See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/326248556

Introduction to Constructed Wetland Technology

Chapter - July 2018

DOI: 10.1002/9781119268376.ch0

CITATIONS
4

1 author:
Alexandros I. Stefanakis
Technical University of Crete
102 PUBLICATIONS 834 CITATIONS

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

et Glass industry wastewater wetland plant View project

rject  Vertical Flow Constructed Wetlands, Elsevier View project

All content following this page was uploaded by Alexandros I. Stefanakis on 02 October 2019.

The user has requested enhancement of the downloaded file.

READS
586

ResearchGate


https://www.researchgate.net/publication/326248556_Introduction_to_Constructed_Wetland_Technology?enrichId=rgreq-b3c9ea3120f192f32a007ea31582ad79-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI0ODU1NjtBUzo4MDk0OTc4MjQwODgwNjRAMTU3MDAxMDcyOTAxMA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/326248556_Introduction_to_Constructed_Wetland_Technology?enrichId=rgreq-b3c9ea3120f192f32a007ea31582ad79-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI0ODU1NjtBUzo4MDk0OTc4MjQwODgwNjRAMTU3MDAxMDcyOTAxMA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Glass-industry-wastewater-wetland-plant?enrichId=rgreq-b3c9ea3120f192f32a007ea31582ad79-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI0ODU1NjtBUzo4MDk0OTc4MjQwODgwNjRAMTU3MDAxMDcyOTAxMA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Vertical-Flow-Constructed-Wetlands-Elsevier?enrichId=rgreq-b3c9ea3120f192f32a007ea31582ad79-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI0ODU1NjtBUzo4MDk0OTc4MjQwODgwNjRAMTU3MDAxMDcyOTAxMA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-b3c9ea3120f192f32a007ea31582ad79-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI0ODU1NjtBUzo4MDk0OTc4MjQwODgwNjRAMTU3MDAxMDcyOTAxMA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexandros_Stefanakis?enrichId=rgreq-b3c9ea3120f192f32a007ea31582ad79-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI0ODU1NjtBUzo4MDk0OTc4MjQwODgwNjRAMTU3MDAxMDcyOTAxMA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexandros_Stefanakis?enrichId=rgreq-b3c9ea3120f192f32a007ea31582ad79-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI0ODU1NjtBUzo4MDk0OTc4MjQwODgwNjRAMTU3MDAxMDcyOTAxMA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Technical_University_of_Crete?enrichId=rgreq-b3c9ea3120f192f32a007ea31582ad79-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI0ODU1NjtBUzo4MDk0OTc4MjQwODgwNjRAMTU3MDAxMDcyOTAxMA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexandros_Stefanakis?enrichId=rgreq-b3c9ea3120f192f32a007ea31582ad79-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI0ODU1NjtBUzo4MDk0OTc4MjQwODgwNjRAMTU3MDAxMDcyOTAxMA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexandros_Stefanakis?enrichId=rgreq-b3c9ea3120f192f32a007ea31582ad79-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI0ODU1NjtBUzo4MDk0OTc4MjQwODgwNjRAMTU3MDAxMDcyOTAxMA%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Challenges in Water Management




”lrim Size: 187mm x 235mm  Single Column Stefanakis ffirs.tex V1 -01/27/2018 6:36pm  Page iiil

Constructed Wetlands for Industrial
Wastewater Treatment

Edited by

Dr. Alexandros Stefanakis

Bauer Resources, Schrobenhausen, Germany
Bauer Nimr LLC, Muscat, Oman
German University of Technology in Oman, Muscat, Oman

WILEY



"lrim Size: 187mm x 235mm  Single Column Stefanakis ffirs.tex V1-01/27/2018 6:36pm Page iv‘

This edition first published 2018
© 2018 John Wiley & Sons, Ltd

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or
by any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by law. Advice on how to
obtain permission to reuse material from this title is available a thttp://www.wiley.com/go/permissions.

The right of Dr. Alexandros Stefanakis to be identified as the autho&)f this work has been asserted in accordance with law.

Registered Office(s)
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

Editorial Office
The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

For details of our global editorial offices, customer services, and more information about Wiley products visit us at
www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print-on-demand. Some content that appears in
standard print versions of this book may not be available in other formats.

Limit of Liability/Disclaimer of Warranty

While the publisher and authors have used their best efforts in preparing this work, they make no representations or
warranties with respect to the accuracy or completeness of the contents of this work and specifically disclaim all warranties,
including without limitation any implied warranties of merchantability or fitness for a particular purpose. No warranty may
be created or extended by sales representatives, written sales materials or promotional statements for this work. The fact that
an organization, website, or product is referred to in this work as a citation and/or potential source of further information
does not mean that the publisher and authors endorse the information or services the organization, website, or product may
provide or recommendations it may make. This work is sold with the understanding that the publisher is not engaged in
rendering professional services. The advice and strategies contained herein may not be suitable for your situation. You should
consult with a specialist where appropriate. Further, readers should be aware that websites listed in this work may have
changed or disappeared between when this work was written and when it is read. Neither the publisher nor authors shall be
liable for any loss of profit or any other commercial damages, including but not limited to special, incidental, consequential,
or other damages.

Library of Congress Cataloging-in-Publication Data
9781119268345

Cover image: [Production Editor to insert]
Cover design by [Production Editor to insert]

Set in 10/12pt WarnockPro by SPi Global, Chennai, India

10987654321



Introduction to Constructed Wetland Technology
Alexandros I. Stefanakis

Bauer Resources GmbH, BAUER-Strasse 1, Schrobenhausen, Germany
Bauer Nimr LLC, Muscat, Oman
Department of Engineering, German University of Technology in Oman, Athaibah, Oman

1 From Natural to Constructed Wetlands

Constructed Wetlands technology is not a “new” development, if we consider the exact definition
of this word. Wetlands have been used — one way or another — by humans for hundreds (or even
thousands) of years. Until recently, people didn’t realize this utilization of wetland systems or their
benefits and role not just for humans but for the whole planetary ecosystem. The first contact of
humans and natural wetlands took place thousands of years ago: the first civilizations were estab-
lished close to wetland environments, since these provided them with various economic and vital
sources. Early civilizations (e.g., the Mesopotamian and Egyptian) were developed near marshes and
rivers. Wetlands provided raw materials for simple up to more complicated constructions and discov-
eries. For example, dried reeds were used to build houses, papyrus was used to make paper or even
construct ships, etc. Therefore, the exploitation of wetlands by humans was already a reality. In other
words, wetlands represent a critical life source for humans and wildlife, with a great contribution to
our quality of life.

