another ester. The use of 1% sodium methylate 
as catalyst resulted in higher end-product yields of 98.6% over other same quantity 
of catalysts in a comparative study of trans-esterification conducted at 238 K with 
methanol to oil molar ratio of 6:1.

Petroleum based diesel comprises of several hydrocarbons of various lengths 
ranging mainly from 14–18 carbons, contaminated with aromatic hydrocarbons, 
sulfur and crude oil residues. Though similar in characteristics, biodiesel varies in 
its chemical composition from that of petroleum-based diesel fuel. With 16–20 car-
bon long hydrocarbon chains, biodiesel contains oxygen at one end, leading to 11% 
O2 content by weight and no sulfur. The elevated O2 content of the compound sup-
ports complete combustion of fuel (Kralova and Sjoblom 2010). These characters 
enhance fuel combustion efficiency and substantially reduce the pollutants emission 
from the vehicle exhaust. It can be utilized as an alternative fuel for vehicles in 
direct form or blended with fuel diesel without any modifications in existing diesel 
engines (Prasad et al. 2017).

The major success factor for biodiesel production is the availability of a sustain-
able supply of raw materials. Even though 9.3% of global oilseed production is 
from India and we occupy fourth position in the list of largest edible oil producing 

Fig. 11.1 Biodiesel production by transesterification reaction. (From Chisti 2007)
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countries, presently up to 46% of edible oil for domestic needs is met through 
imports. As the main objective of production in India is meeting the domestic needs 
of people, it is not possible to divert the oilseeds towards biodiesel production. 
Hence, other feedstocks viz. non-edible and tree-borne oilseeds with higher yield 
potentials need to be sought out (Planning commission 2003; Sukumar et al. 2010; 
Prasad et al. 2012).

With a rich biodiversity of over 300 species of trees producing oilseeds, about 1 
million tonne is the annual possible non-edible oil availability estimate. Though oil 
content varies with species, about one quarter of these trees have more than or at 
least 30% oil in their seeds/kernel (Planning commission 2003; Bandhopadhyay 
2015). While soybean contains 20% and rapeseed ha 40% oil, the non-edible spe-
cies also have comparative or even more content, for example, castor bean has 50%, 
neem seed has 30% and hemp contains 35% oil. Jatropha curcas, Madhuca indica, 
Shorea robusta, Pongamia pinnata, Schleichera oleosa, Melia azadirachta, Garcinia 
indica, Diploknema butyracea, Sapindus mukorossi and Aleurites fordii are some 
non-edible oilseed bearing trees with potential for biodiesel production.

Another feedstock of vital importance is the high oil algae. The major appeal for 
this group, particularly the aquatic unicellular green algae, is their particularly high 
growth rates owing to the higher photosynthetic efficiency and energy expenditure 
mainly for growth and high oil content (Chisti 2007). They are even known to dou-
ble its biomass, under optimum conditions, in a day. In addition, with over 50% 
lipid contents, these high yielding green algae are good candidates for highly inten-
sive cultivation and as a potential biodiesel feedstock (Schneider 2006; Chisti 2007).

In India, the railway department has taken a keen interest in biodiesel use as well 
as production, with the aim of reducing the use of high-speed diesel and thus reduc-
ing import expenses. On 31st December 2002, 5% biodiesel mix fuel was success-
fully tested in the Delhi-Amritsar Shatabdi Express. The south central railways also 
initiated a biodiesel mix fuel locomotive since 2015. Besides this, they have also 
initiated production of biodiesel from waste vegetable oils for their own use as well 
as have plans to utilize the land along the railway tracks for planting trees that pro-
vide oilseeds. GOI had set an ambitious goal of establishing Jatropha on 11.2–13.4 
Mha of waste-land by 2012, to generate sufficient amount of biodiesel to blend at 
20% with petrodiesel (MNRE 2009; Prasad and Dhanya 2011b).

11.6  Ethanol Production Process

Sugar containing resources, or those which may be modified into sugars, are suit-
able feedstocks for fermentation (Lynd et al. 2005; Prasad et al. 2012; Sheetal et al. 
2017). The fermentable resources can be grouped into (i) direct fermentable sugar 
(ii) starchy materials, and (iii) lignocellulosic biomass. Commercially, production 
of ethanol by direct fermentation of molasses from sugarcane and beet, sugarcane, 
sugar beets and even sweet sorghum and fruit juices, has been reported through 
many studies (Prasad et al. 2007). Sugar-containing materials like molasses, sweet 
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sorghum, and fruit juices do not require any pretreatment, whereas a starchy, ligno-
cellulosic material needs pretreatment and hydrolysis to change these resources into 
fermentable substrates for ethanol production (Sun and Cheng 2002; Malav et al. 
2017).

Fermentation substrates include substances which contain sugar and may be bro-
ken down to get monomers of glucose, which can be converted into the main prod-
uct ethanol along with carbon dioxide, under anaerobic conditions, in the presence 
of microorganisms like fungi, bacteria, and yeast. Saccharomyces cerevisiae is one 
of the particular yeasts used commercially for this process. For every mole of glu-
cose utilized, two moles each of ethanol and carbon dioxide are liberated by alco-
holic fermentation (11.2). Theoretically, 51.4  g of ethanol and 48.8  g of carbon 
dioxide are produced for every 100 g of glucose consumed. Though, in practice, the 
actual yield is lesser than 51.4 g as some glucose is consumed by microorganisms 
for glucose (Badger 2002).

Production of alcohol from starchy materials like grains is a long process, since 
starch cannot be directly fermented by microbes and has to be broken down into 
fermentable sugars. Thus the process involves grain milling, physical/chemical/bio-
logical treatments and hydrolysis for release of sugar monomers from these materi-
als, fermentation with yeasts and finally distillation to get ethanol. Mainly two 
enzymes are commonly used for hydrolysis, amylase and amyloglucosidase (Prasad 
et al. 2007). The biochemical reactions and aforementioned processes are shown in 
detail in Figs. 11.2 and 11.3 and in Eqs. (11.1) and (11.2).
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Fig. 11.2 Enzymatic hydrolysis of starch to glucose. (From Prasad et al. 2007)
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Milling is the first step in ethanol production, and the purpose is to break up 
cereal grains into smaller particles that better adsorb water. The particles have to be 
reasonably small enough to yield high water access, but they should not be too small 
so that they cause problems in the recovery of co-products. The most common mill 
used in distilleries is a hammer mill, with hammers that rotate at high speed, crush-
ing the grains in the grinding chamber. A retention screen is used to hold back the 
largest milling particles. Bran removal before milling and other fermentation pro-
cesses begin has been reported to improve the ethanol production efficiency sub-
stantially (Prasad and Dhanya 2011b) in such production systems.

Each process based on cereal grains starts with a mixing stage, where grain meal 
and water are mixed under heat. The temperature and duration time varies but tem-
peratures around 40–60 °C and duration time between a few minutes to 30 min are 
common. The mash is moved to a liquefaction tank where it is heated to 90 °C for 
2 h. The enzyme α-amylase is added to break down starch into dextrins. At approxi-
mately 65 °C, starch granules have adsorbed so much water that they swell into 
large gel-filled sacs with lost crystalline structure. That phase is called gelatiniza-
tion, where the mash has a very high viscosity. The swollen granules are now per-
meable for α-amylase, allowing it to penetrate and break down starch, which 
markedly reduces mash viscosity. The high liquefaction temperature is also used to 
minimize bacterial contamination.

The next process step is saccharification where dextrins are broken down into 
glucose by the enzyme glucoamylase (Fig. 11.3). The mash is kept at around 60 °C, 
and the pH is adjusted to 4.0–4.5. Fermentation is essentially accomplished with the 
addition of yeast that converts sugar produced during pretreatment to ethanol. After 

Fig. 11.3 Flowchart of ethanol production from cereal grains. (From Prasad et al. 2007)
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separation of fibers and yeast from the fermented mash, ethanol is extracted by dis-
tillation. The waste remaining after the fermentation process, such as alcohol from 
fermented broth and residual spillages are readily utilized as a part of animal feed 
after proper processing and is known as Distiller’s Dried Grain and Soluble (DDGS) 
(Sheorain and Chavan 2000).

The presently available lignocellulosic materials could support the sustainable 
production of liquid transportation fuels, considering the vast availability and lower 
costs (Lynd et al. 2005; Joseph and Ronald 2010; Sheetal et al. 2017). Lignocellulosic 
materials can be transformed through pretreatment and hydrolysis process, into 
hexoses and pentoses, which under anaerobic conditions can be further converted to 
alcohol (Fig. 11.4). Hexose sugar (C6 sugar) utilization process has been studied 
and discussed in detail and is well understood (11.2). However, the concept of utili-
zation of pentoses, which also contribute equally in fermentable sugar yield, is also 
important for higher efficiency of the process, and requires further study and atten-
tion. Microbes which can utilize both pentoses and hexoses are rare. As per the Eq. 
(11.3) given below, every three moles of pentose sugars consumed, liberates five 
moles each of ethanol and CO2 (Prasad et al. 2007; Prasad and Dhanya 2011b).

 
3 5 55 10 5 2 5 2C H O C H OH CO energy storedasATP® + + ( )  

(11.3)

On an industrial level, thermo-tolerant yeast could be more appropriate for fer-
mentation. S. cerevisiae, the commercially used fermentation microbe, can utilize 
only hexose sugars. As mentioned formerly, there are few known microbes utilizing 

Fig. 11.4 Conversion of lignocellulosic biomass to ethanol. (From Prasad et al. 2012)
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both C5 and C6 sugars, including Pichia stipitis, Candida shehatae and Pachysolan 
tannophilus (Steve et al. 2004). Two methods are suggested in general to overcome 
this problem through genetic engineering. Either ordinary hexose fermenting yeasts 
can be modified with addition of pentose metabolic pathways in their systems or 
ethanol fermenting efficiency may be improved in microbes which can utilize both 
hexoses and pentoses. Efficient utilization of both these major sugars found in lig-
nocellulosic materials provides opportunity to make bioethanol production process 
economically feasible (Olsson and Hahn-Hagerdal 1996; Prasad et al. 2007; Malav 
et al. 2017).

As Fig. 11.4 shows, four necessary steps are involved in the lignocellulosic bio-
mass conversion to ethanol: (1) pretreatment of raw biomass, (2) enzymatic hydro-
lysis for fermentable sugar production (3) ethanol fermentation and (4) distillation 
(Balat et al. 2008). The cellulosic biomass is first pretreated to begin breaking down 
the material and generating more surface area for the second step, hydrolysis. 
Hydrolysis is accomplished either by the use of enzymes or chemicals. In this step, 
the complex carbohydrate chains in the biomass are broken down into simple sug-
ars. Finally, these sugars are fermented by microorganisms (yeast, or bacteria), 
which produce ethanol in a dilute form. In order to concentrate the fuel grade anhy-
drous ethanol, distillation techniques are used (Lynd et al. 2005; Prasad and Dhanya 
2011a).

The agri-resources constitute a vast resource of biomass consisting of sugars, 
starch, cellulose and lignocellulosic residues. The enormous quantity of available 
biomass has a considerable potential for ethanol production using appropriate 
enzymes. The carbohydrate equivalent of straw of all crops is about 470–502 kg per 
ton of biomass. In the process of conversion, 1  kg of glucose polymer yields 
1.1 × 0.511 kg ethanol (Garcha et al. 1987). The enzymes use the substrate energy 
from the biomass catalyzing the conversion for their sustenance.

The lesser efficiency of industrial processes also leads to energy losses of up to 
10% during transformation as per previous studies. These losses were assumed as 
10%, 5% and 20% for starchy cereals and tubers, sugarcane (sugars based conver-
sion), and cellulose/hemicellulose based straw products respectively. The ethanol 
potential could be calculated for each product as follows, keeping in consideration 
the density of ethanol as 0.785 g/cc at 25 °C and concentration 95% (by weight) 
(Garcha et al. 1987):

 

Ethanol liters ton fresh biomass

kg fresh dryweight fr

95

1000

% /( )
= ´ aaction carbohydrate fraction

conversion effic

´
´ ´ ´ *1 1 0 511 0 9. . . iiency( ) / . / .0 785 0 95

 

The ethanol equivalent of major crops and their crop residues could be calculated 
assuming the appropriate dry weight fraction of different products. The results 
showed that the ethanol potential was highest for wheat being 403 liters per ton of 
biomass followed by paddy and maize (394 liters/ton), jowar (382 liters/ton) and 
bajra (366 liters/ton). Tapioca had higher ethanol potential of 157 liters/ton residue 
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due to relatively less water and high carbohydrate content as against these, straw of 
different crops had similar ethanol potential of 250–265 liters/ton of biomass 
(Prasad and Dhanya 2011b).

11.7  Greenhouse Gas (GHG) Management by Biofuels

Recently, managing energy and reducing GHG emissions are the primary drivers 
related to sustainability. Because most of the global warming issues are attributable 
to energy consumption, the use of biofuels helps address these challenges. Energy 
management involves adopting initiatives with two primary goals (i) to pick up fuel 
or energy efficiency, (ii) and to decrease potential adverse impacts resulting from 
energy consumption. Biofuels enhance the performance of fuel, support better fuel 
efficiency, and therefore help lower emissions. Supplementary use of biofuels with 
transport fuels contributes more to environmental sustainability than fossil-fuels 
alone, through lesser life cycle gaseous emissions. Advancements in the production 
process are expected to provide better environmental benefits (Bessou 2010; 
SRREN 2011). Even within biofuel resources, first-generation biofuels give higher 
emissions of 19 to 77 g CO2eq/MJ compared to the second generation biofuels with 
−10 and 38  g CO2eq/MJ lifecycle GHG emissions. In contrast, petroleum fuels 
were reported to release 85 to 109 g CO2eq/MJ which is much higher than any 
biofuel (Gaffney and Marley 2009). Figure  11.5 shows a range of reductions of 
GHG emissions per vehicle-km (v-km) obtained from various studies.

The impact of biofuels on the slowdown of climate change also stimulates its 
production. Theoretically, net emissions of GHGs from biofuels may reach zero 
because the carbon emitted while burning was sequestered during photosynthesis 
(Rajagopal and Zilberman 2017). Most researchers have found that the use of first- 
generation biofuels results in emission reductions of 20 to 60% of CO2eq relative to 
fossil fuels. Expected cutbacks for future commercialized second-generation biofu-
els are in the range of 70–90% of CO2eq relative to fossil fuels (Bessou 2010). The 
use of cellulosic biomass for energy production is expected to result in significantly 
higher carbon sequestration compared to starch and sugar-based biofuel (Tilman 
et al. 2006; Farrell et al. 2006).

Several investigations have revealed that using biodiesel produced from Jatropha 
seed oil, limits greenhouse gas (GHG) emissions by about 8–88% compared to the 
use of fossil diesel (Reinhardt et al. 2007; Achten et al. 2010). With plantation of 2 
and 10 mha of wasteland with Jatropha, a CO2 sequestration potential of 4.6 and 
22.9 Mt. year−1 can be achieved in India as reported by Francis et al. (2005). The 
same study also predicted 2.25 CO2 tons ha−1 year−1 of carbon sequestration with 
this plantation. Other biofuel sources like microalgae also help in this process, when 
grown in industrial sites utilizing nutrients from effluents and wastewater. Hence, 
the production and use of biomasses serve dual purposes of providing substrates for 
biofuel as well as helping in carbon sequestration and climate change mitigation 
(Sheetal et al. 2017).
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11.8  Air Quality Management by Biofuels

The gaseous discharges from engines using gasoline or petrol have various air pol-
lutants such as sulfur dioxide (SO2), nitrogen oxides (NOx), carbon monoxide (CO), 
unburned volatile organic compounds (VOC), and complex mixture of both organic 
and inorganic particles, which causes atmospheric pollution and responsible for 
deteriorating air quality. The pollutant gases particularly NOx and VOC react in the 
presence of sunlight by way of a series of photochemical reactions to form the sec-
ondary air pollutant ozone and released in the troposphere, the chief component of 
smog. CO is a deadly poison, and the inhaling of fine respirable particulate matter 
(PM2.5) is a severe health concern. Ethanol-gasoline blend is one of the best options 
for air quality management (Peter et al. 2003).

