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About the book series

Augmentation of freshwater supply and better sanitation are two of the world’s most pressing
challenges. However, such improvements must be done economically in an environmental and
societally sustainable way.

Increasingly, groundwater —the source that is much larger than surface water and which provides
astable supply through all the seasons —is used for freshwater supply, which is exploited from ever-
deeper groundwater resources. However, the availability of groundwater in sufficient quantity
and good quality is severely impacted by the increased water demand for industrial production,
cooling in energy production, public water supply and in particular agricultural use, which at
present consumes on a global scale about 70% of the exploited freshwater resources. In addition,
climate change may have a positive or negative impact on freshwater availability, but which
one is presently unknown. These developments result in a continuously increasing water stress,
as has already been observed in several world regions and which has adverse implications for
the security of food, water and energy supplies, the severity of which will further increase in
future. This demands case-specific mitigation and adaptation pathways, which require a better
assessment and understanding of surface water and groundwater systems and how they interact
with a view to improve their protection and their effective and sustainable management.

With the current and anticipated increased future freshwater demand, it is increasingly difficult
to sustain freshwater supply security without producing freshwater from contaminated, brack-
ish or saline water and reusing agricultural, industrial, and municipal wastewater after adequate
treatment, which extends the life cycle of water and is beneficial not only to the environment but
also leads to cost reduction. Water treatment, particularly desalination, requires large amounts of
energy, making energy-efficient options and use of renewable energies important. The technolo-
gies, which can either be sophisticated or simple, use physical, chemical and biological processes
for water and wastewater treatment, to produce freshwater of a desired quality. Both industrial-
scale approaches and smaller-scale applications are important but need a different technological
approach. In particular, low-tech, cost-effective, but at the same time sustainable water and
wastewater treatment systems, such as artificial wetlands or wastewater gardens, are options suit-
able for many small-scale applications. Technological improvements and finding new approaches
to conventional technologies (e.g. those of seawater desalination), and development of innovative
processes, approaches, and methods to improve water and wastewater treatment and sanitation
are needed. Improving economic, environmental and societal sustainability needs research and
development to improve process design, operation, performance, automation and management
of water and wastewater systems considering aims, and local conditions.

In all freshwater consuming sectors, the increasing water scarcity and correspondingly increas-
ing costs of freshwater, calls for a shift towards more water efficiency and water savings. In the
industrial and agricultural sector, it also includes the development of technologies that reduce
contamination of freshwater resources, e.g. through development of a chemical-free agriculture.
In the domestic sector, there are plenty of options for freshwater saving and improving efficiency
such as water-efficient toilets, water-free toilets, or on-site recycling for uses such as toilet flush-
ing, which alone could provide an estimated 30% reduction in water use for the average household.
As already mentioned, in all water-consuming sectors, the recycling and reuse of the respective
wastewater can provide an important freshwater source. However, the rate at which these water
efficient technologies and water-saving applications are developed and adopted depends on the
behavior of individual consumers and requires favorable political, policy and financial conditions.
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Due to the interdependency of water and energy (water-energy nexus); i.e. water production
needs energy (e.g. for groundwater pumping) and energy generation needs water (e.g. for cooling),
the management of both commodities should be more coordinated. This requires integrated energy
and water planning, i.e. management of both commodities in a well-coordinated form rather than
managing water and energy separately as is routine at present. Only such integrated management
allows reducing trade-offs between water and energy use.

However, water is not just linked to energy, but must be considered within the whole of the
water-energy-food-ecosystem-climate nexus. This requires consideration of what a planned water
development requires from the other sectors or how it affects — positively or negatively — the
other sectors. Such integrated management of water and the other interlinked resources can
implement synergies, reduce trade-offs, optimize resources use and management efficiency, all
in all improving security of water, energy, and food security and contributing to protection of
ecosystems and climate. Corresponding actions, policies and regulations that support such integral
approaches, as well as corresponding research, training and teaching are necessary for their
implementation.

The fact that in many developing and transition countries women are disproportionately dis-
advantaged by water and sanitation limitation requires special attention to this aspect in these
countries. Women (including schoolgirls) often spend several hours a day fetching water. This
time could be much better used for attending school or working to improve knowledge and skills
as well as to generate income and so to reduce gender inequality and poverty. Absence of in-door
sanitary facilities exposes women to potential harassment. Moreover, missing single-sex sanita-
tion facilities in schools and absence of clean water contributes to diseases. This is why women
and girls are a critical factor in solving water and sanitation problems in these countries and neces-
sitates that men and women work alongside to address the water and wastewater related operations
for improvement of economic, social and sustainable freshwater provision and sanitation.

Individual volumes published in the series are spanning the wide spectrum between research,
development and practice in the topic of freshwater and related areas such as gender and social
aspects as well as policy, regulatory, legal and economic aspects of water. It covers all fields and
facets in optimal approaches to the:

e Assessment, protection, development and sustainable management of groundwater and surface
water resources thereby optimizing their use.

e Improvement of human access to water resources in adequate quantity and good quality.

e Meeting of the increasing demand for drinking water, and irrigation water needed for food and
energy security, protect ecosystems and climate and to contribute to a social and economically
sound human development.

e Treatment of water and wastewater also including its reuse.

e Implementation of water efficient technologies and water saving measures.

A key goal of the series is to include all countries of the globe in jointly addressing the challenges
of water security and sanitation. Therefore, we aim to a balanced choice of authors and editors
originating from developing and developed countries as well as gender equality. This will help
society to provide access to freshwater resources in adequate quantity and good quality, meeting
the increasing demand for drinking water, domestic water and irrigation water needed for food
security while contributing to social and economically sound development.

This book series aims to become a state-of-the-art resource for a broad group of readers includ-
ing professionals, academics and students dealing with ground- and surface water resources, their
assessment, exploitation and management as well as the water and wastewater industry. This com-
prises especially hydrogeologists, hydrologists, water resources engineers, wastewater engineers,
chemical engineers and environmental engineers and scientists.

The book series provides a source of valuable information on surface water but especially
on aquifers and groundwater resources in all their facets. Thereby, it covers not only the scien-
tific and technical aspects but also environmental, legal, policy, economic, social, and gender
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aspects of groundwater resources management. Without departing from the larger framework
of integrated groundwater resources management, the topics are centered on water, solute and
heat transport in aquifers, hydrogeochemical processes in aquifers, contamination, protection,
resources assessment and use.

The book series constitutes an information source and facilitator for the transfer of knowl-
edge, both for small communities with decentralized water supply and sanitation as well as large
industries that employ hundreds or thousands of professionals in countries worldwide, working
in the different fields of freshwater production, wastewater treatment and water reuse as well
as those concerned with water efficient technologies and water saving measures. In contrast to
many other industries, suffering from the global economic downturn, water and wastewater indus-
tries are rapidly growing sectors providing significant opportunities for investments. This applies
especially to those using sustainable water and wastewater technologies, which are increasingly
favored. The series is also aimed at communities, manufacturers and consultants as well as a diver-
sity of stakeholders and professionals from governmental and non-governmental organizations,
international funding agencies, public health, policy, regulators and other relevant institutions,
and the broader public. It is designed to increase awareness of water resources protection and
understanding of sustainable water and wastewater solutions including the promotion of water
and wastewater reuse and water savings.

By consolidating international research and technical results, the objective of this book series
is to focus on practical solutions in better understanding ground- and surface water systems, the
implementation of sustainable water and wastewater treatment and water reuse and the implemen-
tation of water efficient technologies and water saving measures. Failing to improve and move
forward would have serious social, environmental and economic impacts on a global scale.

The book series includes books authored and edited by world-renowned scientists and engineers
and by leading authorities in economics and politics. Women are particularly encouraged to
contribute, either as author or editor.

Jochen Bundschuh
(Series Editor)
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Soteris Kalogirou (solar energy collectors; solar energy for seawater desalination;
combination of CSP with desalination), Department of Mechanical Engineering and
Materials Sciences and Engineering, Cyprus University of Technology (CUT), Limassol

CZECH REPUBLIC

Barbora Dousova (water and wastewater treatment; adsorption technologies; study,
preparation, modification and testing of new sorbents to the verification of adsorption
properties of natural matter — soils, sediments, dusts, etc.; geochemical processes on the
solid-liquid interface), Department of Solid State Chemistry, University of Chemistry and
Technology Prague (UCT Prague), Prague

Nada Rapantova (water resources and water quality; hydrogeology; groundwater pollution;
groundwater modeling; mine water technology; uranium mining), Faculty of Mining and
Geology, VSB — Technical University of Ostrava, Ostrava

Tomas Vanék (plant biotechnology; natural products chemistry; environment protection;
phytotechnologies), Head, Laboratory of Plant Biotechnologies, Institute of Experimental
Botany, Czech Academy of Sciences, Prague

DEMOCRATIC REPUBLIC OF THE CONGO

Dieudonné Musibono (limnology and water quality management ecotoxicology; ecosystems
health; natural resources management; aquatic biodiversity; environmental & social impact
assessment of projects; sustainable development; mining environment monitoring), Head,
Department of Environmental Science and Engineering, Faculty of Science, University of
Kinshasa; Former Programme Advisor and National Coordinator at UNEP, Kinshasa

DENMARK

Hans Brix (constructed wetlands for the treatment of polluted water; urban stormwater reuse;
sustainable water/wastewater management in developing countries), Department of
Bioscience, Aarhus University (AU), Aarhus

DOMINICAN REPUBLIC

Osiris de Ledn (urban and industrial water pollution; water scarcity; groundwater exploration
and exploitation; geophysical methods; dam sites exploration; environmental assessment for
water pollution identification), Dominican focal point for water in the InterAmerican Network
of Academies of Sciences (IANAS); Commission of Natural Sciences and Environment of
the Science Academy, Academy of Sciences of the Dominican Republic, Santo Domingo

EGYPT

Fatma El-Gohary (water reuse), Water Pollution Research Department, National Research
Centre, Dokki

Mohamed Fahmy Hussein (isotope hydrology and geochemistry applied in the holistic
approach on surface and groundwater resources use; conservation and improvement of water
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quality; water management by integrating unsaturated and saturated zones and the potential
promotion of water users implication in the control of water resources in the irrigated soils
via water treatment and reuse), Soil and Water Department, Faculty of Agriculture, Cairo
University (CU), Cairo

ESTONIA

Ulo Mander (landscape ecology (nutrient cycling at landscape and catchment levels) and
ecological engineering (constructed wetlands and riparian buffer zones: design and
performance), Department of Geography, Institute of Ecology and Earth Sciences, University
of Tartu (UT), Tartu

ETHIOPIA

Tesfaye Tafesse (transboundary water issues, with emphasis on the Nile; natural resources
management and institutions; rural development and agricultural problems in the Third
World), College of Social Sciences, Addis Ababa University (AAU), Addis Ababa

Taffa Tulu (watershed hydrology; watershed management; water resources engineering;
irrigation engineering; water harvesting), Center of Environment and Development, College
of Development Studies, Addis Ababa University (AAU), Addis Ababa

FEDERATED STATES OF MICRONESIA

Leerenson Lee Airens (water supply for Small Islands Development States (SIDS)),
GEF-IWRM Focal Point; Manager, Water Works, Pohnpei Utilities Corporation (PUC),
Pohnpei State

FIJI

Johann Poinapen (water and wastewater engineering and management; design and operation
of water/wastewater treatment plants including membrane systems (MF & RO); brine
treatment (thermal technologies); mine water treatment; water recycling), Acting Director,
Institute of Applied Sciences, University of the South Pacific (USP), Suva

FINLAND

Riku Vahala (drinking water quality and treatment), Water and Environmental Engineering,
Department of Civil and Environmental Engineering, School of Engineering, Aalto
University, Aalto

FRANCE

Catherine Faur (water treatment involving fluid-solid interactions; engineering of polymer
membranes by twin product — processes approaches), Department Engineering of Membrane
Processes, University of Montpellier (UM), Montpellier

GEORGIA

Givi Gavardashvili (water management; erosion-debris flow processes; floods), Ts.
Mirstkhulava Water Management Institute, Georgian Technical University (GTU), Tbilisi

GERMANY

Regina Maria de Oliveira Barros Nogueira (water and wastewater biology), Institute for
Sanitary Engineering and Waste Management, Leibnitz University Hannover, Hannover

Jan Hoinkis (membrane technologies; membrane bioreactor technology; water and
wastewater treatment; water reuse; sensor and control systems in water treatment), Institute
of Applied Research, Karlsruhe University of Applied Sciences (HsKA), Karlsruhe
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Heidrun Steinmetz (resource oriented sanitation (nutrient recovery, energy efficiency),
biological and advanced WWT; water quality management), Chair of Sanitary Engineering
and Water Recycling, University of Stuttgart, Stuttgart

GREECE

Maria Mimikou (hydrology; water resources management; hydro-energy engineering; climate
change), School of Civil Engineering, National Technical University of Athens (NTUA),
Athens

Anastasios Zouboulis (water and wastewater treatment; biotechnological applications),
School of Chemistry, Aristotle University of Thessaloniki (AUTH), Thessaloniki

HAITI

Urbain Fifi (hydrogeology; environment engineering; groundwater quality and pollution;
water resources management; hydrogeological modeling), President of IHP Haitian National
Committee for UNESCO; Head of Research Master in “Ecotoxicology, Environment and
Water Management”, Faculty of Sciences, Engineering and Architecture, University
Quisqueya, Haut de Turgeau, Port-au-Prince

HONDURAS

Sadia Iraisis Lanza (water resources and climate change; physical hydrogeology; hydrology;
water quality), Physics Department, National Autonomous University of Honduras (UNAH),
San Pedro Sula, Cortés

HONG KONG

Jiu Jimmy Jiao (hydrogeology; influence of groundwater and rainfall on landslides; impact of
human activities on groundwater regimes; dewatering system design; contaminant fate and
transport modeling and groundwater remediation design; global optimization approaches for
parameter identification in flow and transport modeling; parameter sensitivity analysis and its
influence on parameter estimation), Editor Hydrogeology Journal; The University of Hong
Kong (HKU), Hong Kong

HUNGARY

Laszl6 Somlyody (wastewater treatment; environmental engineering), past President of the
International Water Association (IWA), Head, Department of Sanitary and Environmental
Engineering, Faculty of Engineering, Budapest University of Technology and Economics
(BME), Budapest

INDIA

Makarand M. Ghangrekar (wastewater treatment in microbial fuel cell and electricity
generation), Department of Civil Engineering, Indian Institute of Technology — Kharagpur
(IIT Kgp), Kharagpur, West Bengal

Ashok Kumar Ghosh (water quality, especially arsenic and fluoride contamination in
groundwater resources; fluoride removal technology, bioremediation of arsenic; bio-synthesis
of nano-particles through microbes), Chairman, State Expert Appraisal Committee
(SEAC-Bihar) and Member, Bihar State Pollution Control Board; Head, Research
Department, Mahavir Cancer Institute and Research Centre, Patna, Bihar

Arun Kumar (environmental management of water bodies), Alternate Hydro Energy Centre,
Indian Institute of Technology — Roorkee (IITR), Roorkee, Uttarakhand

Rakesh Kumar (urban hydrology; hydrological modeling; watershed management; drought
mitigation and management; flood estimation, routing, management and socioeconomic
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aspects; impact of climate change on water resources), Head, Surface Water Hydrology
Division, National Institute of Hydrology (NIH), Roorkee, Uttarakhand

Dinesh Mohan (environmental chemistry; water/wastewater monitoring, assessment,
modeling & remediation using physicochemical methods; development of low cost
adsorbents/magnetic adsorbents/magnetic nanosorbents for water remediation; biomass fast
pyrolysis for the development of bio-oils and biochars, biorefineries; climate change
mitigation: development & application of biochar for carbon sequestration; applications of
biochars for remediation of contaminated soils), School of Environmental Sciences,
Jawaharlal Nehru University (JNU), New Delhi

Abhijit Mukherjee (physical, chemical and isotope hydrogeology; modeling of groundwater
flow and solute transport; hydrostratigraphy; contaminant fate and transport; surface
water-seawater-groundwater interactions; effect of climate change on water resources;
mine-site hydrology; environmental geochemistry), Department of Geology and Geophysics,
Indian Institute of Technology — Kharagpur (IIT Kgp), Kharagpur, West Bengal

Nanakkumar Santdasani (sustainable water supply and management; defluoridation as a
solution to fluorosis in rural areas; community managed water and sanitation programs),
Water, Sanitation, Hygiene (WASH), UNICEEF, Patna, Bihar

INDONESIA

Budi Santoso Wignyosukarto (water resources; low land hydraulics, mathematic modeling),
Department of Civil & Environmental Engineering, Faculty of Engineering, Gagjah Mada
University (UGM), Yogyakarta

IRAN

Ahmad Abrishamchi (water resources and environmental systems: analysis and management),
Chairholder, UNESCO Chair in Water and Environment Management for Sustainable Cities;
Department of Civil Engineering, Sharif University of Technology (SUT), Tehran

ISRAEL

Ofer Dahan (vadose zone and groundwater hydrology; quantitative assessment of water
infiltration and groundwater recharge; water flow and contaminant transport through the
vadose zone; arid land hydrology; monitoring technologies for deep vadose zone),
Department of Hydrology & Microbiology, Zuckerberg Institute for Water Research,
Blaustein Institute for Desert Research, Ben Gurion University of the Negev (BGU), Sde
Boker Campus, Ben Gurion

Michael Zilberbrand (groundwater resources; hydrogeochemical processes and
hydrogeological and hydrogeochemical modeling in aquifers and in the unsaturated zone),
Israeli Water Authority, Hydrological Service, Jerusalem

ITALY

Alessandra Criscuoli (membrane science and technology; membrane distillation and
membrane contactors; integrated membrane processes; water and wastewater treatment;
desalination of brackish water and seawater), Institute on Membrane Technology, ITM-CNR,
Rende (CS)

Enrico Drioli (membrane science and engineering; membrane preparation and transport
phenomena in membranes; desalination of brackish and saline water; integrated membrane
processes; membrane distillation and membrane contactors; catalytic membrane and catalytic
membrane reactors; salinity gradient energy fuel cells), Institute on Membrane Technology,
ITM-CNR, Rende (CS)
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Alberto Figoli (membrane science and technology; membrane preparation and
characterization; transport phenomena in membranes; pervaporation; water and wastewater
treatment; desalination of brackish and saline water), Institute on Membrane Technology,
ITM-CNR, Rende (CS)

Marco Petitta (groundwater pollution, management, and protection), President IAH Chapter
Italy, Department of Earth Sciences, Sapienza University of Rome, Rome

Ludovico Spinosa (sludge management), (retired) National Research Council (CNR);
Consultant at Governmental Commissariat Environmental Emergencies in Region Puglia;
Convenor at ISO/TC275/WG6 (Thickening and Dewatering) and CEN/TC308/WG1 (Process
control methods) on sludge standardization

JAMAICA

Arpita Mandal (hydrology; hydrogeology; water resources and impacts of climate change;
water supply; climate variability; flood risk and control; hydrochemistry of groundwater;
saline water intrusion), Department of Geography and Geology, University of the West Indies
(UWI), Mona Campus, Mona, Kingston

JAPAN

Hiroaki Furumai (build-up and wash-off of micropollutants in urban areas;
characterization of DOM/NOM in lakes and reservoirs for drinking water sources;

fate and behavior of DOM in flocculation and advanced oxidation processes; biological
nutrient removal from wastewater; modeling activated sludge in aerobic/anaerobic SBR;
characterization of domestic sewage from the viewpoint of nutrient removal), Board

of Directors, IWA; Department of Urban Engineering, The University of Tokyo

(Todai), Tokyo

Makoto Nishigaki (modeling groundwater and multiphase flow and solute transport in porous
media; modeling seepage in the saturated-unsaturated zone; development of methods of
measuring hydraulic properties in rock mass), Department of Environmental and Civil
Design, Faculty of Environmental Science and Technology, Okayama University,

Okayama

Taikan Oki (global water balance and world water resources; climatic variation and the Asian
monsoon; land-atmosphere interaction and its modeling; remote sensing in hydrology;
temporal and spatial distribution of rainfall), Institute of Industrial Science, The University of
Tokyo, Komaba, Tokyo

Yuichi Onda (hillslope hydrology; hydro-geomorphology; radionuclide transfer; forest
hydrology), Center for Research in Isotopes and Environmental Dynamics, University of
Tsukuba, Tsukuba, Ibaraki

Kaoru Takara (innovative technologies for predicting floods; global environmental changes;
risk and emergency management; interactions between social changes and hydrological
cycle/water-related disasters; disaster mitigation strategy; policy development; integrated
numerical modeling for lakes and surrounding catchments), Director, Disaster Prevention
Research Institute, Kyoto University (Kyodai), Kyoto

JORDAN

Fawzi A. Banat (desalination), Department of Chemical Engineering, Jordan University of
Science and Technology (JUST), Irbid

Samer Talozi (irrigation and water resources engineering, planning and policy),
Civil Engineering Department, Jordan University of Science and Technology
(JUST), Irbid
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KENYA

Daniel Olago (environmental geology; surface and sub-surface water chemistry and
dynamics; water-energy and related nexuses; human impact on the environment, global
change processes, vulnerability and adaptation to climate change: past and present;
environmental policies, laws and regulations and capacity development in global
environmental change), Chairman, Network of African Science Academies (NASAC) Water
Program; Member, International Lake Environment Committee; Member and focal point for
water, Kenya National Academy of Sciences (KNAS); Institute for Climate Change and
Adaptation (ICCA) & Department of Geology, University of Nairobi, Nairobi

Mwakio Tole (water and geothermal energy resources; waste disposal; environmental impact
assessment), School of Environmental and Earth Sciences, Department of Environmental
Sciences, Pwani University, Kilifi

KOREA

Jaeweon Cho (water reuse; membrane filtration; ecological engineering (treatment wetland);
desalination), School of Urban and Environmental Engineering, Ulsan Institute of Science
and Technology (UNIST), Ulsan

Yong Sik Ok (bioavailability of emerging contaminants; bioenergy and value-added products
such as biochar; waste management; fundamental soil science and remediation of metals in
soils and sediments), Director, Korea Biochar Research Center, School of Natural Resources
and Environmental Science, Kangwon National University, Chuncheon

KYRGYZSTAN

Bolot Moldobekov (hydrogeology; engineering geology; geographic information systems —
GIS; geoinformatics; interdisciplinary geosciences; natural hazards), Co-Director,
Central-Asian Institute for Applied Geosciences (CAIAG), Bishkek

LATVIA

Maris Klavin$ (aquatic chemistry; geochemical analysis; environmental pollution and its
chemical analysis; environmental education, including also political and social sciences),
Head, Department of Environmental Science, University of Latvia (LU), Riga

LITHUANIA

Robert Mokrik (groundwater resources, flow and transport modeling; hydrogeochemistry and
groundwater isotopes; palaeohydrogeology), Department of Hydrogeology and Engineering
Geology, Faculty of Natural Sciences, Vilnius University, Vilnius

LUXEMBOURG

Joachim Hansen (wastewater treatment; micropollutants; wastewater reuse; water-energy
nexus), Engineering Science — Hydraulic Engineering, Faculty of Science, Technology and
Communication, University of Luxembourg — Campus Kirchberg, Luxembourg

MADAGASCAR

Désiré Rakotondravaly (hydrology; hydrogeology; hydraulics; geology; rural water supply;
vulnerability mapping; water and sanitation; GIS; project management; capacity building;
community development; conservation; development cooperation), Ministry of Mines,
Antananarivo

MALAWI

Victor Chipofya (urban water utility operation and management; groundwater development,
monitoring and management; groundwater quality; rural water supply; water and sanitation in
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peri-urban and rural areas; water reuse; hygiene promotion), Executive Director, Institute of
Water and Environmental Sanitation (IWES); National Coordinator of the Malawi Water
Partnership (MWP); Steering Committee Member: Water Supply and Sanitation
Collaborative Council (WSSCC) for Eastern and Southern Africa), Blantyre

MALAYSIA

Mohamed Kheireddine Aroua (separation processes; water and wastewater treatment),
Director, Centre for Separation Science & Technology (CSST), Department of Chemical
Engineering, Faculty of Engineering, University of Malaya (UM), Kuala Lumpur

Hamidi Abdul Aziz (water supply engineering; wastewater engineering; solid waste
management), School of Civil Engineering, University of Science Malaysia (USM),
Engineering Campus, Nibong Tebal, Penang

Ali Hashim (separation processes — flotation; liquid-liquid extraction; water and wastewater
treatment; ionic liquids — synthesis and applications), Department of Chemical Engineering,
Faculty of Engineering, University of Malaya (UM), Kuala Lumpur

Ahmad Fauzi Ismail (development of membrane technology for reverse osmosis,
nanofiltration, ultrafiltration and membrane contactor), Deputy Vice Chancellor (Research &
Innovation) & Founder and Director, Advanced Membrane Technology Research Center
(AMTEC), University of Technology — Malaysia (UTM), Johor Bahru, Kuala Lumpur

Hilmi Mukhtar (membrane development; membrane modeling; membrane applications
including wastewater treatment engineering and natural gas separation), Department of
Chemical Engineering, Faculty of Engineering, Petronas University of Technology (UTP),
Bandar Seri Iskandar, Perak

Mohd Razman Bin Salim (water and wastewater treatment), Deputy Director, Institute of
Environmental and Water Resource Management (IPASA), Faculty of Civil Engineering,
University of Technology — Malaysia (UTM), Johor Bahru, Johor

Saim Suratman (hydrogeology; groundwater management), Deputy Director General,
National Hydraulics Research Institute of Malaysia (NAHRIM), Seri Kembangan Selangor
Darul Ehsan, Malaysia

Wan Azlina Wan Ab Karim Ghani (chemical and environmental engineering; biochar and
composites for water, wastewater and soil treatment; biomass conversion; biomass energy),
Research Coordinator, Department of Chemical & Environmental Engineering, Faculty of
Engineering, Putra University (UPM), Serdang

MALTA

Kevin Gatt (governance, policy and planning issues related to water resources; waste
management and sustainable development), Faculty for the Built Environment, University of
Malta (UoM), Tal-Qroqq, Msida

MAURITIUS

Arvinda Kumar Ragen (wastewater engineering; constructed wetlands for household
greywater; water pollution control in sugar factories; environmental impact assessment),
Department of Chemical & Environmental Engineering, Faculty of Engineering, University
of Mauritius (UoM), Le Reduit, Moka

MEXICO

Ma. Teresa Alarcon Herrera (water resources; water treatment using artificial wetlands),
Director, Durango Unit of the Advanced Materials Research Center (CIMAV), Durango, Dgo.
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Maria Aurora Armienta (hydrogeology; trace element contaminants; water treatment using
geological materials), Institute of Geophysics, National Autonomous University of Mexico
(UNAM), Ciudad Universitaria, Mexico City, D.F.

Sofia Garrido Hoyos (drinking water; collection and treatment of rainwater; biological
wastewater treatment; treatment and/or utilization of sludge and biosolids), Mexican Institute
of Water Technology (IMTA), Jiutepec, Mor.

Luz Olivia Leal Quezada (environmental engineering; environmental chemistry; automation
of chemical analysis techniques for environmental monitoring, particularly for the
determination and speciation of trace elements; techniques for determining water quality and
chemical aspects of their treatment), Advanced Materials Research Center (CIMAV),
Environment and Energy Department, Chihuahua, Chih.

MOROCCO

Lhoussaine Bouchaou (hydrology; water quality; aquatic ecosystems; environmental impact
assessment; climatology; climate change), President TAH Chapter Morocco; Applied Geology
and Geo-Environment Laboratory, Faculty of Sciences, University Ibn Zohr (UIZ), Agadir

MOZAMBIQUE

Catine Chimene (municipal water and infrastructure; water supply engineering; agricultural
water; rural development), Higher School of Rural Development (ESUDER), Eduardo
Mondlane University (UEM), Inhambane, Vilankulo

MYANMAR

Khin-Ni-Ni Thein (hydroinformatics, integrated water resources management, river basin
management, coastal-zone management, sustainable hydropower assessment, disaster risk
reduction, climate change; sustainability; capacity building; community development; water
and environmental policy; public policy analysis; green economy and green growth),
Secretary, Advisory Group, Member, National Water Resources Committee; Advisory Group
Member, National Disaster Management Committee, Founder and President, Water, Research
and Training Centre (WRTC); Visiting Senior Professor, Yangon Technological University
(YTU), Yangon, Myanmar; Regional Water Expert for Green Growth, UNESCAP

NAMIBIA

Benjamin Mapani (groundwater recharge and vulnerability mapping; groundwater
development, management, monitoring and modeling; environmental hydrogeology; climate
change), Board of Trustees, WaterNet; Department of Geology, University of Namibia
(UNAM), Windhoek

NEPAL

Bandana K. Pradhan (environment and public health), Department of Community Medicine
and Public Health, Institute of Medicine, Tribhuvan University (TU), Maharajgunj

NEW ZEALAND

David Hamilton (modeling of water quality in lakes and reservoirs; sediment-water
interactions in lakes; boom-forming algae, particularly cyanobacteria; ice cover in lakes),
Environmental Research Institute (ERI), University of Waikato, Waikato

NICARAGUA

Andrew Longley (hydrogeology; groundwater engineering; catchment studies and
groundwater modeling; international development: projects in the water, geothermal,
agriculture, environment and health sectors; rural water supply; arsenic contamination:



xxvi  Editorial board

mapping, hydrogeology, epidemiology; bridging the gap between academia, industry, public
and charity sectors), Director, Nuevas Esperanzas UK, Leon

Katherine Vammen (aquatic microbiology; climate change and water resources; water supply
and sanitation for the poor; urban waters), Co-Chair of the Water Programme of the
Interamerican Network of the Academies of Science; Nicaraguan focal point for water
programme in the InterAmerican Network of Academies of Sciences (IANAS); Central
American University, Managua

NIGERIA

Peter Cookey (sustainable water/wastewater management in developing countries), Rivers
State College of Health Science and Technology, Port Harcourt, Nigeria and Earthwatch
Research Institute (EWRI), Port Harcourt

NORWAY

Torleiv Bilstad (water, oil and gas separation; environmental science and engineering),
Former President of EWA-Norway; Department of Mathematics and Natural Sciences,
University of Stavanger (UiS), Stavanger

Hallvard @degaard (water and wastewater treatment; innovative solutions for integrated
approaches to urban water management), Department of Hydraulic and Environmental
Engineering, Norwegian University of Science and Technology (NTNU), Trondheim

OMAN

Mohammed Zahir Al-Abri (thermal desalination; water and wastewater treatment;
nanotechnology), Petroleum and Chemical Engineering Department, Sultan Qaboos
University (SQU), Al Khoudh, Muscat

PAKISTAN

Ghani Akbar (agricultural engineering; integrated water management; soil & water
conservation and climate smart agricultural practices), Program Leader, Integrated Watershed
Management Program (IWMP), Climate Change, Alternate Energy and Water Resources
Institute (CAEWRI), National Agricultural Research Centre (NARC), Chak Shahzad,
Islamabad

PALESTINIAN AUTONOMOUS AREAS

Marwan Haddad (interdisciplinary approaches to water resources and quality management;
renewable energy; recycling), Director, Water and Environmental Studies Institute, An Najah
National University, Nabus

PANAMA

José R. Fabrega (sustainable water and wastewater management; environmental fate of
chemicals in water and soil systems), Panamanian focal point for water in the InterAmerican
Network of Academies of Sciences (IANAS); Hydraulic and Hydrotechnical Research Center
(CIHH), Technological University of Panama (UTP), Panama City

PARAGUAY

Alicia Eisenkdlbl (environmental management; environmental impact assessment;
trans-boundary aquifers; rural development), Faculty of Agricultural Sciences Hohenau,
Catholic University Our Lady of the Assumption (UCA), Campus Itaptia, Encarnacion

PERU

Nicole Bernex Weiss de Falen (integrated water resources management; human sustainable
development; climate change adaptation; integrated ecosystemic services, water management
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and risks (droughts and floods) with land planning at a water basin, regional and national
level), Peruvian focal point for water in the InterAmerican Network of Academies of
Sciences (IANAS); member of the technical Committee of Global Water Partnership GWP;
LAC Chair in the CST of the UNCCD; Center of Research in Applied Geography (CIGA),
Pontifical Catholic University of Peru (PUCP), Lima

PHILIPPINES

Victor Ella (surface and groundwater hydrology; irrigation and drainage engineering; water
quality; simulation modeling; wastewater engineering; contaminant transport in soils;
geostatistics; hydraulic engineering), Land and Water Resources Division, Institute of
Agricultural Engineering, College of Engineering and Agro-Industrial Technology, University
of the Philippines Los Bafios (UPLB), College, Laguna

Nasreen Islam Khan (water quality assessment; modeling and mapping geogenic
contaminants; arsenic in food chain and mitigation; human health risk assessment and
mapping; willingness to pay; climate change impact on land use; GIS and remote sensing),
GIS Social Science Division, International Rice Research Institute (IRRI), Los Banos,
Laguna 4031, Philippines & Fenner School of Environment and Society, Australian National
University (ANU), Canberra, ACT

POLAND

Marek Bryjak (adsorption based water treatment), Department Polymer & Carbon Materials,
Wroctaw University of Technology, Wroctaw

Wieslaw Bujakowski (geothermics), Mineral and Energy Economy Research Institute, Polish
Academy of Sciences (PAN), Krakéw

Jacek Makinia (wastewater treatment; nutrient removal and recovery from wastewater),
Faculty of Hydro and Environmental Engineering, Vice-Rector for Cooperation and
Innovation, Gdansk University of Technology (GUT), Gdansk

Barbara Tomaszewska (monitoring of the aquatic environments; geothermics; scaling of
geothermal systems; membrane technologies for geothermal water treatment for water
resource purposes), AGH University of Science and Technology; Mineral and Energy
Economy Research Institute, Polish Academy of Sciences (PAN), Krakow

PORTUGAL

Maria do Céu Almeida (sewer processes and networks), National Laboratory of Civil
Engineering (LNEC), Lisbon

Helena Marecos (water reuse), Civil Engineering Department, Lisbon Engineering Superior
Institute (ISEL), Lisbon

Helena Ramos (water-energy nexus; energy efficiency and renewable energies; hydraulics;
hydrotransients; hydropower; pumping systems; leakage control; water supply; water
vulnerability), Department of Civil Engineering, University of Lisbon (ULisboa),

Lisbon

QATAR

Farid Benyahia (immobilized nitrifiers in wastewater treatment; membrane distillation
desalination; water quality and energy efficiency analysis; airlift bioreactors; low-grade
heat in membrane distillation for freshwater production; bioremediation of oil spills;
development, design and evaluation of advanced refinery wastewater treatment processes),
College of Engineering, Department of Chemical Engineering, Qatar University

(QU), Doha
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Patrick Linke (design, engineering and optimization of efficient processes, integrated
systems and associated infrastructures; efficient utilization of natural resources (energy,
water and raw materials); water-energy-food nexus), Chair, Chemical Engineering Program,
Texas A&M University at Qatar (TAMUQ), Managing Director of the Qatar Sustainable
Water and Energy Utilization Initiative (QWE), at TAMUQ, Qatar Environment and Energy
Research Institute (QEERI), Doha

REPUBLIC OF GUINEA

Hafiziou Barry (integrated water resources management), Polytechnic Institute, University
Gamal Abdel Nasser, Conakry

ROMANIA

Anton Anton (pumping stations; municipal water networks), Hydraulics and Environmental
Protection Department, Technical University of Civil Engineering (UTCB), Bucharest

RUSSIAN FEDERATION

Sergey Pozdniakov (water resources; water quality; hydrogeology; contaminant transport;
geostatistics; water balance; climate change), Faculty of Geology, Moscow State University
(MSU), Moscow

RWANDA

Omar Munyaneza (hydrology; climate change and water resources management), College of
Science and Technology, Department of Civil Engineering, University of Rwanda (UR), Kigali

SAUDI ARABIA

Noreddine Ghaffour (renewable energy for desalination and water treatment), Water
Desalination and Reuse Research Center, King Abdullah University of Science and
Technology (KAUST), Thuwal

Mattheus Goosen (renewable energy for desalination and water treatment; membranes),
Office of Research and Graduate Studies, Alfaisal University, Riyadh

SENEGAL

Alioune Kane (water quality; hydraulics; water-poverty relationships; climate variability and
water availability), Director of the Master Programme GIDEL (Integrated Management and
Sustainable Development of Coastal West Africa); Coordinator of WANWATCE (Centres
Network of Excellence for Science and Water Techniques NEPAD), Department of
Geography, Cheikh Anta Diop University (UCAD), Dakar

SERBIA

Petar Milanovi¢ (karst hydrogeology; theory and engineering practice in karst), President
IAH Chapter Serbia and Montenegro, Belgrade

SINGAPORE

Vladan Babovic (hydroinformatics; data assimilation; data mining), Department of Civil and
Environmental Engineering, National University of Singapore (NUS), Singapore

Jiangyong Hu (water treatment technology; water quality; water reuse; health impacts),
Department of Civil and Environmental Engineering & Co-Director, Centre for Water
Research, National University of Singapore (NUS), Singapore

SLOVAKIA

Jan Derco (environmental engineering; nutrients removal; ozone-based oxidation processes;
water resources protection; water and wastewater technology), Department of Environmental
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Engineering, Faculty of Chemical and Food Technology, Slovak University of Technology
(SUT), Bratislava

SLOVENIA

Boris Kompare (wastewater treatment; modeling), Past President EWA-Slovenia; Faculty of
Civil Engineering and Geodesy, University of Ljubljana (UL), Ljubljana

SOMALIA

Abdullahi Mohumed Abdinasir (water resources management; groundwater governance;
water supply), Ministry of Water, Petroleum, Energy and Mineral Resources, Mogadishu

SOUTH AFRICA

Tamiru A. Abiye (community water supply problems; water quality assessment and
monitoring; hydrochemical modeling; groundwater flow and solute transport; trace metals in
groundwater; surface and groundwater interactions; climate change impact study on
groundwater; spatial and temporal variability of groundwater recharge), School of
Geosciences, Faculty of Science (East Campus), University of the Witwatersrand (Wits
University), Johannesburg

Hamanth C. Kasan (sustainable water and wastewater management in developing countries),
General Manager, Scientific Services Division, Rand Water; President, African Water
Association (AfWA), Johannesburg

Sabelo Mhlanga (water-energy nexus; nano-structured materials for water purification and
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Foreword by Nidal Hilal

Today, the supply of freshwater presents one of the most pressing challenges ever faced by
the human race. It is a vital resource for human life. Yet, population growth and enhanced
living standards, together with the expansion of industrial and agricultural activities, are creating
unprecedented demands on clean water supplies all over the world. The Organization for Economic
Co-operation and Development (OECD) and the United Nations (UN) have reported that 0.35
billion people in 25 different countries are currently suffering from water shortage, and this will
grow to 4 billion people (two-thirds of the world population) in 52 countries by 2025. In addition,
a staggering 2.6 billion people have no access to proper sanitation.