Wetlands are considered today as natural systems with great ecological significance, which provide
habitats for numerous species and support their life. This is why natural wetlands are often called as
“the Earth’s kidneys” or “the biological supermarket” [1, 2], since they are among the most productive
natural environments on Earth. They also act as filters, retaining the pollutants from the water that
flows through on its way to lakes, streams, and oceans. Natural wetlands fulfill a series of multiple
functions with important value for humanity; for example, carbon dioxide fixation by wetland plants
is beneficial for the global climate, while supporting food chains adds a value (e.g., fishing) to human
activity. The values of wetlands can be distinguished into three main types: ecological, socio-cultural
and economic, which together define the Total Value of Wetlands (Figure 1). In general, natural wet-
lands offer services for [3-5]:

e Enrichment of groundwater aquifers.

e Control/amendment of flood incidents (protective buffers).
e Retention of sediments and other substances.

e Absorption of carbon dioxide.

Constructed Wetlands for Industrial Wastewater Treatment, First Edition. Edited by Alexandros I. Stefanakis.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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Ecological Socio-cultural Economic
ecosystem protection historical, ethical, monetary valuation
sustainable development religious, spiritual values (direct/indirect use)
Units Units Units
- biosphere quality - health services - medical resources
- variety of life forms - recreation - recreation
- rare species - historical background - cultural services
- level of tolerance - religious perspective - spiritual importance
- restoration - protection - regulating services

v v v

TOTAL WETLAND VALUE

Figure 1 Individual type of values and respective criteria and value units for the determination of the Total Value of
Wetlands [4, 5].

e Heat storage and release.
e Absorption of solar radiation and respective support to food chains.

Wetlands represent a considerable section of national and local economies, contributing with the
provision of resources for recreational activities, pollution control and flood protection. Despite these
benefits, the value of natural wetlands has only recently been recognized. Today it is understood that
natural wetlands have the ability to receive and control flood incidents and alleviate their possible
negative impacts. They have been used for the discharge of wastewater for centuries, for example,
during the Minoan time in the Greek island of Crete (2000 BC), where advanced sewerage collection
systems in Knossos and Zakros Palaces were collecting and discharging wastewater to natural wetland
sites [6]. However, this use of wetlands as disposal sites resulted in their degradation in many areas
around the world.

The water purification capacity of wetlands was gradually recognized and today it is known that
wetlands are able to eliminate and transform various pollutants (organics, nutrients, trace elements,
etc.) through physical, biological, and chemical processes. The numerous ecological and economic
benefits of wetlands and their appreciation encouraged the study of wetland capacities for various
technological applications. This observation of the natural wetlands resulted in the investigation
of human-made wetland ecosystems and their purification functions. Several studies revealed the
potential of wetland ecosystems for pollution reduction. However, it is clear today that the use of
natural wetlands for treatment purposes is not a preferred or even a legal solution.

The basic concept of building constructed wetland (CWs) systems is to replicate the various nat-
urally occurring wetland processes in a beneficial way and under controlled conditions. Of special
interest here are water storage, flood protection and water quality improvement. CWs are man-made
structures and they are built in a way to resemble and operate similarly to a natural wetland. A com-
mon definition of these systems is that constructed wetlands are, “Man-made complexes of saturated
substrate, emergent and submerged vegetation, animal life and water that simulate natural wetlands

for human use and benefits” [7].

Generally, it can be said that wetland technology is a relatively recent development (i.e., of the last

40-50 years) compared to conventional treatment methods which have been in use for more than
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80 years. Despite this relatively long period, it is only during the last 20—30 years that a tremendous
increase of interest in CWs has occurred. This could also be related to the rapid increase of interest on
environmental issues. Thus, research on CWs and observation of the first full-scale systems assisted in
improving the fundamental knowledge and basic understanding of the processes taking place within
these bioreactors and in optimizing their efficiency.

2 The Need for Sustainable Solutions

Constructed Wetlands are a very interesting development in the field of ecological engineering during
the 20th century, which could be attributed to two main facts. First, for almost a century, wastewater
treatment in the developed world has been implemented via conventional centralized facilities. These
heavy installations are energy-consuming with a maximum lifetime of 25—30 years, which means that
new investment is required for new facilities to replace the old ones. On the other hand, low-income
regions usually cannot afford the construction of such large centralized facilities and the technical
expertise to run them. Thus, in both developed and developing regions alternative treatment tech-
niques are required, apparently for different reasons, which should combine acceptable performance,
cost-efficiency and, of course, the — recently added — sustainability parameter.

Hence, natural treatment systems, such as constructed wetlands, can be a solution that satisfies
these parameters. The current status of the technology proved their high levels of performance. They
don’t depend on energy-consuming and expensive processes (since renewable sources are mostly
used) and they don’t demand synthetic raw materials, but mainly natural ones, e.g., plants and aggre-
gate materials, providing from this point of view an ecological treatment. Also, the idea of using plants
to purify wastewater is always viewed as innovative and attractive for society, which can therefore
increase their social acceptability.

Conventional and natural treatment systems serve the same goal, i.e., wastewater treatment, but
under a different approach. Natural systems provide decentralized treatment services, which may
be seen as an alternative approach to treat wastewater at or near the source. This approach further
satisfies the concept of sustainable development, meaning that the same function (i.e., wastewater
treatment) is achieved in a more economic, environmentally friendly, and energy-efficient way.