11.8.1  Air Quality Management by Ethanol

As a fuel additive, ethanol changes the emissions profile of gasoline, creating a 
cleaner and safer fuel. Emission tests performed with ethanol E10, E15, E22 and 
E1100 blends confirm that significant reductions in many air pollutants like NOx, 
CO, SO2, and PM (Table  11.1). Comprehensively, a 41% decline in particulate 

Fig. 11.5 A range of reductions of GHG emissions from biofuel vs. gasoline and diesel. (From 
Larson 2006)
Note: EtOH  =  ethyl alcohol (ethanol); SME  =  soy methyl ester; RME  =  rape methyl ester; 
PISI = port injection spark ignition; DICI DPF = direct injection compression ignition with diesel 
particulate filter
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matter and 5% NOx and 27% CO emission has been observed with E15 blends 
(Prasad and Dhanya 2011a). An extensive evaluation of the feasibility and use of E 
7.7 ethanol-blended fuel on the passenger bus fleet under the Karnataka State Road 
Transport Corporation was carried out to determine the reduction in air pollutants 
discharge and its influence on the air quality. The results revealed a significant 
decrease in PM, CO, CO2 and NOx (UNFCCC 2015). The blending of ethanol to 
gasoline has been found to reduce benzene, toluene, xylene, and 1,3-butadiene 
emissions, although may increase harmful acetaldehyde emission (Niven 2005; 
Yung-Chen et al. 2011).

Ethanol-gasoline blends may result in a moderation effect on exhaust emissions 
of the criteria pollutants, organic compounds and on ozone-forming potential. The 
high-mileage car also showed an emission drop while using ethanol-gasoline blends. 
In contrast, the toxicity-based emission ranking for the six air toxics of ethanol- 
gasoline blends exhibited high emission based on cancer and acute-effects. The 
Clean Air Act (CAA) of 1970 identified six common air pollutants of concern, 
called criteria pollutants. The reduction of criteria air pollutant emission and air 
quality improvement, the ethanol-gasoline blends are recommended for use as an 
alternative fuel in in-use passenger cars; ethanol content up to 20% in gasoline 
(E20) still suitable to be used in the car. However, in view of toxicity, the use of 
ethanol-gasoline blends needs more evaluation, especially in the case of high etha-
nol content (Yung-Chen et al. 2011).

11.8.2  Air Quality Management by Biodiesel

Biodiesel is a promising alternative fuel used for fueling diesel engines without 
necessary engine modifications. Use of biodiesel diminishes various toxic gaseous 
released from diesel engines. As biodiesel contains about 11% oxygen, the calorific 
value is lower than diesel, but it enhances the combustion process. Thus, the blend 
of biodiesel with diesel, reduce emissions of PM, CO, HC, SOx and smoke opacity 
(Prasad et al. 2012). The other environmental advantages of biodiesel include the 
fact that it is extremely bio-degradable. The privileges of 100% (B 100) and 20% (B 
20) biodiesel blending, in terms of percent pollutants emission reduction (Planning 

Table 11.1 Reduction in pollution emission with different percentages of Ethanol blending

Pollutant
Emission (%) Emission (g/km)
10% ethanol 15% ethanol 22% ethanol 100% ethanol

Particulate matter 27 41 0.08 0.02
NOx 4 5 0.45 0.34
Carbon monoxide 20 27 0.76 0.65
Unburned hydrocarbons – – 0.004 0.02
Sulfur dioxide – – 0.064 0.0

From Prasad and Dhanya (2011a)
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Commission 2003) and reduce emission in g/km for 10 and 15% (Vasudevan et al. 
2005) is displayed in Table 11.2.

According to EPA’s Renewable Fuel Standards Program, Regulatory Impact 
Analysis, published in 2010, biodiesel from soybean oil results on average in a 57% 
decrease in greenhouse gases (GHG) emission compared to fossil diesel, and bio-
diesel generated from waste grease results in an 86% decrease (Petracek 2011). The 
use of biodiesel results in a notable decrease in carbon monoxide, sulfur dioxide, 
particulate matter, and unburned hydrocarbons. However, a marginal increase in 
NOx (1–6%) is reported (Table 11.2). Nevertheless, the emission of nitrogen oxides 
increases to some extent with the use of biodiesel as fuel. The intensity of the par-
ticulate matter/smoke decreased up to 33% when the engine operated with100% 
biodiesel as fuel, compared to the 100% petroleum diesel (Zou and Atkinson 2003).

11.9  Carbon Cycle, Net Energy Balances and Biofuels

The real benefits which may be earned from biofuels depend on the energy supply 
and carbon emission, showing the extent of fossil fuel inputs and relative green-
house gas emissions corresponding to fossil fuel savings through avoided green-
house gas emissions, due to its use as alternative fuels (SRREN 2011). The 
Confederation of Indian Industry (CII) conducted a study to calculate the net energy 
and carbon balance for selected types of biofuels (Table  11.3). Among different 
biofuels, Jatropha-based biodiesel was noted to have the highest net energy and 
carbon balance annually. The great energy contribution from the co-products (seed 
husk, seed cake, and glycerol) received during biodiesel production; contribute 
approximately half of the total energy produced during the end use stage. Sweet 
sorghum-based ethanol was witnessed to have the best conversion efficiency in 
terms of converting input energy into output energy (CII 2010).

Table 11.2 Reduction in pollution emission with different percentages of biodiesel blending

Pollutant
Emissions reduction (%) Emission (g/km)
B 100 B20 Diesel B 10 B 15

Particulate matter −30 −22 0.129 0.093 0.080
NOx +13 +2 0.79 0.83 0.89
Carbon monoxide −50 −20 0.77 0.65 0.62
Unburned hydrocarbons −93 −30 0.37 0.22 0.16
Sulfur dioxide −100 −20 -- --- ---

From Prasad and Dhanya (2011a)
Less (−) and more (+) % of pollutant emission from biodiesel in comparison to 100% diesel

11 Biofuels: A Clean Technology for Environment Management



234

11.9.1  Trading of Biofuels

Given its broad and extensive supply shortage resulting from strong market growth, 
India will remain to be a net importer of bioethanol. The small trade deficit that 
began in 2015 is anticipated to expand more through 2018, given the prediction of 
tight production this year and next. Aradhey (2017) predicted bioethanol imports to 
go up from 400 to 600 million liters from 2016 to 2018, under normal market situ-
ations. Currently, biofuel imports have no quantity restrictions, but traditionally 
India imports bioethanol only to satisfy the deficiency in demand during years of 
lower sugar production. Low import tariffs on bioethanol make imports attractive, 
convenient and economically viable, particularly when crude oil prices strengthen 
(MNRE 2014).

Demand is mainly fulfilled for consumption across the potable liquor and chemi-
cal industries and not for transport fuel. The United State was the largest ethanol 
supplier (80%) classified as un-denatured fuel use, followed by Brazil (18%) and 
Bhutan and Pakistan. In customary, imported ethanol is competitively high priced 
against local supplies. Usually, when domestic ethanol prices stay strong, industry 
users prefer to buy imported ethanol and sugar distilleries benefit from selling it to 
OMCs (Fig. 11.6).

Indian exports of ethanol have decreased by an annual average of 15%, since 
peak export trades in 2013 of 233.0 million liters, on tighter supply and strong local 
demand (Aradhey 2017). Ghana, Nigeria, Cameroon, Nepal, Sierra Leone, Tanzania, 
Jordan, Uganda, Rwanda, and Jamaica were the leading export destinations for 
Indian bioethanol in the last 5 years, although market share was lost to competition 
from the United States (Fig. 11.7).

Table 11.3 Net energy balance and carbon balance for selected categories of biofuels

Biofuel 
type Feedstock

Net 
energy 
ratio

Net energy 
balance (GJ/
kl)

Net carbon 
balance 
(tCO2e/kl)

% Carbon 
emission 
reduction

Ethanol Molasses 4.57 19.11 −1.1 75%
Sweet sorghum 7.06 21.57 −1.4 86%
Cellulosic (bagasse) 4.39 25.41 −1.7 70%
Cellulosic (Rice 
straw)

3.32 22.79 −1.6 68%

Biodiesel Jatropha- 
Transesterification

53.41 63.76 −4.0 30%

Jatropha – SVO 4.38 66.73 −4.5 50%

From CII (2010)
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11.10  Future of Biofuels

India’s biofuel production valued for only 1% of the global output in 2012. The 
biofuel industry is yet to reasonably mature in India, and it is challenging for the 
distillery industry to sustain without subsidies, raw material, fuel mandates, or addi-
tional government support (Aradhey 2017). As biofuels are usually considered as a 
cleaner, carbon-free and greener alternatives to fossil fuels, the plan of the subsidies 

Fig. 11.6 India’s ethanol imports (in million liters) (U.S. Census Bureau, GTA & Ministry of 
Commerce, GOI). (From Aradhey (2017), GAIN Report number IN7075)

Fig. 11.7 India’s ethanol exports (in million liters) (GTA & Ministry of Commerce, GOI). (From 
Aradhey (2017), GAIN Report number IN7075)
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and various policy supports to the sector is also usually done by keeping the poten-
tial positive benefits in view (Aradhey 2017; Prasad et  al. 2017). The Indian 
approach towards the biofuel energy sector has been different to the current interna-
tional approach as India’s focus has been on non-feedstock which are raised on 
degraded or wasteland thus avoiding the conflict of fuel vs. food security. India’s 
biofuels policy supports the utilization of domestic biomass feedstocks for the gen-
eration of biofuels (Sheetal et al. 2017).

As technology emerges, research and development improves, and policy 
responds, the competitiveness of biofuel with other renewable technologies will 
transform as a function of economic and environmental concerns beyond those con-
sidered now (Cotula et al. 2008). Second generation cellulosic ethanol, and third 
generation algal biodiesel may be able to provide massive benefits and can contrib-
ute significantly to the secure energy future for India (Prasad et al. 2017). The GOI 
has also conferred its support to remove obstacles to the growth of the biofuel indus-
try and allowed the direct sale of biofuels by private manufacturers. Further, at the 
G20 summit 2014 held in Brisbane, Australia, the prime minister of India called for 
collective research and development effort and collaboration towards the path of 
clean energy (Sheetal et al. 2017).

India’s dependence on oil imports can be decreased drastically, with small steps 
such as 5% biodiesel blending by bulk users such as Indian railways and defense 
establishments (Economic Times 2014). Although Ministry of New and Renewable 
Energy (MNRE), Govt. of India has actively executed and supported policy and 
budgetary provision for renewable energy over the years, there are still a few signifi-
cant barriers that are limiting the substantial growth of renewable energy in India. 
There need to be considerable policy reformations to conceal the innovation induc-
tion, and strategies to up-scale deployment and provide investor’s access to capital 
through technology development and adaptation.

11.11  Conclusion

Biofuels are considered eco-friendly and carbon-neutral fuel because entire CO2 
released during the combustion of biofuels had been sequestered from the environ-
ment for the growth of crop plants. The GOI has initiated various policy measures 
to expand production and use of biofuels during the past few decades at the national 
level. Ethanol and biodiesel are the two biofuels essentially used in transport, either 
in pure or blended form, along with petrol and diesel. The agricultural residues 
which currently left unused or of less utilization can be a valuable and cheap 
resource to meet the entire demand of biomass for biofuels production provided the 
technology for its conversion is available and cost-effective. Since biofuels are pro-
duced solely from biomass, it does not carry any sulfur, and owning an oxygen 
content in it, increases the combustion efficiency of ignition engines and reduce the 
emissions. Increased use of biofuels could be an essential strategy and a viable 
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option for managing India’s energy security, air pollution abatement, and climate 
change mitigation.
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Chapter 12
Microbial Potential and Biofuel Production

Priyanku Teotia, Manoj Kumar, and Vivek Kumar

Abstract Exhaustion of fossil fuel has driven consideration and notion all over the 
world to ascertain an auxiliary and long-time supportable energy resources and 
sources of power to fulfil the requirement of human beings. The microbial origi-
nated fuels, known as micro-biofuels has immense potential to substantially reduce 
the transportation fuel crisis. For cost-effective biofuels production, the use of 
microbes using industrial, agricultural waste and renewable matters will sort out 
energy crisis, climate change apprehensiveness and food assurance. Quantum of 
plant biomass on our planet is remarkable and the biomass can be converted by the 
microbes and their enzymes into renewable energy sources. Currently, on a large 
scale, the bioethanol is produced in countries like United States of America using 
corn or other raw materials to meet the requirements of transportation sector. On the 
contrary, though methane gas is produced on a significant level, it is yet to gain cur-
rency for industrial and transportation purposes. As regards the biobutanol, it has 
huge potential to supplement the existing petroleum products.
Instead of producing bioethanol or biodiesel from microbes, researchers are trying 
to manufacture advanced microbiofuels, such as long chain isoprenoid, alcohols 
and fatty acids based fuels from Saccharomyces cerevisiae and Escherichia coli or 
production of hydrogen using the cyanobacteria. In this chapter, we analyse and 
discuss the present status of microbial based biofuel production, their constraints 
and challenges.
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12.1  Introduction

The upsurge in fossil fuel utilization has encouraged and provoked the scientists to 
exploit and explore unconventional energy resources to fulfil the existing and forth-
coming energy demands. There is a wide range of biofuel production using organic 
matter, which chiefly includes the sugar cane, wheat, sugary and starch crop such as 
maize, oilseed crops for instance ground nut, mustard, vegetable oil, soya bean crop, 
Jatropha; wood, bagasse, fodder straw; other organic waste material. World’s fuel 
energy is consumed as oil 33.5%, coal 26.8% and gas 20.9% (World Energy 
Resources 2016). During the eighteenth and nineteenth century, the industries were 
fuelled and developed by using fossil coal. Later on the growth in automobile indus-
try used petro fuels to run engines or fuel for electricity generation, which resulted 
in the consumption of petroleum products as major source of energy in twentieth 
century.

To overcome the rising oil demand and associated fuel price hike, biofuel pro-
duction using microbial sources is much sought after, chiefly in the form of sugar 
fermentation by Saccharomyces sp. for ethanol production (Balat and Balat 2009). 
Though there are several microorganisms which have been employed in production 
of ethanol commercially, the common alcohol producing fungal yeast S. cerevisiae 
is chiefly employed at industrial scale. For ethanol production, sugar and starch 
from the crop plants are used as principal beginning materials for this procedure 
(Bai et al. 2008). The utmost common feedstocks (commonly used carbon sources 
used by the microorganisms) are the agrarian waste commodities which can be eas-
ily handled to manufacture the simple sugar required for the process of fermenta-
tion. For production of bioethanol, in USA it is primarily the corn (maize, in the 
European Union it is wheat and in Brazil it is sugar cane (Hill et al. 2006; Balat and 
Balat 2009).

The bioethanol production usually simply exploits the sugary or starchy con-
stituents of agrarian produce as ample energy is located in the biomass of the plant 
parts. Generally the unused plant parts, such as leaves, stems and root wooden part, 
are comprised of lignin and cellulosic materials, and owing to the complicated lig-
nocellulosic constituents structure, it becomes very difficult for microbes to break 
down this structure. If by using any means (microbial and eco-friendly chemical) 
these cellulosic components could be manipulated, they could symbolise an enor-
mous novel source of energy for production of bioenergy (Bokinsky et al. 2011). 
The lignocellulosic material is composed of various amounts of lignin, cellulose 
and hemicelluloses. Plant cell walls are composed of these lignocellulosic materials 
which provide structural support for the plant parts. In plant part or agricultural 
waste, the cellulosic part is homo-polysaccharide composed of simple units of glu-
cose connected by β – (1,4) linkage between the monomers of glucose monomers. 
The unusual presence of β – linkage (in place of α – linkage, which is observed in 
the other biological system) is far more resilient for biodegradation by microbes. On 
the other hand, hemicellulose is a hetero-polysaccharide, which is present in vari-
ability and may be composed of several dissimilar sugar molecules, such as 
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 galactose, xylose and mannose. Owing to the diverse composition of hemicellulose, 
it becomes very problematic for several microorganisms to consume a varied vari-
ety and different sugar compositions. Lignin, the final constituent of lignocellulosic 
material, is not a polysaccharide, but it is a complicated units network which is 
composed of phenyl-propane. In the plant cellulosic material, the lignin is inter-
twined, which provides the structural backing and also protects it from microbial 
attack (Jorgensen et al. 2007).