When you consider the facts from the World Health Organization (WHO) and other agencies,
the root cause of this mounting crisis becomes clear. The world’s population tripled in the 20th
century, and is expected to increase by another 40—50 percent in the next 50 years. The unavoidable
fact is that there is no more freshwater in the world today than there was 1 million years ago,
and water as a resource cannot be replaced in the way that alternative fuel sources can replace
petroleum.

Areas affected by acute water shortage are often in the poorest, most underdeveloped countries,
which lack the necessary power and water-delivery infrastructures. The lack of clean water also
creates considerable health, energy and economic challenges to the populations of these coun-
tries. Because of a growing population and climate change, water shortages will eventually limit
economic growth and food supplies. The provision of clean water therefore represents one of the
most pressing challenges of the 21st century.

What are the sustainable solutions to this challenge? What are the priorities? More and more
reservoirs, wells, pipelines and river transfers are not the answer. Yet, in arid countries around
the world, where conventional water resources are scarce, impaired-quality (non-conventional)
water sources are still available for exploitation, such as seawater, brackish water, wastewater (and
various effluents) and stormwater runoff. In particular, desalination of seawater has increasingly
proved itself to be the most practical — and in many cases the only possible — solution for many
countries around the globe.

Today, a new generation of lower energy and sustainable technologies are needed urgently for
the desalination of sea and brackish ground water, waste-water treatment, and recycle. Indeed,
for many water stressed regions around the globe, tapping into the seas may be the only option
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available to address the gap in freshwater supply for the foreseeable future and meet the increased
water demand due to population growth, expanding urbanization and industry.

The rapid development of water desalination technologies and its market in the last decade
clearly reflects their growing importance. However, in spite of the significant technological
advances and successes in reducing energy requirements (mainly in membrane-based processes),
desalination remains an energy-intensive process, contributing to greenhouse gas (GHG) emis-
sions and thus having a contributory effect on climate change. In some GCC/MENA countries,
the situation is especially challenging in terms of the cost of energy use, because thermal-based
processes such as multi-stage flash (MSF) and multi-effect distillation (MED) dominate the mar-
ket; these processes depend directly on the availability and cost of fossil fuel. Furthermore, they
rely on the availability of good prior experience gained in these technologies, and must often deal
with challenging seawater quality, especially in the Gulf region. To meet these and other related
challenges, there is a tremendous interest in relying on renewable energy to address these global
problems of water security and sustainability of water resources at a lower-cost, while also being
more environmentally friendly.

Thus, this book is extremely timely and provides recent trends and challenges in applications of
renewable energy technologies for water desalination with an emphasis on environmental concerns
and sustainable development. While the emphasis is focused on applications of renewable energy
for water desalination, specific additional sections will deal with economics & scale-up issues,
government subsidies & regulations as well as environmental concerns. The aim is to give a
holistic or complete approach to help users, decision makers in both governments and industry in
selecting appropriate technology solutions for each specific case. Renewable energy technologies
are rapidly emerging with the promise of economic and environmental viability for desalination,
which necessitate parallel plans and actions by institutions dealing with water-energy nexus.

The chapters in this volume show that there is great potential for the use of renewable energy
in water desalination applications in many parts of the world. Solar, wind, wave and geothermal
sources or a combination of some or all of them could provide a viable source of energy to power
seawater and brackish water desalination plants. Lastly, it is extremely important to note that part
of the solution to the world’s water scarcity is not only to produce more water, but also to be able
to recognize that this must to be done in an environmentally and economically sustainable way.

Professor Nidal Hilal

Editor-in-Chief, Desalination

Chair in Water Process Engineering

Director of Centre for Water Advanced

Technologies & Environmental Research (CWATER)
Swansea University

United Kingdom

January 2017



Editors’ foreword

Renewable energy technologies are rapidly emerging with the promise of economic and environ-
mental viability for desalination. This book describes recent trends and challenges in applications
of renewable energy technologies for water desalination with an emphasis on environmental con-
cerns and sustainable development. While the emphasis is on applications of renewable energy,
specific additional sections will deal with economics & scale-up, government subsidies & regu-
lations, and environmental concerns. There will also be chapter on selecting the best combination
of renewable energy and desalination systems. The aim is to give a holistic or complete approach
to help, for example, decision makers in government, industry and academia.

The book is divided into fifteen chapters. The first part provides an overview of renewable
energy technologies for desalination. This is followed by a section on the use of solar energy
for small-scale autonomous desalination system. There are two related chapters on application
of solar nano-photocatalysis in reverse osmosis pretreatment processes, and metal oxide nano-
photocatalysts for water purification. Fuel cells as an energy source are also presented as well as
a critical review on fuel cell commercialization. There are chapters on wind turbine electricity
generation for desalination with emphasis on design, application and commercialization, and wind
technology design and reverse osmosis systems for off-grid and grid-connected applications.
Geothermal energy applications for desalination are likewise outlined. Fuel cost distribution
and desalination technology selection based on exergy analysis are debated as well as wireless
networks employing renewable energy sources for industrial applications. In the case of the latter,
innovations, trade-offs and operational considerations are analyzed. The need for achieving food
security in the desalination age is assessed. Renewable energy policy and mitigating the risks
for investment are discussed as well as integrating renewable energy sources into smart grids:
opportunities and challenges. The final chapter covers current trends and future prospects of
renewable energy-driven desalination.

This book will help to accelerate the development and scale-up of novel water production sys-
tems from renewable energies. These technologies will help to minimize environmental concerns.
The chapters in this volume will show that there is great potential for the use of renewable energy
in many parts of the world. Solar, wind, wave and geothermal sources could provide a viable
source of energy to power both seawater and brackish water desalination plants. Finally, it must
be mentioned that the production of potable water to meet global needs has to be done in an
environmentally and economically sustainable way. This is the key challenge facing us.

Hacene Mahmoudi
Hassiba Benbouali University, Algeria

Noreddine Ghaffour
King Abdullah University of Science and Technology, Saudi Arabia

Mattheus A. Goosen
Alfaisal University, Saudi Arabia

Jochen Bundschuh
University of Southern Queensland, Australia
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CHAPTER 1

A critical overview of renewable energy technologies
for desalination

Hacene Mahmoudi, Noreddine Ghaffour,
Mattheus F.A. Goosen & Jochen Bundschuh

1.1 INTRODUCTION

Rapid population growth and industrialization as well as climatic change have placed increasing
strains on global potable water supplies (Caldera et al., 2016; Goosen et al., 2016; Sahin ef al.,
2016). In particular, the demand for this limited renewable resource is anticipated to intensify
due to the requirements of the agricultural, manufacturing and urban sectors. The United Nations
World Water Assessment Programme estimates that by 2030 only 60% of the worldwide water
needs can be met (Connor, 2015). Additionally, while economic development opens up and
advances economies, and creates new wealth, it can be argued that millions of people do not
benefit directly from this financial progress (Goosen, 2013; Gottinger and Goosen, 2012). This
poses new challenges to the effective governance of potable water resource systems.

Sustainable growth using renewable energy sources is now considered by many as being the
model to follow (Goosen et al., 2009a, 2009b; Misra, 2000). Water desalination, for example, has
become a technologically and economically viable solution to tackle the challenges associated
with increasing water shortages (Droogers et al., 2012; El Kharraz et al., 2012). Nevertheless,
desalination is an energy-intensive process normally requiring high-capacity plants that utilize
expensive and non-renewable fossil fuels, which in turn contribute to global warming and air
pollution (Ghaffour ef al., 2013). Even though renewable desalination systems cannot currently
compete with conventional technologies in terms of the cost of water produced, they remain
applicable for remote and arid areas and are likely to represent a feasible solution at the large
scale in the near future.

There is a complex interaction between the economics of renewable energy and desalination,
the water requirements of society, long-term environmental protection, and sustainable resource
management. Sahin et al. (2016), for example, developed a system dynamics model to simulate
changes to water governance through the integration of supply, demand and asset management
processes (Fig. 1.1). In particular, they were able to explore the behavior of water resource
systems over the next 100 years under changes brought about by climate variation and population
growth. It was found that the current supply-side oriented approach to water governance was ill-
equipped to cope with these changes, leading to economic hardship and chronic water shortages.
Reorganization of the system through new water governance practices was proposed.

Renewable energy has great potential for solving future energy demands for desalination. Stud-
ies have been performed, for example, to determine if it is feasible to meet the 2030 global water
demand with seawater reverse osmosis (SWRO) desalination driven exclusively by renewable
energy (Caldera et al., 2016). This was done by estimating the unit cost of water production or
the levelized cost of water (LCOW) for renewable-energy-powered SWRO plants in 2030 and
comparing it with the costs of existing fossil-powered SWRO desalination plants. The least-
cost system was found to be a combination of fixed-tilt photovoltaic (PV), single-axis tracking
PV, wind energy, batteries and gas power plants (Fig. 1.2). The authors predicted that by 2030
SWRO plants powered by renewable energy will produce water at similar prices to that of today’s

1
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Figure 1.1. Water governance through integration of supply, demand and asset management processes
(Sahin et al., 2016).
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Figure 1.2. A 2030 scenario where seawater reverse osmosis (SWRO) desalination plants are powered by
hybrid renewable energy power that is cost optimized by storage (adapted from Caldera ef al., 2016). High
voltage DC cables transport power to the desalination plants on the coast. The water produced is transported
to meet the demands of the municipal, industrial and agricultural sectors. Water storage at the site of demand
ensures constant water supply.

fossil-fuel-powered plants. Furthermore, the water transportation costs were found to contribute
significantly to the LCOW. It can be argued that the results of Caldera et al. (2016) suggest that
smaller, local desalination plants would be preferred economically due to their lower water trans-
portation costs. Additionally, Figure 1.3a illustrates the water stress for the regions in a global
map for the 2030 scenario (Caldera et al., 2016). The resulting global desalination demand is
presented in Figure 1.3b. The desalination demand for a region is equal to the installed SWRO
capacity required for the region.

This introductory chapter provides a critical overview of integrated approaches to using renew-
able energy such as solar and geothermal technologies for water desalination. Innovative and
sustainable desalination processes that are suitable for integrated renewable energy systems are
presented, along with the benefits of these technologies and their limitations. The market poten-
tial, environmental concerns, regulatory and socioeconomic factors are also evaluated, together
with the need for accelerated development of renewable energy-driven desalination technologies.
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Figure 1.3. (a) Projected water stress for the 2030 scenario. Water stress is the ratio of total water demand
in a region to the annual renewable water resources available in that region. (b) Desalination demand in the
2030 scenario. Adapted from Caldera et al. (2016).

1.2 WORLDWIDE DESALINATION CAPABILITY AND
PROGRESS IN RENEWABLE ENERGY SYSTEMS

The total global desalination capacity stands at 81 million m* day~' and is expected to reach
in excess of 100 million m? day~! by 2015 (Intelligence, 2013). On a global scale, 68% of
desalinated water is manufactured by membrane, and 30% by thermal processes; the remaining
2% is produced by other technologies. The sizable decrease in desalination costs as a result of
significant technological improvements has made desalinated water cost-competitive; resulting
in an increase in desalination capacity (Reddy and Ghaffour, 2007).

There are numerous groupings of desalination and renewable energy technologies which are
economically and technologically feasible. Selecting the most suitable renewable-driven desali-
nation system depends on several factors, such as size of the plant, salinity of the feed water and
required product, remoteness, existence of access to an electricity grid, technical infrastructure
and the renewable source and its availability, potential and exploitation cost. The most commonly
used arrangement is photovoltaic (PV) with reverse osmosis (RO). As practice has shown, there
are no noteworthy technical obstacles in combining renewable energy and desalination technolo-
gies. Since heat losses are more significant in small thermal distillation units, large sizes are more
attractive.



4 H. Mahmoudi et al.

There is a strong relationship between water desalination and energy consumption (Abdel-
Jawad, 2001; Alyousef and Abu-ebid, 2012). Furthermore, for arid countries such as Saudi Arabia
there is an additional drain on energy resources since a large percentage of water consumed is
desalinated water which also has to be conveyed over long distances to reach population centers
(Alyousef and Abu-ebid, 2012). Alyousef and Abu-ebid (2012) claimed that in order to fulfill
upcoming growth in water demand in Saudi Arabia, another 20-30 desalination plants with total
capital outlay of (US) $50 billion will be needed by 2030. There is thus a strong need for effective
policies for reducing energy consumption in the co-generation desalination sector.

1.3  ECONOMICS AND IMPROVEMENT OF THERMAL ENERGY STORAGE AND
BACKUP SYSTEMS

To provide non-stop and year-round operation, concentrated solar power (CSP) processes can be
combined with thermal energy storage and backup systems. CSP, which is an electricity generation
technology that uses heat produced by solar radiation focused on a small zone, can be employed
directly in desalination plants or it can be used indirectly to power a turbine and generate electricity.
Widespread positioning of CSP plants has been hindered by cost and intermittency issues (Goosen
et al., 2014). These problems may, though, be slightly eased with the addition of thermal energy
storage employing, for example, molten salt or compressed air underground heat storage. The
latter can be used in place of a natural gas boiler to provide backup energy for a concentrated solar
thermal power plant during cloudy periods and night-time. Wagner and Rubin (2011) reported
on the economic implications of thermal energy storage for concentrated solar thermal power.
They noted that the additional equipment associated with a thermal energy storage system can
add substantially to the already high capital cost of a plant.

The most established of all commercially operating CSP plants are based on parabolic trough
collectors (PTCs) (Zhang et al., 2013). A PTC focuses sunlight onto an absorber tube that is
mounted in the focal line of the parabola. The reflectors and the absorber tubes move in tandem
with the sun. As in other thermal power generation plants, CSP requires water for cooling and
condensing processes. Such water requirements are a significant complication for those locations
with water scarcity. However, if the plant is located at the coast this problem does not occur as
seawater can be used for cooling. As water cooling is more effective, operators of hybrid systems
tend to use only dry cooling in the winter when cooling needs are lower, then switch to combined
wet and dry cooling during the summer (Zhang et al., 2013). This is a factor that needs to be kept
in mind when designing CSP plants for different locations.

Large scale deployment of solar power plants has been hindered by cost and intermittency
issues (Goosen et al., 2014). Yet, these challenges may be lessened to some extent through the
use of thermal energy storage by means of, for instance, molten salt. In thermal energy storage
schemes, extra heat collected in the solar field is directed to a heat exchanger and warms a heat
transfer fluid flowing from a cold tank to a hot tank (Zhang et al., 2013). As soon as required,
the heat from the hot tank can be used for direct heat applications or be sent to make steam for
electricity generation. Direct thermal storage systems, for example, can employ liquids such as
mineral oil, synthetic oil and molten salts. Molten single salts, though, tend to be costly (Barlev
etal.,2011). As an alternative, with indirect storage, a heat transfer fluid circulates heat, collected
in the absorbers, which is then pumped to a thermal energy storage system, typically composed of
a solid material. Additionally, to regulate production and to guarantee a nearly constant generation
capacity, concentrated solar power (CSP) plants, with or without storage, are usually equipped with
a fuel standby system (Zhang et al., 2013). Such plants fortified with backup systems are called
hybrid plants, with burners providing energy to the heat transfer fluid, to the storage medium, or
directly to the power block. One of the main advantages of the integration of a backup system with
a CSP plant is the reduction in the required investments in the solar field and storage capacity.

Wagner and Rubin (2011) reasoned that if the aim is to inspire the extensive use of CSP plants,
incentives such as investment tax credits are necessary to reduce the levelized cost of electricity
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Table 1.1. Estimates of levelized cost (US$ MWh™!) of electricity by source (adapted from DeCanio and
Fremstad, 2011).

Solar
Measure Coal Nuclear Wind Geothermal Solar PV thermal
US$ MWh~! (2008) 100.4 119 149.3 115.7 396.1 265.6
Levelized cost ranges 90-130 100-160 250-350 240-290
in US$ MWh~!
Levelized cost ranges 78-144 107-138  84-140 85-120 212-296 199-325
in US$ MWh~!
US$ MWh~!, annual 337-565
real interest rate
from 1-7%
Typical energy 50-90
cost, US$ (onshore)
MWh~! 100-140
(offshore)
US$ MWh~! (2007) 43 75 280 200
US$ MWh~! at 150
sites with very good
solar radiation
US$ MWh~! 28-75 33-74 50-156 226-2031 292
(pulverized) (onshore)
71-134
(offshore)
US$ MWh~!, 52-65 65-110 97-142 674-1140 220-324
(pulverized) (onshore)
110-181
(offshore)
US$ MWh~1, 64 73 91 175
(pulverized)
US$ MWh™! 54-120 29-82 48-163 215-333 136-243
(r=5%) (r=5%) (onsh. r=5%) (high load)
67-142 42-137 101-188 600
r=10%) (r=10%) (offsh. »=10%) (low load)
Avg US$ MWh™! 79 84 112 99 491 225

(LCOE) and generate a positive annual profit. LCOE is frequently quoted as a suitable measure of
the overall competiveness of diverse energy-producing technologies. It denotes the per-kilowatt-
hour cost (in real dollars) of constructing and operating a generating plant over an expected
financial life and duty cycle. Key inputs to calculating LCOE include capital costs, fuel costs,
fixed and variable operations and maintenance costs, financing costs, and an assumed utilization
rate for each plant type. Table 1.1, for example, gives a range of estimates of the LCOE from a
variety of studies. The highest average value is from solar PV at 491 US$ MWh~!, with solar
thermal next at 225 US$ MWh~! (DeCanio and Fremstad, 2011) (see bottom of Table 1.1). It can
be argued that the primary task at this time is to profoundly cut the levelized cost of solar thermal
technologies to make them more viable.

The vast benefit of the geothermal option compared with other renewable energy sources is
that it provides a constant stable energy supply (Ghaffour et al., 2015). Solar and wind energy, in
comparison, are intermittent and therefore require technically more complex capturing devices
and costly energy storage devices that, furthermore, are limited in size so that scaling up to large
units is hindered. High exploration costs, high investment risks and high installation costs are
disadvantages of new geothermal reservoirs. Nevertheless, these large costs will be offset by
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freely available geothermal heat production during operation of the desalination unit. Moreover,
there are several cases where the high exploration cost and investment risk can be eliminated.
Heat provision from geothermal resources is generally lower cost than solar and can, therefore, be
highly beneficial in areas where suitable geothermal resources are available. However, economic
models must prove on a case-by-case basis which option is the more beneficial.

Ghaffour et al. (2015) contended that there are, so far, no large industrial-scale geothermal
desalination plants owing to governmental, regulatory and policy reasons. They went on to con-
clude that future efforts must involve a more detailed assessment of the potential of low to
moderate, but still economic, low-enthalpy geothermal fluids from onshore and offshore sources
on a global scale. There is a need to perform detailed economic modeling for analysis of all the
configurations possible for geothermal desalination plants. Provisions must be made for energy,
water and environmental policies which favor the development of geothermal desalination tech-
nologies at small to large scales, facilitating market entry and wide market penetration, and a
first commercial-scale desalination plant should be installed, which could showcase its economic
viability and so pave the way for, and accelerate the development of, geothermal desalination as
a competitive and sustainable option at the global level. These developments would contribute
to freshwater and energy security and independency and, at the same time, to food security and
environmental sustainability.

1.4 COMBINED RENEWABLE-ENERGY-DRIVEN LOW-ENERGY
DESALINATION PROCESSES

Adsorption desalination (AD) and membrane distillation (MD) are two promising integrated
renewable-energy-driven desalination processes which have great potential for scale-up, accord-
ing to Ghaffour et al. (2015). It was reasoned that the main advantages of these more sustainable
technologies, when compared with traditional technologies, are that they are simple, compact,
scalable, operate at low temperatures and do not require continuous operation. At atmospheric
pressure, AD and MD can function with intermittent energy supply (i.e. variable loads) without
additional operating modifications and energy storage.

A fully automated solar-driven AD prototype system was commissioned in Saudi Arabia
(Fig. 1.4) (Ng et al., 2009, 2013). It had a nominal capacity of 3 m? per ton of adsorbent (silica
gel) per day, and was fully powered by solar energy using an array of 485 m? thermal collectors.
In addition, the AD prototype could generate cooling suitable for air conditioning at a nominal
capacity of 10 Rtons. Rtons, or refrigeration tons, is a technical term used by cooling engineers
and 1 Rton is equivalent to 3.52 kW. The new technology produces distillate water and cold water
simultaneously, and can be seasonally adjusted to favor either cooling or potable water production,
which makes it particularly attractive in arid and semi-arid regions.

Membrane distillation (MD) is a thermally driven process that utilizes a hydrophobic, micro-
porous membrane as a contactor to achieve separation by liquid-vapor equilibrium. Rather than a
pressure, concentration or electrical potential gradient, the driving force for the MD process is the
partial vapor pressure difference maintained across the two sides of a hydrophobic microporous
membrane. As in the case for AD, one of the chief benefits of MD is that the process performance
does not appear to be greatly influenced by high feed salinity (Alsaadi et al., 2014). Neverthe-
less, the major technology constraint is the need for better MD membranes with high flux and
low wettability. In addition, the same authors reported that other challenges facing MD process
scale-up include enhancing the water vapor flux, reducing conductive losses in order to maintain
flux stability over time, enhancing thermal efficiency, minimizing temperature polarization, and
avoiding pore wetting.

Another example of a combined renewable-energy-driven low-energy desalination technique
is based on the humidification-dehumidification (HDH) process which exploits air as a carrier
gas to evaporate water from a saline feed and produce freshwater by condensation. Advantages of
this technique include flexibility in capacity, moderate installation and operating costs, simplicity,
and the possibility of using new renewable energy sources, such as solar and geothermal as well
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Figure 1.4. (a) A schematic of the major components of an adsorption desalination cycle. (b) LHS: adsorp-
tion desalination with cooling prototype system at KAUST, Saudi Arabia; RHS: solar flat-plate collector
system at KAUST, Saudi Arabia (Ng et al., 2009, 2013).

as recovered energy or cogeneration (Davies and Paton, 2005; Mahmoudi et al., 2010a). The
HDH process functions at atmospheric pressure and low temperature, so the components are
not submitted to mechanical pressures. The most important material characteristic required is
resistance to corrosion. Water desalination by HDH has been the subject of many investigations
(Davies and Paton, 2005; Mahmoudi ef al., 2010b). Different experimental data are available for
using HDH at the pilot or industrial scale. One good example of the versatility of the technology
is its application in a greenhouse which has been adapted for water desalination as well as crop
production (Sablani et al., 2003).

Geothermal energy also has unlimited potential in greenhouse desalination technology.
Mahmoudi et al. (2010a) confirmed that such an energy source could be used for electricity
production, including providing power for the greenhouse, as well as for commercial, industrial
and residential direct-heating purposes. The condenser in the greenhouse desalination system
constitutes the most critical component. For the greenhouse to be cost-effective the condenser has
to be efficient, uncomplicated, inexpensive and low in maintenance. Mahmoudi et al. (2010b)
proposed a new passive condenser in order to enhance its performance.

1.5 MARKET POTENTIAL, ENVIRONMENTAL CONCERNS,
AND REGULATORY AND SOCIOECONOMIC ISSUES

Economic and political factors may influence large-scale deployment of renewable energy. In a
critical review, Goosen et al. (2014) contended that in order to aid commercialization, different
types of governmental policy instruments such as tax breaks and low-interest loans can be effective
for diverse renewable energy sources. Broad-based policies, such as tradable energy certificates,
are also likely to encourage innovation in technologies that are increasingly competitive with
fossil fuels. Energy certificates issued under national legislation are normally used to provide
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evidence of compliance with an obligation on electricity producers, suppliers or consumers to
use energy of a specific type or in order to qualify for financial support. There is also a need to
eliminate subsidies for fossil fuel energy systems and to start taxing fossil fuel production and
use to reflect the costs of environmental damage. One worrisome observation is that renewable
energy sources have consistently accounted for only 13% of total energy use over the past 40
years (Moriarty and Honnery, 2009).

Reif (2008) performed a profitability in the risk analysis in the management of geothermal
projects being implemented in Bavaria, Germany. It was recommended that the initiators of a
project must run profitability simulations in order to analyze varying scenarios before imple-
menting their plans. Reif’s study also concluded that the sensitive response in the project’s rate of
return to changes in the parameters of their computer simulations made it clear that geothermal
projects are financially risky. This suggests that the successful application of renewable energy
technology requires an understanding of sustainable development. The difficulty is that three sets
of goals — social, economic and environmental — are not always compatible and trade-offs are nec-
essary. Grubert et al. (2014) reasoned that the connection between these goals is a complex affair,
affecting both the quality and sustainability of the culture in which we live. As an example of
this complexity, consider the government sponsorship of renewable energy projects in Germany,
which is often mentioned as a model to be imitated, being based on environmental laws (e.g. the
Renewable Energy Sources Act) that go back two decades. Frondel et al. (2010) maintained that
the government’s support mechanisms had essentially failed as a result of massive expenditures
that showed little long-term promise for stimulating the economy, protecting the environment, or
increasing energy security. They concluded that it is most likely that whatever jobs are generated
by renewable energy promotion would disappear as soon as government funding is ended.

The non-sustainability of fossil fuel usage is also a major issue. Tonn et al. (2010) explored the
question: is it possible for the United States to meet its energy needs sustainably without fossil fuels
and corn ethanol? It can be reasoned that energy is one of the most pressing policy issues facing the
United States today. The authors presented a scenario depicting life in the United States in the year
2050. The scenario was designed to represent energy sustainability: fossil fuels and corn ethanol
were replaced by other sustainable and inexhaustible energy sources. The scenario involved the
definition of a 2050 base case and described the disappearance of the suburbs, to be replaced
by a mix of high-density urban centers and low-density eco-communities (Table 1.2). Tonn et al.
(2010) concluded that the scenario appears plausible. The authors explained that supplementary
examination is needed to more accurately establish the monetary costs to society and to build a
well-organized and even-handed collection of policies to encourage this future vision.

In a related regulatory and policy study, Johnstone et al. (2010a, 2010b) examined the effect
of environmental policies on technological innovation in the specific case of renewable energy.
The analysis was conducted using patent data from a panel of 25 countries over the period 1978—
2003. They found that public policy plays a significant role in determining patent applications.
Different types of policy instruments were effective for different renewable energy sources. For
example, broad-based policies, such as tradable energy certificates, were more likely to induce
technological innovation.

Future food supply is intrinsically linked with energy, water and climate issues. For more
than a century, fossil fuels have been the primary global energy source. However, the increasing
scarcity of fossil fuels and the associated continuously high fuel prices and supply uncertainties,
as well as the demand for significant reductions in greenhouse gas emissions, necessitate the
search for new alternative and renewable energy sources. Implementation of renewable energy
technologies, including those for powering thermal desalination technologies, is essential and
governments and industries around the world are obliged to look into cutting-edge applications
for renewable-energy-based water desalination, together with other applications of renewables.

In many countries, unsustainable fossil fuel use is subsidized by government. Such benefits
must be removed. Economic incentives must be provided for investment in sustainable renewable
desalination technologies that lead to significant market penetration. This is the only way to enable
the private sector in the desalination industry to invest in large-scale deployment, which in turn
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Table 1.2. Scenario design and supporting technological and social change assumptions (Tonn et al., 2010).

Scenario design assumptions

Technology and social change assumptions

Liquid petroleum, coal and natural gas produc-
tion/consumption in the USA are eliminated by
2050.

By 2050, approximately 50% of the population
will live in super-urban highdensity areas and
50% will live in lowdensity, semi-self-sufficient
areas.

By 2050, transportation energy consumption will
be 70% electricity and 30% biofuels.

Energy consumed by the USA petroleum indus-
try will fall to zero by 2050.

Nuclear power production will be ~26 quads by
2050.
Wind power production will be ~17 quads by
2050.

Geothermal power production will be ~5 quads
by 2050.

Solar power production will be ~36 quads by
2050.

Unconventional hydro production will be ~3
quads by 2050.

Biofuels production, in multiple sectors, will
increase to ~17 quads by 2050.

By 2050, electricity transmission losses will decrease
by 25% due to advances in high-temperature super-
conducting lines and smart grid designs.

By 2050, transportation energy efficiency will increase
by 40% due to more efficient vehicles, and reductions
in trip demand and trip length due to lifestyle and land
use changes.

By 2050, energy consumption in the residential, com-
mercial and industrial sectors will decrease by 25%
due to improvements in energy efficiency.

By 2050, energy consumption in the pulp and paper
sector will decrease by another 20% due to decreased
demand for paper and packaging.

By 2050, energy consumption in the food sector will
decrease by another 20% due to more local production.
By 2050, energy consumption in the commercial sector
will decrease by another 20% due to decreased need
for commercial space.

By 2050, energy consumption in the residential sec-
tor will decrease by another 20% due to a decrease in
the average size of homes and an increase in average
household size (which will increase by 20%).
Requisite advances will be made in electric battery
technologies, power storage technologies and smart
grid technologies.

will lead to cost reduction and wider market penetration. The end result will be that state regula-
tion will no longer be necessary as renewable energy desalination will become cost-competitive
with fossil fuels.

Finally, in recent years fuel cells have emerged as attractive alternative energy production
systems because they are extremely efficient and do not produce pollutants when compared to
fossil-fuel-driven technologies (Kim et al., 2015). The largest markets for fuel cells for energy
generation appear to be in stationary power, portable power, auxiliary power units and material
handling equipment (DOE, 2013). Fuel cells convert chemical energy into electrical current and
heat without combustion. According to Staffell (2015), fuel-cell-based combined heat and power
(CHP) is the largest and most established market. In 2009, companies began selling thousands
of units per year, marking the switch to mass manufacture. As reported by Staffell (2015), nearly
60,000 systems were sold in Japan during a four-year period. However, while hydrogen and
fuel cells are not, in the strictest sense of the word, a renewable energy resource, they are very
environmentally friendly when in operation. The question now is how CHP fuel cells can be
employed to drive small-scale reverse osmosis systems. This is one area where further research
and development is needed.