3 Constructed Wetlands or Conventional Systems - Pros and Cons

Conventional technologies provide effective wastewater treatment, but they come with some unde-
sired impacts. Usually, they require extensive sewer collection networks to bring the wastewater into
a centralized facility. This relates to some obvious environmental and economic concerns. Conven-
tional treatment plants usually have an unattractive appearance, including large mechanical parts
(ventilators, dosing schemes, pumps, etc.), extensive use of concrete and steel and odor and noise
generation. As a result, they require large amounts of energy, which means respectively high green-
house gas emissions. In addition, the investment costs and, especially, the operation and maintenance
costs are usually high. Moreover, the daily production of surplus sludge demands further handling
and management, which adds to the total operational costs.

On the other hand, Constructed Wetlands can be characterized as a cost-efficient treatment tech-
nology with a usually lower or similar investment cost, and significantly reduced costs for operation
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and maintenance than conventional treatment methods. Global experience from many countries
has shown that operational costs of CW facilities can be up to 90% lower compared to conven-
tional/mechanical plants. Moreover, CWs operate without the need for the addition of chemical sub-
stances, which is not typically the case in conventional treatment plants. Locally available resources
are used for the construction of a CW facility (i.e., high in-country value), which is relatively easy
and simple to build in the absence of big and complex infrastructure. Energy is required in very low
amounts, e.g., for the lighting of the facility, and, possibly, for the operation of few pumps. The use
of pumps can even be avoided if the natural ground slope is exploited to use the gravity flow along
the system. Additionally, there is no need for specialized staff to run the facility and only periodic
inspection is required. Furthermore, they have a prolonged useful lifetime, which extends to 30 years
or even more.

Wastewater treatment in Constructed Wetlands does not practically generate any by-product.
Sludge can be accumulated and dewatered within the system. In conventional treatment plants,
large amounts of excess sludge that need to be managed and stabilized are produced on a daily basis.
Although the sludge volume represents only a small portion (1-3%) of the total treated wastewater
volume, its management and handling can reach up to 50% of the total facility costs [5]. However, it
should be noted that periodic sludge removal (e.g., 1-2 times/year) should take place in a CW facility
if there is a pretreatment stage (e.g., sedimentation or Imhoff tank), but this cost is usually lower
than the sludge production and handling cost in conventional systems. The only product that could
potentially be viewed as by-product in CW facilities is the plant biomass. Usually, the produced
plant biomass is harvested and collected annually or every few years. However, this biomass can
further be exploited as biofuel for energy or for compost production.

At this point, it should be mentioned that the technology of Constructed Wetlands should not
be viewed as directly competing with conventional technologies. Given that the main limitation of
CWs is the larger area demands, they cannot completely replace conventional treatment facilities.
Therefore, they can be viewed as complementary to conventional facilities, providing the benefit of
decreasing the required number and capacity of centralized conventional plants by implementing
several onsite treatment plants based on Wetland Technology.

However, Constructed Wetlands are appropriate for a series of installations of different scales. Due
to their flexible design, they can easily be built on most sites. They become very competitive sys-
tems for wastewater generated from single households or residential complexes. In rural, remote,
insular and mountainous areas, where usually no sewer system exists and it is difficult to build a
centralized plant, CWs can be an extremely attractive alternative from both an economic and envi-
ronmental point of view. They can effectively serve villages and small or medium cities/settlements
up to few thousands of population. And, of course, for onsite application in numerous industrial
facilities, CWs can be an ideal solution. Table 1 summarizes the main characteristics of conventional
treatment plants and Constructed Wetlands.

Despite the long list of advantages, CWs have also limitations — as any technology. The major one
is that CWs require a larger land area compared to a conventional treatment facility. Although con-
tinuous research managed to reduce the total footprint of CW facilities and optimize their design
(e.g., the use vertical flow systems and lately of artificially aerated systems), area demands are still
higher (e.g., 3-10 times) for a CWs solution than for conventional systems [5]. Furthermore, false
design could also result in odor issues and the occurrence of a water surface in subsurface systems.
However, it should be noted that if properly designed and constructed, CWs generally do not create
odor issues.
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Table 1 Main characteristics and comparison of conventional treatment methods and Constructed Wetlands [5, 8-11]

Conventional treatmentmethods

Constructed Wetlands

Investment

Facility

Operational costs
Application scale
Performance

Raw materials

Corrosion resistance
Odour nuisance
Energy input

Use of chemicals

Greenhouse gas
emissions

Lifetime

Monitoring

Staff during
operation

Maintenance

Response to flow
variations

Robustness to toxic
substances, e.g. oil

Recovery period

By-products

Appearance
Social responsibility

Biodiversity
enhancement

In-country value

Moderate — High

Many/large mechanical parts and
equipment

High

Small to large

High quality effluent

Use of non-renewable materials
during construction (concrete,
steel, polymer membrane
material etc.) and operation
(electricity, chemicals)

Low

Medium to high
High

Required

High

5-10 years (MBR), 20—25 years
(activated sludge)

Need for frequent monitoring

Demand for specialized
personnel

High needs/costs — regular
membrane failures, reinvestment
after 10 years

Higher/shock inflow rates
negatively affect the performance

Toxic pollutants may lead to
system breakdown

Prolonged time to re-gain full
treatment performance

Large daily volumes of sludge,
which need handling on a daily
basis

Unattractive
Low
No

Only 20% of materials/equipment
sourced within the country

Moderate

No mechanical parts (maybe
pumps)

Low

Small to medium

High quality effluent

Almost exclusive use of
renewable sources (solar,
wind) — “ecological” character

High (medium)
Low

Low

Not required

Low
25-30 years or more

Need for periodical monitoring

No specialized personnel needed

Low, e.g., reed harvesting every
2-5 years

Robust to short-term high flow
variations

Robust to some toxic constituent,
e.g. heavy metals

Robust with no downtime

No sludge by-product

Aesthetically accepted
High
Yes

More than 80% of
materials/equipment sourced
within the country
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4 Classification of Constructed Wetlands

Based on their functions, Constructed Wetlands can be classified into three main areas [5, 12—14]:

o Habitat creation: systems designed to provide an upgraded wildlife habitat and to enhance the
existing ecological benefits, e.g., attracting birds and creating green spaces, while addressing
water/wastewater treatment. Four different CW types exist here: ponds, marshes, swamps and
ephemeral wetlands.

e Flood control: systems that function as runoff receivers during flood incidents and increase the
stormwatwer storage capacity, especially in urban areas.

e Wastewater treatment: systems designed and operated to receive and treat wastewater of different
origin.