The microbes are unbelievably varied with respect to their potential to exploit 
various raw materials, and because of this diversity the microbes have the chance to 
exploit various compounds for biofuels making along with using the other standard 
carbohydrates. To overcome the problem of complex plant materials, the fatty acids 
could provide fascinating alternative to the sugars. The reason is the fatty acids are 
much more reduced compared to the simple carbohydrate compounds. On the other 
hand, the fatty acids contain much more energy and carbon which can be helpful in 
producing higher yield of biofuel. Additionally, the fatty acid is easily converted 
into acetyl-CoA and do not have to pass via the intermediary formation of pyruvate. 
The fatty acids never undergoes the process of carboxylation, and therefore, not like 
the process of glycolysis, here every carbon particle from the material could be 
theoretically integrated into the final produce (Clomburg and Gonzalez 2010).

Microbiofuel is an alternate and unconventional source of energy and it may 
replace the conventional petro-hydrocarbon energy source in future. This fuel is 
manufactured from renewable resources such as microbial or plant biomass by the 
process of trans-esterification of triacyl glycerols from oil of plants. It yields mono 
alkyl esters, which are long chain fatty acid with short chain alcohol such as fatty 
acid ethyl esters and fatty acid methyl ester (FAMEs). In spite of several ecological 
welfares and advantages, a broad application of biological diesel is hindered owing 
to the wide land area needed for adequate and abundant manufacture of oilseeds 
crop. Consequently, novel techniques or manufacturing processes are immediately 
required to facilitate production of biofuels from more easily available massive 
plant materials such as cellulose or cheap and raw sugar sources. This innovative or 
unusual tactic might lead the way for industrialised biofuel production. Hopefully 
this biologically produced fuel may prove equivalent to the other renewable sources 
by using genetically engineered microbes which may enable the broad application 
of biological diesel like future fuel.

12.2  Microbes Based Systems for Biofuel Manufacture

The subsequent explanation of biological fuels and their process of manufacture 
may be different. People have employed algal cells to produce biodiesel, but the 
success rate is not appreciative. There are some process also where involvement of 
yeast cells and bacterial species have been done. Here things to be noted are that 
every microbial cell employed for biofuel production require an energy source. This 
energy source should be cost effective and it may be biological waste or cellulose 
based or some form of sugar, which can be easily metabolized by microbial cells.

12 Microbial Potential and Biofuel Production
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12.2.1  Hydrogen as a Biofuel

Hydrogen gas is the purest form of biological fuels because this is oxidized to H2O, 
without any emission of CO2 in this procedure. As per the policy makers, this hydro-
gen fuel is very admired and accepted biological fuel. Keeping this in mind, hydro-
gen gas powered concept vehicles are presently being displayed and produced by 
various car companies to strengthen their conservational qualifications. The hydro-
gen is considered as a perfect and valuable future fuel for transport purpose, since it 
can be easily converted into electrical energy after burning, which is later changed 
into the mechanical energy. In the above said process, there is no production of 
carbon dioxide or any other pollution causing agents (Malhotra 2007). This concept 
has guided to a notion that an economy driven by hydrogen fuel would be a feasible 
possibility. Though, production of hydrogen is generally provoked by chemical/
thermal ways and it is energy intensive process. Therefore, hydrogen gas produced 
in this manner might not be considered as a primarily renewable source of energy. 
On the other hand, production of hydrogen using biological means from different 
biomass resources would deliver an economic, energy-saving, and eco-friendly sub-
stitute. This concept should be considered comprehensively on the basis of above 
said points (Das and Verziroglu 2001; Esper et al. 2006).

Using biological means, hydrogen fuel can be generated by employing cyano-
bacterial and algal biological photolysis of water molecule or by the process of 
photolytic fermentation of organic substances using photosynthetic bacterial strains. 
Additionally, it can also be manufactured by “dark” fermentation reaction using 
anaerobic microorganisms from organic substrates such as acido-genic bacterial 
species. This technique has the extra benefit of reduction in waste organic material 
biomass (Wu et al. 2005). One can employ the thermophilic microbes, for instance 
Thermotoga elfii and/or Caldicellulosiruptor saccharolyticus for achieving higher 
hydrogen production (de Vrije et al. 2002; de Vrije and Claassen 2003; Claassen 
et al. 2004). These fermentation process may be carried out in aqua phase using 
immobilised microbial cells or by allowing the sludge or self-flocculated granular 
cells formation to inhibit wash out of hydrogen gas generating microbial cells. The 
process of hydrogen production is not at advanced stage using microbial means, 
therefore it is not a cost effective technique, moreover, it will take time to produce 
huge amount of hydrogen fuel using microbes. Further development and research is 
required to produce cost effective and huge amount of hydrogen using renewable 
biomass. If this approach is successful then we can have huge amount of hydrogen 
fuel. Ethanol along with hydrogen can be employed in fuel cells to generate electri-
cal power for the purpose of transport or energy generation. The noted car manufac-
turing company BMW assert that the hydrogen fuel utilisation technology in 
combustion engines is at advanced stage, while on the other hand, other automobile 
companies do focus on the employment of fuel cells. Though vehicles with fuel 
cells are technologically possible, Volkswagen proclaimed that hydrogen fuel cars 
will not play a noticeable part until 2020 for mass production.
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Hallenbeck and Ghosh (2009) reported that, in spite of the microbial technology, 
innovative engineering and improvement in design, the production of biological 
hydrogen, does not seems to be practical to solve the problem of huge amount of 
hydrogen required for transportation purpose. Owing to the hydrogen lower energy, 
huge compressed and strong storage tanks are required, which may prove hazardous 
and costly, moreover, such bulky tanks also acquire huge space in cars. These space 
can be utilized for luggage purposes. A huge set-up and substructure is also required 
for delivering and changing numerous energy devouring economic activities to a 
hydrogen fuel based economy. This will result in enormous drawback and short-
coming when hydrogen fuel is contrasted to biodiesel and alcohol. These two fuels 
(biodiesel and alcohol) could be utilized and transferred using prevailing set-up and 
structure for petro-hydrocarbon products.

12.2.2  Methane as a Biofuel

Biological gas plants generate methane (CH4) gas along with some amount of car-
bon dioxide and hydrogen gas sustainably from the animal excreta and plant bio-
mass. This waste may originate from any household, agricultural farms, waste from 
industry or from especially planted energy crops (Yadvika et al. 2004). The advanta-
geous part of the biological gas process is the choice to employ the cellulosic part 
of the plant materials to manufacture energy. This energy may be heat, electrical 
power converted into mechanical energy, which could be easily managed and con-
sumed by small scale industrial entities and also by rural households. On the other 
hand, the hydrogen gas can be compacted after the process of enrichment and puri-
fication and then later supply to the gas grid involved in electricity generation or 
may also be used as a green-fuel in vehicle combustion engine. Its supreme benefit 
is the eco-friendly feature of the future technology. This incorporates the possibility 
for comprehensive recycling of nutrients, minerals, and cellulosic fibre materials. 
All these things originate from the fields and revert back to the soil again, therefore, 
it plays a purposeful role by maintaining the soil vigour and sustainability for future 
crop plantation. This methane technology and knowledge is presently quite in 
mature stage, but there is amply of scope for improvement, which ultimately result 
in great technologically advanced plants for production with combined use of sev-
eral by products. Substrates could be cow dung or any other animal dung such as 
goat, pigs, hoarse and chickens may be used, which is also convenient and suitable 
for inoculation purpose. Besides, household waste, industrial, slaughter waste, rot-
ten food stuff, garden and agricultural organic wastes may also be used for inocula-
tion purposes. Also the organic waste of municipal sewage sludge, non-infectious 
paper and cotton wastes of hospitals, waste from food production etc. can be uti-
lized as consumable substrates. On the other hand, energy crops such as clover, 
young poplar tree, whole maize plant, grass, dried mustard, pearl millet plants and 
willow tree are specially grown for biological gas manufacture and are supple-
mented with the dung mixture. To guarantee a uniform substrates quality round the 
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year, green plant materials are generally stored as fodder. This is done usually by a 
procedure which favours Lactobacillus sp. which are homofermentative in nature 
and minimises the carbon loss.

Though, on a small scale level, biological gas has huge possibility and is pres-
ently used widely. For instance, biological gas manufacturing amenities such as 
sewage waste water treatment plant and solid waste landfills can employ biological 
gas generated for operating the plants, therefore, it may become energy neutral. The 
application of biological gas on a native, inhabited small scale could be developed 
in rural and semi urban areas in developing countries like India. Interestingly, India 
had achieved huge success in consuming biological gas generated in pits connected 
with homes in rural areas with no services connected for biogas generation for 
cookery and electricity purposes (Singh et al. 2000). Cow dung has been employed 
as a source of inoculum for this purpose. Such tactic is presently being studied in 
Egypt for treating low nutrients agricultural waste, rice straw and other farm yard 
waste that cannot not be utilized as feedstock people use that waste as burning fuel. 
Such practices of burning agricultural and other wastes is partially accountable for 
the “Black Cloud” occurrence that has been occasionally watched for past many 
years in Egypt.

12.3  Microbial Products for Existing Fossil Fuel Recovery

Additional probable and possible employment of efficient microbes is to augment 
the fossil fuels production in existing natural gas and oil formation. For itself, we 
cannot say that the product is really a biofuel, because it is not manufactured from 
bioresources, but the approach is rather a biological used for taking out traditional 
petro-hydrocarbon fuels. The cost efficacy of such method is quite straight, simple 
and attractive. Basically, if the price of applying a particular procedure is lesser as 
compared to the income gained after additional recovered product selling, then the 
method or process is considered cost effective. Consequently, the charm of such 
procedures generally relies on fluctuating oil prices. These techniques are generally 
employed in petro-oil wells where day by day production is lessening, or stopped 
recently. As such, all substructure, transportation, and market related matters are 
generally in place for additional manufactured fossil fuel selling.

It is significant here to distinguish between two interconnected tactics which are 
discussed below; (1) microbial enhanced oil recovery (MEOR), and (2) microbial 
enhanced energy recovery (MEER). In microbial enhanced oil recovery, either 
microbes or their secondary products are added into oil formation to enhance the oil 
production from oil wells. These microbes are introduced in those wells, which are 
in their tertiary stage of oil production or where oil production level has reduced to 
that level that decide the oil extraction process not cost effective. For instances, this 
includes injecting biosurfactants or bacteria producing biosurfactants into the well 
to reduce water oil interface tension which results in improving recovery of oil 
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(Youssef et al. 2007), in addition to this, injecting microbes which produces acid 
and gas for recovering oil entrapped in formation of carbonates.

In microbial enhanced energy recovery, microbes accomplished in specific trans-
formation processes are injected into the well. This is done to bring some in situ 
alteration in chemistry of fuel, which allows more effective recovery of energy. 
Common example includes injecting consortia of methanogenic bacteria which are 
efficient in anaerobic biological degradation of many petro-hydrocarbons into natu-
ral gas or oil reservoir to recover the unrecoverable products such as methane gas 
(Gieg et al. 2008), and also explore mechanism of motivating microbes present ini-
tially in petro-hydrocarbon formation to generate methane gas from native gases 
(Grigoryan and Voordouw 2008). The microbial enhanced energy recovery (MEER) 
research is in the process of developing a method to accelerate the process of meth-
ane gas generation in vast coal formation in the USA. Here, most part of the coal is 
either too dirty or unrecoverable to be consumed under existing US environmental 
regulation. To solve such critical issues, world’s leading researches and huge 
amounts of private money has been involved. Though inspiring and positive reports 
on such issues has been published in the recent past (Volkwein et al. 1994; Strapo’c 
et al. 2008). But no known microbial culture or efficient microbial consortia that can 
reproducibly and persuasively transmute coal products to methane gas under anaer-
obic conditions has yet not been achieved.

12.4  Microbial Diesel as Biofuel

Biological diesel is defined as non-petro-hydrocarbon based diesel fuel which con-
sists alkyl ester (mainly methyl group, but also ethyl as well as propyl group) of 
long chained fatty acid. Biological diesel can be manufactured from numerous plant 
and animal resources by the process of triglycerides esterification with methanol 
(Fucoda et al. 2001). Additionally, biological diesel can also be manufactured from 
numerous micro algal species (Chisti 2007). Investigation on biological diesel from 
algal species has been funded in national laboratory of USA, in the aquatic species 
program, sponsored by Department of Energy and started in 1978. The biodiesel 
production using micro algal species has manifold benefits and this technique has 
been called the third generation biological fuels (Tollefson 2008). Not like other 
oilseeds crop, micro algal species cultivate and raise very quickly and many algal 
species are very good at oil producing. The micro algal species generally make 
twice their biological mass within 24 h, and doubling time of biological mass during 
log phase growth are normally as short as 3.5 h. The content of oil in micro algal 
species can exceed up to 80% by weight of dry biological mass (Metting Jr. 1996; 
Spolaore et al. 2006), and the level of oil of 20–50% are pretty normal. Figure 12.1 
shows the various energy sources produced by micro algal cells, such as ethanol, 
hydrogen, biogas and biofuel.
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Most significantly, owing to the photosynthetic behaviour, the autotrophic algal 
species do not struggle with starting plants material for production of biological 
fuel. In contrast, the algal species fixes and therefore lessen the CO2 amount in 
atmosphere. Carbon dioxide gas is responsible for global warming process. On the 
other hand, the heterotrophic algal species have the benefit of accomplishing higher 
growth density, therefore there is more biological diesel concentration as compared 
to the phototrophic algal species. Additionally, growth of heterotrophic algal spe-
cies under dark poses no production problem when comparing with phototrophic 
algal species. Though, this process necessitates starting plants material as substrate 
and the inclusive cost efficacy of the procedure is presently under investigation. It is 
presumed that algal species can be multiplied to produce biological diesel using 
specialized manmade aquatic ponds. Conversely, the cost efficacy of this progres-
sion is still ambiguous and unclear. It has been envisioned that the microbiological 
phases of the progression are exceptionally assuring, but the main problem is from 
the engineering point of view, owing to complexity of process. The chief engineer-
ing challenge presently is the algal collection and oil harvesting cost. Algal species 
multiply on the surface layer of water ponds, therefore, to get a huge amount of 
biodiesel, miles and miles of algal harvesting is required. To achieve this, enor-
mously vast ponds are needed to cultivate micro algal species in huge quantities to 
make the biodiesel process commercially viable. Micro algal culture in natural 
ponds or shores of ocean has also been suggested. On the other hand, the intrusive-
ness of algal species might pose an environmental threat because the algae will 
devastate and engulf the environmental system.

Fig. 12.1 Microalgae showing production of energy sources
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12.5  Existing World Scenario

Already we are using the microbial manufactured biological fuel in the form of 
ethanol, which is being produced by efficient yeast strains using simple raw materi-
als by the process of fermentation (Balat and Balat 2009). Though there several 
microbes which have been employed production of ethanol, but the species of yeast 
Saccharomyces cerevisiae is principally used at industrial level, uses sugars and 
starch of plant sources as the beginning material for fermentation progression (Bai 
et al. 2008). The commonest feedstock are in the form of carbon, which is supplied 
by agrarian products. These agricultural products can be simply treated to form the 
simple carbohydrates required for fermentation process. This approach is chiefly 
followed in USA by using corn crop and sugar cane in Brazil, while wheat is being 
used in European Union (Hill et al. 2006; Balat and Balat 2009).

Ethanol (alcohol) fermentation process by Saccharomyces cerevisiae is chiefly 
performed via glycolysis pathway (Fig. 12.2) (Bai et al. 2008).