1.6 CONCLUDING REMARKS

Large-scale deployment of renewable energy is very dependent on economic and political influ-
ences as well as environmental and social factors. A crucial shortcoming of many renewable
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energy systems, such as wave, solar and wind, for example, is the variability in energy supply
over time. Combining photovoltaic energy generation with other renewable resources such as
wave energy in a hybrid power system can reduce supply interruption. An energy storage system
such as a solar pond can be employed to run a small- to mid-size desalination plant continuously
at constant load. On the other hand, when geothermal energy is used to power systems such as
desalination plants the need for thermal storage is avoided.

Different types of governmental policy instruments, such as tax breaks and low-interest loans,
can be effective for different renewable energy sources. This will aid in commercialization. There is
also a need to eliminate subsidies for fossil fuel energy systems or to tax fossil fuel production and
use to reflect the costs of environmental damage. One troublesome observation is that renewable
energy sources have consistently accounted for only 13% of total energy use over the past 40
years. Another major concern is that, in some instances, government renewable energy policy
may undermine and subvert market incentives, resulting in massive expenditures that show little
long-term promise for stimulating the economy, protecting the environment, or increasing energy
security. It is possible that whatever jobs are created by renewable energy promotion may vanish
as soon as government support is terminated.

There is a need to find an equilibrium or compromise amongst three sets of aims: social, eco-
nomic and environmental. The relationship between these areas is a complicated matter, affecting
both the quality and sustainability of society. One way to help achieve a balance between them
is to educate decision makers, students and industrial workforces, as this represents the primary
vehicle available for catalyzing cultural change. This is critical for long-term economic and social
sustainability.

To summarize, renewable energy technologies for desalination are quickly evolving to becom-
ing economically and environmentally feasible. Even though there are concerns that government
policy may undermine market incentives, there is great potential in the use of renewable energy in
many parts of the world. Solar, wind, wave and geothermal sources, as well as fuel cell technology,
could provide viable sources of energy to power both seawater and brackish water desalination
plants. Finally, it should be noted that part of the answer to the global water scarcity faced by soci-
ety is not only to produce more potable water, but to recognize that this needs to be accomplished
in an ecologically sustainable manner.
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CHAPTER 2
The use of solar energy for small-scale autonomous desalination

Patricia Palenzuela, Guillermo Zaragoza, Baltasar Pefiate, Vicente Subiela,
Diego-César Alarcon-Padilla & Lourdes Garcia-Rodriguez

2.1 INTRODUCTION

Solar desalination is proposed for sustainable desalination in many places of the world due to the
usual coincidence between water shortage and high solar irradiation.

The use of solar energy for desalination follows two different approaches depending on the
desalination technology chosen. There are two kinds of commercial desalination systems. The
first ones were based on the use of thermal energy, with multi-stage flash (MSF) distillation
giving way to the more efficient multi-effect distillation systems (MED). However, the most
common desalination technology nowadays is a filtration system based on mechanical energy,
that is, reverse osmosis (RO). In the first approach, the coupling with solar energy is performed by
using solar thermal collectors, while in the second approach electricity is required and therefore
photovoltaic (PV) panels are used.

There are no large-scale installations of solar desalination yet, but some pilot studies have
been done for small-scale desalination (i.e. with production below 100 m® day~!). In this chapter
we review the use of solar energy for desalination by considering a flagship case study for each
technology, one for thermal desalination and another for reverse osmosis. In both cases, a fully
autonomous system has been operated in real-world conditions over several years. The first case
is a solar MED facility located at Plataforma Solar de Almeria (PSA) in Tabernas (south-east
Spain), and the second is a PV-RO system located in Ksar Ghiléne (Tunisia). A thorough analysis
of both plants and their performance is presented in the next two sections.

2.2 SOLAR MULTI-EFFECT DISTILLATION CASE STUDY: PLATAFORMA SOLAR
DE ALMERIA

2.2.1 Description of the system

The MED-PSA plant is a forward-feed multi-effect distillation unit manufactured and delivered
by Weir Entropie in 1987 within the Solar Thermal Desalination (STD) project (Zarza, 1991,
1994). The plant has a sequence of 14 evaporators, or “effects”, in a vertical arrangement at
decreasing pressures and temperatures from the first effect (at the top) to the fourteenth one.
Since the MED plant is a forward-feed unit, it has 13 preheaters, each one located next to an
evaporator, to increase the seawater temperature on its way to the first effect. Such increases take
place when a small fraction of the vapor generated in each effect condenses on the outer surface
of the preheater, transferring its phase change enthalpy to the seawater circulating inside.

The original configuration of the MED-PSA plant worked with low-pressure saturated steam
generated from a low-pressure boiler connected to a parabolic trough solar collector field with a
thermal storage system (Fig. 2.1). The temperature of the low-pressure steam was limited to 70°C
(at 31 kPa) to avoid scaling problems. Heat was supplied to the desalination plant by a solar field
consisting of east-west-aligned one-axis tracking collectors manufactured by Acurex. The field
had a total aperture area of 2672 m? and was not purposely dimensioned for the desalination plant,

13
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Figure 2.1.  Schematic diagram of MED-PSA desalination system installed within the STD project.

Table 2.1. Design specifications of the MED-PSA plant.

Number of effects 14

Feed seawater flow rate 8m>h~!
Brine flow rate from the last effect 5mPh!
Total distillate output 3mPh!
Cooling seawater flow rate at 25°C 20m> h~!
Cooling seawater flow rate at 10°C 8m>h~!
Heat source energy consumption 190 kW
Performance ratio >9
Vacuum system Hydro-ejectors (seawater at 0.3 MPa)
Top brine temperature 68.0°C
Last effect temperature 35°C

so about one fifth of'its size would have been sufficient to supply the heat required. To increase the
number of operating hours the solar field was connected to a single 115 m? thermocline thermal
storage tank filled with the thermal oil circulating through the solar collectors. The thermal storage
capacity was approximately 5 MWy, - h at charge/discharge temperatures of 300/225°C. Table 2.1
shows the technical specifications of the plant.

In 2005 the STD solar field was replaced by a new one within the framework of the AQUA-
SOL project (Enhanced Zero Discharge Seawater Desalination using Hybrid Solar Technology,
2002-2006, European Commission program FP5-EESD). A new solar field composed of static
compound parabolic concentrators (CPC) and a new water-based thermal storage system were
installed at PSA for the supply of the thermal power required by the MED plant. The original hor-
izontal tube bundle of the first effect was replaced by a new one able to work directly with the hot
water coming from the thermal storage tanks (Alarcén-Padilla and Garcia-Rodriguez, 2007). Also
within the framework of AQUASOL, a prototype of a double-effect LiBr-H,O absorption heat
pump (DEAHP) was manufactured by Entropie and coupled to the MED-PSA unit (Alarcon-
Padilla et al., 2007, 2008, 2010). The DEAHP was integrated into the system to increase the
overall plant efficiency by recovering the phase change enthalpy of the saturated steam produced
in the last effect of the distillation unit. Figure 2.2 shows pictures of all the components of the
solar MED facility at the PSA, and Figure 2.3 depicts the general layout of their integration. The
solar collector field is composed of 252 stationary solar collectors (Ao Sol CPC, 1.12x) with
an overall aperture area of roughly 500 m?, arranged in four rows of 63 collectors each with
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Figure 2.2. (a) Multi-effect distillation plant; (b) compound parabolic collector solar field; (c) thermal
storage system; (d) double-effect LiBr-H,O absorption heat pump.
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Figure 2.3. Layout of AQUASOL system.
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Table 2.2. Nominal conditions of the new MED-PSA plant’s first cell.

Desalination driven Desalination driven
by solar collectors by absorption heat pump
Heat source energy consumption 200 kW 150 kW
Inlet/outlet hot water temperature 74.0/71.0°C 66.5/63.5°C
Brine temperature (in the first cell) 68.0°C 62.0°C
Hot water mass flow rate 12.0kgs™! 12.0kgs™!
Pressure drop 40kPa 40kPa
Nominal plant production 3m3h~! 2.7m3h!

35 tilt angle and south-facing orientation. The solar field’s hydraulic configuration corresponds
to a reverse-feeding hydraulic layout which allows equally distributed flow rates in the four rows
without further regulation. The thermal storage system consists of two interconnected 12 m3
capacity water tanks. The use of two tanks enables the solar contribution to be increased over the
year as well as obtaining the temperature stratification necessary for a constant hot water inlet
temperature. A continuous control valve (V2) allows provision of a stable inlet temperature to the
MED plant by mixing water from the primary tank with the return coming from the first effect
heat exchanger tube bundle. The rest goes to the secondary tank, closing the loop.

As shown in Figure 2.3, the heat required for the first effect can be provided either with the CPC
solar field (solar mode) or with the LiBr-H,O DEAHP (fossil mode). The nominal conditions of
the MED plant in the two modes are shown in Table 2.2.

The specific characteristics of the MED-PSA pilot plant are described below (see the layout
of the plant in Fig. 2.4). A seawater feed of §m®> h™! flow is pumped through the 13 preheaters,
increasing its temperature before being sprayed over the horizontal tube bundle of the first effect.
A perforated tray guarantees that seawater is distributed as a falling film, coating the surface of
the tubes entirely. The first effect is the only one that receives an external supply of thermal power
through the decrease in the enthalpy of the hot water flow circulating inside the tube bundle (in
the AQUASOL layout) or the phase change enthalpy variation of the saturated steam (in the STD
layout). The heat released in both configurations promotes the partial evaporation of the seawater
sprayed over the tubes. The vapor generated goes first through a wire mesh demister in order
to remove brine droplets and a small fraction of it condenses over the external surface of the
preheater associated with the first effect. The condensate and the rest of the vapor flow naturally
inside the tube bundle to the next effect. Here, the vapor transfers its latent heat to the seawater
that was not evaporated in the previous effect (called brine), which is falling by gravity over its
tube bundle. Therefore, on the one hand the vapor condenses, mixing with the distillate produced
in the previous preheater, and on the other hand, part of the brine evaporates, increasing its salt
concentration.

In the rest of the effects, as in the second one, an evaporation/condensation process takes place,
and the heat source that drives this process is always the vapor produced in the previous effect.
The vapor generated in the last stage is condensed through the so-called final condenser which is
cooled by seawater. Due to the fact that, at nominal seawater temperature conditions, the cooling
flow is greater than the required water feed flow, some of this seawater is rejected at a temperature
approximately equal to the last effect temperature.

Due to the special geographical situation of PSA (30km from the coast), the experimental
facility is equipped with two water pools (PL-1 and PL-2) with a capacity of 5m> and 20 m?,
respectively. Brackish water wells supply source water to PL-2 (Fig. 2.5a), where additional salts
can be added until the salinity and composition required by a particular experiment are reached.
The saline water flow required by the final condenser is taken from PL-2 and the rejected cooling
water, plus the brine and the distillate output from the plant, are streamed to PL-1 (Fig. 2.5b).
Due to the fact that the rejected seawater coolant, brine and distillate are at a higher temperature,



The use of solar energy for small-scale autonomous desalination 17

Sea water (66°C, 8 m/h)

|
steam (70°C) 8= = 1
- 1

condensate

]
0 & ¢
@ Cooling

Brine reject Distillate Sea Water

35°C Seanale’  3C  Reject
5mdh 20 mh 3m’h 35°C
12 m*/h

Figure 2.4. Layout of the MED plant at PSA with steam as the thermal energy source.
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Figure 2.5. (a) PL-2 pool for the feed water to the plant; (b) PL-1 pool for the rejected streams from the
plant.
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Table 2.3. Surface areas of tube bundles in MED-PSA plant.

STD project layout AQUASOL project layout

First effect 26.28 m? 24.26 m?
Effects 2—-14 26.28 m? 26.28 m?
Preheaters 18.3m?2 18.3m?
End condenser 5m? 5m?

a water-cooled refrigeration tower is installed between PL-1 and PL-2 in order to reduce the
temperature of the former to the nominal conditions of the experiment set in the latter.

One important energy optimization feature in this pilot plant sis the efficient use of the energy
content of the distillate produced in some effects. This is accomplished as follows: from the
first effect to the fourth one, the distillate goes from effect to effect enabling its sensible heat
to promote additional evaporation, and in the fourth effect all the distillate is extracted with one
portion directed to the seventh effect and the rest to the tenth. The process is similar in the seventh
and tenth effects, splitting the condensate extracted between the tenth and the thirteenth effects,
and between the thirteenth and fourteenth effects, respectively. Finally, in the thirteenth effect, all
the distillate produced is mixed with that produced in the fourteenth, and this mixture enters the
last condenser in which it is mixed with the distillate produced there.

The vacuum system consists of two hydro-ejectors, one of them connected simultaneously
to the second and seventh effects and the other one connected to the final condenser. They are
connected within a closed circuit with a tank and an electric pump that circulates seawater through
the ejectors at a pressure of 0.3 MPa. This system creates the initial vacuum in the plant as well as
removing the air (lack of air tightness) and the non-condensable gases during normal operation.

The tube bundles of the evaporators, preheater and condenser are made of 90/10 Cu-Ni tubes.
The surface areas of each of the different tube bundles are indicated in Table 2.3.

2.2.2  Desalination system operation

2.2.2.1 Low-pressure steam as the thermal energy source

InPhaseI ofthe STD project, an evaluation of the MED-PSA plant was carried out during different
experimental campaigns performed between October 1989 and May 1990. Each campaign aimed
to study the influence of different parameters on the distillation production and on the plant
performance ratio (PR). This is one of the most important parameters of a MED system, which
is defined as the ratio between the mass of distillate (in kg) and the thermal energy supplied to
the process, normalized to 2326 kJ (1000 Btu), which is the latent heat of vaporization of water
at 73°C.

2.2.2.1.1 Influence of first effect’s temperature and temperature gradient on the distillate
production
The test conditions were as follows:

e Single days were evaluated in order to exclude effects of differences in fouling rates, air leaks,
salinities, etc.

e The condenser temperature was maintained at a constant value.

o Steady-state conditions were required.

The following test days satisfied the required conditions: 8, 9 and 11 January 1990; 20 April
1990. The end condenser temperatures varied slightly due to the rise in seawater pool temperature,
despite the cooling tower being operational throughout the entire plant operation. Nevertheless,
the deviations in the condenser temperature were very small and did not invalidate the tests.
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Table 2.4. Experimental test results with the average values of every test at steady-state periods.

Date Mam*h™'] PR M [kgs™']  Oboiler kW] Mgy [m*h™!] 701 [°C] Ty cond [°C]
20/04/90 1.9 95 13 126.5 8.6 56.4 29.9
20/04/90 2.0 95 14 135.5 8.5 58.0 30.2
20/04/90 2.3 96 1.6 150.0 8.6 60.6 30.2
11/01/90 1.5 93 0.6 99.3 10.3 44.5 19.5
11/01/90 2.1 10.1 0.9 126.4 10.1 50.5 19.1
11/01/90 3.0 102 1.5 186.4 10.0 63.6 21.4
09/01/90 1.8 93 0.7 120.0 10.4 52.5 25.0
09/01/90 2.8 104 1.2 171.9 9.0 66.7 273
08/01/90 2.2 9.8 0.9 139.7 10.3 529 19.7
08/01/90 3.1 99 1.5 202.0 10.3 64.6 20.1
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Figure 2.6. Distillate production as a function of the first effect temperature for various test days.

Figure 2.6 shows the distillate production as a function of the first effect vapor temperature
(Tyy) for different vapor condenser temperatures (7 cond)- As can be seen, the distillate product
increased with the first effect vapor temperature, for all condenser vapor temperatures.

Figure 2.7 shows the influence of the temperature gradient in the plant (temperature difference
between the first effect and the condenser vapor temperatures) on the distillate production. It can
be seen that, operating with a given temperature difference, the distillate production increased
with increasing condenser temperature.

2.2.2.1.2  Influence of the temperature gradient on the performance ratio
The same test conditions as before were established to run the experiments. The resulting
experimental data are shown in Table 2.5.

The relationship of PR to temperature difference is depicted in Figure 2.8. As can be seen, the
data did not reveal any PR dependence on the temperature difference. The accuracy of the plant
performance ratio calculations is strongly dependent on the accuracy of temperature and flow
measurements, so a small error in these measurements yields a much higher error in the perfor-
mance ratio calculation. This could be the reason why no dependence between the performance
ratio and the temperature difference was observed. In conclusion, the MED plant showed a PR
within the range of 9.4—-10.4 when the plant operated with low-pressure steam.
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Figure 2.7. Distillate production as a function of the temperature difference between the first evaporator
and the condenser for various test days.

Table 2.5. Experimental test results with the average values of every test at steady-state periods.

Date Mg[m’h™'] PR Moi [kgs™']  Oboiter (kW] My [m*h™'] T01 [°CT Tyona [°C]
01/03/90 2.8 9.8 2.0 179.9 11.7 65.0 30.4
13/03/90 2.7 9.8 1.9 176.8 9.8 65.0 30.8
14/03/90 2.9 10.7 2.1 170.5 10.3 65.4 30.2
15/03/90 2.7 10.7 1.9 164.2 9.2 65.3 30.6
16/03/90 2.7 102 20 169.5 9.9 64.9 30.7
05/01/90 3.2 102 1.5 197.6 10.4 64.4 20.4
05/01/90 3.0 103 1.4 188.6 10.4 64.2 21.2
11/01/90 3.0 102 1.5 186.2 10.0 63.5 21.5
11/01/90 2.0 102 09 126.7 10.1 50.4 19.1
11/01/90 1.4 9.3 0.6 99.3 10.3 44.5 19.5
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Figure 2.8. Performance ratio versus total temperature difference.
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Table 2.6. Experimental test results with the average values of every test at steady-state periods.

Date Mg[m*h™'] PR Moi[kgs™']  Qvoiter kW] Mgy [m*h™!'] T4 [°C] Ty cond [°C]
13/12/89 3.3 105 1.3 202.4 11.0 65.9 27.3
13/12/89 3.1 102 1.1 192.0 11.2 66.8 32.0
13/12/89 2.6 100 1.0 164.5 9.7 67.2 354
21/02/90 2.8 98 1.2 185.7 11.3 65.2 30.6
21/02/90 2.6 99 1.1 170.2 12.3 65.4 34.1
26/02/90 2.7 99 1.9 177.5 12.1 64.5 29.7
26/02/90 2.4 97 1.7 159.9 12.1 64.8 34.7
18/04/90 2.4 93 1.8 166.8 8.8 64.7 34.2
18/04/90 2.2 93 1.7 152.6 9.5 65.7 37.8
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Figure 2.9. Distillate production as a function of the condenser temperature.

2.2.2.1.3 Influence of end condenser temperature on distillate production
The following test conditions were established:

e The tests were performed on a single day in order to avoid effects from differences in fouling,
different salinities or air leaks.

e The temperature of the first evaporator was kept constant.

e The condenser temperature was changed stepwise and kept constant until a steady state was
reached.

o Steady-state conditions were required.

The following test days satisfied the required conditions: 13 December 1989; 21 and 26 Febru-
ary 1990; 18 April 1990. In contrast to the previous tests, it was difficult to identify tests with
defined steps in condenser temperature. As previously mentioned, this is due to the fact that the
cooling tower was not sufficient to provide continuous control of the seawater temperature at the
inlet of the condenser, thus varying the end condenser temperature within a narrow range around
the predefined set-point.

Measurement data for steady-state conditions are shown in Table 2.6, which summarizes the
average values of each variable.

Figure 2.9 depicts the product flow as a function of the condenser temperature for the different
test days. As expected, the distillate production decreased with increasing condenser temperature.
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Figure 2.10. Distillate production as a function of the temperature difference between the first evaporator
and the condenser.

It can also be observed that the plant capacity decreased over time as the effects of fouling and
scaling increased, lowering heat exchanger efficiency.

In order to eliminate the effect of fluctuations in the first effect temperature, Figure 2.10 shows
the distillate production as a function of the temperature difference between the first evaporator
and the condenser.

2.2.2.2  Hot water as the thermal energy source

During the AQUASOL project, the behavior of the MED plant outside nominal conditions was
investigated in two experimental campaigns performed in 2007 (Blanco et al., 2011) and 2010
(Fernandez-Izquierdo et al., 2012). The purpose of these studies was to find the best working
conditions that maximize the PR and distillate production of the MED plant when the thermal
energy is only provided by a static solar collector field. Both campaigns evaluated the PR and the
distillate production at different hot water inlet temperatures and feed water flow rates.

2.2.22.1 2007 test campaign
The following experimental procedure was carried out in this campaign:

e The hot water inlet temperature from the primary water tank was varied over a wide range:
from 63 to 75°C for each feed water flow rate tested (from 5 to 9 m® h™"). The hot water inlet
temperature was controlled by the three-way valve V2 (Fig. 2.3).

e The vapor temperature in the last effect was maintained at a constant of approximately 31°C.
This was accomplished by varying the seawater flow rate at the inlet of the condenser using a
manual valve. The cooling tower was switched on when necessary in order to keep the seawater
temperature at the inlet of the condenser constant. The hot water flow rate was kept constant
at the design value: 12Ls™!.

Table 2.7 shows the operating conditions tested during this campaign, and the results obtained
are shown in Figure 2.11, where it can be observed that the distillate production increased both
with the hot water inlet temperature and as the feed water flow rate increases from 5 to 8m>h~'.
Feed water flow rates greater than this did not have a positive effect on the distillate production.
The maximum distillate production, which varied from 2.3 to 3 m> h~! depending on the hot water
inlet temperature, was achieved at the nominal flow rate of §m* h~!,
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Table 2.7. Operating conditions of the 2007 test campaign.

Feed water flow

Test rate [m® h—1] Hot water inlet temperatures [°C]

1 5 60 62 64 66 68 70 72 74 76
2 6.2 60 62 64 66 68 70 72 74

3 7 60 62 64 66 68 70 72 74

4 8 60 62 64 66 68 70 72 74

5 9 60 62 64 66 68 70 72 74 75

35

<
o
£
1
s
3
2
=
2
8
£
a 15¢
=4=5m3/h =@=6.2 m3/h 7 m3/h
—+—8m3/h —o=9 m3/h
1.0 T T T T T |
60 62 64 66 68 70 72 74 76

Hot water inlet temperature (°C)

Figure 2.11. Distillate production at different feed water flow rates and hot water inlet temperatures.

Table 2.8. Experimental results at different inlet hot water temperatures from the primary water tank.

Thermal energy input Th,in [°C] 75.0 73.0 71.0 69.0 67.0 65.0 63.0
Thout [°C] 70.5 68.8 67.1 65.3 63.6 61.9 60.1
Vapor temperature Tv1 [°C] 68.4 66.7 65.0 63.3 61.6 59.9 58.2
and distillate Tv14 [°C] 314 314 31.3 31.2 31.2 31.1 31.1
My [m3h™1] 3.1 3.0 29 2.8 2.7 2.6 2.5
MED plant energy data  Op [kW] 221.2 2066 1919 1822 167.6 1529 143.1

STC [kWhy, m3] 70.4 68.2 65.5 64.6 61.8 58.8 57.5
SEC [kWhe m—3] 3.9 4.0 4.2 43 4.5 4.7 4.9
PR 9.2 9.5 9.9 10.0 10.4 11.0 11.2

Based on the results obtained in this campaign, all of the main MED plant parameters were
analyzed against different hot water inlet temperatures from the primary water tank, using 8 m*> h~!
as the feed water flow rate. Table 2.8 shows the average values obtained from the experimental
results (Alarcon-Padilla et al., 2010). In addition, the results in terms of distillate production and
performance ratio are depicted in Figure 2.12.

The experimental results showed that the distillate production increased with the hot water
inlet temperature as well as the specific thermal energy consumption, which caused the per-
formance ratio to decrease with the rise in temperature of the energy source. According to the
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Figure 2.12. Distillate production and performance ratio of the MED plant at different hot water inlet
temperatures.

efficiency results, the best behavior was obtained for an input temperature between 65 and 67°C,
as temperatures below 65°C led to a significant reduction in the distillate production.

It is important to highlight that the specific electricity consumption shown in these results
cannot be considered as representative due to the pilot scale of the MED-PSA plant. The main
electricity consumption of this plant was a result of creating the vacuum required at the beginning
of each test day, which is not needed in a normal continuously operating plant that only needs
energy to maintain the vacuum level.

2.2.22.2 2010 test campaign
In this experimental campaign, the hot water and feed water flow rates were maintained at constant
levels and the hot water and vapor temperature in the last effect were changed as follows:

e The hot water inlet temperature from the primary water tank was varied from 57 to 74°C.

o The seawater flow rate through the condenser was varied in order to maintain a temperature
difference of 35°C between the first and last effects (resulting in a temperature gradient between
effects similar to that of nominal conditions). As before, the use of the cooling tower was
required.

Table 2.9 summarizes the main parameters of the different working conditions in the test
campaign conducted in 2010.

Figure 2.13 shows a test of the MED plant working at nominal conditions (Fernandez-Izquierdo
etal., 2012). The test was performed with a hot water inlet temperature of 74°C, which resulted in
a level of distillate production very close to the nominal one (see Table 2.2). This could indicate
a lack of fouling or scaling in the plant at that juncture.

Figure 2.14 and Figure 2.15 show the results in terms of distillate, PR and thermal consumption
(determined by the hot water inlet mass flow rate and the difference between the inlet and outlet
temperatures of hot water in the first effect) obtained in the tests performed at the different working
conditions shown in Table 2.9. Table 2.10 shows the average values of these experimental test
results (Fernandez-Izquierdo et al., 2012).

As can be seen from the results, the maximum PR obtained was 10, when the plant operated
with a hot water inlet temperature of 68°C. Plant operation at a higher water temperature did not
result in higher efficiency but did result in greater distillate production. The maximum distillate
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Table 2.9. Operating conditions of the 2010
test campaign.

Test Hot water inlet temperature [°C]

57
60
63
65
68
70
72
74
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Figure 2.13. Distillate production of the MED-PSA plant working at nominal conditions (adapted from
Fernandez-1zquierdo et al., 2012).

production was the result of operation of the MED plant at nominal conditions (74°C). It was also
observed that the impacts of partial load operation were greater on distillate production than on
the PR.

2.2.3  Operational conclusions

The most significant results to be drawn from the operation of the MED-PSA plant were:

e The plant has a low thermal inertia, taking about 35 minutes to reach steady-state distillate
production following plant startup.

o The specific electricity consumption varies from 3.3 to 5kWh, m~> of distillate, depending
on the load.
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Figure 2.14. Distillate production at different hot water inlet temperatures (adapted from Fernandez-
Izquierdo et al., 2012).
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Figure 2.15. Performance ratio and thermal power consumption at different hot water inlet temperatures
(adapted from Fernandez-lzquierdo et al., 2012).

e The MED plant produced a PR within a range of 9.4—-10.4 when operating with low-pressure
steam.

e The specific thermal energy consumption of the plant when operating with hot water is in
the range of 57.5 KWhy, m~ (hot water inlet temperature 63°C) to 70.4 kWhg, m~3 (hot water
inlet temperature 75°C).

o The distillate production of the plant when operating with hot water varies from 1.9m*h™! to
3.1m*h~!, depending on the thermal energy source temperature.
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Table 2.10. Average values of the experimental results from 2010 test campaign.

Inlet hot water Thermal power Distillate

Test temperature [°C] consumption [kW] production [m> h™!] PR

1 57 137 1.9 8.9
2 60 153 2.2 9.1
3 63 166 24 9.3
4 65 191 2.7 9.0
5 68 182 29 10.0
6 70 195 2.9 9.5
7 72 203 3.0 9.4
8 74 207 3.0 9.3

e The optimum working conditions when the plant operates at a constant vapor temperature of
31°C in the last evaporator are a hot water inlet temperature in the range of 64—67°C and a
feed water flow rate of 8 m> h™!. The performance ratio at these hot water inlet temperatures
was 11 (at 64°C) and 10.4 (at 67°C).

e In the case of operating the plant keeping the temperature difference (vapor temperature dif-
ference between the first and last evaporator) at 35°C, the optimum working conditions in
terms of maximum efficiency involve a hot water inlet temperature of 68°C, and for maximum
distillate production require a temperature of 72°C.

2.3 PHOTOVOLTAIC REVERSE OSMOSIS CASE STUDY: KSAR GHILENE PLANT

2.3.1 Introduction

The main objective of this section is to show a data analysis of four years of operation (2009—
2012) of the Ksar Ghiléne plant, a solar-PV-driven RO desalination plant installed in Tunisia by the
Canary Islands Institute of Technology (ITC) within the framework of its strategic research and
development lines. This project was funded by the Spanish Agency for International Development
Cooperation (Agencia Espafiola de Cooperacion Internacional para el Desarrollo, AECID) and
the Directorate General of Affairs with Africa (Direccion General de Relaciones con Africa,
DGRA) of the Canary Islands Government (Pefiate et al., 2015; Subiela et al., 2009).

The Ksar Ghiléne plant is a standalone solar plant for brackish water RO desalination powered
by a solar PV field of 10.5 kWp. The PV-driven desalination plant, with a nominal capacity of
50m? day~!, is fed by a brackish well. The plant mainly consists of two systems:

o A desalination system with 50 m? day™! of nominal capacity (Fig. 2.16). This includes feed-
water intake and pre-treatment equipment, which comprise a feed tank, a feed pump, a sand
filter, an activated carbon filter and a cartridge filter. Once the raw water has been pre-treated,
it is sent to the desalination subsystem. The main components of this subsystem are a high-
pressure pump and a membrane module, with three membrane elements connected in series
within a single pressure vessel. Finally, there is a product storage tank. Whenever it is full, the
desalination plant begins an automatic shutdown procedure.

e A PV system (Fig. 2.17) in which seven PV panels tilted at 40° are connected in parallel, with
a total power of 10.5kWp. This PV field is connected to a battery bank and to an inverter,
with a nominal power of 10 kW. A regulator controls the charge state of the batteries and the
inverter operation.

Ksar Ghilene village and desalination plant are depicted in Figure 2.18. The following data are
continuously recorded in order to control and analyze the plant’s performance:
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Figure 2.16. Schematic diagram of desalination plant hydraulics.
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Figure 2.17. General electrical diagram of the isolated energy system and loads.

Hourly/daily mean values of voltage and intensities at batteries, inverter, PV field and pumps.
Temperature of the PV panels.

Battery data: voltage, density and temperature.

Main operating parameters of the RO plant components, namely, the pre-treatment unit,
membrane module and high pressure pump. These parameters are chloride concentration,
conductivity, pH and temperature, together with volume of permeate, concentrate recycling
and rejection.

e Morning and afternoon temperature in all rooms of the building as well as ambient temperature.

Section 2.3.2 describes the overall plant performance, by means of monthly and annual results.
In addition, a solar PV data analysis is reported in Subsection 2.3.3, where the balance of energy
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Figure 2.18. Ksar Ghiléne plant: (a) situation of Ksar Ghiléne; (b) standalone PV-RO plant; (c) brackish
water RO plant; (d) funding notice at the Ksar Ghilene plant; (e) one of the five freshwater supply points
provided by the plant.

production and energy consumption is studied, along with daily and monthly maximum and
minimum values. Finally, Subsection 2.3.4 highlights the conclusions to be drawn after several
years of operation of the Ksar Ghiléne plant.

2.3.2  Desalination plant operation

Experimental data analysis was performed, with hourly data acquired from the plant startup as
of September 2012. The main parameters analyzed in this subsection are product volume and
quality, along with operating hours.

Table 2.11 and Table 2.12 show the experimental data obtained in terms of the volume of
freshwater produced by the standalone plant, and some average values calculated from them. The
year 2009 is not included because there are no data pertaining to operating hours, thus making
it difficult to calculate water production rates. Furthermore, the inverter was out of order from



30 P Palenzuela et al.

Table 2.11.  Monthly freshwater production [m?].

2010 2011 2012
January 81.06 107.92 92.73
February 32.73 79.10 85.02
March 92.07 141.11 121.60
April 90.09 155.61 172.27
May 102.38 150.13 188.69
June 102.21 178.83 179.83
July 115.75 173.14 214.37
August 179.67 207.70 n.a.
September 133.14 160.49 n.a.
October 62.57 103.90 n.a.
November 53.47 81.67 n.a.
December 110.50 83.20 n.a.

Table 2.12. Overall assessment of 2009-2012 operating period (freshwater production).

2010 2011 2012 2009-2012
Total production [m?] 1155.63 1622.81 1054.51 3832.96
Average monthly production [m> month™!] 96.30 135.23 150.64 123.64
Average daily production [m> day~'] 3.17 4.45 4.97 4.07
Maximum monthly production [m? month~!] 179.67 207.70 214.37 214.37
Minimum monthly production [m> month~—!] 32.73 79.10 85.02 32.73
Monthly volume of product, m?
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Figure 2.19. Monthly volume of freshwater desalinated.

Dec

August 2012 and, therefore, no data have been available since then. In addition, Figure 2.19
represents experimental data from Table 2.11 in order to make the data analysis clearer.

With regard to the operating hours, Table 2.13 and Table 2.14 show experimental data and
minimum/maximum values, together with calculated averages. The corresponding graph is

presented in Figure 2.20.

The product quality was analyzed by calculating the salt concentration from the conductivity
data recorded. The monthly average is derived from the hourly data. Table 2.15 shows the results

obtained for the years 2009 and 2010.
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Table 2.13. Monthly operating hours.

2010 2011
January 66.66 62.66
February 43.83 43.83
March 71.32 74.49
April 79.25 79.24
May 69.90 75.07
June 93.23 91.23
July 82.48 82.48
August 91.32 98.90
September 76.98 76.98
October 54.83 54.83
November 44.14 44.14
December 61.58 47.22

Table 2.14. Overall assessment of 2009—2012 operating period (operating hours).