The most widely used classification of CWs is based on the water flow direction and the type of
vegetation used (Figure 2). Also, based on the flow path across the CW system, there are two general

types:

e Free Water Surface Constructed Wetlands (FWS CWs), also called Surface Flow Constructed Wet-
lands (SFCWs) and
e Subsurface Flow Constructed Wetlands (SSF CWs).

A further classification of SSF CWs can be made according to the flow path direction between
horizontal (HSF CWs) or vertical (VECWs) flow systems. The type of vegetation used in CWss is also
one of the main characteristics of CWs systems (Figure 2). Therefore, CWs can be also classified
according to the wetland plant species used as:

e Emergent macrophyte wetlands
e Submerged macrophyte wetlands and
e Floating treatment wetlands (FTWs).

Subsurface Free Water
Flow Surface Flow

- Emergent plants
- Submerged plants
Vertical Horizontal
Flow Flow
Hybrid Systems

- Free floating plants
Figure 2 Classification of Constructed Wetlands [5, 13].

Floating
Treatment
Wetlands

- Intermittent loading (downflow
- French system

- Recirculating

- Tidal flow

- Saturated vertical upflow

- Saturated vertical downflow

- Integrated systems

=

- Floating/leaved plants




Introduction to Constructed Wetland Technology | 7

Free Water Surface Constructed Wetlands

Water level control

il

....... q OQOutflow

Water level W . - 5768 S Sludgellitter layer

Soil/root layer

bottom slope ~1%
impermeable liner

Figure 3 Schematic representation of a typical cross-section of a Free Water Surface Constructed Wetland.

Among these types, CWs with rooted emergent macrophytes are the most widely used. A brief
description of the different constructed wetland designs is now presented.

4.1 Free Water Surface Constructed Wetlands (FWS CWs)

This type of CW is a shallow basin or channel containing a soil layer of 30—-40 c¢m thickness, in which
the macrophytes are planted. Common plants species used are common reeds (Phragmites australis),
cattails (Typha spp.), bulrush (Scirpus spp.) and herbs (Juncus spp.) [5, 15]. The bottom of the basin (as
in all CW systems) is covered by a geo-textile/geo-membrane or clay material to prevent wastewater
leakage to the groundwater. A water column of 10-50 cm in depth exists above the soil layer, which
means that water is exposed to the atmosphere and the solar radiation. Water level can be adjusted at
the outlet of the system (Figure 3). The water flows horizontally through the plant stems and rhizomes
and comes into contact with the top layer of the soil, the different plant parts and the associated
biofilm, which enables pollutant removal through various physical, biological and chemical processes.
FWS CWs could attract mosquitos if the water remains almost stagnant inside the system due to false
design or improper construction.

The performance of this wetland type is good for suspended solids (SS) and biochemical oxygen
demand (BOD) removal and satisfactory removal of nitrogen (N) and pathogens, but phosphorus (P)
removal is usually limited [5, 13, 14, 16]. FWS CWs have been applied for the treatment of primary and
secondary municipal effluents, but mainly for polishing treated effluents, stormwatwer and highway
runoff, as well as for agricultural effluents [5, 15]. This type is also used for produced water treat-
ment, i.e., water containing petroleum hydrocarbons [17, 18]. FWS CWs have higher area demands
compared to the other wetland types, but they resemble natural wetlands to the most.

4.2 Horizontal Subsurface Flow Constructed Wetlands (HSF CWs)

HSF CWs are more widely used in Europe than in the USA [19]. They are basins containing gravel
material planted with common reeds (Phragmites australis) or other wetland plant species such as
Typha (e.g., latifolia, angustifolia) and Scirpus (e.g., lacustris, californicus) [20, 21]. The substrate
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Horizontal Subsurface flow Constructed Wetlands

Water
level
control

/

........ > Outflow

Inflow

Water level

~40,
impermeable liner / bottom slope ~1%
Figure 4 Schematic representation of a typical cross-section of a Horizontal Subsurface Flow Constructed Wetland.

used is rock and gravel of different origin and composition. In this CW type, there is no water surface
exposed to the atmosphere and the water level is kept 5-10 cm below the gravel surface (Figure 4).
The water flows horizontally through the pores of the substrate media and comes into contact with
the media grains, the plant roots and the attached biofilm [5]. Thus, respective health risks due to
possible human contact with the wastewater and mosquito issues are limited in this CW type [14].
The substrate layer thickness varies from 30 to 100 cm [14, 22]. The bottom of the bed is usually
covered with an impermeable geo-membrane and has a slight slope (1-3%). As for FWS CWs, the
uniform distribution of the wastewater across the wetland width at the inflow point is a key parameter
for the proper function of the system, while step-feeding of the wastewater at different points along
the wetland length could enhance the performance [23]. HSF CWs have the advantage of lower area
demands compared to FWS CWss, although capital costs might be higher [5, 14].