In case of maize and other starch comprising plants, the simple necessary sugars 
are formed via hydrolysis process of starch to produce subunits of monosaccha-
rides. In case of the sugarcane the sugar is hydrolysed only one time and then go 
rightly in the pathway (Clomburg and Gonzalez 2010). In this procedure, a single 
glucose molecule is oxidized into two pyruvate molecules. Here anaerobic condi-
tions are essential, because molecular O2 is not accessible for electron acceptor use, 
and therefore, instead of oxygen as terminal electron accepter pyruvate should be 
used. This process of fermentation involves the pyruvate decarboxylation to form 
CO2 and acetaldehyde, and the successive acetaldehyde reduction to manufacture 
ethanol (Bai et al. 2008).

The application of fermented biological ethanol as a biofuel source provides 
some benefits as compared to conventional fossil fuels. The maize (corn) alcohol 
and sugarcane alcohol need a contribution of petro-hydrocarbon energy to produce 

Fig. 12.2 A yeast cell showing biofuel production
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them owing to the energy required for transportation, agricultural farming and 
industrial processing. Though, many research work reported that biological alcohol 
produces more energy as compared to the petro-hydrocarbon fuel energy. This gives 
them net energy balance (NEB), a positive aspect. It means, that biological fuels 
symbolise more effectual sources of energy. The net energy balance for corn (maize) 
alcohol is relatively small, at approximately 25% extra energy output than the 
required fossil fuel energy investment (Hill et al. 2006). In other words, we can say 
that, while the maize (corn) alcohol diminishes the quantity of essential petro- 
hydrocarbon fuel, but it does not provide a complete resolution of the drawback. 
Alcohol manufactured through fermentation of sugarcane by-products has a higher 
net energy balance as compared to maize alcohol, producing practically eight times 
biological fuel energy as compared to the necessitated input of petro-hydrocarbon 
fuel energy. Conversely, since the sugarcane crop is generally grown in particular 
parts of globe and require tropical climates, therefore, ethanol production from it 
does not provide a feasible answer for the universal problem (Goldemberg et al. 
2008).

Fermentation of ethanol by yeast cells also provide some sort of help redress the 
problematic issue of emissions of green-house gases, though it does not provide a 
flawless answer from ecological point of view. All biological fuels with a positive 
net energy balance theoretically should discharge less CO2. Since the carbon fixa-
tion process happening inside the cultivating plants should counter balance the CO2 
discharges of both the combustion of alcohol and invested petro-hydrocarbon fuels 
energy (Hill et al. 2006). Conversely, in real the fertilizer rich in nitrogen content 
employed in sustaining the crop plants and adding of extra plant biomass into agri-
cultural soil encourages bacterial societies that produces N2O, which is a stronger 
green-house gas as compared to CO2. If we consider this whole system, ethanol 
production through corn (maize) fermentation process emits around 88% of the 
green-house gases content of petrol producing same energy amount (Von Blottnitz 
and Curran 2007). This average enhancement, combined with the other ecological 
insinuations such as chemical pesticides, make most present fermentation of etha-
nol technique of regulated usage, though biofuels are nonetheless are a positive 
substitute to the petro-hydrocarbon fuels.

12.6  Conclusion and Future Prospects

During the last few years have seen the advancement in technological development, 
also employment of genetically engineered efficient microbes and use of cheap and 
easily available non-food feedstocks to be consumed by microbes. On the other 
hand, creating microbes for better efficient enzyme producer or improved metabolic 
pathways may lead to advanced biofuels production. The practicability of these 
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biological fuels manufacture pathways has been demonstrated by transformation of 
carbon dioxide, algal hydrolysates and switchgrasses into higher alcohol forms, 
fatty acid and isoprenoid originated biological fuels. Few years back, there was a 
simple question; which superior biological fuel can be manufactured from glucose 
in higher yield? On the other hand now scientists are also posing question that 
which feed stock can profitably, economically and efficiently manufacture advance 
type biological fuels in higher yield. The main problem lying in production of 
higher yield of advance biological fuels, requires the metabolic engineering of bio-
logical fuels producing pathway and substrates utilized. The process of developing 
easily consumable substrates, efficient metabolic pathways to produce potent 
enzymes will certainly lead in revolution of biological fuels industry.

The synthetic biology and data driven methods are dominant means for problem 
solving and improving genetically engineered microbial metabolic pathways. 
Improving the efficiency and production of biological fuels will further need more 
powerful tools. This will include methods and means for stable upholding of copy 
number of genes and more specific regulation of m RNA and proteins level. This has 
to be achieved in a vibrant fashion that will adjust automatically the pathways con-
curring to its own metabolic change. Additionally, enzymes activity and substrates 
specifications can also be transformed by means of engineering protein. Synthetic 
enzymes with novel performances can also be produced by incorporation of artifi-
cial amino acids and computational based proteins designing. Presumably, a lone 
answer methodologies or standardization of procedure for biological energy manu-
facture will not be the product of such investigation attempt. Considerably, a slow 
but careful advancement on numerous frontages will happen, and therefore, the 
concluding pattern for biological fuel manufacture will be an amalgamation of 
many tactics. The selection of the biological energy tactic to be employed in a par-
ticular place will ultimately rely on the energy requirements such as (electrical 
energy, fuel for transport, and gas for heating purpose), flora (agriculture aspects, 
grasslands, and forestry), and also considerations for politics. Undoubtedly, the 
global total yearly biological fuels production will last to rise progressively in com-
ing future. But these increase will not be even, and annual alterations will be inter-
related to oil process fluctuations, also will depend upon the policies of governing 
parties and results of elections, since fuel prices also play a significant role in elec-
tion agenda especially in developing and developed countries. Nonetheless, the 
world-wide energy panorama will be considerably dissimilar in the coming two to 
three decades. Consequently, the microbial produced biological fuels will be a sig-
nificant futuristic increase in petro-hydrocarbon fuel energy relatively than the soli-
tary energy source within the nearby and in-between or transitional future. Therefore, 
significant developments (cost efficacy and technological advancement) in the fields 
of microbial biofuel energy will solve the issues fossil fuel dependency.
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Chapter 13
Microbial Biofortification: A Green 
Technology Through Plant Growth 
Promoting Microorganisms
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Abstract The hidden hunger or malnutrition is considered to be the most dignified 
global challenge to human kind. Malnutrition afflicts approximately more than one 
billion of world’s population in both developed and developing countries. 
Malnutrition includes diet related chronic diseases as well as overt nutrient deficien-
cies which leads to morbidity, reduced physical and mental growth. However, strat-
egies to enhance supplementation of mineral elements and food fortification have 
not always been successful. Plant growth promoting microorganisms are known to 
fortify micro- and macro-nutrient contents in staple food crops through various 
mechanisms such as siderophore production, zinc solubilization, nitrogen fixation, 
phosphate solubilization, etc. Inoculation of potential microorganisms along with 
mineral fertilizers can increase the uptake of mineral elements, yield and growth. 
Therefore, biofortification of staple food crops by the implications of plant growth 
promoting microorganisms has an ability to attain mineral elements, is advocated as 
novel strategy not only to increase concentration of micronutrient in edible food 
crops but also to improve yields on less fertile soils.
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13.1  Introduction

For sustainable agriculture, the use of microbial based biofertilizers has prestigious 
role in enhancing level of crop productivity and in food safety. Microorganisms as 
invisible soil engineers maintain soil health, construct a hub for different biogeo-
chemical cycles (Gadd 2010) and many soil microorganisms such as bacteria, acti-
nomycetes, cyanobacteria and mycorrhiza present an eco-friendly approach for 
improved uptake of nutrients and enhanced plant growth. Microorganisms particu-
larly plant growth promoting rhizobacteria (PGPR) are dwelled in rhizospheric 
region and efficiently colonize the roots of plants and confer tolerance in plants 
against several abiotic and biotic stresses (Prasad et al. 2015). Plant growth promot-
ing microorganisms make nutrients available to plants by numerous mechanisms 
such as atmospheric nitrogen fixation, solubilizing the nutrients fixed in the soil 
matrix, and production of phytohormones. Such microorganisms make sure for fur-
ther enhancement of micronutrients in plants, as they play a key role in organic mate-
rial mineralization and as well as transforming inorganic nutrients. Microorganisms 
can also influence nutrient availability through presenting different characteristics 
such as chelation, solubilization and oxidation or reduction (Khan 2005) and also 
conferred resistance from pathogens causing diseases to the host plant by the secre-
tions of antibiotics (Bonfante and Genre 2015). The aim of modern agriculture sys-
tem, besides augmented crop yield, is also to produce nutritious safe food crops with 
improved level of micronutrients in the edible portion of crop plants. Human popula-
tion is mainly dependent on crop based foods for the basic diet, and having foods 
with poor level of essential micronutrients creates serious health issues in humans. 
Deficiency of micronutrients (zinc, iron, selenium, copper, manganese and vitamins) 
in both humans and plants is narrated as ‘hidden hunger’ (Sharma et al. 2016), and 
bestows threat of malnutrition among world population. Therefore, implementation 
of biofortification strategy is an important mode for providing the preeminent solu-
tion for producing food crops with elevated level of necessary micronutrients. 
‘Biofortification’ and ‘standard fortification’ are two different terms, where bioforti-
fication is related with consigning the nutrients aggregation inside plant cells whereas 
latter involves use of additives with the foods. Biofortification process deals with 
several approaches for enhancing bioavailability of key nutrients in crops.

13.2  Micronutrient Associated Malnutrition

Micronutrient deficiency occurs in humans, where populations of developing coun-
tries intake diet in the form of staple foods characterized by reduced bioavailability 
of essential micronutrients. Prevalence of micronutrient deficiency increase the risk 
of extensive disease burden in low and middle income countries (Black 2014), 
where populations of impecunious people cannot afford costlier nutrient rich foods 
and other nutrient supplements and suffers from wide varieties of micronutrients 
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malnutrition associated ailments. According to the United Nations System Standing 
Committee on Nutrition (UNSSCN) (2004) micronutrients starvation are associated 
with more than 50% of all child mortality and also present the foremost risk factor 
for maternal mortality. Zinc (Zn), iron (Fe), and selenium (Se) are considered as 
important micronutrients and these are required in appropriate amount through rou-
tine diet for maintaining several life processes. Deficiency of one or more micronu-
trients creates negative impact on human health express in wide arrays of diseases 
(Fig.  13.1). The micronutrient zinc is most essential for all organisms including 
humans, and also has important structural roles in several proteins. Zinc deficiency 
is most prevalent micronutrient dearth and is associated with numerous human 
health related issues such as impairments of physical growth, greater risk of various 
infections, retarded growth, deferred wound healing, diarrhea, skeletal abnormali-
ties and increased risk of abortion (Salgueiro et al. 2000).

Deficiency of iron causes chlorosis in plants and results in reduced crop yield, and 
eventually affects human health through food-chain, specifically to people whose diets 
generally rely on plant resources. Iron deficiency engenders nutritional anemia and 
also associated with impaired immune functions in children and as well impaired neu-
rocognitive development (Murray-Kolb 2013). Selenium is another instance of essen-
tial micronutrient possessing role in wide range of metabolic pathways such as 
antioxidant defense and thyroid hormone metabolism. Selenium (Se) deficiency may 
linked with numerous ailments including heart diseases, reduced male fertility, hypo-
thyroidism, weakened immune system and high risk of infections, cancer, oxidative 
stress-related conditions and epilepsy (Hatfield et al. 2014). Deficiency of vitamins 
(Vitamin B6, Vitamin B12, Vitamin C, Vitamin E and folic acid), zinc and iron also 
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Fig. 13.1 Schematic representation of health effects of micronutrient (Zn, Fe and Se) malnutrition 
in humans
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results in DNA damage through using similar strategies as radiation and various chem-
icals, and therefore considered a major factor to cause cancer and other disabilities. To 
circumvent problems associated with micronutrients malnutrition, investigation of 
those strategies are required which can improve the nutrient assimilation in plants.

13.3  Approaches for Biofortification

13.3.1  Biofortification Through Genetic Modification

Biofortification of vital food crops through genetic amendment and various biotechno-
logical techniques is a sustainable solution for alleviating the micronutrient malnutri-
tion. The techniques of genetic modification are being optimized for the development 
and production of healthy foods in addition to step up in the levels and activity of 
biologically active components in food crop system. Techniques of genetic modifica-
tion have typically been targeted at escalating yields of staple food crops in developing 
countries. Though, the food crops with improved nutritional quality have gathered less 
consideration. An excellent example of a genetically modified biofortified crop is 
golden rice. Ordinary rice is not able to synthesise beta-carotene; however, due to 
genetic modification, golden rice can produce rice with beta-carotene in it. Moreover, 
stearidonic acid assimilation in soybean crop is also reported through genetic transfor-
mation (Singh et al. 2017).

13.3.2  Transgenic Approaches

Biotechnological techniques accredit the screening and selection of flourishing gen-
otypes, isolation as well as cloning of favorable traits and formation of transgenic 
crops for sustainable agriculture system. Transgenic approaches can be used to 
increase the micronutrient content of staple food crops such as legumes and cereals, 
which can be achieved by insertion of specific genetic trait with the ability to pro-
duce the desired nutrients that are typically deficient in recipients. It involves the 
characterization, insertion or deletion of specific gene to improve the desired trait 
like nutritional quality from donor organisms. This may be achieved by the intro-
duction of genes that code for trace element binding proteins, over expression of 
storage proteins already present or the expression of other proteins that are respon-
sible for micronutrient uptake in plants. Furthermore, metabolic pathways from any 
microorganism and other organisms can also be applied into crops to utilize alterna-
tive pathways for metabolic engineering. Thus, these technologies provide a power-
ful tool that is unconstrained by the gene pool of the host. In addition, the transgenic 
approaches can be targeted to the edible portions of commercial crops (Hirschi 
2009). As shown in Table 13.1, several crops have been genetically modified with 
traits of macronutrient and micronutrient that may provide reimbursement to 
 consumers (Newell 2008).
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Table 13.1 Genetically modified crops with description of macronutrient and micronutrient 
assimilation

Characteristics Crop (details of characteristics)

Protein and amino acids
Quality of protein 
and level

Maize (amino acid composition; protein↑)

Potato (amino acid composition; protein↑)
Rice (amino acid composition; protein↑)
Soybean (amino acid balance)
Sweet potato (protein↑)

Essential amino acid
Maize (Lys↑, Met↑, Trp↑)
Potato (Met ↑)
Sorghum (Lys↑)
Soybean (Lys↑, Trp↑, Cys↑, Met↑)

Oils and fatty acids
Canola (lauric acid↑; + ω-3 fatty acids; 8:0 and 10:0 fatty acids↑; lauric 
and myristic acids↑; oleic acid↑; γ-Linolenic acid)
Cotton (oleic acid↑, oleic + stearic acids↑)
Grass, legumes (↓trans-fatty acids)
Linseed (+ ω-3 and ω-6 fatty acids)
Maize (oil↑)
Oil palm (oleic acid↑ or stearic acids↑, oleic acid↑,+palmitic acid↓)
Rice (α-linolenic acid↑)
Soybean (oleic acid↑, α-linolenic acid↑, stearidonic acid↑, Arachidonic 
acid↑)

Carbohydrates
Fructans Maize (fructan↑)

Potato (fructan↑)
Starch Rice (amylase↑)

Wheat (amylose↑)
Micronutrients and functional metabolites (Vitamins and carotenoids)

Canola (vitamin E↑)
Maize (vitamin E↑, vitamin C↑, provitamin A)
Mustard (+β-carotene)
Soyabean (Vitamin E)
Potato (β-carotene and lutein↑)
Rice (+β-carotene, Vitamin B9↑)
Wheat (provitamin A↑)
Strawberry (vitamin C↑)
Tomato (folate↑, phytoene and β-carotene↑, lycopene↑)

(continued)
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13.3.3  Agronomic Biofortification

Biofortification through agronomical approach can be achieved through the impli-
cation of nutrient-rich fertilizers to foliage or soil to increase the micronutrient con-
centration in edible crop parts and thus increase the intake of essential micronutrients 
by consumers. Interaction between micronutrient and macronutrient can influence 
the efficiency of agronomic biofortification. Good quantity of macro elements (N, P 
and K) in crop has a positive effect on development of root architecture and trans-
portation of nutrients from vegetative tissues to the seeds. Consequently, there is 
increased concentration of micronutrients in edible parts of the food crop (Prasad 
et al. 2014). However, when food crops are grown where mineral elements become 
straight away unavailable in the soil system, targeted application of soluble chemi-
cal fertilizers to foliar parts and roots are practised.