2010 2011 2012 2009-2012
Annual operation [h] 835.53 831.08 569.24 2235.85
Average monthly operation [h month~!] 69.63 69.26 81.32 72.12
Average daily operation [m? day—!] 2.29 2.28 2.69 2.37
Maximum monthly operation [h month~!] 93.23 98.90 109.83 -
Minimum monthly operation [h month™'] 43.83 43.83 49.58 -

Monthly operating hours, h
120
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Figure 2.20. Experimental data of monthly operating hours.

In addition, maximum ranges of product conductivities were analyzed in order to complement
information retrieved from the tables and figures above. The data source is the hourly values of
product conductivity on operating days. Firstly, the maximum values of product conductivity were
analyzed. These are summarized in Table 2.16, expressed in terms of salt concentration. The days
on which the maximum values were measured were 15 August 2009 and 10 August 2010 (as well
as 20 April 2011). The data are totally consistent with the fact that the raw water temperature is
higher in summer than in winter and the RO process increases its productivity with a higher salt
passage.
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Table 2.15. Mean values of product quality, expressed in salt
concentration [mg L™!].

2009 2010
January 98.52 155.26
February 104.38 142.14
March 114.98 180.26
April 131.67 195.00
May 160.91 205.52
June 198.75 235.78
July 231.76 246.57
August 247.88 249.60
September 235.86 218.08
October 228.81 203.05
November 199.31 173.80
December 159.42 163.40

Table 2.16. Maximum values of salt concentration of water
product [mgL~'].

2009 2010
January 103 164.5
February 112 158
March 130 199.5
April 143 203.5
May 187.5 218
June 213 247.5
July 247.5 257
August 257 343
September 252 239
October 238 227
November 216.5 181
December 174 182
Annual 257 343

Secondly, the minimum values obtained every month for the years 2009 and 2010 are shown in
Table 2.17. The minimum values of product conductivity were recorded on 24 and 25 January 2009
and 24 February 2010 (as well as 16 February 2011). Again, these results are totally consistent
with the raw water temperature being lower in winter.

Finally, Table 2.18 summarizes the extreme values of salt concentration obtained during plant
operation.

After data recording and analysis, the following observations could be made:

e Water production, summarized in Table 2.11 and Figure 2.19, exhibits maximum values in
August and minimums in February for all of the years analyzed.

e In terms of operating hours, shown in Table 2.13 and Figure 2.20, maximum values were
obtained in summer, in the month of June in 2010 and August in 2011, while the minimum of
operating hours was registered in February in both years.

e In 2009 and 2010, maximum conductivities occurred in August, according to Table 2.16.
However, the minimum data was associated with different winter months in these years (see
Table 2.17).
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Table 2.17. Minimum values of salt concentration of
water product [mgL~!].

2009 2010
January 92 137
February 96.5 133
March 101 156
April 121 186
May 148.5 167.5
June 172 218.5
July 170 238
August 243.5 238.5
September 223 209.5
October 224 182
November 180.5 167
December 141.5 n.a.
Annual 92 133

Table 2.18. Extreme values of salt concentration [mg L~!] throughout the
operating period.

2009 2010 2011
Maximum 257 343 197
(date) (August 15th) (August 10th) (April 20th)
Minimum 92 133 142
(date) (January 24th & 25th) (February 24th) (February 16th)

e Months with the greatest water production corresponded to those with the largest number of
sun hours as the plant operated for longer. Therefore, the water production in summer was
higher than that obtained in winter.

e Aslight increase of product conductivity occurred in summer, due to the higher raw water tem-
perature and its effect over RO membranes (pure dilation). This is the result of two contrary
effects: lower salt rejection but higher productivity. Thus, the greater production of the mem-
branes in summer partially diluted the higher mass of salts that passed through the membranes.
In addition, the conductivity increase resulted in an increase of recovery.

2.3.3  Analysis of the PV plant performance

This section considers the performance of the PV plant that supplies the energy to the brack-
ish desalination system. The energy delivered by the solar PV field is compared to the energy
consumed by the desalination plant. When the power supplied by the PV field is insufficient to
operate the desalination plant, the control system permits energy consumption from the battery
bank. At other times, any surplus energy produced by the solar field is stored in the battery
bank. Hourly data records are processed to obtain the total amount of energy both generated and
consumed. Table 2.19 and Table 2.20 show the energy production of the PV field, along with the
monthly average, maximum and minimum values derived from them. In addition, Figure 2.21
represents monthly energy production. August was the month of maximum production in 2009,
2010 and 2011; February exhibited the minimum production in 2010, 2011 and 2012, while in
2009 the minimum occurred in December.
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Table 2.19. Energy production of the PV field (DC) expressed in
monthly averages [kWh].

2009 2010 2011
January 572.18 382.61 390.57
February 604.44 360.81 297.94
March 693.59 414.23 444.50
April 491.76 473.54 487.18
May 475.98 574.49 454.96
June 660.38 521.68 520.85
July 692.54 726.50 513.70
August 698.43 880.23 641.11
September 665.89 592.16 513.66
October 482.04 440.99 412.93
November 420.21 435.27 331.97
December 329.68 425.94 309.45

Table 2.20. Energy production of the PV field (DC).

2009 2010 2011 2012 2009-2012

Annual production [kWh] 6787.14 622846 5318.81 3488.12 21822.53
Maximum monthly production [kWh month=!] 698.43 880.23 641.11 674.49 880.23
Minimum monthly production [kWh month~!] 329.68 360.81 297.94 339.04 297.94
Average monthly production [kWh month~!] 565.59 519.04  443.23 498.30 507.50
Average daily production [kWh day~!] 18.59 17.06 14.57 16.45 16.31
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Figure 2.21. PV field production.

Moreover, Figure 2.22 shows the desalination energy consumption of every month during the
plant operation. Months with the highest and lowest values are approximately the same every
year, except in 2012.

Since this is an autonomous solar plant, the energy generated is always greater than that
consumed. The following figures show, for the respective years, energy produced by the PV
system and consumed by the RO unit each month.
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Table 2.21.

expressed as monthly averages [kWh]'.

Energy consumption of the RO desalination plant

2009 2010 2011
January 371.54 228.64 228.11
February 377.61 206.70 160.68
March 391.55 231.36 256.08
April 258.80 278.99 279.15
May 316.20 322.39 269.84
June 370.02 324.44 325.36
July 465.06 420.67 294.52
August 435.44 500.76 390.95
September 386.58 320.44 390.95
October 267.65 24891 200.86
November 199.99 210.86 165.30
December 215.72 241.50 178.09
! AC/electricity losses are included.
Table 2.22.  Energy consumption of the RO desalination plant!.
2009 2010 2011 2012 2009-2012
Annual value [kWh] 4056.17  3535.65  3139.89  2029.57  12761.27
Maximum monthly value [kWh month™!]  465.06 500.76 390.95 391.09 500.76
Minimum monthly value [kWh month~!] 199.99 206.70 160.68 181.03 160.68
Average monthly value [kWh month™!] 338.01 294.64 261.66 289.94 296.77
Average daily value [kWh day~!] 11.11 9.69 8.60 22.55 9.76
L AC/electricity losses are included.
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Figure 2.22.  Monthly energy consumed by the RO system (2009-2012) (electricity losses included).

In addition, the days with maximum and minimum energy production in every month and year
were identified. The results are depicted in the following figures, which show the years from 2009
to 2012. Extreme values for each year occurred on the following dates:

e 26 June (maximum) and 20 January (minimum) in 2009.
e 5 September (maximum) and 27 January (minimum) in 2010.
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Figure 2.23. Balance of energy production and consumption in the solar PV plant in 2009.
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Figure 2.24. Balance of energy production and consumption in the solar PV plant in 2010.

e 27 August (maximum) and 10 September (minimum) in 2011.
e 15 July (maximum) and 9 March (minimum) in 2012.

Additional detail in relation to energy production ranges is shown in Table 2.23. The specific
days and the overall months with maximum and minimum values of energy production, together
with the corresponding values, are given from 2009 to 2012. It can be seen that it is only in 2011
and 2012 that the same months show the production extremes.

Turning to the energy consumption of the desalination plant, the following figures summarize
the results obtained. The dates on which energy consumption was at a maximum and minimum
for each year were:

e 16 September (maximum) and 16 February (minimum) in 2009.
e 27 August (maximum) and 13 March (minimum) in 2010.

e 15 August (maximum) and 18 March (minimum) in 2011.

e 2 July (maximum) and 23 March (minimum) in 2012.
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Figure 2.25. Balance of energy production and consumption in the solar PV plant in 2011.
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Figure 2.26. Monthly maximum and minimum energy production in 2009.
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Figure 2.27. Monthly maximum and minimum energy production in 2010.
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Figure 2.28.  Monthly maximum and minimum energy production in 2011.

Table 2.23.  Energy production ranges [kWh] over the plant operation (2009-2012).

2009 2010 2011 2012
Maximum 93.35 53.41 38.76 43.60
(day) (June 26th) (September 5th) (August 27th) (July 15th)
Minimum 1.63 0.92 3.90 7.72
(day) (January 20th) (January 27th) (September 10th) (March 9th)
Maximum 698.43 880.23 641.11 674.49
(month) (August) (August) (August) (July)
Minimum 329.68 360.81 297.94 339.04
(month) (December) (February) (February) (March)
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Figure 2.29. Monthly maximum and minimum energy consumption in 2009.

Table 2.24 shows the extreme values of daily and monthly energy consumption for every year
of plant operation. Similarly to the results for energy production, the months of maximum or
minimum values were not the same for different years. Once the respective days with minimum
and maximum production had been identified for each year, the specific energy consumption was
calculated; the results are shown in Table 2.25.
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Figure 2.30. Monthly maximum and minimum energy consumption in 2010.
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Figure 2.31. Monthly maximum and minimum energy consumption in 2011.

2.3.4 Operational conclusions

The most significant conclusions to be drawn from the discussion of these results are as follows:

e From Figure 2.23, Figure 2.24 and Figure 2.25 it can be seen that the PV field delivers more
electrical power than is required by the desalination plant. The surplus energy is stored in the
battery bank in order to expand the plant’s operating hours. The batteries supply the power
required when the energy delivered by the PV field is insufficient to operate the desalination
plant at nominal capacity, and also when there is no energy production, until the batteries are
discharged.

e The maximum and minimum energy generated (see Table 2.23 and Fig. 2.26, Fig. 2.27 and
Fig. 2.28) and the maximum and minimum energy consumption (see Table 2.24 and Fig. 2.29,
Fig. 2.30 and Fig. 2.31) exhibit similar behavior. This is attributable to the longer sunshine
hours in summer resulting in higher energy production and a correspondingly higher number
of operating hours and energy consumption.
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Table 2.24. Range of energy consumption [kWh] of the RO desalination plant.

2009 2010 2011 2012
Maximum 24.10 24.15 20.72 20.56
(day) (September 16th) (August 27th) (August 16th) (July 2nd)
Minimum 343 3.47 3.47 6.85
(day) (February 5th) (March 13th) (March 18th) (March 23rd)
Maximum 465.060 500.756 390.954 391.09
(month) (July) (August) (August) (July)
Minimum 199.985 206.701 160.678 181.03
(month) (November) (February) (February) (February)

Table 2.25. Specific energy consumption [kWh m~3].

2009 2010 2011 2012
Maximum 2.01 1.64 1.64 1.71
Minimum 2.49 1.98 2.44 2.40

Minimum values for both energy generation (Table 2.20) and water production (Table 2.12)
were associated with February, thanks to the lowest number of sunshine hours. By contrast,
maximum values occurred in June as that was the month with the highest number of sunshine
hours.

In comparing different years, it is clear that the days showing maximum and minimum energy
generation and energy consumption (see Fig. 2.26 through to Fig. 2.31) were not the same.
This is mainly attributable to the use of batteries which enable the generation of a specific day
to be consumed later. Another explanation might be the automatic plant shutdown when the
product tank is full, thus halting water production even though energy generation continues.
The energy production of the PV field throughout summer is superior, and thus the desalination
plant operates for more hours with a consequent increase in permeate production. In summer,
the monthly energy consumption of the desalination plant is higher although the specific
energy consumption exhibits the best values. As water feed temperature increases in summer,
the ability of the membranes to reject salts goes down and hence the product quality decreases.
The higher feed water temperature results in higher recovery and, therefore, the increase in
desalinated water volume is attributable to both longer operating hours and higher flux on the
membrane surface.

NOMENCLATURE

M
T

0

flow rate [m* h™!]
temperature [°C]
heat transfer rate [kW]

STC  specific thermal energy consumption [kWhg, m™3]
SEC specific electricity consumption [kWh, m™3]

PR

performance ratio

Subscripts

h
\4

d

hot water
vapor
distillate
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in inlet

out outlet

fw feed water
oil oil

cond condenser
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CHAPTER 3

Application of solar nanophotocatalysis in reverse osmosis
pretreatment processes

Shaik Feroz

3.1 INTRODUCTION

The demand for freshwater is growing rapidly and water scarcity is a major issue in many parts
of the world, especially in developing countries (Ghaffour et al., 2015; Goosen et al., 2014).
The earth is rich in saline water resources; seawater and brackish water together account for
up to 97% of the total water available in the world. Efforts are being made to desalinate them
and supply freshwater for human needs. However, desalination is an energy-intensive process
and meeting the associated energy requirements from declining conventional sources is a major
worldwide challenge. There is now rapid development towards linkage of desalination processes
with renewable energy sources such as solar and wind. This will not only reduce the burden
on conventional energy sources but will also protect the environment through lower emissions
(Brand and Wiirzburg, 2015).

Reverse osmosis (RO) is a major technique employed to produce freshwater (Ghaffour et al.,
2015; Goosen et al., 2014). This process, wherein water from a salt solution is forced through a
membrane in the opposite direction by the application of pressure, requires pretreatment to remove
substances from the feed water that would interfere with the desalting process. Suspended solids
and other particles in the feed water must be removed to reduce fouling of the membranes, which
lose their performance with time due to such fouling (Al-Rasheed et al., 2003a). One of the major
causes for the loss of RO performance are the substances that become deposited on the membrane
surface. Examples are silica, oil, clay, iron, sulfur and humic acids, which may be present in
the feed water in a very fine or colloidal form. Even the typical five-micron cartridge filters
used in the upstream of a RO system may not completely remove these foulants. Furthermore,
surface water contains high-molecular weight organic matter (e.g. humic substances), suspended
solids, bacteria and algae, and volatile halogenated carbons. As these substances are traditionally
considered hazardous for the membrane, they should be removed from the feed water before they
enter membrane systems. Organic acids (i.e. humic substances) build adsorption layers on the
membrane surface that reduce membrane flux and rejection. A number of laboratory studies have
reported that these biofilms consist of about 50% organic matter, of which about 40% will be
organic acids (Al-Rasheed et al., 2003a).

Solar energy is abundant in many parts of world, especially in Middle East countries where
desalination plays a major role in the supply of freshwater, and it can be effectively used in
reverse osmosis pretreatment processes (Ghaffour et al., 2015). An ultraviolet-driven photocat-
alytic pretreatment can be employed for the degradation of humic substances (higher molecular
weight organics) and microorganisms present in the feed water. The energy generated from
the photocatalytic reaction breaks down the humic substances and also kills microorganisms,
thereby effectively eliminating the primary source for membrane fouling. Ultraviolet (UV) photo-
oxidation uses UV light to activate a catalyst to physically decompose the organic matter into
non-toxic components. The degradation of organic compounds in the presence of UV light is
a too slow a process (reaction rates are low) but may be considered for large-scale industrial
applications. To enhance the reaction rates, several catalysts, such as hydrogen peroxide, ozone,
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Fe (II) and titanium dioxide, are used in these types of reactions. Titanium dioxide is probably the
best choice due to its low cost, low toxicity, resistance to photo-corrosion and catalytic efficiency
(Kwak et al., 2001).

Kim et al. (2003) have fabricated hybrid polyamide thin-film composite/titanium dioxide
(TiO,) membranes possessing photocatalytic properties that reduce biofouling and enhance RO
performance. Preliminary feasibility studies were carried out as a part of a project (08-AS-002)
sponsored by the Middle East Desalination Research Centre (MEDRC). In addition, detailed
examinations were carried out as part of a project (ORG/E1/12003/Grant83) sponsored by the
Research Council of Oman. The experimental investigations were carried out using solar nanopho-
tocatalysis in a laboratory-scale batch, as well as in a continuous reactor system, to assess the
degradation of pollutants present in seawater. Positive results were reported, with substantial
decreases in total organic carbon (TOC). Hence it was demonstrated that solar nanophotocatal-
ysis could be implemented in the pretreatment for the RO desalination process, and could also
be applied to any saline or industrial wastewater including oil-produced water, where the trace
pollutants are difficult to remove with conventional treatment methods. However, due to the
complex nature of seawater and the possible scavenging of oxidative agents by chloride ions, the
photocatalytic technique still has challenges to overcome for seawater application.

The aim of the current investigation was to show that the solar nanophotocatalysis technique
can be directly employed to effectively degrade pollutants in seawater, and to assess whether
this technique can be successfully implemented at the commercial level. A case study was also
performed to assess the influence of chloride ions and the scavenging of hydroxyl radicals on
TOC levels.

3.2 REVERSE OSMOSIS AND FEEDWATER PRETREATMENT PROCESSES

RO membranes are used worldwide for saline water desalination, producing water for drinking and
other industrial and agricultural purposes. Seawater RO desalination has become cost-effective
when compared to thermal desalination due to recent developments in membrane technology and
pressure exchangers (Ghaffour et al., 2015; Goosen et al., 2014). However, challenges remain
with respect to fouling of membranes by the organic contents of shallow seawater feeds (Amjad,
1996; Goosen et al., 2014).

A typical RO system consists of a pretreatment system, cartridge filters, RO membrane, and
post-treatment system. Pretreatment systems are classified as either conventional or membrane
pretreatment. The conventional pretreatment of an RO system involves a clarifier, sand filters and
multi-media filters (Amjad, 1996; Goosen et al., 2014). The purpose of pretreatment is to protect
the RO membranes from being damaged by foulants and scalants. There is generally a cartridge
filter upstream of the high-pressure pump. This filter serves the dual role of protecting the pump
from particles that may damage the impellers and protecting the membranes from becoming
fouled. Post-treatment includes mineralization, and sterilization with chloramines or UV light.
Adjustment of pH or the addition of other chemicals in the post-treatment used will depend on
the quality of water required for the end application.

The heart of the system is the RO membrane. All membranes are prone to fouling and therefore
great care must be taken in selecting appropriate membranes, designing and building the RO
system, and operating the system to avoid membrane fouling. Adequate pretreatment is, therefore,
critical in RO plants. Furthermore, the economics of desalination suggest that the greater the
percentage of pure water that can be recovered from the feed, the higher the efficiency of the
RO process. However, as the concentration of the salts in the brine (i.e. leftover water on the
feed stream side of the membrane) increases, the potential for fouling also increases, resulting in
the precipitation of scale-forming salts from the brine (Amjad, 1996). The density of a colloidal
material may also be increased on the feed side of the membrane during desalination, allowing for
coagulation and deposition of colloidal matter from the brine. Concentration polarization further
contributes to fouling (Goosen et al., 2004).



Application of solar nanophotocatalysis in reverse osmosis pretreatment processes 45

Commonly encountered foulants in desalination processes are scales, suspended/colloidal mat-
ter and biological material (Amjad, 1996). The major fouling problems in the RO process are due
to biofouling and fouling by CaCOj;, Mg(OH),, silica and iron products. Different types of
fouling can be distinguished, viz. fouling by particulates (silt), bacteria (biofouling), organics
(e.g. oil) and scaling (precipitated inorganic salts). Colloidal impurities, inorganic precipitates,
macro-molecules and biological contaminants are the main type of foulants (Characklis, 1981).
Pretreatment steps widely employed in seawater RO plants include disinfection, coagulation-
flocculation, filtration and anti-scalant dosing. The types and doses of disinfectants, coagulants
and/or anti-scalants, and the types of filtration systems used in these plants, are not the same. The
quantity of chemical doses and the point of dosing also differ from one plant to another depending
on the site-specific characteristics of the feed water. Organics can be successfully removed by
filtration or active carbon adsorption. In practice, a combination of different pretreatments often
has to be carried out to guarantee a steady process operation. Thus, the pretreatment train often
requires a lot more space and attention than the main reverse osmosis system itself (Dudley et al.,
1995; Sieburth and Jensen, 1968, 1969).

Experimental studies have reported on coupling photocatalytic oxidation processes and mem-
brane separation for the reuse of dye wastewater (Ou et al., 2015). Prevention of organic fouling
and biofouling can be achieved by coating membranes with photocatalysts that are non-toxic
(Feroz and Jesil, 2012). Microorganisms are inactivated and organic material from cells is oxi-
dized by photocatalysis. A UV-driven photocatalytic pretreatment technique can be employed, for
instance, for the degradation of humic acids and microorganisms.

3.3 PHOTOCATALYSIS AND OXIDATION OF POLLUTANTS

Heterogeneous photocatalysis is a rapidly expanding technology for water and air treatment
(Ibhadon and Fitzpatrick, 2013). The initial interest began when Fujishima and Honda (1972)
discovered the photochemical splitting of water into hydrogen and oxygen with TiO,. Photo-
catalytic oxidation reactions have the potential to totally degrade organic compounds to carbon
dioxide. This provides a clean and energy-saving technology for treatment of polluted water
and air.

Most of the semiconductors that have been investigated for the treatment of polluted water are
metal oxides (e.g. TiO,, ZnO, SnO, and WO3) or chalcogenides (CdS, ZnS and CdSe) (Dunlop,
2001). The effectiveness of the process for the photo-oxidation of organics in water depends
upon the reduction potentials of the valence band and conduction band. The TiO, conduction
band potential is sufficiently negative for the reduction of O, and the valence band is sufficiently
positive for the oxidation of OH™. Given the reduction potentials of the bands, SrTiO; ZnO, WO;
and ZnS could also be used for the photocatalytic oxidation of organic pollutants. However, it is
usually found that TiO; is the most efficient semiconductor for the treatment of water containing
organic pollutants. ZnO is a suitable alternative to TiO, and has similar band gap energy. However,
it is unstable with respect to incongruous dissolution.

Although ZnO has a higher activity than TiO,, having bandgap energies of 3.436eV and
3.03 eV respectively, TiO, is more stable in aqueous media and that is why it is mostly used
in water purification processes. Nano-structured TiO, photocatalysts have three crystal forms:
anatase, rutile and brookite. Anatase has a higher photocatalytic activity because the position of
oxygen ions on the exposed crystal surface of anatase shows a triangular arrangement, allowing
effective absorption of organics, while the position of the titanium ions creates favorable reaction
conditions with the absorbed organics. On the other hand, the rutile phase has a wider pore
size distribution which increases the photocatalytic activity. To achieve maximum photocatalytic
efficiency, the photocatalyst can be formed from a mixture of anatase and rutile (Dunlop, 2001).

Many researchers have reported on the photocatalytic degradation of pollutants in aqueous
solution (Ibhadon and Fitzpatrick, 2013). The photocatalytic mechanism of TiO, is described
here and it is similar to other photocatalytic processes. TiO; is insoluble in water and effectively
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Figure 3.1. Photocatalytic process on TiO, particle (Dunlop, 2001).

non-toxic. The photocatalytic process does not require the addition of consumable chemicals and
a waste sludge is not produced. TiO, photocatalysis has been reported to degrade many aqueous
chemical pollutants, including pesticides, herbicides, crude oil, surfactants and dyes (Dunlop,
2001; Ibhadon and Fitzpatrick, 2013). Irradiation of TiO, particles with photons of energy equal
to, or greater than, the band gap energy results in the promotion of an electron from the valence
band (vb) to the conduction band (cb) of the particle. The outcome of this process is the region
of positive charge, termed a hole (h™) in the vb and a free electron (¢™) in the cb:

TiO, + hv — TiO, (e cb + htvb) 3.1)

At the TiO, particle surface, the holes can react with surface-bound hydroxyl groups (OH™)
and absorbed water molecules to form hydroxyl radicals (*"HO):

h* 4 (vb) + OH™ — <HO (3.2)

h* + (vb) + H,0 — +HO + H* (3.3)

In the absence of electron acceptors, electron-hole recombination is a possibility. The presence
of oxygen prevents recombination by trapping electrons through the formation of superoxide ions
according to Equation (3.4). The final product of the reduction may also be hydroxyl radicals and
the hydroxyl radical HO,:

electron (cb) + O, — O; 3.4

where O, represents the superoxide ion:

20; 4 2H' — 2+:0H + O, 3.5)

205 + H* — +HO, (3.6)

The photocatalysis mechanism reaction is shown in Figure 3.1 (Dunlop, 2001).

Hydroxyl radicals are known to be powerful, indiscriminate oxidizing agents. During the pho-
tocatalytic process the radicals can react with organic compounds and bacterial species adsorbed
onto, or very close to, the semiconductor surface resulting in degradation. Similarly, the surface
interaction of microorganisms with catalysts used during the photo-disinfection is essential for
enhancing the inactivation rate. When the generated radicals make close contact with the microor-
ganisms, the lipopolysaccharide layer of the external cell wall is the initial site attacked by the
photo-induced radicals.
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Hydroxyl radicals are known to be powerful, indiscriminate oxidizing agents (Chong et al.,
2010). During the photocatalytic process the radicals can react with organic compounds and
bacterial species adsorbed onto, or very close to, the semiconductor surface resulting in degra-
dation. The surface interaction of microorganisms with a catalyst during the photo-disinfection
is essential for enhancing the inactivation rate. The lipopolysaccharide layer of the external cell
wall is the initial site attacked by the photo-induced radicals. This is followed by site attack on
the peptidoglycan layer, peroxidation of the membrane lipids and eventual oxidation of the mem-
brane proteins. All of these will cause a rapid leakage of potassium ions from the bacterial cells,
resulting in direct reduction of cell viability. The decrease in cell viability is usually linked to
the peroxidation of polyunsaturated phospholipid components in the cell membrane (i.e. loss of
essential cell functions) and eventually leads to cell death. The transfer of a bacterial cell into the
close vicinity of the surface-generated radical site is recognized to be the rate-limiting step in the
photo-disinfection reaction (Chong et al., 2010).

The UV radiation required for photocatalytic processes may come from an artificial source
or the sun. The artificial generation of UV radiation contributes to a large proportion of the
operating capital and maintenance costs of a photocatalytic reaction system because of the utility
consumption and periodic replacement of the UV lamps (Dunlop, 2001). There is, therefore,
a significant economic incentive to develop solar-powered photocatalytic reactors. In addition,
the environmental impact induced by the use of solar energy is minimal and this renders the
photocatalytic process environmentally attractive. The application of solar-powered photocatalytic
reactors to treat water contaminated with organic pollutants holds promise for regions receiving
strong sunlight throughout the year, such as the Middle East North Africa (MENA) and the
Arabian Gulf regions.

3.4 SOLAR PHOTO CATALYTIC PROCESSES AND REMOVAL OF ORGANIC AND
INORGANIC COMPOUNDS FROM WATER AND AIR

Over the past three decades research in the photocatalytic field has been extensive, covering the
removal of organic and inorganic compounds from contaminated water and air (Mehrjouei et al.,
2015). The artificial generation of photons required for the detoxification of polluted water is the
primary operational cost in photocatalytic wastewater treatment plants. This suggests that the sun
may be employed as an economically and ecologically sensible light source. With a typical UV
flux near the surface of the earth of 20-30 W m~2, the sun puts out 0.2—0.3 mol photons per m>
per hour in the 300400 nm range. In principle, these photons are suitable for destroying water
pollutants in photocatalytic reactors.

Extensive research work has been performed at various research centers/institutions on the
application of solar photocatalysis to the treatment of pollutants in industrial wastewater (Malato
etal.,2002; Mehrjouei et al., 2015). Despite its obvious potential for the detoxification of polluted
water, there has been very little commercial or industrial use of solar photocatalysis as a technology
so far. The published literature shows only a few engineering-scale demonstrations of the solar
photocatalytic treatment of polluted groundwater, landfill leachates and industrial wastewater in
the US and in Europe. The first engineering-scale field experiments were conducted in 1991 by
the National Renewable Energy Laboratory (NREL) and the Sandia National Laboratories at a
California Superfund Site, located at Lawrence Livermore National Laboratory (LLNL), treating
groundwater contaminated with chlorinated solvents, mainly trichloroethylene (TCE) (Mehos
and Turchi, 1993).

Parallel to the work performed in the US under the direction of the NREL and Sandia National
Laboratories, several research groups from different European countries, funded by the Euro-
pean Community, have tested the solar detoxification loop with the use of parabolic trough
reactors installed at the Plataforma Solar de Almeria (PSA) in Spain since 1991 (Malato et al.,
2002). Engineering-scale demonstrations of the non-concentrating solar reactor technology were
conducted at Tyndall Air Force Base, Florida (US) in 1992 (Goswami et al., 1993), treating
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groundwater contaminated with fuel, oil and lubricants that were leaking from underground stor-
age tanks. Furthermore, Freudenhammer ez al. (1997) reported their results from a pilot study
using thin-film-fixed bed reactors (TFFBR), which was performed in various Mediterranean coun-
tries. Their results showed that biologically pretreated textile wastewater can be cleaned by solar
photocatalysis. Likewise, highly polluted olive mill wastewater (OMW) from the olive oil industry,
was treated by solar photocatalysis and a solar photo-Fenton process (Gernjak et al., 2004).

Although photocatalysis has been extensively applied to the treatment of industrial wastewater,
very few researchers have actually tried this technique for saline water because seawater consists
of a complex mixture and there is also the danger of chloride ion interference. In one of the
first reports, Al-Rasheed and Cardin (2003b) have shown that humic acids (HA) can be effec-
tively removed from high-saline waters using photocatalysis with titanium dioxide catalysts. The
oxidative nature of these reactions was established by the requirements for oxygen, and the opti-
mum conditions have been established (i.e. high temperature, low pH, high oxygen concentration
and a TiO, concentration in the range 2.0-2.5 g L~!). Photocatalytic degradation of HA was also
observed in low-saline water, where it occurs more rapidly than in seawater. The activation energy
was determined in seawater as 17 kJmol~!.

Thin films of TiO, might be more suitable for use with highly saline waters, in view of the
instability of suspended TiO, in this medium, and the requirement for continuous agitation. The
catalytic oxidation process does not conform closely with the Langmuir-Hinshelwood kinetic
model, probably owing to competing reactions involving sulfate and bicarbonate ions (Kim et al.,
2010). TiO, (Degussa P25), TiO, (anatase), TiO, (rutile), TiO, (mesoporous) and ZnO disper-
sions were used as catalysts, employing a medium mercury lamp to study the effectiveness of
photocatalytic oxidation of HA in the increasingly important highly saline water. The effect of
platinum loading on P25 and ZnO was also investigated and it was found that ZnO with 0.3%
platinum loading was the most efficient catalyst. The preferred medium for the degradation of
HA using ZnO is alkaline, whereas for TiO, it is acidic. Kim et al. (2010) focused on the pho-
tocatalytic membrane reactor treatment of seawater. The turbidity removal was significant and
stable without any membrane fouling. Although TiO,-mediated photocatalysis achieved a high
degradation of the natural organic matter (NOM) present in freshwater (80% of lake NOM was
removed within four hours), unexpectedly, it was found that no seawater organic matter (SOM)
was decomposed by the same system. The authors argued that the reason behind this was that the
salt level of seawater was altered by electrodialysis.

Kim et al. (2010) investigated the effects of seawater sources on photocatalytic microfiltration
treatment with respect to the removal of particulate and organic matter, as well as control of mem-
brane permeability. It was observed that photocatalytic degradation of SOM was marginal but it
was enhanced significantly when sea salts were removed by electrodialysis. Likewise, Kim et al.
(2003) designed a hybrid thin-film composite (TFC) membrane consisting of a self-assembly of
TiO; nanoparticles with photocatalytic destructive capability on microorganisms as a novel means
to reduce membrane biofouling. The photocatalytic bactericidal effect of the hybrid TFC mem-
brane was examined by determining the survival ratios of the Escherichia coli (E. coli) cell with
and without UV light illumination. The group demonstrated that the photocatalytic bactericidal
efficiency was remarkably higher for the hybrid TFC membrane under UV light illumination.
In addition, Rahimpour et al. (2011) reported on the antibacterial and antifouling properties
of TiO,-entrapped nanocomposite polyvinyldine fluoride (PVDF)/sulfonated polyethersulfone
membranes. They observed a dramatic increase in anti-bacterial effect on E. coli. Shinde et al.
(2011) studied the photocatalytic activity of seawater under solar light using a photoelectrochemi-
cal reactor module consisting of nine photoelectrochemical cells equipped with a spray-deposited
TiO; catalyst and observed complete mineralization of organic compounds.

Very few researchers have attempted the treatment of seawater using solar photocatalysis and
hence the work reported in this chapter provides an impetus for the development of technology
that can be helpful to the desalination sector, especially in MENA countries.

Solar photocatalytic reactors can be distinguished according to whether the catalyst is applied
in suspension or in thin-film form. There are several advantages and disadvantages of choosing
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Figure 3.2. Parabolic trough concentrator system (Thiruvenkatachari et al., 2008).

suspension photocatalysis. The suspension process results in a uniform photocatalyst distribution
in the reactor system. It has higher efficiency because of its larger surface area and a low pressure
drop because the suspension particles are well-mixed. The process also minimizes catalyst fouling
because the catalyst is continuously removed. The main disadvantage is the requirement for a nano
filter to separate the catalyst: this will increase the cost of the unit. In comparison, the thin-film
method is a continuous operation and does not need a separation step after the reaction takes place.
However, it has low efficiency as a result of low light utilization due to the immobilization of
the photocatalyst, which results in a smaller surface area for reaction. The key elements affecting
the photocatalytic system are the type of catalyst, the light source and the reactor configuration.
A concentrated light system (Fig. 3.2) that reflects the solar light onto the photocatalytic reactor
via a reflecting surface is preferred because it requires a smaller reactor volume. It also operates
at a higher flow rate, has better mass transfer rates and can be operated under cloudy conditions
(Thiruvenkatachari et al., 2008). Tubular photo reactors are simple in their operation, can be
designed easily, and light can be concentrated by the use of reflectors which will increase the
photoreaction.