This CW type has been proved to be very effective in the treatment of municipal wastewater, remov-
ing SS and organic matter (BOD) at high rates, although nutrient removal (nitrogen, phosphorus)
is usually lower [5, 13, 14, 22]. Various modifications of the system design have been proposed in
order to improve the performance, such as effluent recirculation [19], wastewater step-feeding [23],
water level raising [19] and effluent treatment with gravity filters containing special substrate [19, 24].
HSF CWs are applied for the treatment of a wide range of industrial wastewater, e.g., mine drainage,
dairy, swine, olive mills, landfill leachate, cork effluent, contaminated groundwater, hydrocarbons,
etc. [25-29].

4.3 Vertical Flow Constructed Wetlands (VFCWs)

At the early years of wetland technology, FWS and HSF CWs were the dominant types, mainly
due to higher costs for VECWs construction and operation. However, the interest in VFCWs was
gradually increased with time; especially when the higher oxygen transfer capacity of this system
was realized compared to the other types. Today, there are various available modifications of VF
systems applied or under investigation (for much more detail, see [5]). VFCWs are mainly used in
Europe, especially in Denmark, Austria, Germany, France, and the UK [5, 14]. The most common
setup is a basin containing several layers of gravel and sand with increasing gradation from top to the
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Vertical Flow Constructed Wetlands
wastewater feed

Aeration
tubes

Sand/gravel
layers

Perforated

i Outflow
pipe

bottom slope ~1%

Figure 5 Schematic representation of a typical cross-section of a Vertical Flow Constructed Wetland [5, 30, 311.

bottom [5, 30] (Figure 5). The total thickness of the substrate varies from 30 to 180 cm [5]. Usually,
the top layer of the bed is a sand layer. Plants are established in the gravel surface or in the sand layer
(if any). Common reeds (Phragmites australis) and cattails (Typha latifolia) are the two most widely
used plant species [5, 21]. The bottom of the bed is covered by a geo-membrane/geo-textile material
and has a slight slope of 1-2%. VFCWs also contain perforated vertical aeration tubes, which are
connected at the bottom of the bed with the drainage collection pipeline system. These aeration
tubes allow for the better aeration of the deeper parts of the bed [30].

The most commonly used mode is that of intermittent loading; wastewater is applied uniformly
across the entire surface of the bed in batches and drains vertically by gravity [5, 24, 30]. VECWs
have smaller surface area demands compared to HSF and FWS CWs. Due to the better aera-
tion capability, they are very effective in organic matter (BOD) and ammonia nitrogen removal
[5, 13, 14]. Phosphorus removal remains limited and alternative modifications have been proposed
for the performance improvement, e.g., an additional stage with gravity filters containing bauxite,
zeolite or other reactive material for effluent treatment [24, 31]. Their overall effectiveness has
enabled the use of this CW type for the treatment of wastewater with different origins, e.g.,
domestic, municipal, industrial, agro-industrial and landfill leachate [5, 27, 29].

4.4 Floating Treatment Wetlands (FTWs)

This type is a relatively new version of wetland technology, which combines both a traditional CW
system and a pond [32]. These systems consist of a floating element (usually made of a plastic material)
on which the plants are established (Figure 6). Thus, these systems optically look like floating islands.
As in the other CW types, the plants develop a deep and dense root system within the underlying



10

Introduction to Constructed Wetland Technology

Floating Treatment Wetlands

Floating
platforms

Outflow

Plant roots

Benthic laver

Figure 6 Schematic representation of a typical cross-section of a Floating Treatment Wetland [5].

water column [5, 33]. Since the combined system of the porous plastic mat and the plants floats on
the water surface, the system is not affected by water level fluctuations. FT'Ws have been used for
water purification in rivers, channels, lakes etc., and also for stormwater, domestic and municipal
wastewater treatment [5, 32].

4.5 Sludge Treatment Wetlands (STWs)

These systems represent a special application of CW technology for the dewatering and management
of excess sludge produced in conventional wastewater treatment plants. ST Ws appear as alternative
systems to mechanical dewatering methods, such as centrifuges or filter presses. They practically are
vertical flow constructed wetlands (Figure 3) modified for wastewater sludge dewatering and drying
[3, 5-37]. STWs can be rectangular or trapezoidal excavated basins filled with gravel and planted
with reeds. Usually the basin contains 1-2 gravel layers and a sand layer on top, although there have
been systems designed without a top sand layer [34, 36, 38]. The total thickness of the porous media
layers varies between 30-70 cm [5].

Sludge is applied on top of the bed in feeding cycles: a typical feeding scheme is 2—10 days of
sludge feeding followed by 1-3 weeks of resting or even longer [5, 34, 35, 38]. The beds can be con-
structed with concrete or can be excavated basins covered with a liner, typically with a material of
low-permeability (i.e., HDPE geo-membrane covered in both sides with geo-textile or clay) [5]. The
bottom layer also contains a network of perforated plastic pipes for the collection of the drained water
that flows vertically through the bed body. This bottom pipe network is connected with the atmo-
sphere with vertical perforated plastic aeration pipes, which are extended above the top substrate
layer.

On top of the bed organic solids are gradually accumulating. With the alternating feeding/resting
periods, the accumulated solids are dewatered and, in the long-term, they are converted to a stabilized
material. After few years of operation (depending on the loading rate and the climatic conditions),
the residual sludge layer is removed and reused as valuable biosolids, e.g., in agriculture as fertilizer.
STWs achieve high rates of sludge dewatering (volume reduction up to 96%; [5, 34, 37], through
evapotranspiration and draining processes [39].
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4.6 Aerated Constructed Wetlands

Given that the level of oxygen inside the system affects many pollutant aerobic removal processes
and is often the limiting factor of the performance, many modifications have been tested and applied
to increase oxygen concentration. One modification that increasingly attracts interest over the last
years uses artificial means for oxygen supply in subsurface CW beds. The concept is based on the
use of an air pump (usually a small blower) to provide compressed air [40]. This alternative has been
tested in HSF CWs, where oxygen availability is lower [41-43]. The same modification has also been
applied in saturated VFCW systems [40, 44, 45]. Although wastewater aeration is a common practice
for other treatment methods (e.g., in activated sludge systems), aeration of gravel beds appeared only
during the last 10—15 years. Effective aeration in SSFCWs is implemented with uniform distribution
of small air quantities across the bottom of the bed. The main advantage of bottom additional aeration
in VFCWs is that the combined action of the vertical downward drainage of the wastewater with the
upflow movement of air bubbles results in a very good air/water mixture in the bed.