13.3.4  Chemical Fertilizer

Effectiveness of chemical fertilizer on crop performance is influenced by type of 
fertilizer. The interaction between chemical fertilizer and different forms of nutri-
ents can have positive, negative or neutral effect on food crop in yield and nutrient 
bioavailability. The implication of fertilizer with soil is often the most efficient man-
ner. However, soils often contain huge amounts of iron, but only little amount of 
iron is phytoavailable. The implication of inorganic Fe fertilizers to such soils is 
more often futile as it rapidly becomes unavailable to plant root system through 
adsorption, oxidation reactions and precipitation. For this reason, Fe chelators are 
often used as soil Fe fertilizers (Rengel et al. 1999). Zinc is commonly applied to 

Table 13.1 (continued)

Characteristics Crop (details of characteristics)

Mineral availabilities
Alfalfa (phytase↑)
Carrot (calcium↑)
Lettuce (iron↑)
Rice (iron↑, zinc↑)
Maize (phytase↑, ferritin↑)
Soybean (phytase↑)
Wheat (phytase↑, iron↑, zinc↑)
Alfalfa (phytase↑)
Carrot (calcium↑)
Lettuce (iron↑)
Barley (zinc↑, phytase↑)

Modified from Singh et al. (2017)
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crops as ZnSO4 or as synthetic chelators (Shuman 1998). The application of Zn 
fertilizers to the soil system is effective for increasing Zn concentrations in cereal 
grains, growing mostly in soils and foliar applications of either ZnSO4 or Zn chela-
tors can increase Zn concentrations in plant via ample Zn mobility in the phloem. 
Similarly, applications of Zn fertilizers in soil and foliar can increase Zn concentra-
tions in leaf, tuber and fruit (Shuman 1998; Rengel et al. 1999).

13.3.5  Biofortification Through Plant Growth Promoting 
Microorganisms (PGPM)

Biofortification of crops through implications of PGPMs can be considered as a 
promising accompanying measure, which along with transgenic varieties, can lead 
to augmented micronutrient concentrations in food crop system, besides improving 
yield and soil fertility. Plant growth promoting microorganism’s have been reported 
to biofortify the micronutrient contents in food crops besides improving the soil 
fertility and crop yield (Rana et  al. 2012). In addition, plant growth promoting 
microorganisms also facilitate the plant growth through N2 fixation, insoluble phos-
phorus solubilization, production of phytohormones, lowering of ethylene concen-
tration, antibiotics and antifungal metabolites synthesis and induced systemic 
resistance. In this way, PGPM are also known to boost the soil fertility in return, the 
plant acquiesce by supplying essential nutrients, growth regulators and enhancing 
the ethylene mediated stress by 1-aminocyclopropane-1-carboxylate (ACC) deami-
nase production along with improved plant stress tolerance to drought, salinity, 
metal and toxicity of pesticide (Singh and Prasad 2014; Singh and Singh 2017). 
Moreover, the potentiality of PGPM in agriculture is progressively increased as it 
provides an attractive approach to replace the exploitation of chemical fertilizers, 
pesticides and other supplements. Subsequently, biofortification of crops through 
application of PGPMs can be therefore considered as a potential supplementary 
approach, which along with breeding varieties, can escort to augment the concentra-
tions of micronutrient in wheat crop, besides improving yield and soil fertility 
(Singh et al. 2017).

13.4  Mechanisms of Plant Growth Promoting 
Microorganisms

A variety of plant growth promoting microorganisms (PGPM) has been reported to 
enhance plant growth and productivity by means of various mechanisms. Illustration 
of some of the mechanisms is as follows.
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13.4.1  Iron Chelation

Iron is a vital component for all forms of life including prokaryotes as well as 
eukaryotes. It is the component of electron transport carrier, cofactor of various 
enzymes and important part of various constituent such as hemoglobin. Due to the 
aerobic environment conditions, iron is present in its oxidized form (Fe3+, insoluble 
at neutral pH) instead of reduced form (Fe2+, soluble at neutral pH) which are taken 
up by plants. To sequester the iron, many fungi, bacteria and some plants have an 
unusual adaptation to produce low molecular weight compounds called as sidero-
phores, a group of low molecular weight compounds (<10 KD) those have immense 
affinity towards Fe3+ ions. Siderophores are PGPM secreted compounds that are 
ultimately taken up by plants therefore transporting molecule of iron to the plants 
cells. Plant roots might be able of take up siderophore and use them as sources of 
iron. Therefore, microbial siderophore can enhance plant growth by improving iron 
uptake as well as by inhibiting the plant pathogen by means of competition ulti-
mately leads to the iron biofortification in plants and their grains (Srivastava et al. 
2013). Many researchers has been reported the siderophore production in wide 
range of bacterial species viz. Bacillus, Pseudomonas, Azotobacter, Arthrobacter, 
Burkholderia, Enterobacter, Rhodospirrilum, Serratia, Azospirillum and Rhizobium 
and fungal species viz. Aspergillus Penicillium Rhizopus, Syncephalastrum (Leong 
and Neilands 1982; Das et al. 2007; Duran et al. 2016; Srivastava et al. 2013). There 
are many types of siderophore such as hydroxamate, catacholate and carboxalate 
that are secreted by microbes varies from species to species. Furthermore, mixed 
type of siderophore has been secreted by many baceterial species (Wandersman and 
Delepelaire 2004). Hence we can say that use of siderophore producing PGPM is 
better approach over other conventional methods such as chemical fertilizers to 
enhance iron content in plants and grains.

13.4.2  Zinc Solubilizer

Zinc is one of the essential nutrients required for growth and metabolic activities. 
Zinc ions takes part in many physiological activities, it act as cofactor in various 
enzymes; take part in defense; play role in cell division and growth in prokaryotes 
as well as in eukaryotes. Zinc ions are highly reactive in nature and present in close 
interaction with soil constituents therefore soluble zinc is very low in soil. Generally, 
it is found in the form of oxides, phosphates and carbonates. Plant associated micro-
organisms adopt several mechanisms to solubilize zinc such as chelation (Whiting 
et al. 2001), reduction in soil pH (Subramanian et al. 2009), or through improving 
root growth and root absorptive area (Burkert and Robson 1994). Zinc chelation by 
microbes and making them available for plants roots is a well known phenomenon. 
Microbes produce chealating compounds, which forms complex upon binding with 
zinc. In addition, they releases chealated zinc at the root surface and enhance the 
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zinc availability ultimately lead to the zinc biofotification in plants. Whiting et al. 
(2001) reported production of metallophores as the possible strategies used by bac-
teria to chelate Zn. Reduction in soil pH also enhance availability of zinc. Decline 
in pH has been reported, when Pseudomonas and Bacillus spp. solubilized zinc 
complex compounds (ZnS, ZnO and ZnCO3) into zinc ions in a broth culture 
(Saravanan et al. 2004). Zinc solubilization methods differ from one microorganism 
to another to improve Zn availability in soil system and plant tissues. Many microbes 
including many bacterial and fungal species (Pseudomonas, Microbacterium, 
Enterobacter, Bacillus, Arbuscular mycorrhizae) have the incredible capability to 
solubilize Zn from complex compounds (Whiting et al. 2001; Fasim et al. 2002; 
Subramanian et al. 2009) and consequently take part in improvement of food quality 
and nutrient status of plants and grains.

13.4.3  Biofertilizers

In the present era, use of chemical fertilizers to enhance plant growth, productivity 
and to replenish soil nutrient status is very common. But several problems coincide 
with the use of chemical fertilizers such as high cost, unavailability of large portion 
of nutrients, toxic and non-degradable nature, leading to enhancement of environ-
mental pollution and making land unsuitable for cultivation. Therefore as an alter-
native strategy, application of biofertilizers can be used to enhance crop productivity 
and biofortification of nutrients in grains. Biofertilizers which are the fertilizers 
based on source of biological origin such as microbes (including bacteria and fungi) 
are used instead of synthetic compounds. Use of biofertilizers is an ecofriendly 
approach as they are of biological origin and keeps environment healthy due to its 
low persistence. The objective of biofertilizers is to increase the soil organic con-
tents improve soil structure and reduce loss of nutrients such as nitrogen, iron, zinc, 
calcium and phosphorus (Lal and Greenland 1979). Biofertilizers serves as source 
of all nutrients due to their ability to solubilize complex form of nutrients into solu-
ble form (Singh et al. 2010, 2013, 2018). Plants utilize phosphorus in the form of 
orthophosphate (Pi). Plant growth promoting microorganisms possess various 
mechanisms to enhance phosphate solubilization (Fig.  13.2). Jones et  al. (1998) 
reported 3.1–4.7 times more efficacy in mycorrhizal associated plants for phospho-
rus uptake than nonmycorrhizal plants. Commercially biofertilizers are developed 
by coating of various bacteria (Azotobacter, Azospirillum, Rhizobium, Pseudomonas 
and Bacillus) on seeds, a process called bacterization. Azotobacter chrococcum 
secretes azotobacterin, Bacillus megaterium secretes phosphobacterin, which is 
used for preparation of biofertilizers (Kumar and Bohra 2006). These bacteria may 
or may not form symbiotic association but enhances lateral root hairs of plants to 
increase mineral and water absorption, also increases nitrogen availability, secretes 
plant growth stimulating substances such as vitamin, auxins, gibberellic acid, cyto-
kinins which leads to increase in photosynthesis capacity ultimately enhancing 
nutrient status in plants. Rhizobial biofertilizers are able to fix 50–150 N/ha/annum. 
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It has been well known, that application of biofertilizers with plants, significantly 
increases plant growth, high nutrient status, low level of pathogen attack (Gupta 
et al. 2003; Yadav et al. 2016). Therefore, such free living and symbiotic microor-
ganisms are promoted to reduce the dependence on chemical fertilizers. Some bio-
fertilizers are listed in Table 13.2.

13.4.4  Biocontrol Agents

Under natural environmental conditions, plants are continuously exposed to various 
pathogenic bacteria and fungi, which causes disease in plants leading to the reduc-
tion in crop production or death of the plants. Therefore, plant diseases need to be 
controlled to maintain the quality and nutritional status of plants. Different 
approaches may be used to prevent or control plant diseases. In present circum-
stances, many pesticides are used to prevent disease but the disadvantage is that the 
pest may adapted towards pesticide and it is also cost intensive as well as act as 
environmental pollutant due to its persistence. Therefore, there is a novel approach 
i.e. application of biocontrol agent to suppress or demise pathogen growth. 
Biocontrol agents are microorganisms, which controls the fungi, insect, pest and 
any other pathogen (Beattie 2006). Generally bacteria, fungi, virus and protozoans 
are used as biocontrol agents. Generally plant growth promoting microorganisms 
produces various substances that protect plants against pathogens by direct interac-
tions i.e. antagonistic activity or indirectly by inducing host resistance (Induce sys-
temic resistance or systemic acquired resistance). Plant growth promoting 
microorganisms that indirectly act on pathogens may have some mechanisms to 
control plant pathogen such as the following (Table 13.3).

Fig. 13.2 Phosphate solubilization mechanisms of plant growth promoting microorganisms
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Table 13.2 Biofertilizers, their mode of action and crops benefitted

Organisms Action Crop References

Bacteria Rhizobium 
leguminosarum

Symbiotic nitrogen 
fixation

All leguminous 
crops

Bagali (2012)

Bacillus 
megaterium

Phosphate 
solubilization

Mustard Kang et al. (2014)

Bacillus subtilis Micronutrient 
solubilizer

Cotton Yao et al. (2006)

Pseudomonas 
fluorescens

Micronutrient 
solubilizer

Bean Alemu (2013)

Azotobacter sp. Free living nitrogen 
fixation

Leguminous 
crops

Bagali (2012)

Azospirillum sp. Associated Symbiotic 
nitrogen fixation

Leguminous 
crops

Bagali (2012)

Fungi Penicillium bilaiae Phosphate 
solubilization

Coffee, 
Casurina

Malhi et al. (2013)

Glomex sp. Phosphate 
solubilization

Coffee, 
Casurina

Malhi et al. (2013)

Cyanobacteria Nostoc Free living nitrogen 
fixation

Rice Vaishampayan 
et al. (2001)

Anabana Free living nitrogen 
fixation

Rice Vaishampayan 
et al. (2001)

Anabana- Azolla Symbiotic nitrogen 
fixation

Rice Vaishampayan 
et al. (2001)

Table 13.3 Major biocontrol agents, their target pathogen and mechanism of action

Biocontrol 
agent Target pathogen Crop Action References

Bacillus 
thuringiensis

R. solani, All 
phytopathogen

Cotton Lytic enzymes Shaikh and Sayyed 
(2015)

Pseudomonas 
fluorescence

Erwinia 
carotovora,Puccinia 
ultimum, Fusarium 
glycinia

Potato, 
wheat, Sugar 
beat

Siderophor, 
Antibiotics 
production

Shaikh and Sayyed 
(2015)

Strepromyces 
sp.

S. sclerotiorum Potato, 
Tomato

Lytic enzymes Shaikh and Sayyed 
(2015)

Trichoderma 
harzianum

Botrytis cinerea, 
Meloidogyne javanica

Bean, 
Tomato

Lytic enzymes, 
Competition

Woo et al. (1999), 
Sahebani and 
Hadavi (2008) and 
Puyam (2016)

Trichoderma 
viride

Sclerotium rolfsii Groundnut Lytic enzymes, 
Competition

Hirpara et al. 
(2017) and Puyam 
(2016)

Pseudomonas 
cepacia

Bipolaris maydis Maize Antibiotics 
production

Shaikh and Sayyed 
(2015)
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 1. The PGPR may have ability to produce siderophore that chelates iron, which 
makes iron unavailable for plant pathogens (Singh et al. 2017)

 2. The PGPR may possess capacity to secrete some anti-pathogenic metabolites 
such as antibiotics, cell wall degrading hydrolytic enzyme (Glucanases, chitin-
ases, proteases, lipase, pectinases) or hydrogen cyanide (HCN), which sup-
presses pathogen growth (Maksimov et al. 2011).

 3. The PGPR may compete for nutrients and niche with pathogen (Kamilov et al. 
2005).

 4. The PGPR may stimulate Induced Systemic Resistance (ISR) or Systemic 
Acquired Resistance (SAR) (Van loon et al. 1998).

A wide range of microorganisms are reported to act as biocontrol agents, as they 
possess one or more than one mechanisms to suppress pathogen attack or growth. 
Due to less persistence in environment, specificity for target pest, cost effectiveness 
and ecofriendly nature, biocontrol agents are good alternative to pesticides.

13.5  Conclusion

Development of crops with elevated concentration of micronutrients is immensely 
and urgently needed to combat the problem of micronutrient deficiency. Plant 
growth promoting microorganisms (PGPMs) make interaction with plants and exert 
plant growth promoting activities and enhance the capability of the plant for uptake 
of micronutrients from surrounding soils. Zinc solubilization and siderophore 
secreting microorganisms enhance the level of zinc and iron in the various edible 
portions of crop plants and provide an alternative strategy to fortify micronutrients 
and produce micronutrients rich foods. Application of such microorganisms inocu-
lants reduces the dependency on costly biofortification approaches i.e. agronomic 
and genetic approaches. In future, formulation of microorganisms possessing mul-
tiple beneficial traits can be applied for biofortification strategies to tackle the prob-
lem of hidden hunger. Using plant growth promoting microorganisms for 
biofortification as part of green technology approach can be a better strategy to 
achieve environmental sustainability.
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Chapter 14
Harnessing Microbial Potential 
for Wastewater Treatment in Constructed 
Wetlands

Manoj Kaushal, Suhas P. Wani, and Mukund D. Patil

Abstract Microbial community constitute a major component of constructed wet-
lands (CWs), playing a major role in these systems capacities for treating wastewa-
ter. Constructed wetland system has a hydraulic regime, although the volume of 
inflow in the wetland is never the same as the outflow. Wetland are either of Free 
Water Surface (FWS) or Subsurface Flow (SF). Nitrogen, the most important com-
ponent in constructed wetlands undergoes transformation by various processes con-
verting N into one to another form and by plant uptake. For instance, nitrification is 
more impactful for ammonia reduction and its removal relies on the configuration 
of the wetland and the dissolved oxygen (DO). The chapter discusses the types of 
wetlands and their physical, chemical and biological processes in the removal of 
various contaminants. It also gives an overview of different microbial processes and 
their mechanisms involved during the treatment of wastewater inside constructed 
wetland systems.