Thiruvenkatachari et al. (2008) showed that the photocatalytic reaction is affected by the
dosage of the catalyst, the original concentration of reactants, the illumination time, the intensity
of illumination, the pH value and the oxygen flow. It was also found that nano-scale photocatalysts
have more activity as they have a larger surface area which reduces the time needed for the carrier
to diffuse out of the photocatalyst pores to the photocatalyst surface (Bhattacharya et al., 2013).

The elimination potential of UV irradiation and advanced oxidation processes have been studied
for UV/hydrogen peroxide and UV/ozone systems (Sona ef al., 2006). It was found that in order
to improve the elimination efficiency an oxidant could be added during UV irradiation which
absorbs the UV light by itself and reacts with water to form highly reactive hydroxyl radicals.
Hydrogen peroxide (H,0,) and ozone are the commonly used oxidants. It was observed during the
experiments that the absorbance efficiency of H,O, was dependent on its concentration; the higher
the concentration the better the performance of the water treatment system (Sona et al., 2006).

The solar photocatalytic reaction of TiO, in the presence of inorganic salts results in the deposi-
tion of a double layer of the salts on the catalyst surface leading to a reduction in the photocatalyst
adsorption and its photocatalytic activity by scavenging of hydroxyl radicals (Guillard ez al.,
2003). Figure 3.3 shows an illustration of possible scavenging reactions of radicals by C1~ ions
during seawater photocatalysis during which hydroxyl radicals and valence band holes oxidize
organic matter (OM). Chloride ions show a negative effect on the photocatalytic oxidation reaction
as 50% removal of total organic carbon (TOC) was obtained in the absence of chloride ions created
by the addition of excess AgNO; prior to the photocatalytic reaction of TiO; in the presence of
seawater (Kim et al., 2010; Surolia et al., 2007).
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Figure 3.3. Scavenging of radicals by C1~ ions during seawater photocatalysis (Kim et al., 2010; Surolia
etal., 2007).

Table 3.1. Seawater composition analysis from case study area.

Parameter Value
pH 7.96
Conductivity [mS] 54.22
Salinity [mg kg '] 34200
Turbidity [NTU] 1.60
Dissolved oxygen [mg L_l] 5.38
Total dissolved solids [mg kg_l] 53200
Chemical oxygen demand [mg L_l] 5.0
Biological oxygen demand [mg L_l] 2.0
Total organic carbon [mg L_l] 2.94
E. coli n.d.

3.5 OMANI CASE STUDY OF REVERSE OSMOSIS PRETREATMENT
USING SOLAR NANOPHOTOCATALYSIS

A case study was performed to assess the effect of chloride ions and the scavenging of hydroxyl
radicals on total organic carbon (TOC), and thus whether solar nanophotocatalysis can be applied
for RO treatment of seawater pollutants. Experimental studies were conducted in a batch recircu-
lation reactor system and in a continuous thin-film reactor system. The seawater was taken from
the Al Athibha beach area on the coast of the Sultanate of Oman and stored at normal tempera-
ture, 25°C. The seawater was collected 1 km offshore because seawater collected near the shore
contains up to 50 mg L~! total organic carbon (TOC), whereas water collected from 1 km offshore
had TOC in the range 4-7mg L™!. In general, the inlet for any desalination plant is placed 1 km
away from the shore, hence the samples used in the present study. The seawater samples were
analyzed at the Caledonian College of Engineering solar water research laboratory (Oman). Con-
ductivity, pH, salinity, turbidity, dissolved oxygen (DO), total dissolved solids (TDS), chemical
oxygen demand (COD), biological oxygen demand (BOD), TOC and E. coli levels were analyzed
(Table 3.1). Experimental investigations were carried out with batch as well as continuous reactor
systems (Fig. 3.4a through to Fig. 3.4d).

A 2L glass beaker with magnetic stirrer was used as the batch reactor (Fig. 3.4a). The batch
recirculation reactor (Fig. 3.4b) consisted of a 2 L glass tube of diameter 8 cm and length 100 cm
fixed to a stand at an angle of 20°C. A small glass tube of diameter 1.2 cm and length 70 cm



Application of solar nanophotocatalysis in reverse osmosis pretreatment processes 51

A
(a) Sample \ X
40»
— PYA

& Sunlight

—f—

Magnatic stirrer

(b)

(©

Reactor

- M Tank
Solar concentrator system Pump

Magnatic stirrer|

) “QZD

Sunlight

Solar concentrator
system Pump Tank

Figure 3.4. (a) Batch reactor system; (b) batch recirculation reactor system; (c) schematic of continuous
suspension experimental setup; (d) schematic of continuous thin-film experimental setup (Al Jabri and Feroz,
2015; Cheriyan et al., 2013; Feroz and Jesil, 2012; Feroz et al., 2015).

was fixed inside the glass tube at the exact center and was connected to a peristaltic pump. Glass
tubes 60 cm in length with an outer diameter of 2 cm and connected with a peristaltic pump were
used for continuous reactor systems with the catalyst in suspension (Fig. 3.4¢) or in a thin film
(Fig. 3.44d).
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Figure 3.5. Percentage reduction in TOC at different TiO, dosages in batch reactor.

3.5.1 Batch reactor studies with TiO,

Figure 3.5 shows the percentage decrease in TOC at different dosages of TiO,. It was observed
that there was a sharp decrease in TOC over the first two hours of reaction time and thereafter the
decline was stable. This may have been due to an increase in the availability of photonic energy. It
was also seen that the degradation of pollutants seemed to be on the higher side at higher dosages
of TiO,, which may be as a result of availability of additional active sites on the photocatalyst.
The amount of TiO;, is directly proportional to the overall photocatalytic reaction rate and a linear
dependency exists with TiO, concentration. A reduction of more than 50% in TOC was observed
for 3 g TiO, dosage within a 5 h reaction time. This suggests that the technique can be applied to
the treatment of seawater pollutants.

3.5.2 Batch reactor studies with TiO, recirculation

In the case of a batch reactor with recirculation, when the TiO, concentration was varied from
0.5g to 3.5 g, a reduction in TOC of more than 45% was observed at the highest TiO, dosage
(Fig. 3.6). With an increase in concentration of TiO, P25, the reduction in TOC was enhanced.
This was probably due to the availability of more active sites on the catalyst surface. Seawater
collected from the foreshore/beach had a high initial concentration of TOC, whereas seawater
collected from 1 km offshore had a lower TOC concentration. It was observed that only glass
reactors gave accurate results in these experiments; the use of any other material gave erratic
results, possibly because of induced carbon content from reactor materials entering the seawater.

3.5.3 Continuous reactor studies with TiO; in suspension and in thin film

With TiO; in suspension in a continuous reactor, a substantial decrease in the TOC concentration
was observed, especially at the lower TiO, dosage (Fig. 3.7). A sharp reduction in TOC was
observed in the first two hours of exposure time and after that it was stable. A reduction in TOC of
more than 35% was observed at 0.5 g TiO, dosage exposed to 5 h of irradiation. With an increase
in catalyst dosage the percentage reduction in TOC declined, which may have been as a result of
the agglomeration of catalyst particles, thereby inhibiting the generation of hydroxyl radicals.
With TiO, immobilized in a thin film in a continuous reactor, slightly different results were
observed. Polyvinyl alcohol (PVA) was used as a solution thickener and a binder to enhance the
chemical bonding of TiO, to the inner surface of the glass reactor tube. The coated layer of the
nanophotocatalyst was stable and strongly bonded to the inner surface of the tube after calcination.
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Figure 3.6. Percentage reduction in TOC at various TiO, dosages in batch reactor with recirculation.
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Figure 3.7. Continuous reactor studies with TiO» in suspension in 0.002 m> of seawater, using a peristaltic
pumping rate of 170 rpm to a tubular reactor where photocatalytic reaction took place.

It was found that there was a slight increase in TOC (Fig. 3.8), possibly due to the presence of
polyvinyl chloride in the thin film or the formation of organic byproducts. The composition of
seawater is complex in nature, which may interfere with the photocatalytic process. Though the
TOC increased in the initial stages (perhaps due to the presence of PVA), after a certain amount of
time it declined again, which shows that even in a thin-film coating the degradation of pollutants
takes place. As a possible future study, an inorganic binder may be a better option than PVA to
create the thin film.

3.5.4 Effectiveness of combination of photocatalysts and photo-Fenton
reagent in reduction of TOC in reactor studies

Batch experimental studies were carried out with a combination of photocatalysts in a 0.002 m*
reactor system. The combinations used were: 3.0g TiO, +5mL H,0,; 3.0g TiO, +5mL
H,0; + 1.0 g Fe;01,S3.5H,0; 3.0g TiO; 4+ 1.0 g ZnO. The maximum reduction in TOC was
observed with the TiO, + ZnO combination, as shown in Figure 3.9.
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Figure 3.8. Variation of TOC in continuous reactor studies with TiO in thin-film form.
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Figure 3.9. Variation of TOC in batch reactor studies with various combinations of photocatalysts.

3.6 CONCLUDING REMARKS

Organic fouling and biofouling of reverse osmosis (RO) membranes requires conventional and/or
membrane pretreatment of the feed water. Prevention of biofouling can be achieved by coating the
reactor system with a nanophotocatalyst that is non-toxic. Photocatalytic coating is very effective
against humic substances and microorganisms. If this technique can be successfully implemented
at the commercial level, then solar energy can be utilized in a feasible manner for desalination,
especially in RO pretreatment processes. From the case study, it was concluded that although
there is interference by chloride ions and scavenging of hydroxyl radicals, substantial decreases
in total organic content (TOC) were still observed and hence this technique can be applied to
treatment of seawater pollutants. Experimental studies conducted in a batch recirculation reac-
tor system have shown similar reductions in pollutants to those in a normal mixing batch-type
reactor system. In a continuous reactor suspension system, a substantial decrease in TOC was
observed. However, to apply suspension systems commercially, additional filtration systems
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are needed to separate nanophotocatalyst particles, which will increase both the capital and the
operational costs, and this is one of the challenges that needs to be overcome for commercial
exploitation.
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CHAPTER 4
Metal oxide nanophotocatalysts for water purification

Edreese Alsharach, Faheem Ahmed, Nishat Arshi & Meshael Alturki

4.1 INTRODUCTION

Photocatalysis, which exploits renewable solar energy to trigger chemical reactions via oxidation
and reduction, can be classified as a sustainable technology that offers solutions to ecological
problems (Kudo and Miseki, 2009). Nanophotocatalysts, for example, can be utilized for water
purification and environmental pollution management, such as eliminating residual dye pollutants
from wastewater streams (Lee ef al., 2016). In a review, Reddy et al. (2016) reasoned that
technological progress in this research field is dependent on the improvement of solar sensitivity
to enhance the efficiency of pollutant decontamination.

The spread of a wide range of contaminants in surface water and groundwater has become a
critical issue worldwide due to population growth, rapid industrialization and long-term droughts
(Chong et al., 2010; Cundy et al., 2008; Zeng et al., 2011). It is thus essential to be able
to better control the harmful effects of pollutants so as to improve the human environment.
Toxins persisting in wastewater include heavy metals, inorganic compounds, organic pollutants
and many other complex compounds (Fatta et al., 2011; Li et al., 2011; O’Connor, 1996).
All of these contaminants that are released in wastewater are harmful to human beings and the
natural surroundings. Consequently, the need for efficient methods of pollutant removal has
become crucial (Huang et al., 2010; Jiang et al., 2006; Pang et al., 2011a). In an effort to
combat the problem of water pollution, for example, rapid and significant progress in wastewater
treatment has been made, including photocatalytic oxidation, adsorption/separation processes
and bioremediation (Huang et al., 2006; Long et al., 2011; Pang et al., 2011a, 2011b; Zelmanov
and Semiat, 2008). However, their applications have been restricted by many factors, such as
processing efficiency, operational methods, energy requirements and economics.

Recently, nanomaterials have been suggested as efficient, cost-effective and environmentally
friendly alternatives to existing treatment materials from the standpoints of both resource conser-
vation and environmental remediation (Dastjerdi and Montazer, 2010; Dimitrov, 2006; Friedrich
et al., 1998). Nanotechnology holds out the promise of immense improvements in manufactur-
ing technologies, electronics, telecommunications, health and even environmental remediation
(Gross, 2001; Kim et al., 2005; Moore, 2006). The production and utilization of a diverse array
of nanomaterials include structures and devices with sizes ranging from 1 to 100 nm, and the
display of unique properties not found in bulk-sized materials (Stone et al., 2010; Wang et al.,
2010). Various materials, such as carbon-based (Mauter and Elimelech, 2008; Upadhyayula et al.,
2009) and TiO, nanomaterials (Khan et al., 2002; Shankar et al., 2009), have been widely stud-
ied and reviewed. However, there is a need to assess iron oxide-based nanomaterials in greater
detail.

This chapter evaluates the important properties of iron oxide nanomaterials. It highlights not
only recent developments in their application to wastewater treatment, but also seeks to address
the issues which appear to limit their large-scale field application. Primary attention is given to
recent progress in the utilization of iron oxide nanomaterials as nanosorbents, followed by critical
discussion on their application as photocatalysts. A detailed description of synthesis methods,
properties and characterization is also included in the scope of this chapter.
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Fe, 04

Figure 4.1. Common structural forms of iron oxide.

4.2 IRON OXIDE NANOMATERIALS

Iron oxides exist in many forms in nature. Magnetite (Fe;0,), maghemite (y-Fe,03), and
haematite («-Fe,03) are the most common (Chan and Ellis, 2004; Cornel and Schwertmann,
1996) (Fig. 4.1). In recent years, the synthesis and utilization of iron oxide nanomaterials with
novel properties and functions have been widely studied due to their relative size in the nano-
range, their high surface area-to-volume ratios and their superparamagnetism (Afkhami et al.,
2010; McHenry and Laughlin, 2000; Pan et al., 2010). In particular, their easy synthesis, coating
or modification, and the ability to control or manipulate matter on an atomic scale can provide
unmatched versatility (Boyer et al., 2010; Dias et al., 2011). In addition, iron oxide nanoma-
terials with low toxicity, chemical inertness and biocompatibility show tremendous potential in
combination with biotechnology (Gupta and Gupta, 2005; Huang et al., 2003; Roco, 2003). They
have unique properties, which account for their application as well as the considerable differ-
ences among iron oxide bulk materials (Bystrzejewski et al., 2009; Selvan ef al., 2010). It was
reported that preparation methods and surface coating mediums play a key role in determining
the size distribution, morphology, magnetic properties and surface chemistry of nanomaterials
(Jeong et al., 2007; Machala et al., 2007). Many researchers have been focusing their efforts on
developing chemical and physical methods for the synthesis of magnetic nanoparticles (MNPs)
(Dias et al., 2011).

Lately, a variety of synthesis approaches have been developed to produce high-quality nanopar-
ticles (Hassanjani et al., 2011), nano-ovals (Zhong and Cao, 2010), nanobelts (Fan et al., 2011),
nanorings (Goti¢ et al., 2011) and other nanostructures. The three most important published routes
for the synthesis of superparamagnetic iron oxide nanoparticles (SPIONs) have been summarized
by Mahmoudi ez al. (2011). Advances in nanomaterial synthesis enable the precise control of sur-
face active sites by manufacturing monodispersed and shape-controlled iron oxide nanomaterials
(Bautista et al., 2005; Li and Somorjai, 2010). Emerging methods, such as fungi/protein-mediated
biological methods and sonochemical methods, necessitate broader development. Future studies
should aim to address different challenges to provide new more efficient and specific magnetic
nanomaterials. In addition, the growth of iron oxide nanomaterials to field scale may provide a
fruitful area for research.

4.3 GRAPHENE OXIDE-BASED NANOCOMPOSITES

Recently, researchers have been exploring the dispersion of nanoparticles on graphene so as to pro-
vide new materials with enhanced applications such as catalysis, energy storage and biochemical
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sensors (Zhang et al., 2015). These new-generation nanoparticles can be beneficial in adding mag-
netic, optical, electrical and catalytic properties to graphene. Consequently, it can be argued that
these metal-nanoparticle graphene-based composites can be very advantageous for many applica-
tions. Many researchers have described the use of functionalized graphene with different types of
metal nanoparticles. Zhang et al. (2015), for example, synthesized ZnO-reduced graphene oxide
(rGO) nanocomposites with a uniform dispersion of 10.5 nm on sheets of graphene prepared by a
modified Hummers’ method. These nanocomposites were tested for their photocatalytic reduction
of CO, into methanol under UV-vis light. Four samples with different percentages of rGO (1%,
5%, 10% and 20%) and one sample of pure ZnO were tested. After irradiation for three hours,
ZnO-(10%)rGO yielded 263 wmol g~! catalyst of methanol, which was five times higher than the
52 wmol g~! catalyst yield of the pure ZnO nanoparticles and better than all other samples tested.
These results show the abundant influence of reduced graphene oxide in enhancing photocatalytic
reaction and thus improving the effectiveness of ZnO nanoparticles.

4.4 IRON OXIDE NANOMATERIALS IN WASTEWATER TREATMENT

Selection of the best method and material for wastewater treatment is a highly complex task,
dependent on a number of factors, such as the quality standards to be met and the efficiency as
well as the cost (Huang et al., 2008; Oller et al., 2011). Therefore, the following four aspects must
be considered in any decision-making process on wastewater treatment technologies: (i) treatment
flexibility and final efficiency; (ii) reuse of treatment agents; (iii) environmental security and
friendliness; (iv) cost-effectiveness (Oller et al., 2011; Zhang and Fang, 2010).

Magnetism helps in water purification by influencing the physical properties of contaminants.
Adsorption procedures combined with magnetic separation have, for instance, been used exten-
sively in water treatment and environmental cleanup (Ambashta and Sillanpéé, 2010; Mahdavian
and Mirrahimi, 2010). Furthermore, iron oxide nanomaterials are promising for industrial-scale
wastewater treatment, due to their low cost, strong adsorption capacity, easy separation and
enhanced stability (Carabante et al., 2009; Fan et al., 2012; Hu et al., 2005). The ability of
iron oxide nanomaterials to remove contaminants has been demonstrated in both laboratory- and
field-scale trials (Girginova et al., 2010; White et al., 2009).

Current applications of iron oxide nanomaterials in contaminated water treatment can be
divided into two groups: (i) technologies which use the materials as a nanosorbent or immobiliza-
tion carrier for removal efficiency enhancement (referred to here as adsorptive/immobilization
technologies), and (ii) those which use iron oxide nanomaterials as photocatalysts to break down
or convert contaminants into a less toxic form (i.e. photocatalytic technologies), although it should
be noted that many technologies may utilize both processes.

4.4.1 Adsorptive technologies

4.4.1.1 Iron oxide as a nanosorbent for heavy metals

Heavy metal contamination is of great concern because of its toxic effect on plants, animals and
human beings, and its tendency for bioaccumulation even at relatively low concentrations. There-
fore, effective removal methods for heavy metal ions are extremely urgent and have attracted
considerable research and practical interest (Chen ef al., 2011; Huang et al., 2006; Pang et al.,
2011c). Nowadays, the majority of bench-scale research and field applications of materials for
wastewater treatment have focused on magnetic nanomaterials (Iram ez al., 2010), carbon nan-
otubes (Stafiej and Pyrzynska, 2007), activated carbon (Kobya et al., 2005) and zero-valent iron
(Ponder et al., 2000). Among these, it appears that iron oxide magnetic nanomaterials, pos-
sessing the capability to treat large volumes of wastewater and being convenient for magnetic
separation, are the most promising materials for heavy metal treatment (Hu ez al., 2010). In a
study performed by Nassar (2010), it was found that the maximum adsorption capacity of Fe;O4
nanoparticles for Pb(Il) ions was 36 mg g~!, which was much higher than that reported of low-cost
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Figure 4.2. Common chemical moieties for the anchoring of polymers and functional groups at the surface
of iron oxide magnetic nanoparticles (adapted from Dias et al., 2011).

adsorbents. The small size of Fe;O,4 nanosorbents was favorable to the diffusion of metal ions
from solution onto the active sites of the adsorbent’s surface. Nassar (2010) suggested that Fe;O4
nanosorbents should be employed as effective and economical adsorbents for rapid removal and
recovery of metal ions from wastewater effluents. Common chemical moieties for anchoring of
polymers and functional groups at the surface of iron oxide magnetic nanoparticles are shown in
Figure 4.2.

Laboratory studies have indicated that iron oxide nanomaterials could effectively remove a
range of heavy metals, including Pb>*, Hg>*, Cd** and Cu?* (Otto et al., 2008). However, iron
oxide-based technology for heavy metal adsorption is still at a relatively early stage in terms of
wider application. It is recognized that much work is needed to advance knowledge in the area
of nanomaterials, and the transfer of technology from laboratory scale to field scale is complex.
With increasing emphasis on contaminant removal treatments, more data will become available
on performance and cost, which can provide additional information for large-scale industrial
applications.

4.4.1.2 Iron oxide as nanosorbents for organic contaminants

As a well-known separation process, adsorption has been widely applied to remove chemical
pollutants from water. It has numerous advantages in terms of cost, flexibility and simplicity of
design/operation, and insensitivity to toxic pollutants (Ahmad et al., 2009; Rafatullah et al., 2010;
Zeng et al., 2007). Hence, an effective and low-cost adsorbent with high adsorption capacity for
organic pollutant removal is desirable. Iron oxide nanomaterials are currently being explored for
the efficient treatment of large-volume water samples and fast separation via the application of a
strong external magnetic field. Numerous trials have been undertaken to examine the efficiency
of organic pollutant removal by using iron oxide nanomaterials (Luo et al., 2011; Zhang et al.,
2010; Zhao et al., 2010). For example, hollow Fe;O4 nanospheres were shown to be an effective
sorbent for red dye (with a maximum adsorption capacity of 90 mg g~"!) (Iram et al., 2010). The
saturation magnetization of prepared nanospheres was observed to be 42 emug~!, which was
sufficient for magnetic separation (critical value at 16.3 emu g~') (Ma et al., 2005). These studies
proved that magnetic nanomaterial technology was a novel, promising and desirable alternative
for organic contaminant adsorption.
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Figure 4.3. Energy change in photocatalytic reactions.

4.4.2 Photocatalytic technology

Photocatalysis (Fig. 4.3), one of the advanced physico-chemical technologies applicable in pho-
todegradation of organic pollutants (Akhavan and Azimirad, 2009), has attracted considerable
attention. However, several obstacles hinder the wider application of iron oxide nanomaterials to
the photocatalysis of toxic compounds. These impediments include: (i) the high expense associ-
ated with the separation of materials after the treatment process because of the manpower, time and
chemicals used for precipitation, followed by centrifugation or decantation; (ii) restrictions to the
kinetics and efficiency of the treatment process as a result of the low quantum yield (Bandara et al.,
2007). These limitations should be taken into account in the development of nanomaterial-based
technologies. In addition, considerable efforts have been undertaken to enhance photocatalytic
activity, such as by decreasing photocatalyst size to increase surface area, combining the photo-
catalyst with novel metal nanoparticles, and increasing hole concentration through doping (Zhang
and Fang, 2010). On the other hand, improved charge separation and inhibition of charge carrier
recombination are essential in improving the overall quantum efficiency for interfacial charge
transfer (Beydoun et al., 1999; Hu et al., 2009; Watson et al., 2002).

Iron oxide nanomaterials can be good photocatalysts by absorbing visible light. Compared with
the commonly applied TiO,, which primarily absorbs UV light at wavelengths of ~380 nm (cov-
ering only 5% of the solar spectrum) due to its wide band gap of 3.2 eV, Fe, 05 has a narrower band
gap of 2.2 eV (Akhavan and Azimirad, 2009) and is a fascinating n-type semiconducting material
thatis a suitable candidate for photodegradation under visible-light conditions. The enhanced pho-
tocatalytic performance of iron oxide nanomaterials compared with TiO, can be attributed to the
extensive generation of electron-hole pairs through the narrow band-gap illumination (Bandara
etal.,2007).

4.4.2.1 Preparation of iron oxide/graphene-based nanomaterials
Iron oxide nanoparticles and iron oxide/graphene nanocomposites were prepared as follows:

e «-Fe;0; nanoparticles from microwave-hydrothermal (M-H) process using HMT: Differ-
ent concentrations (0.01, 0.02 and 0.05 M) of materials were prepared using ferric nitrate
(Fe(NO3);-9H,0) or ferric chloride (FeCl;-6H,0). The ferric salt was mixed with similar con-
centrations of hexamethylenetetramine (HMT; (CH;)sNy4) in 100 mL of deionized water. The
solution was then homogenized by stirring before being heated by microwave irradiation for
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20 minutes, in conditions of 100 psi (0.689 MPa), 150°C and 100% power. After that, the
solution was cooled at room temperature for several minutes and then washed six times by
centrifugation at 3000 rpm for two minutes (three times with deionized water and three times
with ethyl alcohol diluted to 70%). The sample was then dried at 80°C in an oven overnight.
Finally, calcination at 400°C was applied for two hours.

o «-Fe;03/graphene nanocomposites from M-H process using HMT: Different concentrations of
commercial graphene (2%, 5%, 10% and 17%) were prepared with 0.05 M ferric nitrate, and
a similar procedure followed as for the preparation of «-Fe, O3 nanoparticles described above.

e «-Fe;0;3 nanoparticles from M-H process using PEG: 0.25 M ferric nitrate was dissolved in
20 mL deionized water and sonicated for 30 minutes to form Solution A. 10 mL of 30% ammo-
nia solution (NH;3-H,O) was mixed with 10 mL of polyethylene glycol (PEG) to form Solution
B. Solution B was added drop wise to Solution A and stirred for 30 minutes. Next, the mixture
was subjected to microwave irradiation for 10 minutes at conditions of 150 psi (=1.03 MPa),
200°C and 100% power. Finally, the sample was dried overnight in a vacuum oven at 45°C.

o «-Fe;03/graphene nanocomposites from M-H process using PEG: Different concentrations of
commercial graphene (2%, 5%, 10% and 17%) were prepared with 0.05 M ferric nitrate, and
a similar procedure followed as for the preparation of @-Fe, O3 nanoparticles just described.

The photocatalytic performance of a-Fe, O3 and a-Fe, O3/graphene nanocomposites were evalu-
ated by the degradation of molybdenum blue (MB) in a Pyrex reactor under visible-light irradiation
(420 nm) provided by a 500 W halogen lamp with an intensity of ~15000 lux. In each experiment,
20 mg of photocatalyst was dispersed in 100 mL of MB solution with a concentration of 107> M.
Before illumination, the suspension was magnetically stirred in the dark for 30 minutes to obtain
an adsorption-desorption equilibrium. At given time intervals, 5 mL of aliquot was sampled. Then
the supernatant solution was analyzed by monitoring the maximum absorption peak at 665 nm
(Amax for MB) using a UV-vis spectrophotometer (PerkinElmer LAMBDA 25).

4.4.2.2 Properties of a-Fe,03 nanoparticles

Figure 4.4 and Figure 4.5 show the UV-vis absorption spectra of «-Fe, O3 nanoparticles prepared by
the microwave-hydrothermal route using HMT and PEG. All spectra showed a broad absorption
band at 425 nm, a characteristic of «-Fe,O3; nanoparticles. This broadening can be caused by
many factors, including particle size and shape. All samples showed that as the concentration was
increased from 0.01 to 0.05 M, a red shift toward higher wavelengths was observed.

X-ray diffraction (XRD) measurements were performed to determine the crystalline phase of
the samples. Figure 4.6 and Figure 4.7 show the XRD patterns of the o-Fe,O3 nanostructures
prepared by microwave irradiation. All the diffraction peaks obtained can be successfully indexed
to the pure rhombohedral symmetry of Fe,O3; (JCPDS card no. 89-8104), indicating the crys-
talline haematite phase. No other peaks for any impurities were observed. The strong and sharp
diffraction peaks indicated a high degree of crystallization of a-Fe, O3 nanostructures prepared
using PEG. However, in the case of samples prepared using HMT, low intensity peaks were seen.
The interplanar spacing or d-spacing was calculated to be 0.27 nm, which corresponds to the
(104) lattice plane of «-Fe,O5.

To further confirm the crystal phases of the «-Fe,O3; nanostructures, Raman spectroscopy
measurements were carried out. Raman spectra of «-Fe, O3 nanoparticles recorded at room tem-
perature in the range from 200-1400 cm~' are shown in Figure 4.8. The a-Fe,03, crystallized as
a corundum-type structure, is the most common iron oxide on earth and seven phonon lines are
expected in the Raman spectrum, namely two Alg modes (225 and 498 cm™!) and five Eg modes
(247,293,299, 412 and 613 cm™!). It can be clearly seen in the Raman spectra in Figure 4.8 that
the peaks appearing in the spectra at 228, 291, 406, and 612 cm~! correspond to the characteristic
peaks of a-Fe, O3, that is, the peak located at 228 cm™! corresponds to the A1g mode, and the three
peaks at about 291, 406 and 612 cm ™! are attributable to the Eg mode. However, some shifts were
observed due to differences in size and shape of the nanostructures. These observations imply that
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Figure 4.4. UV-vis spectrum of a-Fe; O3 nanoparticles prepared at various concentrations by M-H process
using ferric nitrate and HMT.
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Figure 4.5. UV-vis spectroscopy of a-Fe; O3 nanoparticles prepared by M-H process using ferric nitrate
and PEG.

it is feasible to produce highly crystalline a-Fe, O; by our one-step microwave irradiation method.
Thus, the Raman spectroscopy measurements are in good agreement with the XRD results, which
confirmed that the nanostructures are purely haematite.

The surface morphology of a-Fe, O3 nanostructures was investigated by field emission scanning
electron microscope (FESEM) analysis. Figure 4.9 depicts the typical morphologies of a-Fe, O3
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Figure 4.6. XRD patterns of o-Fe,O3 nanoparticles prepared at various concentrations by M-H process
using ferric nitrate and HMT.
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Figure 4.7. XRD patterns of @-Fe, O3 nanoparticles prepared by M-H process using ferric nitrate and PEG.

samples prepared by the microwave-hydrothermal process using HMT. All the nanoparticles
exhibit spherical shape, with sizes ranging between 10 and 20 nm. Figure 4.10 shows the trans-
mission electron microscopy (TEM) images of «-Fe, O3 nanoparticles generated using PEG, in
which fine spherical particles can be clearly seen. The size distribution is uniform, demonstrating

the role of PEG as a capping agent.

4.4.2.3 «-Fe,O;3 nanoparticles/graphene nanocomposites from M-H treatment using

HMT and PEG
XRD measurements were performed to determine the crystalline phase of the samples. Fig-
ure 4.11 shows the XRD patterns of a-Fe,Os/graphene nanocomposites prepared by microwave
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Figure 4.8. Room temperature Raman spectra of a-Fe; O3 nanoparticles prepared at various concentrations
by M-H process using ferric nitrate and HMT.

irradiation. All the diffraction peaks obtained can be closely indexed to the pure rhombohedral
symmetry of Fe,O3; (JCPDS card no. 89-8104), indicating the crystalline haematite phase. The
characteristic peak (002) of graphite at 26.5° disappeared after oxidation, while an additional
peak at 11.22° was observed, which corresponds to the (001) diffraction peak of graphene oxide
(GO). Furthermore, the d-spacing of the GO was larger than that of graphite. This larger inter-
layer distance of GO might be due to the formation of oxygen-containing functional groups,
such as hydroxyl, epoxy and carboxyl. Thus, from the XRD pattern of Fe,03/rGO, it could
be inferred that the original graphite powders had been almost completely oxidized. A broad
diffraction peak (002) of rGO at about 24.1° was observed in the XRD pattern shown in Fig-
ure 4.11. The broadening and shift of the characteristic diffraction peak of graphite from 26.5°
to 24.1° was due to the short-range order in stacked stacks. The interlayer spacing of rGO is
slightly larger than that of graphite, which results from a small amount of residual oxygen-
containing functional groups or other structural defects. No other peaks for any impurities were
observed.

The surface morphology of «-Fe,Os/graphene nanocomposites was investigated by scan-
ning electron microscopy (SEM) analysis. Figure 4.12 depicts the typical morphologies of
a-Fe,Os3/graphene nanocomposite samples prepared by microwave-hydrothermal processing.
In addition, TEM provides further details about the size, morphology and crystallinity of «-
Fe,Os/graphene. The average particle size of the a-Fe, O3 nanoparticles anchored on the graphene
sheets was found to be ~8 nm, as shown in Figure 4.13a. Further, the nanosheets had thicknesses
of a few nanometers and the nanoparticles were well-dispersed and covered the surface of the
nanosheets, indicating successful nanocomposite preparation (see Fig. 4.13b).

The «a-Fe,0s/graphene photocatalysts have lately been studied for their potential to provide
pollution-free environments by degrading air and water contamination through photocatalysis by
visible-light absorption. Introducing graphene to a-Fe,Os caused delocalization of the photo-
generated electrons through the a-network, which led to inhibition of the recombination process
and thus improved the photocatalytic performance of the material. Another advantage is that
fictionalization of a-Fe, O3 nanocomposites on graphene sheets helps in the removal and recy-
cling of compounds when used in water. With graphene forming a sheet under the nanoparticles,
it can be argued that the filtration process from water will be easier and more effective. The



66 E. Alsharaeh et al.

Figure 4.9. SEM images of a-Fe, O3 prepared by M-H process using ferric nitrate and HMT.

Figure 4.10. TEM images of a-Fe, O3 prepared by M-H process using PEG.

photocatalytic activity of «-Fe,Oz/graphene nanocomposites was evaluated in degradation of the
representative organic dyes methyl orange and MB under visible-light irradiation. Figure 4.14
shows the evolution of MB absorption spectra obtained upon photoirradiation in the presence of
a-Fe,Os/graphene nanocomposites for different time periods.

For a-Fe,0s/graphene sample placed in MB solution, the absorption intensity of both dyes’
solution is observed to decrease with irradiation time, indicating that the «-Fe,Os/graphene
sample demonstrates visible-light photocatalytic properties in the degradation of MB. For 240
minutes 80% degradation of MB was degraded in the presence of a-Fe,Os/graphene.
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Figure 4.11. XRD patterns of a-Fe, O3/graphene nanocomposites prepared with various concentrations of

graphene using PEG.