Improved results are reported in intensified saturated VFCWs receiving primarily treated wastew-
ater with low effluent pollutant concentrations (<5 mg/L BOD, and <5 mg/L NH,*-N) compared to
non-aerated systems [46]. The increased oxygen availability makes these systems appropriate not only
for domestic/municipal wastewater treatment, but also for stronger wastewater — especially indus-
trial effluents. Generally, artificial aeration appears as an attractive alternative when an additional
oxygen amount is desirable. The main advantage is that, due to the enhanced removal processes via
the artificial aeration, the area demand becomes significantly lower, which has a positive impact on
the respective construction costs. Renewable energy sources, e.g., wind or solar power, could be a
potential sustainable solution to cover the small needs for energy for the artificial aeration equipment
[47, 48].

5 Design Considerations of Constructed Wetlands

CWs construction is generally considered easy; however, in reality the proper design of a CW facil-
ity is not as easy as it may seem to the non-expert eyes. Currently, there are still not unanimously
accepted guidelines, or a widely applied methodology. System design tends to differ not only from
country to country, but also among designers and experts/engineers. Personal experience is a key
parameter, especially in the more demanding and complicated industrial wastewater applications.
However, there are some general rules and some basic design considerations used in the design
process, especially for simple applications, e.g., domestic wastewater, including meteorological, topo-
graphical and operational parameters such as [5]:

e Climatic conditions of the area where the system will be installed.

Topographical information in order to choose the most appropriate installation site and ensure
gravity flow (if possible).

Geological structure of the area to ensure the stability of the bunds.

Availability of the required land.

Legal permits that are required.

Any ecologically sensitive areas in the vicinity or wildlife habitats.

Current and future wastewater flow and volumes.



12

Introduction to Constructed Wetland Technology

Any legal limits that apply in the area for the effluent quality or the desired treatment performance.
Appropriate or desired treated effluent reuse application.

A nearby water body to receive the treated effluent.

Total costs.

As it is understood, most of these general factors are common prior the implementation of any
treatment technology. There are three main design parameters for constructed wetland systems,
which are usually taken into account: unit area demand (m?/pe); organic and hydraulic loading; and
oxygen transfer capacity.

The unit area demand expresses the surface area demand (m?) per person equivalent (pe). This
parameter is generally accepted as a good indication of the land area demands. Apparently, this
parameter is affected by climatic conditions. However, even for the same region different values are
commonly proposed based on the experience of different individuals/experts. Generally, VFCWs
have lower area demands (1-3 m?/pe) than HSF CWS (5-10 m?/pe) [5]. Organic (e.g., g BOD; or
COD/m?/yr) and hydraulic (m3/m?/d or m/d) loads are also widely used expressions and can be very
helpful in the estimation of the optimum load to avoid operational problems. The hydraulic loading
rate (HLR or q) is also widely used and is calculated by the ratio of the inflow rate (m?/day) to the
surface area (m?) of the system. Finally, oxygen transfer capacity (OTC) provides important infor-
mation on the oxidation potential of the system, especially for organic matter decomposition and
nitrification.

Another important parameter, mostly applied in horizontal CWs, is the hydraulic retention time
(HRT), which is given as the ratio of volume (m?) to flow rate (m3/d). Its value is crucial since it defines
the time of direct contact between wastewater and the wetland parts (porous media grains, plant
roots, biofilm) and, thus, the extent of the various removal/transformation processes. The selection
of an appropriate HRT is directly related to the system surface area (and so to the unit area demand)
and performance. Currently, there are many published studies and results from pilot and full-scale
installations. For example, typical HRT in HSF CWs varies between 5-10 days, depending on the
climatic conditions, the level of treatment etc. Aerated HSF CWs can be designed with much lower
HRT (e.g., < 1 day). Proper dimensioning of horizontal beds is also very important to ensure the
hydraulic efficiency of the system. HSF and FWS CWs usually have a rectangular plan view with a
varying width to length ratio of 1:3—5. Longer length than width is preferred in order to ensure plug
flow hydraulics.

Generally, designing and sizing a wetland bed varies from simple “rule of thumb” to more complex
models. The plug-flow first order reaction equation (known as the kC* model) was widely used in
the past. A simple equation for the calculation of the required surface area for BOD, removal is the
following:

_ Qlin(C,/C))]

Kdn @)

Where:

A = the surface area of the bed (m?);

d = the saturated depth of the bed (m);

n = the substrate porosity (decimal fraction);
K, = the first-order areal rate constant (m/d);
Q = the average daily flow rate (m3/d);
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C, = the mean influent concentration (mg/L); and
C, = the required effluent concentration (mg/L).

Other advanced design approaches are lately frequently used such as the PkC* model [14]. The
required wetland area can be calculated using the following equation:

PQ. |/ C -\ PQ. |/ c —c\Y°
AP (S Y L 1 (2)
k, C,—C k,h [\ C, —C*

Where:

A = the surface area of the bed (m?);

P = apparent number of tanks-in-series (TIS) (-);

Qi = influent flow rate (m3/d);

k, = modified first-order areal rate coefficient (1/d);

C, = inlet concentration (mg/L);

C, = outlet concentration (mg/L);

C* = background concentration (mg/L);

P = apparent number of tanks-in-series (TIS) (-);

k,, = modified first-order volumetric rate coefficient (1/d);
h = wetland water depth (m).

This approach can give more accurate designs, since it considers the rate coefficients and temper-
ature correction. However, it includes several variables, which are not always known to allow for the
design using this equation.