Keywords Waste water treatment · Constructed wetlands · Biological transforma-
tion · Nutrient removal

14.1  Introduction

“Constructed wetlands are engineered ecosystems that have been made to optimize 
the natural processes such as wetland flora, media, and associated microbial com-
munity for rejuvenating wastewater (Vymazal 2007)”. So wetlands created for 
treating effluents like domestic (rural or urban), industrial wastewater, stormwater 
runoff are termed as constructed wetlands (CW). These engineered systems are 
natural alternative that acts as biofilters and use natural functions of vegetation, 
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microorganisms and media to treat different water streams. Wastewater purification 
can be governed by a number of factors including phytoremediation, adsorption or 
nitrification, filtration by gravel and gravitational sedimentation. Dominant factor 
among all is biological filtration through biofilm formation by aerobic or facultative 
bacteria.

14.2  Constructed Wetlands

Constructed Wetlands are designed primarily for wastewater treatment with the aim 
to maximise pollutant storage and transformation. Components of wetland include 
water, media (gravel, sand), plants and microbes. Plants selected for use in CWs 
must have following characteristics:

• Adaptation to local climatic conditions;
• Adaptation to pollutants and waterlogged conditions;
• Ecological acceptability;
• Contaminant removal capacity, either through direct or indirect mechanisms.
• Ability to establish, spread and growth

The constructed wetlands are of following types:

• Horizontal surface flow systems;
• Horizontal subsurface flow systems;
• Vertical flow systems with upstream or downstream and undefined loading.

CWs functions are highly under the control of microorganisms (bacteria, fungi, 
algae, yeasts, protozoa) and their metabolism (Wetzel 1993). Wastewater treatment 
within CWs occurs as it passes through the wetland media (gravel/sand) and the 
plant rhizosphere. Major microbial process involved in wastewater treatment is 
transformation (which may be aerobic or anaerobic) of organic and inorganic sub-
stances into insoluble substances and alteration of redox potential of media. In gen-
eral, microbes adapt to alternations with characteristics of the media and the water 
reached to them, but when environmental conditions are unsuitable, they remain 
dormant for years (Hilton 1993). However, toxic substances, such as pesticides and 
heavy metals may affect microbial community of a constructed wetland.

Metabolic activity of microorganisms in the root zone gets affected by the supply 
of oxygen. Rhizosphere, the most active reaction zone of constructed wetlands is 
responsible for physicochemical and biological processes induced plant-microbe 
interactions as well as with the soil and pollutants. In general, marsh plants give 
efficient results for wastewater treatment as they possess specific characteristics of 
growth physiology and able to survive even under extreme rhizosphere conditions 
such as acidic or alkaline pH, toxicity, salinity, etc. Many physical, chemical and 
biological mechanisms play important role in the treatment of wastewater.
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14.2.1  Sedimentation

Sedimentation plays lead role in removal of contaminants and biological degradation 
pathways. Plant and leaf litter in the marsh slows down the water flow and allow 
sediments in the wastewater to be deposited into the bed of the marsh. While pre-
dominates are the anaerobic processes in subsurface flow systems, surface flow sys-
tems usually prevail with aerobic processes. Pollutant/contaminants accumulation is 
a prolonged process for phosphorus sink that only possible in a FWS system. 
Retention rates due to these accretion goes up to 75 g m−2 year.−1 (Vymazal 2007). 
Sedimentation plays lead role in the reduction of some microbes within the wetland 
(Gray 2004). Protozoan cysts and helminth eggs can automatically settle through 
gravity flow in a free-flowing surface water constructed wetland. Bacteria and viruses 
will not be removed unless they adhere to larger particles. Only some of viruses are 
known adhere to particles in stabilized ponds that get attached and observed to be too 
small to settle down on the surface of media (Characklis et al. 2005; Symonds et al. 
2014). Thus, removal of pathogens can be directly correlated with particle removal 
in constructed wetlands (Chouinard et al. 2014; Wu et al. 2016).

14.2.2  Adsorption

Pollutants in the wastewater adhere to plant material and media colloids because of 
attractive forces, allowing them to settle to the base of the wetland. The movement 
of inorganic P from the soil to mineral surfaces and thereafter its accumulation at 
the media surface is known as adsorption. High presence of Al, Fe and Ca levels in 
media can be directly related with P adsorption.

14.2.3  Precipitation

Insoluble substances (heavy metals) can become insoluble settle onto media and 
plant material. Formation of phosphate ions with metallic cations, resulting in 
amorphous solids when both are at peak level in terms of their concentrations is 
regarded as precipitation reaction.

14.2.4  Nutrient Uptake

Plants growing in CWs use pollutants for growth due to abundance of nutrient avail-
ability in the wastewater. Ammonia and nitrate are utilized in the process of plant 
uptake or assimilation, which are regarded as spring process in temperate zones. In 
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this process, wetland plants behave for long cycle of aboveground biomass like 
Typha spp. or Phragmites australis. Presence of nutrients and growth rate of plant 
tissues tapped the potential rate of uptake of nutrients by the plants. Likely, it 
impacts plant tissue in terms of nutrient storage and their concentrations and finally 
with accumulation of biomass which is maximum for standing vegetation.

14.2.5  Decomposition and Volatilisation

Various elements such as nitrogen and sulphur existing in gaseous form are released 
to the atmosphere which is important pathway for their removal in CWs. Water 
mass distinct the soluble organic matter, by the process of sorption to solid surfaces 
inside the constructed wetlands or through volatilization for volatile organic com-
pounds (VOC) (US EPA 2000).

This chapter will dwell on the mechanisms of important processes carried out by 
microorganisms in the root zone of constructed wetlands which helps in removal of 
contaminants from wastewater.

14.3  Role of Microbes in Constructed Wetlands

A diverse array of microbial communities performs and impact the removal effi-
ciency of contaminants in constructed wetlands. Also, microbial communities are 
mostly responsible for the improvement in water quality from effluents of con-
structed wetlands (Ibekwe et al. 2003; Dong and Reddy 2010; Long et al. 2016). 
Archaeal, bacterial, and fungal OTUs are always greater in the influent than in the 
effluent of the any constructed wetland (Ibekwe et  al. 2017). Rhizosphere is the 
region where complex reactions take place due to close interaction between roots 
and the wetland media. Rhizosphere is also identified as zone of diverse substances 
as root exudates contains sugars, minerals, vitamins, polysaccharides, organic acids, 
phenol and other organic compounds (Miersch et al. 2001). Bacteria, fungi, algae 
and protozoa are the most common microorganisms responsible for the proper func-
tioning of CWs. Rhizosphere with root exudates stimulates the microbial communi-
ties for the degradation of organic pollutants. Rhizodeposition products perform the 
mobilizing of nutrients. Organic acid excretion increased during nutrient limiting 
conditions which enhancing iron and phosphate solubility, thus the plant’s nutrient 
supply is boosted (Hoffland et al. 1992). Also, microorganisms use organic com-
pounds as substrates (sugars and amino acids) and excreted vitamins stimulate 
microbial growth which is termed as rhizosphere effect. Microbial cells adheres to 
each other and to wetland surface to form biofilms. They are frequently embedded 
within a self-produced matrix of extracellular polymeric substance (EPS). However, 
wetland media is the main supporting material for the formation of microbial film 
and hence, responsible for removal of contaminants. In addition to contaminant/
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pathogen removal, there are other four major microbial reactions (fermentation, 
nitrification, denitrification and phosphorus removal) mainly responsible for the 
performance of constructed wetlands (Mitchell 1996). Nitrogen removal in con-
structed wetlands has been documented to be the result of the activities of microbial 
communities, which impacts Anammox (Oehl et  al. 2004) and nitrification- 
denitrification (Kroger et al. 2012) pathways. In addition, microbial activities also 
effect P removal partially through mineralization (Truu et  al. 2005) and 
immobilization.

14.3.1  Fermentation

With respect to climate change, constructed wetlands are also a major area of con-
cern and need to focussed as they are the major significant producer of atmospheric 
methane. Designated by diverse microbial communities and water-logged surface 
constructed wetlands are emerged and acclimatized to continuous water presence. 
Oxygen poor environments favours methanogenesis and microbial communities liv-
ing in moist and hot environments consume oxygen at much faster rate than it dif-
fuses from air. Thus, wetlands are the most ideal candidates for fermentation 
processes with anoxic environments enabling easier decomposition of organic car-
bon and production of high energy compounds (e.g., alcohol, volatile fatty acids, 
methane). In a process of methanogenesis, microorganisms produce methane by 
fermenting acetate into methane and carbon dioxide.

 H C COOH CH COHalobacterium Ferroglobus
3 4 2−  → +,

 (14.1)

Depending on the wetland type, in another process archaea oxidize hydrogen 
with carbon dioxide to produce methane and water.

 4 2 2H CO CPyrolobus Pyrococcus Methanosarcinales+  →, , HH H O4 22+  (14.2)

14.4  Microbial Mediated Transformations in CWs

Microbial communities in wetland cells are the main cause for perturbation, con-
centration of dissolved organic matter, and stress related to chemical compounds 
(Wassel and Mills 1983; Hirayama et al. 2005; Bodtker et al. 2008; Nelson 2009). 
It has also been shown that, shifts in the bacterial communities structure can be 
related with alteration in many physico-chemical soil properties such as texture and 
availability of nitrogen (Frey et al. 2004; Lauber et al. 2008). Moreover, inside the 
constructed wetland, diverse microbial communities are the significant drivers 
greatly impacting the final quality of wetland effluents (Calheiros et al. 2009).

14 Harnessing Microbial Potential for Wastewater Treatment in Constructed Wetlands

https://en.wikipedia.org/wiki/Atmospheric_methane
https://en.wikipedia.org/wiki/Atmospheric_methane
https://en.wikipedia.org/wiki/Fermentation_(biochemistry)
https://en.wikipedia.org/wiki/Methanogenesis


276

Biogeochemical cycling of nitrogen involves both biotic and abiotic transforma-
tion resulting in a wide variety of inorganic and organic nitrogen compounds. Most 
of the forms of the nitrogen are necessary for the existence of life as the nitrogen 
forms the structural constituent of cell. Nitrogen transformation in wetlands are 
necessary for functioning of wetland ecosystem and the transformation are enabled 
by a diverse group of micro-organisms. The important processes that leads to the 
transformation of nitrogen are ammonification, volatilization, nitrification, denitri-
fication, nitrogen fixation, assimilation, Ammonia absorption and ANAMMOX 
(Vymazal 2007) occurring in the constructed wetlands.

14.4.1  Ammonification

Ammonification is a catabolic process involving biological conversion of organic 
nitrogen compounds like amino acids into ammonia. This is essentially a multi-step 
energy releasing biochemical process. The energy so released is utilised by the 
microbes involved in the transformations. The rate of ammonification is a function 
of pH, temperature, C/N ratio and soil physical conditions. However, the optimum 
temperature (40–60 °C) and pH (6.5–8.5) are reported for ammonification process. 
The important mechanism for the reduction of nitrogen content from constructed 
wetlands is by the ANAMMOX process. When anaerobic ammonium oxidized, 
ammonium and nitrite are converted to dinitrogen gas (Kuenen 2008). The 
ANAMMOX reaction is as follows:

 
NH NO N H O4 2 2 22+ + → +−  

(14.3)

Partial-nitrification in constructed wetlands with Anammox having huge depor-
tation efficacy of total nitrogen has been investigated over conventional methods 
(Dong and Sun 2007), thus explaining microbial role in altering wastewater quality 
in engineered wetlands. It has been reported that Anammox utilize carbon dioxide 
as source of carbon to yield biomass and electron acceptor (nitrite) for oxidation of 
ammonium, and electron donor for the discharge of carbon dioxide (Kuenen 2008).

Ammonia formation from organic compounds during organic matter degradation 
is called ammonification, creating energy for growth, and then the ammonia is 
directly incorporated into cell biomass (Vymazal 2005). Various factors including 
temperature, pH, available nutrients, C/N ratio, such as texture and structure influ-
encing ammonification rates (Han and Lee 2005; Gustavsson and Engwall 2012) 
and the values fluctuates between 0.004 and 0.53 g N/m2. d (Reddy et  al. 2001; 
Scholz and Lee 2005). After formation, ammonium can also be absorbed by plants 
with their complex root systems (Forbes et al. 2010). The process occurs both under 
aerobic as well as anoxic conditions, but has been moderately slow with anaerobic 
conditions (Mitsch and Gosselink 2007). Ammonium (NH4

+) gets absorbed by 
plants with root and root hairs after the formation and immobilized in the sediments 
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by ion exchange, volatilized as gas, anoxically changed back to organic matter by 
different microbial community (Bacillus, Clostridium, Proteus, Pseudomonas, and 
Streptomyces) called ammonifying bacteria. Then, process of deamination takes 
place which results in the removal of the amino groups and producing ammonia 
(NH3). In most soils, the ammonia dissolves in water and get converted into ammo-
nium ions (NH4

+).

14.4.2  Nitrification

Nitrification refers to the biological oxidation of ammonium to nitrate. Nitrification 
takes place in the occurrence of dissolved oxygen (DO), when microbes change 
ammonium to nitrate nitrogen, with an intermediate (nitrite) in the reaction sequence 
(Oopkaup et al. 2016). Soil organisms like Nistrospira, Nitrosomonas, Nitrosococcus, 
Nitrovibrio, Nitrosolobus are found to oxidize ammonia to nitrite and in the process 
generate energy for its growth (Oehl et al. 2004; Ipsilantis and Sylvia 2007). These 
organisms are chemolithotrophic aerobes. Subsequently, the facultative chemolitro-
trophic bacteria (Nitrobacter) oxidize nitrite to nitrate. Two step nitrification pro-
cess is as follows:

 
NH O NO H H O4 2 2 21 5 2+ ++ → + +−.

 
(14.4)

 
NO O NO

2 2 3
0 5− −+ →.

 
(14.5)

 
NH O NO H H O4 2 3 22 2+ ++ → + +−  

(14.6)

Nitrification process is influenced by both physico-chemical and environmental 
factors which includes temperature, pH, alkalinity, inorganic carbon source, mois-
ture, microbial population, and ammonium-N and dissolved oxygen concentrations 
of (Vymazal 2007; Sundberg et  al. 2007). Nitrate is either converted to biomass 
after subsequently absorbed by plants or microbes or be decreased through denitri-
fication (Truu et al. 2005). Both the rhizosphere and biofilms (aerobic process) are 
the major spots of biofilms. Nitrogen removal by nitrification mediated by microor-
ganisms in the presence of dissolved oxygen is a two-step process. Ammonium is 
converted to nitrite and nitrate nitrogen by microbial community either in the water 
columns or within the biofilms. The chemoautotrophic bacteria that accomplish the 
process are called nitrifying bacteria. The process occurs in the presence of oxygen 
in water column by suspended microbes and air within any aerobic biofilms. The 
water column or sediments pore water still remains with nitrate as it is not immobi-
lized by wetland media which can further be utilized by plants or microbial cell 
factories in assimilatory nitrate reduction using them to produce additional plant 
biomass.
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14.4.3  Denitrification

Denitrification occurs after nitrification as nitrate is one of the prerequisites for it. In 
denitrification nitrate get reduced in anoxic conditions to a gaseous dinitrogen. 
Denitrification is overruled by bacteria in the absence of oxygen with a terminal 
electron acceptor (nitrate) and electron donor in the form of organic carbon (Button 
et al. 2015). Nitrate is converted into N2 through intermediates nitrite, nitric oxide 
and nitrous oxide (Weber et  al. 2011; Nolvak et  al. 2013; Button et  al. 2016). 
Biochemical conversion from nitrate to gaseous dinitrogen is as follows:

 
2 2 2

3 2 2 2NO NO NO N O N− → → → →−  
(14.7)

Also, the absence of O2, redox potential, temperature, pH, presence of denitrifi-
ers, nitrate concentration impacts the denitrification rates (Vymazal 2007; Wang 
et al. 2012; Herbst et al. 2016). Denitrification reaction occurs mostly in the sedi-
ments of constructed wetlands and in the periphyton and phytoplankton films of 
water column where available carbon is very high and dissolved oxygen is very low. 
Denitrification or dissimilatory nitrate reduction again carried out by denitrifying 
bacteria under these anoxic conditions with the products (N2 and N2O gases) that 
will readily exit in the CWs.