Figure 4.13.  «-Fe;03/(17%)graphene nanocomposite: (a) TEM image; (b) high-resolution TEM image.
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Figure 4.14. UV-vis absorbance spectra of MB photodegradation in the presence of a-Fe;O3/graphene
nanocomposites.

4.5 CONCLUDING REMARKS

Wastewater treatment and reuse is essential to safeguard human health and to protect environ-
mental ecosystems. Nanomaterials, with their unique physical and chemical properties, have a
tremendous potential for contaminant removal. A case study was presented in this chapter showing
the successful preparation of a-Fe, O3 nanoparticles and their graphene-based nanocomposites
using a simple, fast, low-cost, energy-saving and environmentally benign microwave-assisted
method. It was demonstrated that the size, shape and diameter of the ¢-Fe, O3 nanostructures can be
readily adjusted and optimized by changing the precursors, modifying the solution concentration
and employing diverse approaches. Such knowledge allows for the rapid synthesis of «-Fe,O;
nanomaterials of specific morphology and size, simply by selecting the appropriate precursor and
concentration.

The a-Fe, O3 nanoparticles exhibited photocatalytic degradation activity using visible-light irra-
diation. Their inclusion in graphene-based nanocomposites displayed superior photodegradation
properties when compared with a-Fe, O3 nanoparticles alone, due to the presence of the graphene,
and it was found that the structural, morphological and optical properties of the nanocomposites
were very much dependent on the concentration of graphene.

In summary because of their ability to fully utilize visible light, iron oxide nanomaterials are
very efficient nanosorbents for heavy metals and organic pollutants. Indeed, it can be argued
that employing these nanomaterials to adsorb contaminants is one of their most striking uses.
The work described here will contribute to the commercial development of iron oxide-based
nanocomposites, where nanostructures having outstanding properties are required. This will aid
in the practical application of iron oxide/graphene-based nanocomposites for water treatment and
purification.
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CHAPTER 5

Wind technology design and reverse osmosis systems
for oft-grid and grid-connected applications

Eftihia Tzen, Kyriakos Rossis, Jaime Gonzalez, Pedro Cabrera,
Baltasar Pefiate & Vicente Subiela

5.1 INTRODUCTION

Wind turbines can be used to supply electricity or mechanical power to desalination plants for the
desalination of brackish water or seawater. Within the last century, with the installation of wind
farms, wind energy has been mainly used for grid-connected applications with the purpose of
selling electricity to the grid. However, in developing countries, and in some areas of developed
countries, the use of wind turbines seems to have been more valuable to human life than just an
investment for economic benefits. In rural and remote areas, the use of small wind turbines in
mini-grids or stand-alone (off-grid) applications is essential for the improvement of inhabitants’
lives and their socioeconomic development. Furthermore, the provision of electricity through
renewable energy sources can replace the use of diesel generators, kerosene lamps, etc. and
reduce environmental impacts, while also providing an affordable and sustainable solution.

The supply of drinking water has always been an important issue in the economic and social
development plans of a country. Continuous efforts brought improvements in the conditions of
drinking water supplies, in terms of quality and quantity, both in urban and rural areas.

Desalination of water by thermal or membrane processes is a sustainable and reliable solution
for the provision of potable or freshwater in areas where there is a requirement. Several applications
have been implemented using wind energy to drive reverse osmosis units and a few to drive
mechanical vapor compression and electrodialysis units.

Desalination units driven by renewable energy sources (RES), such as those driven by wind
energy, guarantee environment-friendly, cost-effective and sustainable production of desalinated
water in those regions with severe potable water shortages that, nevertheless, are fortunate to have
renewable energy resources. The combination of these technologies is uniquely suited to providing
water and electricity in remote areas where the associated infrastructure is currently lacking. This
chapter reviews wind technology, its development, and its utilization for the production of fresh
or potable water via desalination systems.

5.2 WIND ENERGY TECHNOLOGY OVERVIEW

5.2.1 Wind technology history

From earliest recorded history, people have harnessed the energy of the wind. An example of
this is the use of windmills in countries such as Persia, China and Egypt for grinding grain and
draining land. In brief, the history of wind energy can be separated into four overlapping time
periods (Schaffarczyk, 2014) as follows:

e 600 to 1890 (the Classical period). Within this period the exploitation of wind energy was
implemented with the use of classic windmills. These were used as mechanical drives and, in
most cases, for pumping water and grinding grain. More than 100,000 such windmills were
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installed in north-western Europe, while six million similar windmills were constructed in
USA between 1889 and the advent of the Second World War.

e 1890-1930. This period saw the start of the development of wind turbines for the generation of
electricity. The first automatically operated wind turbine in the world was designed and built
in the USA in 1888 by Charles F. Brush (1849-1929). This 12 kW nominal power wind turbine
was equipped with 144 cedar blades having a rotating diameter of 17 m. The turbine was used
to charge batteries and supply direct current (DC) to lamps and electric motors (Manwell et al.,
2009). Brush was one of the founders of the American electrical industry, and his windmills
first gave rise to the term “wind turbines”. In 1897, Professor Poul la Cour built one of the first
DC wind turbines, which electrolyzed water into hydrogen gas for storage purposes, at Askov in
Denmark. La Cour also developed a new wind turbine with a power output of 30 kW at 12m s~
wind speed. Following on from la Cour’s experiments, the Danish manufacturers Lykkegaard
and Ferritslev (Fyn) developed commercial versions and the resultant La Cour-Lykkegaard
wind turbines had generators in the range of 10 to 35 kW nominal power and a maximum rotor
diameter of 20 m. The turbines generated direct current that was fed to small DC grids and
batteries. As fuel prices had increased significantly, the development of wind technology in
Denmark continued during the First World War. In 1925, the Jacobs Wind Electric Company,
started on the plains of Montana, USA, began manufacturing wind generators which sold all
over the world (Fig. 5.1a). Jacobs Wind was responsible for bringing electricity and a better
standard of living to many, improving the technology of wind energy, and pioneering design
concepts, some of which are still in use today. Jacobs Wind Electric Co. Inc. is now the oldest
renewable energy company in the US.

e 1930-1960. This period effectively marked the first phase of significant innovation in wind
turbine technology. The necessity of electrification in rural areas and the shortage of energy
during the Second World War stimulated new developments. The most important of these
took place in Denmark, the US and Germany. During the Second World War, the F.L. Smidth
Company in Copenhagen developed wind turbines for electricity generation. In 1940, F.L.
Smidth developed a two-bladed DC wind turbine (Fig. 5.1b), and two years later it developed
a three-bladed machine. Around 1957, J. Juul used Smidth’s three-blade concept to build
a stall-controlled 200kW version in Gedser with a rotor diameter of 24 m. The machine
had an asynchronous generator and was connected directly to the grid. An important aspect
was the development of movable blade tips to control the rotor and to avoid overspeed in
situations where the turbine is disconnected from the grid and the load has vanished. This

(a) (b)

Figure 5.1.  (a) Marcellus Jacobs on a 2.5 kW machine in the 1940s (http://www.jacobswind.net); (b) two-
blade wind turbine of 50 kW by FL. Smidth, 1941 (Hau, 2006).
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Gedser wind turbine became the archetypal ‘Danish wind turbine’ in a generation of very
successful wind turbines that followed the 1973 energy crisis. From the 1950s to 1973, besides
Denmark, countries such as the US, Germany, France and the UK also contributed to the
further improvement of wind technology.

e 1973 onwards. The period following 1973 is characterized as the second phase of innovation
and the time of mass production. In this period the oil crisis and nuclear environmental problems
combined with technological advances to ensure a commercial revolution.

Today the development of the so-called “modern wind turbines”, such as variable-speed wind
turbines with full power-processing capability, enables their use in a variety of circumstances,
for example, into a weak or a stiff grid. Modern wind turbines are available in the market in
a wide range of nominal power and are classified according to their class (see Section 5.2.2.2
below). Large wind turbines (of more than 2 MW) can be used in both onshore and offshore
applications. Mini and small wind turbines are also efficient and can be used for stand-alone or
mini-grid applications. The technology is now mature and it appears the most important potential
development is an increase in wind turbine capacity.

5.2.2  Wind technology description

5.2.2.1 Technical description of modern wind turbines
The principal subsystems of a typical (land-based) horizontal-axis wind turbine (HAWT) include
(Fig. 5.2):

e The rotor, which consists of the blades and the supporting hub.

e The drivetrain, which includes the rotating parts of the wind turbine (exclusive of the rotor),
and usually consists of shafts, gearbox, coupling, mechanical brake and generator.

e The nacelle and main frame, including the wind turbine housing, bedplate, and yaw system.

e The tower and the foundation.

e The machine controls.

e The balance of the electrical system, including cables, switchgear, transformers, and possibly
electronic power converters.

The rotor blade is an important element of a wind turbine as its shape is vital to the capacity
yield. The rotor diameter and rated capacity of wind turbines have continually increased over the
past 25 years, driven by technology improvements, better design tools, and the need to expand
energy capture and reduce energy cost. Rotor diameters have increased from an average of 20 m
in 1985 to more than 120 m today (Schaffarczyk, 2014).

The hub of the wind turbine is the component that connects the blades to the main shaft and
ultimately to the rest of the drivetrain. Hubs are generally made of steel, either welded or cast.
The hub transmits energy and must withstand all the loads generated by the blades. The amount
of energy which the wind transfers to the rotor through the blades depends on the density of the
air, the rotor area and the wind speed. In a typical wind turbine, the kinetic energy of the wind
is converted to rotational motion by the rotor. Wind speed is an important factor for the amount
of energy a wind turbine can convert to electricity. This is indicated by the power curve and the
terms cut-in and cut-out speed, typical technical characteristics of a wind turbine.

The power curve describes the relationship between the wind speed and the power generated
by the wind turbine. In general, wind turbines are unable to produce electricity at low wind
speeds, below 3 ms™!, and will attain maximum output at around 12 ms~' before cut-out at about
25ms~! (RAE, 2014). Simply, as the wind speed increases to the cut-in speed the turbine begins
to operate. Above the cut-in speed the level of electrical output power rises rapidly. Typically,
with wind speed somewhere between 12 and 17 ms™!, the power output reaches the limit that the
electrical generator is capable of. This limit is called the rated power output and the wind speed at
which it is reached is called the rated output wind speed. In addition, in cases where wind speed is
very high the wind turbine shuts down to protect itself from damage (see Table 5.1 and Table 5.2).
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Figure 5.2. Configuration of a horizontal-axis wind turbine (Manwell et al., 2009).

Table 5.1.  Wind turbine classes -VESTAS wind turbines (Vestas Wind Systems, n.d.).

IEC1 IECTI IEC III
Turbine class High wind Medium wind Low wind
Annual average wind speed [m s~!] 10 8.5 7.5
Extreme 50-year gust [m s~ '] 70 59.5 52.5
Turbulence classes A 18% A 18% A 1.8%

B 16% B 16% B 16%
Turbine / IEC wind IECI IECTI IEC III
class High wind Medium wind Low wind
V90-1.8-2.0 MW X X XX
V100-1.8-2MW X
V100-2MW X XX
V112-3.45 MW X

x: standard IEC conditions
xx: site dependent

However, cut-out at high wind speed can create problems for the grid system as it occurs more
abruptly than cutting in from low wind speeds. Thus, current turbines are being designed to cut
out in a more gradual and controlled fashion.

The rotor of a wind turbine turns the main shaft, which transfers the motion into the gearbox.
Inside the nacelle, the main (slow) rotating shaft enters the gearbox that greatly increases the
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Table 5.2. Technical data of different models of medium wind turbine.

ENERCON VESTAS GAMESA SUZLON
Technical data ES3 V52 G58 S52
Rated power [kW] 800 850 850 600
Hub height [m] 60/73 36.5/86 44/55/65/74 75
Tower construction  Conical tubular Conical tubular Conical tubular Lattice tower
steel tower steel tower steel tower
Cut in wind 3 4 3 4
speed [ms~!]
Cut out wind 28-34 (with 25 23 25
speed [m s storm control)
Rated wind 12 16 12 12
speed [ms~!]
Rotor diameter [m]  52.9 52 52 52
Number of blades 3 3 3 3
Swept area [m?] 2198 2124 2642 2124
Blade tip No data 39.5-85.5 44.3-93.5 66
speed [m S| available
Rotor speed, Variable, 12-28.3 14-31.4 19.44-30.8 24.19
rpm [U/min~!]
Rotor speed Variable Yes Variable Pole-changing
control
Overspeed control Blade pitch Blade pitch Blade pitch Pitch
control control control
Generator Synchronous Asynchronous Asynchronous, asynchronous
construction directly driven doubly fed 4-pole
Generator No data available  Air cooling Forced convection  Air cooling

cooling system
Grid connection

Generator

voltage [V]
Gearbox steps
Gear ratio

Main brake system

2nd brake system
Turbine class
Distance control

ENERCON
inverter
400

GEARLESS

Individual
brake feathering
Disc brake
IEC/NVN ITA
ENERCON
SCADA

850kW
690

No data available
1:62
Blade pitch control

Disc brake
IEC I/TI
VESTAS

Directly connected
with soft start
690

3
1:61.67
Blade feathering

Disc brake
1EC IIIb/Tia
Gamesa Windnet

IGBT, thyristors
690/50Hz

3
1:63.6
Pitch

Disk brake

No data available
SC-PPC Power
Plant Controller

rotational shaft speed. The output (high-speed) shaft is connected to the generator that converts
the rotational movement into medium-voltage electricity. The electricity is transferred through
heavy electrical cables inside the tower to the transformer, which increases the voltage of the
electrical power to the distribution voltage. The electrical power then flows through underground
cables to a collection point where the power may be combined with that of other turbines.

Power transformers are important components in any AC power system (Fig. 5.3). Most wind
turbine installations include at least one transformer for converting the generated power to the
voltage of the local electrical network to which the turbine is connected. In addition, other trans-
formers may be used to obtain voltages of the appropriate level for various auxiliary pieces of
equipment at the site (lights, monitoring and control systems, tools, compressors, etc.). Transform-
ers are rated in terms of their apparent power [kVA]. Distribution transformers are typically in the
5-50kVA range, and may well be larger, depending on the application. Substation transformers
are typically between 1000 and 60,000 kVA.
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Figure 5.3. (a) Medium-voltage/low-voltage substation transformer; (b) cables installation in the
low-voltage substation of NEG MICON 750kW wind turbine at CRES demonstration wind farm, 2015
(Source: Centre for Renewable Energy Sources, CRES, Greece).

The tower of a wind turbine supports the nacelle and the rotor safely under both extreme and
fatigue loading, and typically includes the tower’s supporting foundation. Wind turbine towers are
generally made of steel and can be either tubular or latticed in construction. Most tubular towers
have an access door and an internal safety ladder — and/or an elevator in the case of megawatt
(MW) wind turbines — to access the nacelle. The principal type of tower design currently in
use is the freestanding type, using steel tubes, latticed towers or concrete towers. The tower is
usually connected to its supporting foundation by means of a bolted flange connection. For smaller
turbines, guyed towers are also used. Tower height is typically one to one-and-a-half times the
rotor diameter, but in any case is normally at least 20 m.

The control system for a wind turbine is important in terms of both machine operation and
power production. In a wind turbine several controls are used to enable automatic operation, to
keep the turbine in alignment with the wind, to engage and disengage the generator, to manage
the rotor speed, to protect the turbine from overspeed or damage caused by very strong winds,
to sense malfunctions and to warn operators of the need for maintenance or repair. The control
system includes the following components:

e Sensors for speed, nacelle direction, position, temperature, current, voltage, etc.
o Controllers for mechanical mechanisms, electrical circuits.

e Power amplifiers, switches, electrical amplifiers, hydraulic pumps and valves.
e Actuators such as motors, pistons, magnets and solenoids.

e Intelligent devices (programmable logic controllers, etc.).

The infrastructure of a wind turbine incorporates the associated civil and electrical works for
turbine installation and operation (Fig. 5.4 and Fig. 5.5). The civil works include the construction
of roads and drainage, and the foundations of the wind turbine(s) and the meteorological tower
(“met mast”), as well as buildings housing electrical switchgear, supervisory control and data
acquisition (SCADA) equipment, and potentially spares and maintenance facilities too.

The electrical works are typically composed of the following:

e Equipment at the point of connection (POC), whether owned by the wind farm or by the
electricity network operator.

e Underground cable network and/or overhead lines, forming radial “feeder” circuits to strings

of wind turbines.

Electrical switchgear for protection and disconnection of the feeder circuits.

Transformers and switchgear associated with individual turbines.

Reactive compensation equipment, if necessary.

Earth (grounding) electrodes and systems.



Wind technology design and reverse osmosis systems 79

Figure 5.4. (a), (b) View of foundations for NORDEX N90/2.5MW wind turbines in the region of
Peloponnese, Greece, 2012 (Source: CRES).

(@)

Figure 5.5. (a), (b) Erection of a 20kW VERGNET wind turbine by CRES at Agios Efstratios island,
Greece, 2009 (Source: CRES).

Comprehensive SCADA systems are employed in all commercial wind farms. These are the
main systems that control and operate wind turbines and wind farms, and are used for com-
missioning, operation, troubleshooting and reporting. Moreover, the SCADA system provides
the communication network and protocol for information flow between all components of the
wind farm. It offers full remote control and supervision of the individual wind turbines as well
as the entire wind farm. At its simplest level, the SCADA network connects and controls the
wind turbines and enables the collection of production and maintenance data such as provision
of real-time monitoring, alarm checking, overview of historical data, etc.

5.2.2.2  Wind turbine classification

Wind turbines are basically classified by the position of their rotational axis. Thus there is the
horizontal-axis wind turbine (HAWT) and the vertical-axis wind turbine (HAWT). More than two
decades of technological progress have resulted in today’s wind turbines being state-of-the-art,
modern, modular technology-based and rapid to install. Modern wind turbines have improved
dramatically in their power rating, efficiency and reliability. Today, the most common design of
wind turbine is the HAWT (Fig. 5.6). HAWTs are usually classified according to:

e Rotor orientation (upwind or downwind of the tower).

e Hub design (rigid or teetering hub, hubs for hinged blades).
e Rotor control (pitch control, stall control).

e Number of blades (usually two or three blades).

e Wind alignment (free yaw or active yaw).
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Figure 5.6. Typical configuration of a horizontal-axis wind turbine (EERE, 2016).

The majority of HAWTs being used today are upwind turbines, in which the wind rotors face
the wind. The basic advantage of upwind designs is that one avoids the wind shade behind the
tower. In terms of the hub design, a rigid hub' is designed to keep all major parts in a fixed
position relative to the main shaft (Fig. 5.7). It must be strong enough to withstand all the loads
that can arise from any aerodynamic forces on the blades, as well as dynamically induced loads,
such as those due to rotation and yawing. The alternative feetering hub is used on nearly all
two-bladed wind turbines. This is because a teetering hub can reduce loads due to aerodynamic
imbalances or dynamic effects from rotation of the rotor or yawing of the turbine. Teetering hubs
are considerably more complex than rigid hubs. As shown in Figure 5.7, a hinged hub is in some
ways a cross between a rigid and a teetering hub. Basically, it is a rigid hub with ‘hinges’ for
the blades. Examples of this relatively complex hub design include the Lagerwey (Netherlands)
small wind turbines, the Lagerwey 18/80 kW and the Lagerwey 30/250 kW.

For rotor control there are two primary strategies: pitch control and stall control (EWEA,
2009a). The pitch control system is a vital part of the modern wind turbine. This is because the
pitch control not only continually regulates the pitch angle of the wind turbine’s blade, to enhance
the efficiency of wind energy conversion and the stability of power generation, but also serves as
a security system in case of high wind speeds or emergency situations. Even in the event of grid
power failure, the rotor blades can still be driven into their feathered (edge-on) positions by using
either the power of backup batteries or capacitors, or mechanical energy storage devices. Early
techniques of active blade pitch control applied hydraulic actuators to control all blades together.
However, these pitch control techniques could not completely satisfy all the requirements of
blade pitch angle regulation, especially with the increased blade size of MW wind turbines. This

! The term rigid hub includes hubs in which the blade pitch can be varied, but all other blade motion is not
allowed.
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Figure 5.7. Horizontal-axis wind turbine hub configurations (Gammaenergy, 2016).

is because wind is highly turbulent in flow and wind speed is proportional to height above ground.
In today’s wind power industry there are primarily two types of blade pitch control systems:

e Hydraulic pitch control.
e Electric pitch control.

A hydraulic pitch control system uses a hydraulic actuator to drive the blade, rotating it with
respect to its axial centre line. Electric pitch control systems have been developed as an alternative
to hydraulic systems and have higher efficiency (which is usually below 55% in hydraulic systems)
and avoid the risk of environmental pollution resulting from spillage or leakage of hydraulic fluid.

Wind turbines are also classified as fixed or variable pitch, depending on whether the blades
embedded in the hub are permanently fixed or not. The inside of the hub houses the hydraulic
devices which change the pitch of the blades, if applicable.

Besides pitch control, stall control is another approach for controlling and protecting wind
turbines. The concept of stall control is that the power is regulated through stalling (rather than
feathering) the blades once the rated speed is achieved. Stall control can be further divided into
passive and active approaches:

e Passive stall control is used in wind turbines in which the blades are bolted to the hub at a fixed
installation angle. In a passive stall-regulated wind turbine, the power regulation relies on the
aerodynamic features of the blades. In low and moderate wind speeds, the turbine operates near
maximum efficiency. At high wind speeds, the turbine is automatically controlled by means of
stalled blades, which limit the rotational speed and power output, protecting the turbine from
excessive wind speeds.

e The active stall control technique has been developed for large wind turbines. An active stall
wind turbine has stalling blades together with a blade pitch control system. Since the blades at
high wind speeds are turned towards stall (flat-on), effectively in the opposite direction to that
with pitch control systems, this control method is also referred to as negative pitch control.

Most modern wind turbines have three blades. Twin-bladed machines did not prevail, partly
because they require higher rotational speed to yield the same energy output. This is a disadvantage
both in regard to noise and visual intrusion. One-bladed machines have the same problems as
two-bladed ones and they also require a counterweight to be placed on the other side of the hub
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Figure 5.8. (a), (b) Replacement of the gearbox of 750kW NEG MICON wind turbine, at CRES
demonstration wind farm, 2007 (Source: CRES).

from the rotor blade in order to balance the rotor. Despite these disadvantages, both single- and
double-bladed types of wind turbine are characterized by less weight.

In modern wind turbines, the active yaw control is effected by electric motors. The yaw control
system usually consists of an electrical motor with a speed-reducing gearbox, a bull gear which
is fixed to the tower, a wind vane to gain the information about wind direction, a yaw deck, and a
brake to lock the turbine securely in alignment when the required position is reached. For a large
wind turbine with high driving loads, the yaw control system may use two or more yaw motors
working together to drive a heavy nacelle. An active yaw drive, always used with upwind wind
turbines and sometimes with downwind ones, contains one or more yaw motors, each of which
drives a pinion gear against a bull gear attached to the yaw bearing. This mechanism is controlled
by an automatic yaw control system with its wind direction sensor usually mounted on the nacelle
of the wind turbine. Occasionally, yaw brakes are used with this type of design to hold the nacelle
in position when it is not yawing. Free yaw systems (meaning that they can self-align with the
wind) are often used on downwind wind turbines.

Furthermore, according to the drive train condition, wind turbines can be classified into either
the direct drive or geared drive group. To increase the generator rotor rotating speed and gain
a higher power output, a regular geared-drive wind turbine typically uses a multi-stage gearbox
to take the rotational speed from the low-speed shaft of the blade rotor and transform it into
a fast rotation on the high-speed shaft of the generator rotor (Tong, 2010). The advantages of
geared generator systems include lower cost and smaller size and weight. However, utilization of
a gearbox can significantly lower wind turbine reliability and increase turbine noise levels and
mechanical losses. By eliminating the multi-stage gearbox from a generator system, the generator
shaft is directly connected to the blade rotor (Fig. 5.8). Thus, this direct-drive concept is superior
in terms of energy efficiency, reliability and design simplicity.

Another important parameter that characterizes a wind turbine is the type of electrical machine?
used. The electrical machines most commonly encountered in wind turbines are those acting
as generators, of which the two most common types are asynchronous generators (induction
generators) and synchronous generators. In addition, some smaller turbines use DC generators
(Tzen and Mouzakis, 2013).

Synchronous machines are used as generators in large central station power plants. In wind
turbine applications they are used occasionally on large grid-connected turbines, or in conjunction
with power electronic converters in variable-speed wind turbines. A type of synchronous machine

2 In general, generators convert mechanical power to electrical power; motors convert electrical power to
mechanical power. Both generators and motors are frequently referred to as electrical machines, because
they can usually be run as one or the other.
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using permanent magnets is also used in some stand-alone wind turbines. In this case the output

is often rectified to DC before the power is delivered to the end load. Synchronous machines may

be used as a means of voltage control and a source of reactive power in autonomous AC networks.
The advantages of the synchronous machine, as reported in the literature, are:

e Reactive power control through the excitation circuit.
e Suitable for stand-alone systems.

The disadvantages are:

e High installation and maintenance costs.
e High complexity of grid synchronization circuit.
o Stiffness rotor speed variation: torsional fatigue.

Asynchronous or induction machines are commonly used for motors in most industrial and
commercial applications and are popular because they have a simple and rugged construction.
In addition, asynchronous machines are relatively inexpensive, and they may be connected and
disconnected from the grid relatively simply. The stator on an asynchronous machine consists
of multiple windings, similar to that of a synchronous machine. The rotor in the most common
type of induction machine has no windings. Asynchronous machines require an external source
of reactive power and an external constant frequency source to control the speed of rotation.
For these reasons, they are most commonly connected to a larger electrical network. In these
networks, synchronous generators connected to prime movers with speed governors ultimately
set the grid frequency and supply the required reactive power. These designs entail a constant
or nearly constant rotational speed when the generator is directly connected to a utility network.
In cases where the generator is used with power electronic converters, the turbine will be able
to operate at variable speed. Furthermore, numerous wind turbines installed in grid-connected
applications use squirrel cage induction generators (SQIGs). A SQIG operates within a narrow
range of speeds slightly higher than its synchronous speed (a four-pole generator operating in a
60 Hz grid has a synchronous speed of 1800 rpm). The main advantages of this type of induction
generator are that it is rugged, of relatively low cost, and easy to connect to an electrical network.
An increasingly popular option today is the doubly fed induction generator (DFIG). DFIGs are
often used in variable-speed applications (Ekanayake et al., 2003).

A gradually accepted option for utility-scale electrical power generation is the variable-speed
wind turbine. There are a number of benefits that such a configuration offers, including the
reduction of wear and tear on the wind turbine, and the potential operation of the wind turbine
at maximum efficiency over a wide range of wind speeds, yielding increased energy capture.
Although there are a large number of potential hardware options for variable-speed operation of
wind turbines, power electronic components are used in most variable-speed machines currently
being designed. When used with suitable power electronic converters, both synchronous and
asynchronous generators of either type can run at variable speed.

The speed of the asynchronous generator will vary with the turning force (moment or torque)
applied to it. In practice, the difference between the rotational speed at peak power and at idle is
very small, about 1%. It is a very useful mechanical property that the generator will increase or
decrease its speed slightly if the torque varies. This means that there will be less wear and tear on
the gearbox. The advantages of asynchronous machines are:

e Simple and robust construction.

e Low construction and maintenance costs.

e Massive production.

o High reliability.

e Synchronizing unit not required for grid connection.
e Small capability of speed control by controlling slip.

Some of the disadvantages of asynchronous machines are:
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e Need for reactive power from external source.

e No possibility of voltage control.

e Grid connection necessary (cannot be used in stand-alone operation).
e A gearbox is used.

5.2.2.3 Wind turbine capacity

Though an absolute definition of wind turbines is not available, especially for small sizes, they
can be divided into a number of broad categories on the basis of their rated capacities: pico, micro,
small, medium, and large wind turbines. Small- and medium-size wind turbines can be used for
stand-alone applications, or they can be connected to a utility power grid (RenewableUK, 2011).
They can also be combined with a photovoltaic (PV) system or a diesel generating set (“genset”)
and energy storage systems (e.g. batteries), thus forming “hybrid” systems, which are typically
used in remote locations where connection to a utility grid is not available (off-grid areas). Large
wind turbines can be used for onshore or offshore applications.

With regard to costs, especially of small wind turbines, a large range of prices have been
observed, which are mainly derived from parameters such as the country of origin, construction
materials, technology, etc. Medium and large wind turbines also exhibit some differences in their
total costs, which are more dependent on installation costs than on the cost of procuring the wind
turbine itself. Thus, wind turbines can be categorized as follows:

e Pico wind turbine (PWT) usually refers to wind turbines with capacities from a few Watts to
1.5kW. The cost of these generators typically ranges from 1500 to 2000 € kW~!. In terms of
their technical characteristics, as an example, the rotor diameter of a wind turbine of 600 W
could be 2 m, and for a 1.5 kW nominal power wind turbine it could be around 3 m. For both
wind turbines the height of the mast could range from 7 to 12 m, their cut-in-speed would be
around 3.5ms™! and the rated speed® around 11-12ms~'. PWTs are usually used in off-grid
applications to cover small loads.

e Micro wind turbine (MWT) generally refers to wind turbines with a nominal power between 1.5
and 10 kW MWTs are especially suitable in locations where the electrical grid is not available.
They can be used on a per-structure basis, such as for street lighting, water pumping, and for
residents at remote off-grid areas, particularly in developing countries. The rotor diameter of
a 6kW MWT is around 4 m, the mast has a height of 7 to 12 m, the cut-in speed is about
3.5ms~! and the nominal speed around 12 ms~!. For a 10 kW wind turbine the rotor diameter
is about 7 m and the mast height could range from 18 to 30 m. The cost of these wind turbines
is typically in the range of 2000 to 2500 EkW .

e Small wind turbine (SWT) usually refers to turbines with output power between 20 and 100 kW
(Fig. 5.9). Most SWTs are used for off-grid applications such as residential homes, farms and
telecommunications (AWEA, 2012). Over the past decade, there has been a dramatic increase
in the number of telecom installations in off-grid regions around the world. The power of
these installations relied on diesel fuel. In several countries the diesel gensets for telecom
are replaced by renewable power supplies, SWTs or photovoltaics. Moreover, off-grid wind
turbines are usually used in conjunction with batteries, diesel gensets and photovoltaic systems
to improve the stability of wind-based power supply. However, this can increase the initial cost
of a system and make it more complicated. Wind turbines of more than 50 kW nominal power
are usually used for on-grid applications. The rotor diameter of a 20 kW wind turbine is around
10 m, the mast height could range from 18 to 30 m, the cut-in speed would be around 4.5 m ™!
and the nominal speed around 16 ms™'. In general, the cost of SWTs of 50 to 100kW will
range from 2000 to 2500 € kW1,

e Medium wind turbines have a nominal power of more than 100 kW and less than 1 MW (see
Table 5.2 for examples). The typical rotor diameter of an 850 kW medium wind turbine is 52 m,
the hub height is between 44 and 86 m, the cut-in speed 3.0-4.0 m s~!, and the rated wind speed

3 Rated speed: the speed at which the power output reaches its maximum value.
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(b)

Figure 5.9. Various capacities of wind turbines: (a) 900 W Whisper wind turbine installed to provide
electricity to a desalination unit at CRES demonstration wind farm in Keratea, Greece, 2004, (b) 20 kW
VERGNET wind turbine installed by CRES in Agios Efstratios island, Greece, 2009; (c) 3.3 MW V112 wind
turbine in Agios Giorgios island, 2016 (Source: Tzen and Rossis, CRES).

in the range 12-16ms~'. The power output costs of medium wind turbines typically range
from 1000 to 1400 €EkW~! depending on the country of installation and the size of the wind
farm (see Section 5.2.5 below for more information).

e Large wind turbine (LWT) usually refers to wind turbines from 1 up to 10 MW, designed for
onshore and offshore applications (see Table 5.3 for examples). A 3 MW wind turbine would
typically have a rotor diameter of about 90 m, and a hub height of 65, 80 or 105 m, depending
on the wind class*. The cut-in speed would be around 3.5ms™!, cut-out speed about 25 ms™!
and the rated wind speed would be about 15ms™'.

Turbine classes, and an example of Vestas (Denmark) wind turbine classes, are presented in
Table 5.1, while Table 5.2 and Table 5.3 illustrate the main technical characteristics of several
types of wind turbines made by significant EU manufacturers.

After several decades of experience with onshore wind technology, offshore wind technology
has presently become the focus of the wind power industry. Offshore wind turbines (Fig. 5.10)
have been developed faster than onshore ones since the 1990s due to the excellent offshore wind
resources available, in terms of wind power intensity and continuity.

A wind turbine installed offshore can generate higher power output and operate for more hours
each year compared with the same turbine installed onshore. Due to an absence of obstacles, wind
speeds over offshore sea levels are typically 20% higher than those over nearby land. Several
structures for the installation of offshore wind turbines (e.g. monopile, gravity-based, etc.) have
been studied and implemented for relatively low water depths.

However, more work has to be done on the structures for deeper water structures. For example,
this is the primary reason for the absence of offshore wind farms in the deep waters of the
Mediterranean (water depths of more than 50 m).

41EC classification of turbines: specification of classes of wind turbines (class IA, class IB, etc.) in order
to determine which turbine is suitable for the wind conditions of a particular site. Wind classes are mainly
defined by the average annual wind speed (measured at the turbine’s hub height), the speed of extreme gusts
that could occur in a 50-year period, and the degree of turbulence at the site.
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Table 5.3. Technical data of different models of large wind turbine (LWT).