Usually, BODx is used as the main target parameter, but other pollutants such as suspended solids
(SS), total or ammonia nitrogen and total phosphorus have also been used. The parameters used
for the evaluation of CWs performance are the same pollutant indicators as for every wastewater
treatment technology, such as organic matter (BOD, and COD), nitrogen compounds (total nitro-
gen, ammonia nitrogen, nitrate, nitrite), phosphorus (total phosphorus, ortho-phosphate), coliform
bacteria (E. coli, faecal coliforms) and heavy metals. Physical characteristics (e.g., dissolved oxygen,
electrical conductivity, pH etc) are also used to describe CW operating conditions.

In Sludge Treatment Wetlands, the design is based on the quality of the raw sludge and the local
climatic conditions, as well as on the annual surplus sludge production of the wastewater treatment
plant [5]. As for other CW types, the design and sizing of ST Ws follows mostly empirical observations
and personal experience of the designer. Again, there are no commonly accepted guidelines and the
design varies from country to country. The basic design parameter is the sludge loading rate (SLR; kg
dm/m?/yr), which expresses the annual dry mass (dm/yr) or dry solids (ds/yr) that will be applied to
the bed per surface unit (m?). It is directly related to the climate of the installation area. For example,
proposed SLR for Denmark is 60 kg dm/m?/yr for activated sludge and 50 kg dm/m?/yr for sludge
with higher fat content [35]. Higher SLRs have been proposed for the Mediterranean region: up to
90 kg dm/m?/yr in Greece [34], 45 kg dm/m?/yr in Italy [49] and 55-110 kg dm/m?/yr in Spain [50,
51]. Stefanakis et al. [5] presented an overview of SLRs applied in various countries around the world.
The operational life time of STWs can last up to 30 years and more and it is divided in 2-3 phases
of 8—12 years, based on the applied SLR. After the completion of each phase, the bed is left to rest
for a period (a few months up to 1 year), then the accumulated sludge residual is removed and a new
feeding cycle begins [5, 34, 35].
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Two important design features of CW facilities are the plant species and the substrate media. The
most common emergent plant species used are common reeds (Phragmites australis) and cattails
(Typha latifolia) and also Scirpus spp., due to their worldwide occurrence. However, other locally
available species may also be used; for example in tropical regions bamboo has been tested. Gener-
ally, the selected species should be well adapted to the local climatic conditions, tolerant against the
various pollutants and able to uptake certain constituents such as nitrogen. Indigenous species are
always preferred for use in CWs and not exotic ones, to avoid ecological risks such as invasion of the
new species and/or diseases [5].

The selection of an appropriate substrate medium is also important for the system performance.
The grain size should be carefully selected, especially for subsurface systems, since clogging problems
due to low porosity and high hydraulic loads might occur and deteriorate the system efficiency.
An ideal substrate would also have the capacity of removing some constituents from wastewater
by various processes (e.g., ion exchange, adsorption, precipitation). The substrate layer is where
the plants are established; thus, it supports plant growth and enhances the bed stability, provides
filtration effects and together with the plants supports the various transformation/removal processes
[5, 13]. Media used in CW systems include natural materials (e.g., minerals, rocks and soils),
synthetic materials (e.g., synthetic zeolites, activated carbon) and industrial by-products (e.g., slags,
blast furnace) [5].

Proper design and construction of a CW system allows for an effective and reliable performance.
Problems such as bed clogging, water runoff from the surface or limited plant development may be
caused by inadequate design or construction [5]. Typical problems such as pump/valve failure may
occur as in conventional plants [52]. Slightly increased maintenance time and more advanced skills
may be required only in the case of more complex modifications, such as artificially aerated beds.

6 Constructed Wetlands as a Sustainable Solution for the Industrial
Sector

Generally, the term “green” for such a technology includes specific factors such as effective treat-
ment, robustness, no by-products, recycled/reuse of materials, minimum energy consumption, use
of renewable energy sources, no use of chemicals and minimum environmental nuisance [53]. The
sustainable character of a treatment system is defined by its economic viability, technical feasibility,
environmental protection contribution and social acceptance [54]. Additionally, it should close the
flow cycle of materials, i.e., provide the option for safe reuse of the treated effluents. The approach of
sustainable sanitation systems integrates aspects such as public health and hygiene, protection of the
environment and natural resources, technological and operational parameters, financial parameters
and socio-cultural aspects [53, 54].

As described above, it can be said that the concept of Constructed Wetlands itself places them in
the sustainability field. Although nowadays the term “sustainability” is used so often that its content
is confusing or misinterpreted, its use here refers to the integration of environmental aspects in the
treatment process. Especially for the industry, the claim for the sustainable character of wetland sys-
tems relates to the advantage of promoting both economic growth, as well as protection of ecosystems
and public health. This is the real benefit that wetland technology can bring to the industry.

Low energy consumption and use of natural materials (gravel, soil, sand and plants) are two
crucial factors for the sustainable character of the system. One of the largest wetland projects is
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the Everglades restoration, USA, where CWs were used to remove nutrients from agricultural runoff
entering the Everglades [55]. This project showed in the most emphatic way the sustainable dynamic
of CWs. Similar projects of sustainable design using wetland technology have been developed for
the removal of non-point source pesticide pollution in river catchments [56] and diffuse pollution
at the catchment scale [57]; the protection of coastal zones from human activities and pollution
in China [58]; and the treatment of produced water from oilfields in desert environments [17, 18],
among others.

Effective treatment and high removal efficiencies significantly decrease the pollution load dis-
charged to final receivers (surface and ground water bodies), thus limiting the risk for ecosystem
and aquatic life degradation. The construction of CW systems usually involves locally available
natural materials (gravel/sand, plants), with minimum use of synthetic or non-renewable materials.
This means that the use of raw materials does not include significant energy-consuming and
pollution generating processes. The minimum energy consumption in CW facilities preserves
natural resources and minimizes pollution generation, especially when the main energy source is
non-renewable (e.g., fossil fuels). These environmental benefits can be translated to low levels of
greenhouse gas emissions [5, 52].