Plant root exudates are act as potential sources of biodegradable organic carbon 
for the constructed wetland plants after they get decomposed. Further, microorgan-
isms (bacteria and fungi) coagulate colloidal material, remove soluble and stabilize 
OM, and convert it into various gases and new cell tissue (Mitsch and Gosselink 
1986). Dissimilatory nitrate reduction then supplies N2 for fixation by bacteria and 
for uptake by plants in the vicinity of roots of sediments (where system is nitrogen- 
lacking) with the remain as N2 in the water column.

14.4.4  Nitrogen Fixation

Atmospheric nitrogen is assimilated into organic compounds, especially by certain 
microorganisms (diazotrophs) that contain the enzyme nitrogenase. Diazotrophs are 
a diverse group of prokaryotes that includes cyanobacteria, green sulfur bacteria, 
and diazotrophs Azotobacteraceae, rhizobia and Frankia. Either aerobic or anaero-
bic bacteria and blue-green algae carried out nitrogen fixation in the overlying water 
in free water surface zones, sediment, oxidized rhizosphere, and on the surfaces of 
plants i.e. on the leaf and stems (Reddy and Graetz 1988).
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14.5  Phosphates

Phosphorus is an important nutrient of CWs ecosystem which can have secondary 
effects by influencing eutrophication process that leads to algal blooms and other 
problems related to quality of water in constructed wetlands. Phosphorus in engi-
neered wetlands occurs as phosphates in organic and inorganic compounds. 
Phosphorus elimination from water in CWs occurs takes place through plant use 
(assimilation/uptake) and microbes; aluminium, iron oxides and hydroxides adsorp-
tion; aluminum, iron, and calcium phosphates complexation; and removal of phos-
phorus adsorbed with sand/media sediments or organic matter (Richardson 1985; 
Johnston 1991; Walbridge and Struthers 1993). Also, until the transformation into a 
soluble inorganic form, dissolved organic phosphate remains unavailable to plants. 
Again, suspended microbes and biofilms in sediments are responsible for these 
transformations in the water column (Kaushal et  al. 2016). Microbial removal 
(uptake by biofilm) of phosphorus from CWs is very fast and highly effective; how-
ever, following cell death, the phosphorus is discharged again. Polyphosphate- 
accumulating organisms are Acinetobacter spp., Lampropedia spp., Microlunatus 
phosphovorus and Tetrasphaera spp. Phosphate accumulating organisms (PAO) 
take up volatile fatty acids (VFAs), convert them to Polyhydroxybutyrate (PHB) and 
store as soluble organics. PAO break energy-rich Poly-P bonds to produce energy 
needed to produce PHB and thus Ortho-P is released into sediments. Accretion pro-
cesses are also responsible for the loss of phosphate within the sediments.

14.6  Heavy Metals

CWs receiving industrial wastewater are high in heavy metal content which can be 
removed by the plant material uptake, adsorption and precipitation through micro-
bial behaviour. Fe (II) is oxidized to Fe (III) in surface flow CW by abiotic process 
and microbial oxidation; precipitation of other elements are also occur such as arse-
nic (Kaushal et al. 2017). Under anoxic conditions, by microbial dissimilatory sul-
fate reduction some of the heavy metals are immobilized to form H2S.

14.7  Conclusion

Constructed wetlands are low-rate biological treatment systems to for the treatment 
of variety of wastewaters including rural, urban, industrial and agricultural. CWs 
are less sophisticated in operation and maintenance. Although such treatment tech-
nologies tend to be land intensive, they are often more effective in removing patho-
gens and continuous to work with proper maintenance. Also in any CW, microbial 
processes are particularly needed in the conversion of nitrogen into different 
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biologically appropriate forms, which are made available for plant metabolism. 
Microbes are also responsible for phosphorus uptake by plants which converts 
insoluble into soluble forms that again become available for the plants. In addition, 
microbes decompose the organic compounds, and release carbon dioxide in the 
oxygenic zones of CW and a variety of gases (CO2, H2S, and CH4) in anoxic zones. 
Microbial activity may be concentrated at solid surfaces provided by plants, bio-
mass, and sediments. Microbial activities vary through seasonal influences, with the 
least during winters.
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Chapter 15
Role of Vermicomposting in Agricultural 
Waste Management

Charu Gupta, Dhan Prakash, Sneh Gupta, and Monica Azucena Nazareno

Abstract Agricultural wastes including food processing wastes are the by-prod-
ucts of various food industries that have not been recycled or utilized for other 
purposes. These agri-horticultural wastes constitute a big problem in municipal 
landfills due to their high rate of biodegradability. In other words, they are actually 
the unutilized raw materials whose industrial applications are less than their cost of 
collection and recovery; and therefore they are generally considered as wastes. The 
major agricultural sources are livestock, crop residues, tree wastes, aquatic weeds, 
agro-industrial byproducts, marine wastes and tank silt. The advancement of agri-
cultural biotechnology has led to the development of high yielding variety crops and 
their subsequent crop residues such as straw, leaves twigs, stubbles along with huge 
amounts of grasses and weeds. During vermicomposting, stabilization of organic 
waste occurs through the joint activity of earthworms and aerobic micro-organisms. 
Vermicomposting is ecofriendly and an economic technique for management of 
agricultural waste. The earthworm Eisenia foetida is one of the most common spe-
cies used in vermicomposting. The temperature of the earthworm feed should be in 
the range of 20–35 °C along with relative humidity between 60–80%. Commonly 
known as farmer’s friends, the earthworms improves the fertility of the soil by 
decomposition of organic matter. In this process, the earthworms leave behind their 
castings that are exceptionally a rich source of bio-fertilizer. Physico-chemical anal-
ysis had shown that vermicomposting decreases total organic carbon (TOC) and 
carbon-nitrogen (C/N) ratio but increases nitrogen-phosphorus-potassium (NPK) 
content when compared to compost and other agricultural wastes. The other areas 
of its application are for crop improvement through pathogen destruction (biocon-
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trol), improving the water holding capacity of soil and production of plant growth 
regulators. All these factors will ultimately lead to improved crop growth and yield, 
and better soil physical, chemical and biological properties.

Keywords Earthworms · Vermicompost · Waste-management · Agricultural waste 
· Organic manure

15.1  Introduction

In a study in 1994, it was estimated nearly 700 million tonnes organic waste is gen-
erated annually in cities and rural areas of India, which is either burned or land filled 
(Bhiday 1994). Food processing industries produces large volumes of wastes, com-
prising of both solids and liquid. These food wastes pose though rich in nutrients 
and biomass poses threat to the environment thereby increasing pollution problems. 
Many studies have shown that these organic wastes have potential to be converted 
into useful products or even as raw material for other industries. They can also be 
used as animal feed after little biological treatment.

The problem in environment management usually arises due to the farmers that 
bring their agriculture produce to the market without grading and cleaning it. Thus 
the organic waste in the market area increases, that in turn pressurizes and disturbs 
the ecosystem of agricultural-waste management. Most of the uncollected waste 
starts decaying at the market site. This in turn creates sanitation problems and 
hygiene hazards to the common people (Mane and Rasker 2012). Thus it can be 
observed that inadequate management of organic wastes can lead to the disease 
outbreak and also have harmful effects on environment.

In the view of above, vermicomposting offers an attractive alternative in environ-
ment management. It also generates viable animal feed protein in the form of worm 
biomass, while alleviating the negative effects of poor organic waste management. 
Vermicompost develops due to the biological activity of earthworms that consumes 
mainly organic materials, such as food preparation residuals and leftovers, scrap 
paper, animal manure, crop residues, including organic by-products from industries, 
and yard trimmings. Thus wastes are converted into a valuable biofertilizers that can 
be used in soil amendment for plants and crops.

The other advantages of vermicomposts are it boosts the soil nutrients, increases 
the availability of nutrients to plants, improves soil structure and drainage, increases 
the plant growth and suppresses plant disease and insect pest attacks (biocontrol). 
Thus vermicompost is one of the efficient means to mitigate  environmental-pollution 
problems and for its management (Waleed 2016).
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15.2  Vermicomposting

There is a vast microflora that includes both micro- and macro-organisms that have 
the ability to decompose organic wastes into valuable resources containing both 
plant nutrients and organic matter, which plays a vital role in maintaining soil pro-
ductivity. Vermicomposting mainly involves the biodegradation activity of earth-
worms to maintain nutrient flow from one system to another. It is observed that the 
earthworm population decreases with soil degradation and are used as a sensitive 
indicator of soil degradation.

Charles Darwin described earthworms as the ‘unheralded soldiers of mankind’, 
and Aristotle called them as the ‘intestine of earth’, as they could digest a wide 
variety of organic materials (Darwin and Seward 1903; Martin 1976). Earthworms 
participate in cellulose degradation, soil formation and humus accumulation. Due to 
the biological activity of earthworms, the physical, chemical and biological proper-
ties of soil are adversely affected. Earthworms feed on organic wastes and are 
unique as they consume only a small portion from these wastes for their growth and 
excrete a major proportion of wastes in a partially-digested form (Jambhekar 1992). 
This is because the intestine of earthworms contain an array of micro-organisms, 
hydrolytic enzymes and hormones which helps in rapid decomposition of partially-
digested material thereby transforming the complex organic matter into vermi-com-
post in a relatively smaller duration of 1–2 months (Nagavallemma et al. 2004) as 
compared to traditional composting process which takes the longer duration of 
nearly 5 months (Sánchez-Monedero et al. 2001).

The mechanism of action of digestion and formation of vermicompost by earth-
worms occurs in many steps. The organic matter passes through the gizzard of the 
earthworm where it is grounded into fine powder. Thereafter the hydrolytic enzymes 
such as cellulase, amylase, lipase, protease, urease and chitinase (Munnoli et  al. 
2010), micro-organisms and other fermenting substances further helps in their 
breakdown within the gut, that finally passes out in the form of “casts”. These are 
finally known as the “vermicomposts” (Dominguez and Edwards 2004).

Such earthworms are known as “epigeic” earthworms. Their characteristic fea-
tures are efficient bio-degradation and nutrient release, tolerant to disturbances, and 
helps in early decomposition of litter. Epigeic earthworms include Lumbricus rubel-
lus, Eisenia foetida, Eiseniella tetraedra, Lumbricus castaneus, L. festivus, Bimastus 
minusculus, B. eiseni, Dendrobaena veneta, Dendrodrilus rubidus, and D. octaedra. 
As a result of earthworm’s activity, the soil loosens and becomes porous. The poros-
ity increases aeration, water absorption, drainage and easy root penetration. The soil 
aggregates thus formed by earthworms and associated microbes, helps in maintain-
ing soil ecosystem. These aggregates are mineral granules bonded in a way to resist 
erosion and to avoid soil compaction both in wet and dry condition. Earthworms 
speed up soil reclamation and make them productive by restoring beneficial micro-
flora (Nakamura 1996). Thus degraded unproductive soils and land degraded by 
mining could be engineered physically, chemically and biologically and made 
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 productive by earthworms. Hence earthworms are termed as ecosystem engineers 
(Munnoli et al. 2010).

Vermicomposting does not lead to rise in temperature and so can be aptly defined 
as a non-thermophilic, bio-oxidative process that produces highly fertile compost 
with the help of biological activity of earthworms and other associated microbes 
present in the soil. The final product thus obtained is called vermicompost. The bio-
physico-chemical properties of vermicomposts include finely divided, peat like, 
porous, good aeration and drainage, high water holding capacity, with greater 
microbial activity and buffering capacity. During vermicomposting, many plant 
growth-regulating hormones and enzymes are produced that enhances soil biodiver-
sity by promoting the beneficial microbes which in turn enhances plant growth. 
They also help to control plant pathogens, nematodes and other pests, thereby 
enhancing plant health and minimize the yield loss. Thus vermi-compost offers an 
attractive alternate to promote sustainable agriculture and safe management of agri-
cultural, industrial, domestic and hospital wastes (Pathma and Sakthive 2012).

The various types of raw materials and earthworm species used in vermicom-
posting are presented in Table 15.1.

15.2.1  Precautions During Vermicomposting

Various research studies have shown that only the African and not the Indian species 
of earthworms, Eisenia foetida and Eudrilus eugenae are ideal for the preparation 
of vermicompost. The other consideration is that select only plant-based materials 
such as grass, leaves or vegetable peelings in preparing vermicompost. Materials of 
animal origin including bone, meat, eggshells, chicken droppings, etc. should be 
avoided for preparing vermicompost. Gliricidia loppings and tobacco leaves as 
earthworm feed are also not desirable for their rearing. Earthworms are susceptible 
to be attacked by birds, termites, ants and rats hence they should be protected from 
them; adequate moisture should also be maintained during their rearing because 
both stagnant water or lack of moisture are lethal for them. As the process gets com-
pleted, the vermicompost should be removed from the bed and replaced by fresh 
waste materials.

15.3  Management of Flower Waste by Vermicomposting

Management of flower wastes through vermicomposting is another extension to its 
application. In a recent study, the management of flower waste in the temples of 
Indore city, India was assessed. The waste from the temples are usually rich in 
organic matter and comprises of mainly vegetable material such as flowers, leaves, 
fruits, sugar, jaggery, grains, milk and milk products, and water. These wastes are 
normally biodegradable and are readily available for the growth of microbes. These 
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Table 15.1 Various types of Raw Materials and Earthworm Species Used in Vermicomposting

S. No. Raw material Earthworm species

1. Agricultural residues Eudrilus eugeniae

2. Agriculture waste and sugar cane thrash Eudrilus eugeniae, Perionyx excavates

3. Board mill sludge Lumbricus terrestris

4. Canteen waste & vegetable waste Eisenia foetida

5. Cattle manure Eudrilus eugeniae

6. Deciduous forest waste, cow-dung Eisenia foetida, Perionyx excavatus and 
Dicogaster bolaui

7. Different mammalian animal waste Eisenia foetida

8. Domestic waste + cow-dung Perionyx excavates, Perionyx sansibaricus

9. Fly ash + cow dung Eisenia foetida

10. Gaur gum Eudrilus eugeniae

11. Grass clippings, cow dung Eisenia foetida,

12. Green waste Eisenia andrei

13. Imperata cylindrica grass Perionyx excavatus, Eisenia foetida

14. Municipal solid waste Eisenia foetida, Eudrilus eugeniae

15. Municipal, agricultural and mixed solid 
waste

Eudrilus eugeniae, Perionyx excavates

16. Onion residue/waste Eisenia foetida, Eudrilus eugeniae

17. Organic matter, moistened peat moss, 
crushed leaves, dried yard waste

Eisenia foetida, Lumbricus rubellis

18. Organic wastes Lumbricus rubellus, Eisenia jetida, Eisenia 
andrei, Dendrobdena rubida, Eudrilus 
eugeniae, Perionyx excavatus and Eiseniella 
tetraedra.