Technical data ENERCON E70 ENERCON E82 VESTAS V80 VESTAS V90
Rated power [MW] 2.5 2.0 2.0 2.0
Hub height [m] 57/64/85/98/113 78-138 60-100 60/65/67/78/80/100
Tower construction  No data available No data available Conical Conical
tubular steel tubular steel
tower tower
Cut in wind no data available No data available 4 4
speed [ms~!]
Cut out wind 28-34 28-34 25 25
speed [m s
Rated wind N/S N/S 16 16
speed [ms~!]
Rotor diameter [m] 71 82 80 80
Number of blades 3 3 3 3
Swept area, m? 3959 5281 5027 5027
Blade tip No data available No data available 45.2-80 45.2-80
speed [ms—!]
Rotor speed, 6-21.5 6-18 10.8-19.1 10.8-19.1
rpm, [Umin~!]
Rotor speed control ~ Variable Variable Yes Yes
Overspeed control ~ Blade pitch control Blade pitch control Hydraulic Blade
blade pitch pitch control
Generator Directly driven Directly driven Asynchronous ~Asynchronous
construction
Generator No data available No data available Air cooling Liquid cooling
cooling system comb
Grid connection ENERCON converter ENERCON converter 2 MW 2 MW
Generator No data available No data available 690 690
voltage [V]
Gearbox steps Gearless gearless 3 3
Gear ratio - - 02:40.5 1:100.5
Main brake Individual blade Individual blade Blade Individual
system pitch control pitch control feathering blade pitch
2nd Brake System  Pitch control Pitch control Disc brake Disk brake
Technical data ENERCON E70 ENERCON E82 VESTAS V80 VESTAS V90
Rated power [MW] 2.5 2.0 2.0 2.0

(b)

Figure 5.10. View of offshore wind turbines: (a) 325 MW Thornton Bank offshore wind farm, (b) 5 MW
offshore wind turbine, in Scotland, 126m tall, 45m depth (Source: Senvion SE (formerly REpower

Systems SE).
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Figure 5.11.  Enlargement trend in modern wind turbines (Schaffarczyk, 2014).

5.2.3  Wind technology progress

In recent years, megawatt wind turbines have formed the mainstream of the international wind
power market (Fig. 5.11). According to the European Wind Energy Association Annual Statis-
tics 2014 (EWEA, 2015), a total of around 129 GW have been installed in the European
Union, an increase in installed cumulative capacity of 9.7% compared to the previous year.
Germany (39.1 MW) remains the EU country with the largest installed capacity, followed by Spain
(22.9MW), the UK (12.8 MW) and France (9.2 MW). Based on 2014 data from the International
Energy Association (IEA, 2015), a total of around 140 MW have been installed in Europe as a
whole, while 371 GW of wind plants were operating globally at the end of 2014. Worldwide, China
and the US have the greatest capacity share of installed wind with totals for 2014 of 114.59 MW
and 65.87 MW respectively. Furthermore, it is estimated that at the end of 2014 the electricity pro-
duced by the installed wind power plants in the EU was around 265 TWh, enough to fulfill 9.5%
of the EU’s electricity consumption. About 1% of EU production is from offshore wind farms.

5.2.4 Wind market share

According to the available data, EU wind turbine manufacturers have the largest share of the global
wind market, followed by China and the US. Figure 5.12 presents the wind industry market share
according to the installations in 2014.

5.2.5 Cost of wind energy

The economics of a wind scheme depend upon technical, resource and cost parameters. The latter
two of these vary from country to country. In general, the cost of the equipment represents the
largest share of the total investment (around 75%). Thus, according to the International Energy
Association (IEA, 2015), the cost of a wind turbine in Austria is estimated at 1180 € kW ™! within
a total project cost of around 1380 €kW~!, while in Spain the cost of a turbine is estimated at
approximately 700 € kW~' amid a total project cost of 1100 €kW~!.
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Figure 5.12. Global wind installation market shares for 2014 (REN21, 2015).

The total installed project cost includes the costs of turbines, civil works, roads, electrical
equipment, installation, development and grid connection (EWEA 2009b). Operation and main-
tenance costs for onshore wind energy are generally estimated to be around 1.2 to 1.5 c€kWh™!
of wind power produced over the total lifetime of a turbine. The levelized cost of electricity’
(LCOE), in euro cents per kWh of wind-generated power, is calculated as a function of the wind
speed (number of full load hours) and the discount rate. The LCOE varies from approximately
8 to 10.5c€EkWh! at sites with low average wind speeds, to about 5 to 6.5 cEkWh~! at windy
coastal sites, and to approximately 7.5 cEkWh~! at a wind site with average wind speeds®.

Offshore capital costs are much higher than those onshore, mainly due to the larger structures
and the complex logistics of installing the towers. For example, offshore wind turbines are gener-
ally 20% more expensive and towers and foundations cost more than 2.5 times the price of those for
a similar onshore project. On average, investment costs for a new offshore wind farm are expected
to be in the range of 2200 to 2500 € kW' for a nearshore shallow water facility (Rossis, 2015).

In several cases the LCOE from wind is comparable with that from coal-fired generation. In
China, given current technology and without considering the cost of long-distance transmission
or the resource and environmental benefits of wind power, the cost of wind power is higher than
that of coal-fired power by 0.027 € kWh~!. If resources and environmental benefits are taken into
consideration, the cost of wind power would be almost equal to that of coal-fired power generation.

5.3 WIND DESALINATION COMBINATIONS

Inrecent years there has been prolonged discussion of the environmental impacts of wind turbines
and much less on their environmental benefits as they reduce fossil fuel consumption by the power
sector. Wind turbines can cooperate with energy-intensive technologies, such as desalination, in
an off-grid or on-grid operation, reducing the CO, footprint of such technologies and creating an
almost 100% environmentally friendly technology. The selection of the most suitable technological
combination of renewable energy sources with desalination is an important factor in the success
of a project (Tzen, 2008).

Wind turbines to drive reverse osmosis (RO) units are the second most-used combination,
following that of photovoltaic RO systems (Cipollina et al., 2014). In addition, a small number of

3> The LCOE is the net present value of the unit cost of electricity over the lifetime of a generating asset.
6 The installed cost of wind turbines is assumed to be 12256 kW,
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applications exist around the combination of wind technology with mechanical vapor compression
(MVC) and electrodialysis (ED/EDR) desalination technology (Tzen, 2009).

The major drawback to the combination of RO desalination processes with wind energy is
the fluctuation in power supply generated by the wind turbines. In the following paragraphs
an analytical study of the alternatives for energy transfer and the energy fluctuation limitations
between the two technologies is presented.

In general, desalination systems were traditionally designed to operate with a constant power
input; an unpredictable or non-steady power input forces the desalination plant to operate in
sub-optimal conditions. Up until now, only a few stand-alone, battery-less, wind-powered RO
units have been developed and studied. To avoid the fluctuations inherent in renewable energies,
different energy storage systems may be used. A battery system is typically used for medium-term
storage, whereas flywheels and supercapacitors can be used for short-term storage. However, the
cost of batteries is still high and affects the final unit cost of water in off-grid (stand-alone)
applications. The affordability of the water produced and the sustainability of the renewable
energy desalination system are major factors in the success of a project and should be examined
with particular attention.

Another important factor, especially in off-grid applications, is the monitoring control and full
automation of the system. In both grid and off-grid systems, a special energy management system
should be designed. The wind potential and siting issues are major technical parameters for the
design and installation of a wind turbine or a wind farm. The capacity of the desalination system
should be defined according to the energy availability, the energy and water storage capability and
the fresh or potable water requirements. The final decision, with the exception of any technical
issues, will be determined according to the available budget.

The decision between off-grid or on-grid application is obvious. Off-grid projects involve
remote and rural areas without any access to the electricity grid. On-grid applications involve
mostly larger units where the energy requirements of the desalination units can be covered by
a wind turbine or a wind farm. This technique is applied in areas where the electricity grid is
available. The advantage of these wind desalination applications is that the desalination unit can
still have a continuous and dependable operation. Any energy excess from the wind turbine or
wind farm can be sold back to the electricity grid.

5.3.1 Wind and MVC combination

With regards to the wind-MVC combination, only a few applications are known. A pilot plant was
installed in 1991 at Borkum island in Germany, where a wind turbine with a nominal power of
45 kW was coupled to a 48 m> day~' MVC unit. The experience was followed in 1995 by a larger
plant at the island of Riigen, where a wind turbine with nominal power of 300 kW was coupled
to a 300 m> day~' MVC unit. In 1999, a 50 m® day~! wind-MVC unit was installed within the
SDAWES project at Gran Canaria in Spain, and in 2008 a wind-MVC plant was installed on
a remote Greek island (Symi) within the Operational Program for Competitiveness (OPC) of
the Greek Ministry of Development. A significant disadvantage of the combination is the high
energy requirement of MVC. The specific energy consumption of MVC units ranges from 9 to
20 kWhm™3. Furthermore, in most cases the wind turbine is connected directly to the desalination
unit. Due to the intermittent operation of the MVC unit because of the variability of the wind,
scaling problems have been anticipated (Subiela et al., 2009).

5.3.2 Wind and ED/EDR combination

In terms of wind-electrodialysis (ED) combination, little data has been reported. A small number
of wind-electrodialysis reversal (EDR) units have been installed in the last twenty years. The best-
known wind-EDR system was installed and tested within the SDAWES project (Subiela et al.,
2009). This EDR unit had a capacity ranging from 3 to about 8 m> h~! and an average specific
energy consumption of 3.3 kWh m~3. The electrical conductivity of the brackish feed water ranged
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from 2500 to 7500 wS cm~!, while the conductivity of the water produced ranged between 200
and 500 uS cm™'. In the EDR process the energy requirements are directly proportional to the
quantity of salts removed, and thus the technology is attractive mainly for the desalination of
brackish water. The SDAWES wind-EDR system was tested by the Technological Institute of the
Canary Islands (ITC) and the University of Las Palmas in both on-grid and off-grid operation.
According to the researchers, the system operation was adequate and flexible, as well as showing
smooth adaptation to variations in wind power, even when sudden falls or peaks occurred.

5.3.3 Wind and RO combination

RO is the most widely used process for seawater desalination, and involves the forced passage
of water through a membrane against natural osmotic pressure to accomplish separation of water
and ions. The amount of desalinated water that can be obtained ranges between 30% and 75% of
the input water volume, depending on the initial water quality (brackish or seawater), the quality
of the product needed, and the technology and membranes involved.

During recent decades, the energy requirements for the operation of seawater RO units have
been dramatically reduced with the use of energy recovery devices (ERDs). RO plants use ERDs
to recover energy from the pressurized reject brine, thereby improving the overall efficiency of
the system. ERDs use increases the initial cost of the system but effectively reduces its energy
requirement. Current RO plants utilize isobaric pressure exchanger devices, which can reduce
the energy consumption of the desalination rack below 3 kWhm™3. For large- and medium-scale
RO plants, there are several pressure exchangers on the market which can achieve specific energy
consumptions between 2.5 and 3.5kWhm™. Moreover, RO plants of larger capacity (above
1000 m? day~') could achieve extremely low energy consumption rates — below 2.5 kWhm™3 —
through the use of ERDs together with the use of the latest generation of membranes and high-
efficiency high-pressure pumps. For smaller RO capacities, the ERD opportunities are more
limited and the efficiency benefits lower. Nevertheless, for a 20m? day~! seawater RO unit the
energy requirements could be reduced to less than 3.0 kWhm™ with the use of an ERD.

Other advantages of the RO process are the modular design and compactness of the plants,
satisfactory performance in all sizes, and easy operation. As regards the matching of wind energy
to RO, several units have been designed and tested. Off-grid systems are mainly small in scale.
Off-grid wind energy RO systems have also been used in conjunction with other conventional or
renewable power sources (e.g. diesel genset, photovoltaic); these are known as hybrid systems.
The majority of small-scale installations have so far been developed within research projects. In
general, the aim of each project was the evaluation of the combination of the technologies and
the development of compact and reliable systems. Table 5.4 presents several European off-grid
and on-grid implementations of wind-RO systems (Tzen, 2012).

Within one of these, the Punta Jandia project, a wind-diesel system was installed in an isolated
fishing village community on the island of Fuerteventura in the Canarian archipelago (Carta et al.,
2003a). The project was implemented with the aim of meeting the complete energy requirements
of the community: street lighting and domestic consumption, desalination plant, freezer plant,
sewage water purifier, hydro compressor for the supply of potable water and a winch for small
vessels. In terms of the quality of the service supplied, the percentage of wind penetration in
the system, the fuel savings and the decrease in CO, emissions, the results obtained led to the
conclusion that, from a technical point of view, the developed system supplied all of the service
needs of the community on a regular basis, giving an acceptable level of energy quality and a
substantial improvement in the quality of the environment.

ITC also participated in the DeReDes project, “Development of Desalination driven by Renew-
able Energies”, carried out during 2006 and 2007. The overall objective of the project was to boost
the development of the market in desalination driven by renewable energies in order to find new
solutions that reduced the negative effects associated with the energy consumption of desalination
processes. During the project, a technical and economic assessment of different technologies was
conducted. This was based on different criteria, such as the status of development or its adaptation
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Table 5.4. Wind energy-driven reverse osmosis desalination plants.

RO capacity Year of
Location [m3h~ 1 Power supply installation
Ile du Planier, France 0.5 4kWWT 1982
Island of Suderoog, Germany 0.25-0.37 6 kW WT 1983
Island of Heligoland, Germany 40 1.2 MW WT, diesel genset 1988
Punta Jandia, 2.3 225 kW WT, 160 KVA 1995
Fuerteventura, Spain diesel genset, flywheel
Pozo Izquierdo, Spain 8x 1.0 2 x230kWWT 1995
(SDAWES project)
Therasia Island, Greece 0.2 15 kW WT, 440 Ah batteries 1995/6
(APAS RENA project)
Tenerife, Spain (JOULE project) 2.545 30kW WT 1997/8
Syros island, Greece (JOULE project) 2.5-37.5 500 kW WT, stand-alone 1998

and grid-connected

Keratea, Attiki, Greece (PAVET Project)  0.13 900 W WT, 4 kWp PV, batteries  2001/2
Pozo Izquierdo, Spain, 0.80 15 kW WT, 190Ah batteries 2003/4
(AEROGEDESA project)
Loughborough University, UK 0.5 2.5 kW WT, no batteries 200172
Milos island, Greece (Operational 2x 42 850 kW WT, grid-connected 2007
Programme for Competitiveness project)
Delft University, The Netherlands 0.2-0.4 Windmill, no batteries 2007/08

(b)

Figure 5.13. (a) 0.1-0.8 m® h™! variable capacity SWRO plant in operation within SODAMEE project; (b)
Installation of the 15 kW wind turbine without a battery system (Source: SODAMEE project — ITC-ULPGC,
2015).

to the needs of three scenarios defined with varying water demands and resource availabilities in
order to evaluate these technologies and their implementation. It was concluded that a few tech-
nologies were sufficiently mature to pass into commercial application (wind-RO and PV-RO),
and some others (solar multi-effect distillation and solar membrane distillation) could be viable
with further technical development or with subsidies that made them competitive in relation to
conventional energy costs. The DeReDes project provided a general view, but because each loca-
tion has different characteristics it is necessary to evaluate water demands on the basis of quantity
and quality, as well as renewable energy potential.

A more recent project implemented by ITC is the SODAMEE project in Pozo Izquierdo in
Spain, in which a 0.1-0.8 m*> h~! (variable capacity) seawater RO unit (SWRO) operates with
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the use of a 15kW wind turbine without a battery system and under variable capacity control
(Fig. 5.13). The project started in 2009 and ended in December 2015 (Carta et al., 2015).

One of the most important conclusions drawn from the studies undertaken in this project is
the feasibility of adapting the consumption of the SWRO desalination plant prototype to widely
varying (simulated) power generated by wind turbine (WT). Despite using a variety of time
intervals in which it was assumed that the WT output power remained constant, a perfect fit
could not be obtained between the theoretical WT-generated power and the power consumed by
the SWRO desalination plant. Due to oscillations in the operating parameters and inertia in the
desalination system, it was not possible to maintain the permeate recovery rate at the constant
target value at all times. Given the slowness of the control system, as well as the response times
inherent to the desalination elements, a dynamic regulation device needs to be incorporated to
achieve the goal of instantaneous adaptation of the SWRO plant’s power consumption to the
variable WT-generated power.

5.3.3.1 Off-grid wind reverse osmosis
In general, a stand-alone RO desalination system using renewable energy sources can be
represented in terms of the following blocks or subsystems (Fig. 5.14):

e Electricity generation from renewable energy sources (wind energy in this case).

e Electricity generation from non-renewable energy sources (as backup in the absence of
renewable energy sources).

e Renewable energy storage systems (non-massive storage).

e Consumption based fundamentally on seawater desalination.

e Possibility for conventional grid connection (if feasible).

The interconnection of the different blocks that structure the system depends on several factors
including the technology used in each block which, in turn, depends among other factors on the
energy transfer at each moment and between each subsystem.

Analytically speaking, a typical off-grid battery-bank wind-RO system consists of the following
equipment:

e Wind generator.
e Charge controller.
e Battery bank.

e Inverter.

e SWRO unit.

In the case of off-grid operation with a battery bank, the batteries are used for power stability
and as an energy supply during periods when wind energy is not sufficient to drive the desalination
unit. Charge controllers are used to protect batteries from overcharging, and inverters are used to
convert the DC current from the battery output to AC for the load. A diesel genset can also be
used as backup to charge the battery bank or to drive the SWRO unit directly. The way in which
wind energy is transferred between the different subsystems is of fundamental importance. There
are two basic options:

e DC energy transfer.
e AC energy transfer.

With regard to DC energy transfer, one idea that emerged when stand-alone systems in micro-
grids were first studied was to simplify the system with DC interconnection of the different
subsystems. In this way, the variable to be controlled was the voltage, which in turn controls the
flow of current and, consequently, the transfer of active power between subsystems. The option of
using a DC machine as generator in the generation subsystem had been discarded because of the
problems of voltage control and high cost, as well as the problem of supporting the weight at such
a height in the wind turbine. However, the advantage of the DC machine lies in the proportionality
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Figure 5.14. Microgrid subsystems.

between the voltage applied in the armature and its speed in maintaining constant torque. This
makes it a valid option in other subsystems, for example, driving the pump in SWRO desalination,
or in electrodialysis desalination plants. Figure 5.15 presents a simple wind desalination system
in which the water injection pump in the RO unit is DC-driven, with the current being controlled
by a DC/DC converter which could even allow the operation of the pump under variable pressure
and flow regimes, depending on energy availability. The wind turbine used in this system has an
asynchronous machine magnetized by a capacitor bank. Regulation of the active generated power
is by stall control. Since there is no control of the reactive power, the system can generally be
used only in low-power systems (5 to 15 kW).

The wind turbines that this system uses (for their simplicity, low cost and robustness) have a
major instability problem with respect to the voltage and frequency of the output signal, which
therefore needs to be rectified. Most of them are usually manufactured without a gearbox. Gener-
ally, an energy storage subsystem, such as batteries, is required for circumstances where no power
is being generated either as a result of a lack of wind or generator field loss. One valid option
for this system is to use a permanent-magnet synchronous generator which, though heavier and
more expensive, avoids the need for capacitor banks and all of their associated drawbacks.

An AC-based interconnection between different subsystems requires control of the transfer
of both active and reactive powers. Figure 5.16 shows an AC interconnection between two sub-
systems. The bus voltages of each element, as well as the voltage phase differences, mark the
direction and magnitude of the energy transfer, and the expressions that follow show the influence
of the electrical parameters on the active and reactive powers transferred between subsystems.
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Figure 5.16. AC energy transfer between two subsystems.

The flow of active and reactive powers shown in Figure 5.16 and the intervention of the electrical
parameters are the key factors in subsystem interconnection. For example, if the power angle,
8, is controlled to maintain constant voltages and frequencies, an energy transfer is obtained
of basically active powers; whereas if the power angle is minimized the reactive powers can be
controlled simply by varying the magnitudes of the voltages.

The technological state-of-the-art of commercial wind turbines currently suggests growing
competition between variable-speed machines and the now-traditional fixed-speed machines,
with manufacturers giving particular attention to the high-power end of the wind turbine market
and the possibilities offered in the delivery of significant amounts of wind-sourced energy into
large-size grids. The use of these types of machine in stand-alone systems is, generally, not
contemplated in the actual design of the wind turbine. An analysis of what is required tends to be
carried out on a case-by-case basis as it will depend on several factors, including the nature of
the electrical system to which the wind turbine will be connected, the loads involved, the energy
storage needs, etc.
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5.3.3.1.1 Stand-alone systems with fixed-speed asynchronous wind turbines

Good results have been obtained with wind-diesel systems for desalination, such as the one
installed in Fuerteventura (Canary Islands, Spain) in the 1990s (Calero et al., 1994; Carrillo,
2001; Carta et al., 2001, 2003b; Gonzalez et al., 1993, 1994). In principle, such a system is
ideally suited for off-grid remote areas, without access to potable water and where maintenance
needs to be kept to a minimum. Figure 5.17 is a simplified schematic representation of the system
in place, designed for a 220 kW wind turbine.

The 220 kW wind turbine has a gearbox transmission system, a two-speed squirrel-cage-rotor
asynchronous generator and, therefore, a double-stator winding with a different number of pairs of
poles. In this way, better exploitation is made of the wind resource as the wind speed required for
connection is low, meaning that the generator can operate with less power but at optimum speed
at average wind speeds (about 7ms~"). In addition, a soft electronic starter for grid connection
is included in the system.

The synchronous generation subsystem with flywheel has four basic functions:

e To act as a synchronous compensator, supplying the necessary reactive power demanded by
the wind turbine and the loads (when disconnected from the diesel machine).

e To maintain the frequency and voltage as stable as possible within certain limits (measured
by the flywheel) by supplying or consuming the transitory energy demanded by the loads
or supplied by the wind turbine in the event of a sudden gust or drop in wind speed (when
disconnected from the diesel machine).

e To operate as diesel generator in parallel with the wind turbine when the latter is unable to
supply all the power demanded by the loads.

e To operate as diesel generator supplying all the energy requirements of the loads in the absence
of wind.

Clearly, the active powers that are generated and demanded are not in balance at all times,
especially given the asynchronous generating condition with large torque variation vs. small
variations of slip caused by the wind. Consequently, control of the flywheel and control of blade
pitch are insufficient to maintain the stability of the system and a load-dumping system is required
to operate in the event of excess power.

This system is limited in terms of the power that can be exploited because of this need to
stabilize the system by load dumping in the event of an excess of energy, and also because of the
synchronous generation of reactive power required by the asynchronous generation of the wind
turbine.

5.3.3.1.2 Stand-alone systems with variable-speed synchronous wind turbines

The use in stand-alone systems of fixed-speed wind turbines based on asynchronous generation
is limited by the size of the powers that can be transferred between the different subsystems
that structure a microgrid. Given the greater control of the energy that is generated, variable-
speed wind turbines have been proposed as a more suitable option for renewable energy-based
stand-alone microgrid systems.

The pitch control and power electronic systems of variable-speed wind turbines allow a much
more stable delivery of power, avoiding the need for load dumping to maintain system stability.
Figure 5.18 is a schematic representation of a wind-diesel system with synchronous generation in
the wind generation subsystem. In this case, a permanent-magnet synchronous machine is used,
which implies no voltage regulation, which will in part depend on the rotational speed.

The advantage of this synchronous machine is that there is no need for magnetizing reactive
power, given the use of the permanent magnets, though pitch control is required as well as power
electronics for output-power regulation. The power electronics basically comprise unidirectional
power converters with a DC link, controlling the output voltage at three points — the rectifier,
the DC link, and the PWM (pulse-width modulated) output inverter — through the respective
modulation index. At the third of these points, the phase angle and frequency of the output
voltage are controlled as well as its magnitude.
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Figure 5.17. Wind-diesel system for seawater desalination based on a fixed-speed wind turbine.

The consequence of the elimination of a synchronous energy storage system is system instability
at transient moments of load connection/disconnection. The inertial flywheel, which does not
have to be as large as in the system shown in Figure 5.17, is used to control transient stability
and can be used as a reference control of the voltage and frequency limits. In addition, the
commercial wind turbine is essentially modeled to behave as a current source and, therefore, it
is this synchronous energy system which maintains system voltage and frequency. It can also be
used as an uninterruptible power supply via a clutch-coupled diesel motor.

The use of direct-transmission turbines and multi-pole machines is another option, very similar
to that shown in Figure 5.18 but with the added advantage of not requiring a wind turbine gearbox.
Since the purpose of the system in this case is seawater desalination, the diesel motor can be
eliminated and the loads regulated according to the capacity of the system to capture the wind
energy available at any given moment, allowing the system to shut down when there is insufficient
wind. If the load consumption is in the MW order, then the basic system outlined above is still a
feasible option, with the wind turbines able to deliver all of the power they can capture from the
wind, and with load regulation according to wind power availability and wind turbine capacity.

Figure 5.19 shows enlargement of the generation block to a MW-sized wind farm and of the
load block to various modules for a daily desalinated water production of over 15,000 m? (Carrillo
et al., 2004; Carta et al., 2003b, 2004; Subiela et al., 2004). If, as in this case, an inertial flywheel
is used, the diesel machine needs to be replaced with another type of system that allows the start-up
from zero of the inertial flywheel-synchronous machine. A speed inverter (frequency converter)
for induction machines can be used for this purpose and, given the power control of this type of
wind turbine, power from one of the wind turbines can feasibly be diverted to the inverter for use
in the start-up by an auxiliary motor, taking the flywheel up to the rated speed. It is advisable in
this case to use the DC link of one of the wind turbines whose voltage is kept stable internally with
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Figure 5.18. Wind-diesel system based on a variable-speed wind turbine.

a DC/DC converter (generally a boost-type converter), so that through the inverter the flywheel
is taken to the synchronous speed of the electrical machine coupled to the same shaft. As the
flywheel is on the same shaft as the synchronous machine, the former, once started up, confers a
magnetic field on the latter. Thus, a stable electrical grid is created and provides the basis for the
connection of more wind turbines and the formation of a wind farm. Staggered connection of the
desalination modules now takes place depending on the system’s energy availability.

Today, advances in power electronics technology allow replacement of the traditional inertial
flywheel storage subsystem with energy storage battery banks. Figure 5.20 shows a large-scale
desalination system with battery energy storage. Battery technology has progressed considerably
since the 1980s, though its use for large-scale energy storage in electrical grids remains complex
and has the drawbacks of high cost and questions of durability. Nonetheless, in stand-alone
systems they can be a solution for relatively long periods of time as they can store energy when
there is an excess of wind-sourced energy generation and dump it in periods of low-wind energy
production.

One example of the investigation of the potential of energy storage systems is the stoRE project
(www.store-project.eu), co-funded by the European Union (European Regional Development
Fund), the government of Spain (Centro de Desarrollo Tecnoldgico Industrial), and a consortium
headed by the electricity company Endesa (Grupo ENEL) and various industrial partners and
research centers. The stoRE project aims to analyze three different energy storage technologies:
batteries, flywheels and supercapacitors.

The installations used in the stoRE project are located in the Canary Islands archipelago (Spain),
where attempts are being made to overcome problems of dynamic stability caused by feeding into
the different island grids energy generated from non-controlled energy sources, as is the case
with renewables in general and wind energy in particular. More specifically, a massive energy
storage plant has been installed on the island of Gran Canaria using Li-ion batteries (Saft SA,
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France) capable of supplying a stand-alone electrical grid with 1 MW for a duration of three
hours (1 MW/3 h). On La Gomera island, a 1800/3600 rpm flywheel has been installed, capable
of supplying 0.5 MW for a duration of 30 seconds, thereby achieving continuous grid frequency
stabilization on the island. Meanwhile, on La Palma island, supercapacitor technology is being
used (4 MW/6 s) to avoid transient supply losses due to unforeseen grid disturbances and failures.
These latter two installations (La Gomera and La Palma) use energy storage technologies with
extremely fast response times, capable of limiting the effect of such transient losses.

Another example is the sodium-sulfur (NaS) battery developed by TEPCO (Tokyo Electric
Power Company, Inc.) and NGK Insulators Ltd. NaS batteries have been used in numerous
projects and demonstrated their usefulness in mass energy storage in electric power systems.

Their high density of energy storage, efficiency, practically zero maintenance requirements,
absence of contaminating gases, noise or vibrations, and a useful life of over 15 years make NaS
batteries ideally suited for use in power electronic systems, as well as in large stand-alone or
microgrid systems. For example, 20 x 50 kW NaS battery modules, which would be equivalent in
size to two standard shipping containers, can store up to 7.2 MWh of, in our case, wind energy. The
battery is hermetically sealed and kept at a temperature of around 300°C, operating in conditions
in which the active materials at both electrodes are liquid and the electrolyte is solid. At this
temperature, both active materials react rapidly with a low internal resistance. NaS batteries
allow continuous charge and discharge, making them ideally suited for use in stand-alone energy
storage systems.
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Consequently, the operation of the synchronous subsystem can be covered, for large powers, by
an NaS battery bank and a reversible converter acting as would a synchronous electrical machine,
namely by supplying the system with the necessary reactive power as well as the demanded active
power, not only in transient moments of load connection but also uninterruptedly for a time,
as would a diesel generator. It should be noted that the flow of active and reactive powers in a
microgrid shows the difficulties entailed in the coupling between different (commercial) power
electronic devices that are normally designed to be connected, as current sources, at a stable
frequency and voltage, that is, to a low impedance grid. As a result, the integration of these
electronic devices in the configuration of a microgrid generates serious coupling problems.

In addition to the effects of connection/disconnection, harmonic pollution produced by the
converters in the system and in steady-state conditions could also lead to major problems.

The solution lies in the appropriate design, as voltage source, of the bidirectional converter of
the battery energy storage bank. In this way, the whole system would operate as a stable reference
to which wind generation could be connected, followed by the loads. Otherwise, the installation
of another synchronous subsystem would be necessary. Although, theoretically, this could be one
of the wind generation output converters, this would not be advisable given the variable nature of
the energy source (i.e. the wind).

Consequently, if no commercial converter is suitable for use as reference for the other con-
verters, there remains no choice but to use a synchronous-type subsystem, as in the traditional
synchronous machine with inertial flywheel and automatic voltage control. Figure 5.21 shows
the resulting configuration.



100 E. Tzenetal.

+ Variable-speed wind turbines

]

AC

AC

~-@=—=
= —-O=—=—1

AC
i Transformer _/_O:'S

I( protection

| — —1-O=—=3

AM A)vj__

ac - O=—=

Synchronous group with W
inertia flywheel 'O:‘S
LT | n»c
=] - -O=—J
AC

r '\ Modular SWRO
desalination plant

DC

Hi1
H|1]1

Battery bank Bidirectional DC/AC converter
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In the stand-alone desalination systems that have been described (Carrillo, 2001), the innovation
lies basically in managing the loads as opposed to the generation, adapting the consumption of
the SWRO plants to the wind energy available at any given moment.

Consequently, the aim is to exploit the maximum amount of wind energy possible for the
maximum possible production of desalinated water, regulating the SWRO plants through the
connection/disconnection of plants or, in other words, using a type of step control. One potential
improvement in load management is for this to be performed continuously, in contrast to the
traditional use of such step control.

Continuous control of the consumption of an SWRO plant through regulation of the pressure
and flow rate of the seawater fed through has been analytically investigated (Carta et al., 2015).
In this approach the consumption is continuously regulated in accordance with the amount of
wind energy that can be captured by the wind turbines. As shown in Figure 5.22, wind power is
transformed into electrical power (voltage x current), the mechanical power of the high-pressure
pump (torque x engine speed), and fluid power (pressure x flow rate). If the wind speed and
power-wind speed curve of the wind turbine are known, continuous regulation of the plant’s power
consumption is possible by varying the flow rate and pressure of the seawater forced through the
membranes.

As shown in Figure 5.22, in addition to continuous regulation of the SWRO plant, the tradi-
tional flywheel-synchronous machine and batteries have been replaced with a non-massive energy
storage system comprised of supercapacitors. The function of the supercapacitors is to reduce
the effect of variations in wind power produced by the wind turbine and to assist in continuous
regulation of the SWRO plant.
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5.3.3.2  On-grid wind reverse osmosis

With regards to on-grid wind-RO applications, there are some successful examples that verify the
benefits of this kind of function. In 2008, a wind desalination plant was installed and began its
operation on the island of Milos in Greece (Fig. 5.23). The wind-RO plant consists of a V52/850
kW wind turbine able to cover the energy requirements of a 3600 m?> day~' SWRO plant. The
average yearly electricity generation of the wind turbine is estimated at 1800 MWh. A SCADA
system is used to balance the operation of the units according to the electrical load of the island
and the operating status of the local thermal power plant (Bouzas and Relakis, 2010). The water
production is sufficient to meet the water needs of Milos island. The price at which the investor
sells the water to the municipality is around 2 € m 3. Before the installation of the plant, the island
covered its water needs with the transportation of water via tankers from the Greek mainland.
Water transportation costs for the Cyclades and Dodecanese Aegean islands prior to 2010 ranged
from 5 to $€m~>. By 2015 the cost of water transport to several Aegean islands had increased to
10.5€m™>.

Another on-grid wind-RO application originated in Australia. In 2006 a SWRO unit began
operation in Perth. The plant is designed to operate continuously, drawing water with an input
salinity between 35 and 37 g L~!. With this plant, Western Australia became the first state in the
country to use desalination as a major public water source. Located at Kwinana, some 25 km south
of the city, the new plant had an initial daily capacity of 140,000 m* with designed expansion
to 250,000 m® day~'. Electricity for the desalination plant, which has an overall 24 MW power
requirement, comes from an 80 MW wind farm, which consists of 48 wind turbines located 30 km
east of Cervantes.

The idea of covering the power needs of desalination units with the use of one or more wind
turbines even when an electricity network is available is important and beneficial also for islands
or remote areas with autonomous power plants, such as the case of the Greek islands. According
to a pre-feasibility study that Greece’s Centre for Renewable Energy Sources and Saving (CRES)
carried out for the Municipality of Syros, the total energy required for 24-hour daily operation
of the Syros island RO units amounts to 49,980 kWh, while on an annual basis the total energy
required is estimated at around 18,200 MWh (Tzen and Sieros, 2013). Syros island covers a large
part of its water needs by the operation of thirteen SWRO units, with a total water production
capacity of 8,340 m® day~'and total installed power of around 2 MW (December 2013). Taking
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Figure 5.23. View of wind reverse osmosis plant on Milos island, Greece (Source: Bouzas and Relakis,
2010).

Table 5.5. The gross and net yearly energy production of the Syros
wind farm sites.

Gross production Net production

Site [GWh] [GWh]

1 19.157 17.3428
2 18.900 17.1102
3 18.922 17.1301
4 22.007 19.9229
5 21.479 19.4449
6 14.963 13.546

the above with electricity pricing of 0.08 €kWh~!, the overall electricity cost for the operation
of the RO units on the island amounts to 1.45 million € year~'. Within the study, six potential
turbine sites were selected with capacity factors ranging from 25% to 50%. Table 5.5 presents the
gross and the net yearly energy production of these sites.