Quantification of greenhouse gas emissions during construction and operation phases is important
for the estimation of the ecological impact and the global warming potential. Several studies report
that CWs have a slightly lower environmental impact during the construction phase compared to
other conventional methods (e.g., activated sludge, trickling filters), but a much lower impact for the
operation phase [11]. Life cycle analysis studies on CW systems and comparison with conventional
treatment methods have shown that the global warming potential of CWs is lower in terms of CO,
emissions [5, 59, 60]. It is also interesting that in CW systems the major portion of the environmental
impact occurs during the construction phase [59, 60], while in conventional treatment systems the
environmental impact of the operational phase is higher than that of the construction phase [59,
61, 62]. Among the various CW types, FWS systems produce the lowest CO, emissions, VFCWs
the lowest CH,, emissions, while N,O emissions are reported to be comparable in all CW types [63].
Hybrid CW systems (i.e., combination of different CW types) achieve higher removal efficiencies and
minimum greenhouse gas emissions at the same time.

The ecological character of CWs is also enhanced by the fact that they promote biodiversity; they
provide a habitat for various wetland organisms; water savings; and multiple hydrological functions
[52]. For example, it is reported that a large FWS CW system built in a desert environment in the
Middle East, i.e., in a former arid and dry area, for the treatment of water containing petroleum hydro-
carbons from oilfields, provides a habitat for more than 120 different migratory bird species [17].

These findings become even more obvious in sludge dewatering applications using Sludge Treat-
ment Wetlands [5]. The comparison with conventional mechanical methods, such as centrifuges
(considering all aspects of sludge management, i.e., transport, investment, construction, raw mate-
rials, energy consumption) reveals that STWs have the lowest environmental impact [51]. As for
CWs for wastewater treatment, the major impact occurs during the construction phase. If the CW
basin is simply earth-excavated or built with recycled concrete, the impact of the construction phase
can be reduced. Centrifuges have the highest environmental impact, since their operation requires
high energy input. It is reported that the overall environmental impact of Sludge Treatment Wet-
lands is 500 times lower than centrifuges and 2,000 times lower than sludge transport to a centralized
dewatering facility [5, 51]. Moreover, studies have shown that the final digested sludge product after
treatment in ST Ws (biosolids) is a well stabilized and non-phytotoxic material, which can be reused,
e.g., as fertilizer in agriculture [51, 64, 65].
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The economic aspect is also important for the characterization of a treatment method as sustain-
able. The major costs during the construction phase of CWs include earthworks (excavation and
fill of the basin), the filter media and the bottom liner [5, 14]. Most of the items are usually locally
available, which can decrease the transportation costs, especially for short distances. The liner and
mechanical equipment (e.g., pumps) may represent a higher portion of the costs if they are imported.
Labor costs also vary from country to country. Generally, construction costs of CW facilities are
comparable or slightly lower to those of conventional treatment plants [5, 52]. For small-scale
applications (e.g., up to 1,000 pe) CWs offer an economic advantage in terms of investment, but
as the population served increases, the investment costs become comparable mainly due to the
higher land requirements. However, the main economic benefit of CWs, even for higher flow rates,
is the significantly reduced costs for operation and maintenance due to significantly lower energy
consumption and equipment used [5, 52, 53, 59].

Finally, the social aspect of CWs — the last component of sustainability — as treatment systems
is steadily increasing. The green, aesthetic appearance of CW facilities compared to the conven-
tional treatment plants (Figure 7) makes them more acceptable by society. Many industries and
municipal-private companies select more and more often CW technology for the treatment of
wastewater produced in their premises, as a mean to enhance their green profile and incorporate the
CW system into their corporate social responsibility plan.

7 Scope of this Book

Wetland technology is attracting more and more the interest of stakeholders and institutions as an
effective wastewater treatment technology. After almost 20-25 years of intensified research efforts
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Figure 7 Typical view of a Constructed Wetland implemented in the industrial sector (courtesy of Bauer Resources
GmbH).
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and an exponentially increasing number of successful full-scale applications across the world, it is
already considered an established technology. It can be said that for the majority of applications (i.e.,
mainly domestic and municipal wastewater) current efforts focus on performance and design opti-
mization, for example, how to maintain high efficiency in nutrient removal (especially phosphorus)
in the long run and to reduce the area demands without jeopardizing the performance.

As the treatment capacity of constructed wetland systems was recognized, it was reasonable to
investigate the feasibility of these systems in other applications with higher pollutant loads than
domestic/municipal wastewaters. Thus, the interest is gradually shifting to applications in the indus-
trial sector. Over the previous few years there has been an apparent increase of studies testing dif-
ferent wetland systems in various industrial applications. It can be stated that the new challenges for
wetland technology occur now in the industrial sector. And the results so far indicate that there is a
respectively high potential for wetland systems to be further expanded in various industrial sectors.

Based on this, this book is the first in the published literature to summarize and present various
applications and case studies of Constructed Wetlands in the industry. In the 25 chapters of the book
you will find several different industrial applications and an interesting discussion on the various
aspects of wetland technology. Since there is a large variety of wetland systems applied in indus-
tries, the book is divided into different sections. Each section covers a specific industrial sector, i.e.,
petrochemical industry, food industry, agro-industry, mine drainage and leachate, wood and leather
industry, pharmaceuticals industry etc. and includes a number of chapters, each one presenting a
different application. Some individual applications on specific industrial areas are presented under a
separate section, as they can be seen as novel applications. Finally, a last section includes two chapters,
which for the first time discusses the construction and HSE aspects of Constructed Wetlands facili-
ties, and the integration of wetland technology within a Corporate Social Responsibility context with
the industry’s strategic management.
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