19. Paper mill sludge Lumbricus rubellus, Eisenia foetida

20. Pig manure, food wastes, leaf wastes, 
yard wastes, bark wastes, chicken 
manure

Eisenia foetida

21. Potato peels Pheretima elongate

22. Press mud Pheretima elongate, Eudrilus eugeniae, 
Eisenia foetida, Megascolex megascolex, 
Perionyx ceylanensis, Drawida willsi

23. Bagasse, sugar cane trash Drawida willsi

24. Sago waste Lampito mauritii, Eisenia foetida

25. Sericulture waste Perionyx excavates

26. Sheep manure + cotton industrial waste Eisenia foetida

27. Shredded paper or newspaper, coir 
(coconut husk fiber)

Perionyx excavatus

28. Source separated from human faeces Eisenia foetida

29. Sugar cane residues Pheretima elongate

30. Vegetable waste + floral waste Eudrilus eugeniae, Eisenia foetida, Perionyx 
excavates

31. Wooden or plastic Eisenia foetida, Eudrilus eugeniae, Perionyx 
excavates

From Sobana et al. (2016)
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wastes are either directly released in the water bodies or dumped at the available 
places of land as such without giving any further treatment. This creates severe 
environmental pollution and health hazards. So vermicomposting method was 
adopted to manage temple waste. The steps include the mixing of cow dung in 
temple waste-solids and are allowed to decompose for 45 days at 30 °C. After par-
tial decomposition, Eudrilus eugeniae earth worm species are introduced into the 
waste. The process is subjected to optimization of parameters like pH of material, 
electrical conductivity, C/N ratio and temperature. The optimum parameters for ver-
micomposting of flower waste are temperature (25 °C), pH 8.0, Electric conductiv-
ity (200 microSiemens/cm). Vermicompost obtained by this method was rich in C/N 
ratio 12.3 after 45 day of vermicomposting. The cost production of vermicompost-
ing of flower waste was worked out and its viability for the Indore city was also 
justified (Kohli and Hussain 2016).

15.4  Management of Bagasse by Vermicomposting

Agro-industrial wastes such as bagasse are pre-decomposed for 40 days, and subse-
quently vermicomposting is performed for 30  days through the introduction of 
Eisenia foetida at 26 °C temperature and 62–82% moisture content. The earthworm 
species decomposes the organic matter through their digestive enzymes and during 
this process leaves behind castings that function as a valuable fertilizer. Physico-
chemical analysis revealed that there is a decrease in total carbon (TC), C/N ratio 
while increase in NPK content in vermicompost when compared to compost and 
initial agro-industrial waste (bagasse). The other advantages of vermicomposting 
are in crop improvement, pathogen destruction (biocontrol), improves water hold-
ing capacity of soil and production of plant growth regulators. All these factors lead 
to improved crop growth and yield, improved soil physical, chemical and biological 
properties (Jaybhaye and Bhalerao 2016).

15.5  Management of Banana Agro-Waste 
by Vermicomposting

The waste generated from banana is vast as it is a major crash crop in India. A study 
was conducted to investigate the vermicomposting potential of banana agro-waste 
(dried leaves and pseudo-stem biomass). The organic waste material was mixed 
with cow-dung using earthworm Eudrilus eugeniae, it was found that the optimal 
growth and reproduction was obtained in the ratio of 200 g banana waste and 800 g 
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cow dung mixture. Favourable growth and reproduction was also observed in com-
bination of 200 g banana waste and 600 g cow dung mixture. It was also observed 
that the earthworm could not survive in the treatments of 1000  g banana waste 
alone; mixture of 800 g banana waste and 200 g cow dung; and also in mixture of 
600  g banana waste and 400  g cow dung. Thus the above research showed that 
higher amounts of banana waste in feed mixtures is injurious for the growth and 
reproduction of earthworms. Besides this, irrespective of proportion of banana 
waste and cow dung in the vermicomposting treatment mixture, a decrease in pH, 
organic carbon (OC), C/N ratio, and an increase in N, P and K was observed. Thus 
banana waste can be easily managed through vermicomposting if mixed with cow 
dung (CD) in suitable amounts (Kavitha et al. 2010).

15.6  Management of Agro-Industrial Waste Water 
Through Vermicomposting

There are several studies that reported the management of agro-industrial waste 
water through vermicomposting. A research showed that when highly polluted 
agro-industrial wastewater of a palm oil mill was treated using earthworms into 
vermicompost, the process significantly reduced the C/N ratio (0.69–79%), soluble 
chemical oxygen demand ranging from (20–88%) and volatile solids ranging from 
(0.7–53%). The palm oil mill effluent (POME), which is a waste water, was absorbed 
into amendments (soil or rice straw), and was used as feed-stocks for the earthworm 
Eudrilus eugeniae. During vermicomposting, there was a significant increase in pH, 
electrical conductivity and nutrient content. In this study, it was found that rice 
straw was a better amendment and absorbent as compared to soil, due to its higher 
nutrient content and greater reduction in soluble chemical oxygen demand (COD) 
and a lower C/N ratio. In addition, the growth of the earthworms was also reduced 
in all treatments. It was concluded that the treatment involving mixture in the ratio 
of 1 part rice straw and 3 parts palm oil mill effluent (w/v) produced the best quality 
vermicompost with high nutritional status (Lim et al. 2014).

In yet another study, the chemical characteristics of vermi-composts obtained 
from cattle manure (CM), orange peel (OP) and filter cake (FC) was evaluated. 
Three compost piles were set up in the sequence 2:1 OP and CM, 3:1 FC plus CM 
and CM. The piles were initially composted for 60 days and thereafter, earthworms 
were added to initiate the vermicomposting process. It was found that the pH and 
organic carbon contents were above the minimum recommended values for organic 
fertilizers but the C/N ratio was in the required range. However, the N content was 
low. So it was concluded that co-vermicomposting of filter cake and orange peel 
with cattle manure can be applied in sustainable agriculture (Pigatin et al. 2016).
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15.7  Status of Vermicomposting of Agro-Waste

It is now well known that vermicomposting is the most promising bio-fertilizer 
which besides increasing the plant growth and productivity by nutrient supply, is 
economic and ecofriendly. As a result of degradation activity of earthworms, the 
mineralization of nutrients is enhanced, that increases crop productivity. 
Vermicompost produced from the farm wastes improves soil health and growth, 
enhances quality and crop yield and helps in pollution control. The technique can 
also be used to generate additional revenue (economic benefits) e.g. as for Baramati 
Agriculture Produce Marketing Committees (APMC). Nowadays, vermicompost-
ing production units are being constructed to solve the problem of disposing the 
agro-wastes as no hazardous effluents are generated during the process such as no 
pesticide residues, weed seeds, heavy metals, and, termite or wax, plant root dis-
eases, etc. Moreover, vermicompost can be used for all types of crops of agricul-
tural, horticultural, ornamental and vegetables and at any stage. Practicing 
vermicompost for disposal of fruits and vegetable wastes will thus reduce the 
requirement of more land in near future thereby creating better environments, and 
reducing ecological risk (Mane and Raskar 2012).

In a study by Nithya and Lekeshmanaswamy (2010) vermicompost showed 
higher percentage of biomass production in the vermicompost medium as compared 
to the garden soil.

In yet another study, scientists have devised a low-maintenance vermicompost-
ing system for processing manure and food waste for small-holder farmers. This 
system was first set up for treating cow manure and food waste in Kampala, Uganda, 
and monitored for approx. 6 months. The rate of biomass degradation and protein 
production were observed and calculated after every 2 months and finally at the end 
of the experiment. The organic biomass was reduced by around 46% and waste-to-
biomass conversion rate was around 4% on a total solid basis. However, the conver-
sion rate can be increased by increasing the frequency of worm harvesting. Thus it 
can be safely concluded from the above study that vermicomposting is an effective 
and economically viable manure management method for a small-scale agriculture. 
It was also found during the study that the return of investment is 280% for treating 
the cow manure of a 450 kg. Although the vermicompost is not sanitized, but the 
hygiene quality can be improved by including a post-stabilization step in which no 
fresh material is added. The animal feed protein generated in the process can be 
used as an incentive to improve current manure management strategies (Lalander 
et al. 2015).

In another study, vermicompost was also shown to play the role in reducing the 
heavy metal content in polluted soils in Thai region. The experiment was conducted 
using vermicompost at various concentrations of cadmium as cadmium chloride. 
The change/decrease in cadmium content was calculated by analyzing the physico-
chemical properties of soil before and after the treatment with compost and vermi-
compost. The promising results were obtained showing that vermicompost absorbed 
more cadmium in sludge waste and subsequently reduced the cadmium  concentration 
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as compared to compost alone. The earthworms in vermicompost increased the pH 
of soil, the availability of P, K, Na, Mg, Ca while the content of organic carbon and 
cadmium contamination in soil were decreased (Nuntawut et al. 2010).

In yet another study, scientists studied the various integrated approaches avail-
able for different composting methods for the management of solid waste. 
Composting is not only a method for waste disposal but also includes waste recy-
cling that can be used for agricultural purposes. The experiment was carried out in 
the following steps. The solid waste was first composted for 22 days that was further 
subjected to vermicomposting. Samples were routinely analyzed for the change in 
content of carbon, nitrogen, moisture, pH and temperature in order to determine the 
quality of composting. Besides this, decrease in moisture content to around 32%, 
and relative decrease in carbon and nitrogen content were also observed. Among the 
different types of treatment studied, only the mixture of municipal solid waste and 
activated sludge integration showed promising results that was followed by vermi-
composting of mixture of municipal solid waste and activated sludge combination. 
All the results were compared to the other combinations used such as mixture of 
dried activated sludge, municipal solid waste plus activated sludge semisolid and 
municipal solid waste plus sewage water. All these results proved that windrow 
composting method followed by vermicomposting is an effective alternative as 
compared to other methods (Kumaresan et al. 2016).

Conventionally, vermicomposting is done manually by the farmers in their fields 
but research has improved and mechanized the production methods of earthworms and 
their castings. A mechanized process through a continuous flow reactor was developed 
that employs an elevated bed that allows the feedstock addition at the top level up to a 
height with 1–2 m thick bed of earthworms. These earthworms degrade the organic 
matter into ‘castings’ which are collected from below the bed, thus allowing the earth-
worms to work continuously with-out being disturbed. This in-vessel technology is 
more efficient than the customized windrow technology that is used in an outdoor 
environment and is subjected to variation in weather, predation, and moisture.

In yet another study, the comparison of effect of vermicompost with commer-
cially available growth media) on plant growth was determined on an artificial syn-
thetic media and soil. The research conclusion was that earthworms in the 
concentration of 10–20% produces optimum castings in media that resulted in 
improved root and shoot development, increase in leaf size, formation of flowers, 
increase in crop yield, and overall health of plants. They also produced certain 
antagonistic substances that helped from plant pathogens. The other recent findings 
on the functions of casting research are their insect-repellent properties, suggesting 
their potential to be used as an organic, non-toxic bio-pest repellent.

Vermicomposting can be used in treatment of wastewater residuals (bio-solids). 
Scientific studies have shown the nearly complete removal of four indicator species 
of human pathogens (E. coli, Salmonella, enteric viruses, helminth ova). It is still 
yet to be approved by USEPA or USDA as a safe and effective means for treatment 
of bio-solids for reducing pathogens (Vermico-http://www.vermico.com/
vermicomposting-technology-for-waste-management-agriculture-an-executive-
summary/).
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Anwar et al. (2015) reported that application of compost prepared from a mix-
ture of dairy manure with wheat straw and sawdust yielded higher plant biomass. 
However, compost prepared from cattle manure and rice straw contained high levels 
of total nitrogen and C/N ratio which is suitable to be used as soil amendment. Zhen 
et al. (2014) tried to reclaim degraded soils by applying manure compost and bacte-
ria fertilizers alone or in combination on maize growth. They found that the number 
of microorganisms increased by the application of compost manure due to improved 
microbial activity and diversity of degraded irrigated lands. Ewulo et  al. (2007) 
determined the effect of cow dung on soil, leaf mineral composition and pepper 
yield. The results showed that plant height, yield and fruit weight increased when 
cow dung was added up to 7.5 t ha−1. Wani et al. (2013) observed that cow dung 
based compost, prepared by using the epigeic earthworm Eisenia fetida, contained 
high concentration of nitrogen, phosphorus and potassium nutrients compared to 
other waste materials. Ngakou et  al. (2014) observed that the compost prepared 
from cow dung was higher in N, P and K contents as compared to kitchen manure.

Suthar (2008) studied the potential of the epigeic earthworm Eisenia fetida com-
monly used in vermicomposting for stabilization of sludge after being mixed with 
cow dung under laboratory conditions. It is found that all the vermicompost ponds 
showed a decline in organic carbon by 8–26% and pH by 8–19%; however and an 
increase in total nitrogen by 130–171%, available phosphorus by 22–121%, 
exchangeable potassium by 105–160%, exchangeable calcium by 49–118% and 
exchangeable magnesium by 14–51% content was observed. Thus it was concluded 
that Eisenia fetida maximized the degradation and mineralization efficacy in vermi-
beds showing it as a useful method for organic manure management. Garg and 
Kaushik (2005) found that earthworm population mortality was more in textile mill 
sludge vermibeds but it can be minimized by adding sufficient amount of cow dung 
or plant residues (Suthar 2007a). The other factors that affect the growth of earth-
worms are related to physiochemical and nutrient characteristics of waste feed 
stocks (Suthar 2007b).

Some studies have also shown that these earthworm species also secretes phos-
phatase enzyme in the soil during their decomposition activity and excreted through 
their cast deposition (Le Bayon and Binet 2006).

Previous studies indicated that vermicompost earthworms can help in the biore-
mediation of heavy metals (Gupta et  al. 2005). Yamada et  al. (2007) developed 
another method of composting cattle dung wastes that utilizes hyper-thermophilic 
pre-treatment reactor along with a general windrow post-treatment system.

15.8  Vermicomposting: International Appeal

Vermicomposting has a great international appeal. It is especially useful in areas 
where temperate weather conditions allow for implementation of outdoor systems. 
Besides India, where vermicomposting has been used for waste management and 
for the production of marketable castings; China utilizes these earthworms in their 
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traditional medicines and also as pharmaceutical agents. Some of their clinical 
applications are in the treatment for diseases related to nervous, blood, cardiovascu-
lar, and respiratory systems. Earthworm treatments have been used for the treatment 
of conditions such as asthma, epilepsy, high blood pressure, schizophrenia, mumps, 
eczema, burns, ulcers and cancer.

In Cuba, vermicomposting animal manures has been practiced from the time as 
early as after the break-up from USSR and the loss of chemical fertilizers from the 
Soviet Union. In Australia, some researchers reported that these earthworms 
increased the grapes yield in vine yards by up to 35%. Similarly, increase in yield 
and fruit size of cherries by up to 25% was also observed with the use of earthworms 
for up to at least two annual harvests without further additions of vermicompost. 
Vermicomposting is practiced on large scale in countries like Mexico where more 
than 40 companies or individual farmers operate vermicomposting plants in 13 
states. Their production capacities range from 0.3 to 4 tons/day of castings, chiefly 
from coffee pulp. Similarly, vermicompost can be used for damaged agriculture 
particularly in poor regions of Mexico. Its regular use can slowly improve the soil 
health and flora and at the same time can generate some income to rural farmers. 
Thus vermicomposting can be used as a social support and an ecological defense 
tool in developing countries (Gonzales and Morales 2002).

15.9  Conclusion

Vermicomposting technology is an old age practice in India and a well-known tech-
nology throughout the world. It represents an attractive, efficient and ecofriendly 
approach in treatment and management of solid wastes generated from all sources 
such as industrial, agricultural and domestic. The other added advantage is that in 
vermicomposting the material is neither landfilled nor burned but recycled. Thus, 
vermicomposting is a technology that focuses on conservation of resources and 
their sustainable utilization. Vermicomposting can also be used for the treatment of 
food-waste, paper, cardboard, manures, and bio-solids. It can be used in soil amend-
ment. In addition, vermicomposting may also help in employment generation. 
Vermicompost can also be used in greenhouse application, in establishing new 
plants such as rootstock in vineyards. Vermicomposts can be used for both agricul-
tural and horticultural production. However, there are still many research gaps that 
need to be addressed such as insufficient scientific study on enhancing the growth 
rate of earthworms.
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