Taking into consideration the wind potential of the specific areas and the sites’ characteristics,
it was concluded that two wind turbines of 2.5 MW each (i.e. a wind farm of 5 MW) could provide
the energy required for the island’s desalination units. An indicative economic assessment based
on the current pricing of energy from RES (assuming the price for the interconnected system was
equal to 0.09€kWh™!) estimated the gross annual revenue from the wind farm at €1.5 million.
The cost for the procurement and installation of the two-turbine 5 MW wind farm was estimated
at €7 million.

Another illustrative example is the Canary Islands’ “Water — Renewable Energy” nexus. This
is an initiative of the local agricultural cooperative Soslaires Canarias S.L., which installed a
5000m* day~' SWRO plant associated with a grid-connected 2.64 MW wind farm (4 x 660 kW
wind turbines) in Playa de Vargas (east of Gran Canaria island) (Fig 5.24), with a total investment
of €5.2 million (wind farm 46%, RO plant 21%). Both installations were commissioned in 2002.
The desalination plant is able to produce up to 1.5 million m® year™! of water for the irrigation of
more than 150 hectares. The water produced is of high quality (salinity slightly over 400 mg L~!)
and the plant has excellent specific energy consumption (approximately 2.2 kWhm™3, equivalent
t0 2.85kWhha~! of irrigated land). The annual electrical energy balance (wind energy production
minus energy consumption due to water production) is positive, avoiding the emission of more
than 6000 tons of CO, per year (Flammini et al., 2014).

In 1997, El Hierro was the first of the Canary Islands to modify a sustainable development plan
to protect its environmental and cultural richness (Guevara-Stone, 2014). The island was importing
and burning 6000 metric tons of diesel per year, emitting 18,700 tons of carbon dioxide. Twenty
percent of the electrical energy being generated was consumed by three desalination plants to
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Figure 5.24. (a) View of the 5000 m? day~! rack of Soslaires SWRO desalination plant; (b) 2.64 MW
(4 x 660 kW wind turbines) on-grid wind farm in Playa de Vargas (east of Gran Canaria island) (Source:
J. Lozano, Soslaires Canarias S.L., 2016).

produce water for drinking and irrigation. The government of El Hierro realized that conservation
was not enough and the solution was to make the island 100% energy-self-sufficient. The El Hierro
Sustainability Plan proposed the idea of making the island a self-sustaining location. Within this
framework, the Council of El Hierro, Unelco S.A. and the Canary Islands Institute of Technology
(ITC) developed a project called the “El Hierro Hydro-Wind Plant”, with the aim of making El
Hierro the first island able to supply itself with electrical energy through fully renewable energy
sources. Surplus wind-generated energy is used to pump water from a lower to an upper reservoir
from where it can be released to generate hydroelectric power when wind generation is insufficient
to meet demand.

During the first stage, a technical feasibility study was carried out in which the optimal con-
figuration of wind generators, hydraulic turbines, reservoir volumes and pumping equipment to
be installed in the new plant was determined. The project elements are:

o Upper reservoir: located at the La Caldera crater, with a maximum capacity of 380,000 m.

e Lower reservoir: located in the vicinity of the Llanos Blancos thermal power plant and formed
via a purpose-built dam, it has a usable capacity of 150,000 m>.

e Pumping plant: comprised of 2 x 1500 kW and 6 x 500 kW pump groups, with a total capacity
of 6 MW. It has 1500/500 kW inverters.

e Turbine plant: consists of four groups of Pelton turbines of 2830 kW power each, giving a total
power of 11.32 MW. The maximum flow during hydroelectric generation is 2.0 m* s~!, with a
gross head of 655 m.

e Wind farm: consists of a set of five wind turbines (Enercon E-70) of 2.3 MW power each,
giving a total power of 11.5 MW.

The island of El Hierro has an installed desalination capacity of 6000 m* day~' which is fed
with the electrical energy produced through these RES. The desalinated water is used for human
consumption and, for that reason, El Hierro is considered the world’s first self-sustaining island
in terms of water and energy supply.

5.4 WIND DESALINATION MARKET

Various plant manufacturers and firms of consultant engineers, mainly from Germany, have
developed, and in some cases also produced and tested, wind-powered desalination technologies.
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That said, none of the resulting plants has yet proved itself in the market. In terms of wind-
RO, only a few manufacturers of wind turbines have, during the last few years, offered their
products in combination with desalination plants in turnkey solutions (Enercon, Vestesen), and
occasionally also as hybrid wind-diesel systems in conjunction with a desalination unit (Enercon).
Enercon systems have so far only been tested in pilot projects (Norway, Greece) and for simulation
purposes (Aurich, Germany). In addition, there are also several companies and consultancies,
mostly engineering-based, that advertise various wind desalination plant configurations, although
these have not yet been proven in practice.

5.5 CONCLUSIONS

As conventional energy costs are expected to increase in the short term, and water availability
will decrease due to the consequences associated with climate change, the future of RES-powered
desalination is very promising for both environmental and economic reasons. Barriers such as the
high cost of small wind turbines and the inefficiency of storage batteries delay the development
and market progress of these systems. Hopefully, such environmentally friendly systems should
soon be available at competitive prices. More research has to be done on new-generation products —
such as small energy recovery devices, new-generation small wind turbines and energy storage
systems — and on the development of more advanced control and monitoring systems in order to
develop sustainable systems that can provide potable water at reasonable cost.
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CHAPTER 6
Geothermal energy/desalination concepts

Thomas M. Missimer, Noreddine Ghaffour & Kim Choon Ng

6.1 INTRODUCTION

Geothermal energy development can be used to produce renewable energy in the form of electricity
or directly used to provide hot water for a variety of uses, including desalination of brackish
water or seawater (Benjemaa et al., 1999; Chandler, 1982; Chaturvedi et al., 1979; Davies and
Orfi, 2014; Dipippo, 2005, 2007; Ghaffour et al., 2014; Ghose, 2004; Goosen et al., 2010;
Hammons, 2004; Hiriart, 2008; Kalogirou, 2005; Miller, 2003; Ozgener and Kocer, 2004;
Swanberg et al., 1977). An analysis of heat transfer in geothermal-powered desalination was
conducted by Bourouni ef al. (1999a, 1999b). A great advantage of using a geothermal heat
source is that if properly designed, it is truly a renewable energy source that, unlike solar or
wind sources, can provide a solution for baseload (non-interruptible) power production (Glassley,
2015). Of all power generation technologies, geothermal facilities (binary and flash) have the
highest capacity factors and would deliver a value of 1.0 if “parasitic” electricity usage was not
needed to run the high-pressure pumps in the recirculation system.

The natural geothermal gradient allows the harvesting of heat beneath virtually all land areas
of the Earth, but development of geothermal energy is most economic when the source areas have
high rates of heat flow or where naturally occurring hot springs bring high-temperature water to
the Earth’s surface. In some development projects, naturally occurring “hot spots” are targeted,
where high-temperature water or rock lies close to the land surface (Missimer et al., 2014a).
These areas are typically associated with volcanism.

A map of global heat flow shows that many coastal and inland areas that contain sustainable
sources of either seawater or brackish water lie coincident with matching areas of high heat flow
(Davies, 2013) (Fig. 6.1). The highest heat flow areas are generally associated with the edge
of major geologic plate boundaries where active subduction is occurring, such as Japan, New
Zealand, Chile, Peru and the western part of the United States. There are also other important
areas of high heat flow located along the margins of the Red Sea, North Africa and southern
Europe, particularly Italy and the Greek islands. The subsurface water temperatures in southern
Europe range from 80—110°C at shallow depths, and in the southern European and Red Sea areas
up to 325°C at depths ranging from 70—1400 m (Koroneos and Roumbas, 2011; Missimer et al.,
2014a). Hot-rock temperatures are quite high in many areas that do not contain high water-flow
rates, with correspondingly high subsurface hydraulic conductivities. Many of these regions have
correspondingly arid conditions that currently require desalination of seawater or brackish water
to meet current and projected future demands (Ghaffour, 2009).

While the global heat flow areas are well known in terms of geography and geology, detailed
heat flow maps of some regions, such as the United States, show a surprisingly large number of
“interior” high heat flow areas, not always associated with plate boundaries (Blackwell et al., 2011)
(Fig. 6.2). Many areas of the western part of the United States have high heat flows, particularly
the area in and around Yellowstone National Park, many areas of New Mexico, Arizona and
Nevada, and especially southern coastal California and bordering areas of north-western Mexico
(Gutiérrez and Espindola, 2010). A key issue of note is the number of high heat flow areas in
water-poor southern California, which is currently mired in a severe, long-term drought.
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Figure 6.1. Global map of surface heat flow (Davies, 2013).
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Figure 6.2. Surface heat flow in the United States (Blackwell ez al., 2011).

The purpose of this chapter is to describe various conventional and emerging desalination
methods that can be either directly or indirectly powered by geothermal energy. Some of the
systems described are currently operating, while others are proposed, are completely new concepts
or are in some stage of development. A key point is that the use of geothermal energy will reduce
the cost of desalination and will also reduce the emissions of greenhouse gases (GHG) associated
with the use of conventional, non-renewable energy sources.

6.2 GEOTHERMAL DESALINATION CONCEPTS

Methods of geothermal desalination can be divided into two general classes: low-enthalpy and
high-enthalpy systems (or high- and low-temperature systems). Each classification can be further
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subdivided into three subtypes, specifically: (i) geothermal desalination systems that use dry
steam or naturally hot water directly; (ii) geothermal desalination systems that first generate
electricity that is then used to power desalination; (iii) geothermal desalination systems that are
combined with other renewable energy sources to work on some type of cyclical basis.

Heat can be harvested from the subsurface by production of hot water or steam, commonly
termed wet-rock geothermal energy production (Axelsson, 1991; Ragnarsson, 2003), or by injec-
tion of water into the subsurface through wells, pumping it through fractures in the rock, and
recovering it as superheated water or steam through recovery wells. This latter geothermal har-
vesting method is termed hot dry rock recovery or an enhanced geothermal system (Brown et al.,
2012; Duchane, 1990; Feng et al., 2012; Glassley, 2015; Goldstein et al., 2009; Smith, 1979,
1983; Wan et al., 2005).

A number of low-enthalpy, and a few high-enthalpy, geothermal desalination systems have
been proposed as technically feasible (Awerbach et al., 1976; Borurouni et al., 1999a, 1999b;
Bundschuh et al., 2015; Chiam, 2013; Davies and Orfi, 2014; Goosen et al., 2010; Karytsas,
1998; Lindahl, 1973; Ophir, 1982; Sarbatly and Chiam, 2013), and some of these options will
be explored within the context of their technical feasibility and, where data are available, some
economic information will be provided.

6.3 LOW-ENTHALPY DIRECT HOT WATER USE DESALINATION SYSTEMS

Geothermally heated groundwater occurs within permeable shallow and deep aquifers lying close
to volcanic sources of heat, and also in other areas where hot rock comes into contact with
groundwater. In locations like Iceland, wells can be drilled to various depths to produce water
with temperatures ranging from 60 to over 100°C. In fact, some wells that penetrate a hot wet-rock
reservoir will produce steam at the land surface as the hot water moves upwards in the well. It
is assumed that all of the direct-heating, low-enthalpy desalination methods will not utilize a
secondary heat-exchange process.

When deep petroleum reservoirs are developed, the oil production wells tend to produce hot
saline water along with condensate. During the lifetime of the reservoir, the relative quantity
of saline water becomes greater than the amount of condensate produced. Therefore, oil wells
are a source of hot saline water, with a total dissolved solids concentration ranging from about
4000 to 240,000 mg L~!, which can be used for desalination in different low-enthalpy systems,
and perhaps some high-enthalpy systems too. Abandoned oil wells that produce water have been
assessed for use in generating electricity within a low-enthalpy regime (Noorollahi et al., 2015).

Any shallow or deep aquifer containing hot saline water can be used as a source of supply for
geothermal desalination by employing a variety of different processes and design concepts. These
processes are described below.

6.3.1 Wet-rock harvested seawater or brackish water and
adsorption desalination (AD)

Adsorption desalination (AD) is a low-temperature process that can effectively use brackish
water, seawater, or hypersaline water within a temperature range of 55 to 90°C (Chakraborty
et al., 2009a, 2009b, 2011b; Ng et al., 2010, 2012). This temperature range lies within the low-
enthalpy classification and occurs commonly in natural hot springs or in shallow wet geothermally
heated groundwater systems throughout the world. The inflow water enters the process at ambient
temperature, but heated water is required for the adsorption process and it flows in a closed loop.
AD has the great advantage that it can be applied to a very large range of salinities that occur
naturally below the saturation concentration of CaSO,, which is about 235,000mg L~ of total
dissolved solids at 25°C. Therefore, the direct use of AD could be associated with natural springs,
hot shallow water, and water produced at oil production wells or separation facilities (after some
pretreatment).
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Figure 6.3. Process diagram showing use of AD coupled with geothermally heated brackish water or
seawater.

The designs required to utilize the geothermally heated water could take on a variety of con-
figurations (Fig. 6.3). Hot water of variable salinity could be extracted directly from hot springs,
desalted, and the concentrate discharged in some environmentally responsible manner. A shallow
geothermally heated aquifer could be tapped using production wells with the concentrate expelled
into a deeper part of the aquifer system, reused in some industrial process, or discharged to the
sea after dilution or the use of a dispersion nozzle system to minimize marine impacts. If the hot
water derived from the groundwater system is treated directly in the desalination process, then
only some form of filtration would be necessary in the pretreatment process. In other systems, it
may be necessary to convert the heat to energy using some type of heat exchanger.

Deep petroleum production wells tap geologic units that are naturally hot and both the oil and
the water produced commonly have temperatures close to 100°C at the well head. The water
is commonly separated from the condensate and discharged to waste without utilization of this
heat. Some degree of pretreatment would be required to remove as much residual petroleum from
the hot saline water as possible, to prevent adverse impacts on the AD treatment process. The
concentrate from the desalination process could be re-injected into the petroleum reservoir to
assist in maintaining reservoir pressure or to assist in secondary recovery.

6.3.2  Wet-rock harvested seawater or brackish water and membrane distillation (MD)

Another low-enthalpy desalination technology that can be used to desalinate hot saline ground-
water or thermal spring discharges is membrane distillation (MD). MD is a thermally driven
process that utilizes a hydrophobic, microporous membrane as a contactor to achieve separation
by liquid-vapor equilibrium. Other related membrane processes, such as reverse osmosis (RO),
forward osmosis (FO) or electrodialysis (ED), use pressure, concentration or an electrical potential
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Figure 6.4. Principle of MD process and temperature profile, using DCMD configuration as an example.

gradient as the driving force, while the MD process force is the partial vapor pressure difference
maintained on the two sides of the MD membrane (Fig. 6.4). This process uses hot saline water
on one side of a membrane and a cooler circulating fluid on the other side to create diffusion of
pure water vapor across the membrane (Al-Obaidani ef al., 2008; Alsaadi et al., 2013; El Amali
et al., 2004; Bouguecha and Dhahbi, 2003; Francis et al., 2013). The feed solution, after being
heated, is brought into contact with the feed side of the membrane which allows only the water
vapor to pass through its dry pores so that it condenses on the permeate side (coolant), as shown
in Figure 6.4. A temperature difference of just a few degrees, 5-10°C, between the warm and cold
streams is potentially enough to produce freshwater (Alkhudhiri et al., 2012; Alsaadi et al., 2013;
Curcio and Drioli, 2005; Francis et al., 2013, 2014; Ghaffour et al., 2014; Khayet, 2011). Sepa-
ration occurs when pure water vapor, with its higher volatility compared to salts, passes through
the membrane pores by a convective or diffusive mechanism. This process works at relatively
low temperatures, which are well within the range of low-enthalpy geothermally heated water
sources. It is also very suitable for treating thermal brines, which are already preheated. Under
these operating conditions (low temperatures and ambient pressure), corrosion is not an issue as
no metallic materials are used in MD units.

According to the type of the condensing (cold side) design, the MD process can be classified as
a direct contact membrane distillation (DCMD), air gap membrane distillation (AGMD), vacuum
membrane distillation (VMD) or sweeping gas membrane distillation (SGMD). More recently,
other new MD configurations aiming to enhance the flux have been developed, such as water gap
MD and material gap MD (Francis et al., 2013; Khalifa, 2015).

MD has the potential to be an efficient and cost-effective separation process that can utilize
low-grade waste or low-enthalpy geothermal heat (Bundschuh et al., 2015; Ghaffour et al., 2014;
Goosen et al., 2014; Gutiérrez and Espindola, 2010; Rodriguez et al., 1996, Sarbatly and Chiam,
2013). In order to be cost-effective, with waste heat being available at no-cost, the specific energy
consumption needed for pumping can potentially be lowered to 1 kWh m— (Ghaffour et al., 2014).
As it is the case for AD, so one of the main advantages of MD is that the process performance
is not highly affected by high feed salinity, as has been proven in bench- and pilot-scale studies
(Kui et al., 2011; Zaragoza et al., 2014; Goosen et al., 2014).

6.3.3  Wet-rock harvested seawater or brackish water and
humidification-dehumidification desalination

Another low-enthalpy desalination process that can be powered by geothermally heated water
is humidification-dehumidification desalination, as described by Bourouni et al. (2001),
Ettouney (2005), Al-Enezi et al. (2006), Mohamed and El-Minshawy (2009) and Goosen
et al. (2014). Bourouni et al. (2001) also described the operation and performance of various
humidification-dehumidification desalination systems around the world. There are a number
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Figure 6.5. Schematic diagram of a humidification-dehumidification geothermal seawater desalination
plant (Mohamed and El-Minshawy, 2009).

of possible configurations for desalination plants using this process, as described by Ettouney
(2005). A schematic diagram showing one theoretical geothermal desalination plant is shown in
Figure 6.5.

The design created by Mohamed and El-Minshawy (2009) is for desalination of seawater.
Air is heated in the air-preheater using a geothermal energy source after passing through the
heat exchanger. Seawater is used as the coolant for the condenser. An analysis of desalination
production efficiency using this design showed that: (i) a geothermal energy source at between
80 and 100°C is sufficient to produce freshwater from seawater; (ii) the production of freshwater
is increased by increasing the ratio of the seawater mass flow rate to the air mass flow rate, with
an optimum ratio lying between 1.5 and 2.5; (iii) the freshwater production rate is increased
by increasing the geothermal inlet temperature at the optimum ratio of seawater-to-air flow;
(iv) increasing the cooling water temperature difference across the condenser produces a higher
freshwater production rate at the optimum ratio of seawater mass flow rate to air flow rate (1.5-2.5).

The humidification-dehumidification process appears to be a reasonable seawater or brackish
water desalination method where geothermally heated groundwater sources are present. It may
also work efficiently at temperatures above 100°C. Based on the research conducted to date, the
optimum geographic area in which to apply the technology could be where geothermally heated
groundwater is abundant and a source of cool or cold seawater is present. This combination
of system temperatures would produce the optimal ratio across the condenser. Coastal areas of
California, western Mexico, Peru, and Chile are regions of high potential where this technology
could be applied and many small cities in these hyper-arid regions could utilize this technology.
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6.4 LOW-ENTHALPY HYBRID SYSTEMS: LINKING SOLAR
AND GEOTHERMAL SYSTEMS

Pure solar-powered desalination systems can be successfully operated, but production will be
limited solely to daylight hours and reduced production occurs during cloudy or rainy days as
well as during dust storms. Geothermal-powered low-enthalpy desalination systems can be linked
with solar-powered systems to allow continuous operation without the need for thermal storage
(Ghaffour et al., 2014; Missimer et al., 2013). By using solar power during daylight hours, the
geothermal reservoir is allowed to “rest”, thereby allowing shallower geothermal heat-harvesting
wells to be constructed for sustainable operation. The rest period allows the reservoir thermal
conductivity to reheat hot dry rock collection systems or to maintain wet geothermal reservoirs
based on local or regional groundwater flow (Fan ef al., 2007; Gehlin and Hellstrom, 2003; Pillar
and Liuzzo-Scorpo, 2013).

6.4.1 Combined-cycle solar- and geothermal-powered AD

A detailed description of an effective method of linking two sources of renewable energy with AD
is given in Missimer et al. (2013). AD is a very promising desalination technology that produces
freshwater from seawater by sorbing and desorbing water vapor from preheated seawater on a
stack of mesoporous silica gel or other appropriate substance (Chakraborty et al., 2009a, 2009b;
Ng et al., 2010). The system operates in a vacuum as a batch process. The operating range of
temperatures for the heated seawater is 55-100°C, with an optimum temperature of about 80°C.
Because the effective operating temperature range is low, AD can be powered by solar, geothermal
or waste heat (Fig. 6.3).

A key issue in the scaling up of treatment capacity for an AD desalination system using solar
energy as the primary heat source is the issue of an interruptible energy source. Large-capacity
systems would be required to have some type of thermal storage system or use a conventional
power source for operation when there is no solar or reduced solar power availability. Therefore,
development of large-capacity desalination systems, greater than 100,000 m3day~!, would be
challenging using solar energy alone.

One approach to resolving this issue is the development of a hybrid system using a combined
cycle of solar and geothermal energy. During daylight hours the system would operate using solar
energy with water being heated using a rooftop-mounted heating system (or other configuration).
During night-time or other periods of low solar energy input, the system would operate using a
geothermal heat system.

The geothermal heating development could be based on either wet-rock or hot dry rock tech-
nology, depending upon the location and the local hydrogeological conditions. Missimer et al.
(2013) outlined a system to be developed in the arid lands adjacent to the Red Sea of Saudi Arabia,
so they employed the concept of a hot dry rock (HDR) thermal reservoir using either a dual-well
or single-well configuration, depending on the desired capacity of the AD plant (Fig. 6.6). Based
on local conditions, they modeled a conceptual two-well HDR geothermal system that could
be operated continuously at 80°C for more than eight days without reduction of the operating
temperature or breakthrough of the cooler water. The operation would rarely rely solely on the
geothermal energy source, thanks to the availability of solar energy during most daylight hours.
Cycling to a solar energy source during the day allows the rock material of the geothermal reser-
voir to reheat and maintains the system in a sustainable manner using wells shallower than those
used in continuous heat harvesting.

6.4.2 Combined-cycle solar- and geothermal-powered MD

Another process design configuration would be to use combined-cycle solar- and geothermal-
powered MD. The conceptual operation would be similar to the AD process, running with the
same combined-cycle energy source as described in Section 6.4.1. However, the configuration
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Figure 6.6. Dual- and single-well heat collection systems in a hot dry rock reservoir (Missimer et al., 2013).

of the process would be somewhat different. The geothermally heated water would enter at the
feed side of the process with the opposite side being the cooler water that creates a difference of
temperature between the two sides of the hydrophobic membrane and drives the process, allowing
water vapor to pass through the membrane pores where it is condensed and collected as distillate,
as shown in Figure 6.4. In VMD configuration, the condensation takes place outside the module
as the water vapor is extracted using a vacuum pump.

6.4.3  Solar-powered AD or MD with thermal aquifer storage

Either AD or MD could be operated using solar energy as the primary energy source (Ghaffour
et al., 2015), but also utilizing some type of in-ground thermal storage. Aquifer thermal energy
storage (ATES) has been used in a variety of configurations to meet long- or short-term needs
(Maliva and Missimer, 2010). An aquifer or a subsurface-constructed cylinder or tunnel are ideal
for short-term heat storage using water because: (i) an aquifer or suitable underground facility may
be available beneath or within a few hundred meters of the desalination facility; (ii) an aquifer,
if available, would provide a small footprint; (iii) the rock material surrounding the aquifer or
constructed borehole or tunnel is an excellent insulator with a generally low thermal conductance
(Schaetzle et al., 1980); (iv) in tight fractured rock materials there would be an insignificant loss
of water from the subsurface storage facility; (v) if some form of deep tunnel is used, the stored
water may actually gain some additional heat during storage depending on the location and depth
of the facility.

The use of a natural aquifer may have limitations at many sites because of the difficulty of
maintaining the subsurface plume of heated water due to potential migration away from the storage
site. The hydraulic conditions within the target aquifer system would have to meet a set of specific
conditions, with an adequate hydraulic conductivity to allow injection and recovery of the heated
water and a low potentiometric surface slope to prevent horizontal, down-gradient loss of the
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heated water. Therefore, the construction of an artificial subsurface heated water storage system
would be required at some locations.

The capacity of the thermal storage is dependent on the overall desalination capacity being
operated and the desired night-time operation rate. Typically, potable water requirements decline
in the evening hours, which may reduce the storage capacity required. In addition, low-enthalpy
desalination technologies, such as AD or MD, could operate at slightly lower temperatures during
evening hours which could allow a blended inflow of seawater from the source and the hotter
stored seawater. Thus there are many possible thermal reservoir design and operation concepts
that could be employed.

6.4.4 Co-generation of electricity and desalination using low-enthalpy geothermal systems

It is possible to combine low-enthalpy electricity generation systems with desalination, depending
on the initial temperature of the water and its temperature after the first or second pass through
the turbines. Low-enthalpy geothermal electricity generation systems using the organic Rankine
cycle (ORC) or Kalina cycle plants (Kalina Power, Australia) operate using a binary-cycle power
plant configuration that could be used to power desalination (Stober and Bucher, 2013) (Fig. 6.7¢).
Sufficient waste heat is available after electricity generation to power low-enthalpy desalination
processes, such as ED or MD systems, and in terms of future research, appropriate modeling and
design of these systems should be pursued.

6.5 HIGH-ENTHALPY GEOTHERMAL DESALINATION USING DRY
STEAM OR HOT WATER DIRECTLY

High-enthalpy geothermal-powered desalination systems may have a number of configurations
depending on the heat source: dry steam or hot water. A dry-steam system could be used to directly
heat seawater inflow after possible filtration to remove any particulates, which is then directed to
other parts of the thermal process to deliver the desired heat source (Fig. 6.7). A secondary heat
exchange system may not be necessary depending on the temperature of the dry steam developed.
Thus, direct use does not produce electricity before entering the desalination process or processes.
The cooled steam would be vented to ambient surroundings after heat utilization. Use of dry steam
from a geothermal source would replace the steam normally produced by a boiler, which is sent
into the thermal distillation processes (Fig. 6.8).

The use of naturally heated water in a high-enthalpy system has a number of complexities
depending on the temperature and quality of the water or wet steam produced. For systems
producing water with a temperature above 170°C, it is recommended that the water be kept under
pressure in order to prevent it flashing to steam. Any hardness or other chemical species within
the raw water would be likely to precipitate within the piping system downstream of the flashpoint
(Stober and Bucher, 2013). If a closed-loop system doublet is used to obtain the heat and inject
the cooled water, a heat exchanger will be required to convey the harvested heat to the incoming
seawater and to critical parts of the desalination process. Geochemical modeling of the system
would be required during design to ensure that mineral precipitation will not occur anywhere
within the piping system and especially within the injection well, where it would be very difficult
and expensive to remove (if it can be removed at all, e.g. silicate precipitation).

Because of the rather rare occurrence of a geothermal reservoir that produces abundant dry
steam at the shoreline of an ocean, the desalination processes described herein would utilize
hot water with a temperature range between 170 and around 300°C and heat exchangers would
probably be required.

6.5.1 Wet-rock-heated water for multi-stage flash distillation

Wet geothermal systems could be used to provide water for direct entry into a multi-stage flash
(MSF) distillation system, provided that the water has a sufficiently high temperature to meet the
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feed requirements for the first stage (7BT: top brine temperature), and has low scaling potential
(silica in this case). The very hot water would typically enter the system within the brine heater and
mix with the seawater feed used for condensation (Fig. 6.8a). Since water produced by hot springs
can be close to 100°C at the surface, and from deep wells can be up to 300°C, a wet geothermal
system could be used as a direct heat source in the MSF process as described. Another possible
design would be to add a flash chamber before the brine heater in which superheated water would
flash to steam and enter the MSF process in a conventional manner.
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6.5.2 Wet-rock-heated water for multiple-effect distillation

Geothermally heated seawater or freshwater could also be used to operate a multiple-effect distil-
lation (MED) system, but with a different configuration compared to the MSF process described
in Section 6.5.1. The hot water could be substituted for the heating steam that enters the effects,
and cooler seawater pumped from the ocean could be used in the primary feed (Fig. 6.8b). The
superheated water would mix with the cooler seawater in the first effect and, initially, would use
a lower pressure to allow it to flash to steam. If the water temperature is greater than 250°C, there
may be no need to operate the first stage at a lower pressure. If a lower pressure is required in the
first stage, a design modification to the conventional MED process would be required. Because
no fuel would be required to create the incoming steam, establishing a lower pressure in the first
effect would still create a high degree of efficiency in the treatment system. The number of effects
within the geothermal design might be reduced. However, if the temperature of the water from
the geothermal source was sufficiently high, then the number of effects could be increased, taking
into account the scaling control at higher temperatures.

In the event that the natural wet geothermal system water is fresh, consideration could be
given to allowing the water to flash to steam. This would allow operation of the MED system in
a conventional configuration. Allowing the naturally heated geothermal water to flash to steam
could cause considerable precipitation of various mineral species that could require cleansing
and, perhaps, filtering of the steam before it enters the first effect.

6.5.3  Wet-rock-heated water for thermal vapor compression

Geothermally heated water could be used to power a thermal vapor compression (TVC) desalina-
tion system. In wet-recovery geothermal systems, the hot saline water would be pumped into the
system to be sprayed over the heat exchange tubing (Fig. 6.8c). The higher heat required within
the tubing could be provided using recovered geothermal steam or hotter water extracted from a
greater depth in the geothermally heated groundwater system. For example, seawater extracted
from a saline spring could be the source water for the spray, while a well drilled into the source
aquifer could deliver the higher heat for the inside of the tubing. The system would then operate
in a conventional manner. The system could be operated at lower temperatures as a low-enthalpy
system, but would not be as efficient as a high-enthalpy system.

6.6 HIGH-ENTHALPY HYBRID GEOTHERMAL-PRODUCED ELECTRICITY AND
DESALINATION SYSTEMS

Some geothermal electricity generation facilities operate using high-enthalpy systems to harvest
heat from geothermal sources. There are three types of high-enthalpy electricity generation facil-
ities: flash steam, dry steam and binary cycle (Stober and Bucher, 2013) (Fig. 6.7). All of the
existing high-enthalpy geothermal electricity generation facilities operate at a feed temperature
of at least 175°C, and it is possible to harvest geothermal heat at temperatures well above 300°C.

It is relatively easy to link thermal desalination processes into any of these three electricity
generation schemes. Within the flash plant configuration (Fig. 6.7a), hot water (commonly saline)
can be obtained directly at the separator and steam can be collected from the exhaust side of the
turbine. In most flash plants the waste steam is directed to a condenser where it is cooled and
ultimately discharged to a cooling tower where the hot air and water vapor are conveyed to the
ambient surroundings. Therefore, two streams of heat can be used in thermal-based processes
with temperatures of the steam or water at or above 100°C.

The configuration linking a thermal desalination process with a dry-steam geothermal electric
generation plant is less complex. The steam would be taken from the turbine exhaust stream and
used similarly to all of the current hybrid electricity generation/MSF or MED plants described
by Awerbach (2007). Many such systems currently operate in the Middle East with the waste
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steam produced from oil-fired power plants being used to drive either MSF or MED processes
(co-generation).

The binary-cycle geothermal power plant configuration may yield the most flexibility in terms
of linking a single high-enthalpy desalination process or multiple high- and low-enthalpy processes
to geothermal electricity generation. The heat exchanger could be configured to allow distribution
of steam to various parts of a desalination facility to allow correct delivery of heat within the overall
system, especially when multiple high- and low-enthalpy desalination processes are linked to
harvest and utilize as much latent heat as possible with minimal venting to ambient surroundings.

6.6.1 Hot dry rock heat reservoirs: methods of sustainable heat harvesting

Since geothermal hot water reservoirs or dry steam reservoirs are geologically rare, hot dry rock
systems can be developed nearly anywhere beneath the land area of the Earth with naturally high
heat flow areas. The harvesting of energy from a hot dry rock reservoir requires a very sophisticated
degree of geological assessment and engineering (Harlow and Pracht, 1972). Great care must be
used in the engineering design to prevent unanticipated side effects of the geothermal energy
recovery system, such as induced seismicity (Majer ef al., 2007). The heat harvesting method is
commonly described as an “enhanced” geothermal system (EGS) development, which has three
primary components: (i) an injection well; (ii) a fractured rock heat reservoir; (iii) a recovery well
(Fig. 6.9).

Early hot dry rock geothermal system analyses were focused on the use of naturally fractured
hot rock reservoirs. This requires that the rock material has been fractured and contains sufficient
permeability to allow injected distilled water or another fluid to move through the rock, become
heated and discharge into a recovery well. Location of natural systems that meet the design criteria
without the need to use a very high injection pressure severely limits the number of potential
geographic locations at which hot dry rock geothermal energy systems could be successfully
developed. Furthermore, if high injection pressures are required, increased pore pressures within
the naturally fractured rocks could connect to dormant or active faults, thereby inducing seismicity
sufficient to create earthquakes of varying magnitude. Induced earthquakes have occurred at
several geothermal energy production systems, including The Geysers in California, the Cooper
Basin test site in Australia, the Soultz-sous-Foréts site in France, and the Deep Heat Mining
project in Basel, Switzerland (Majer et al., 2007). Ultimately, the Basel project was abandoned
because of public concern over the earthquakes created.

To limit the development of induced seismicity, the natural fractures of the hot rock reservoir
can be enhanced by chemical means (e.g. acidification) or by the use of hydraulic fracturing.
In fact, based on the rock type, the heat capture system can be fully engineered using hydraulic
fracturing techniques. The key design challenge is to create sufficient permeability between the
injection and collection wells to allow water or another fluid used to gather heat while passing
through the reservoir at the correct rate to obtain the desired temperature without depleting the
heat flow within the reservoir.

Development of a sustainable heat capture system requires that the thermal conductivity of
the reservoir effectively replaces the heat being removed by the circulating fluid. It is desirable
to reach an equilibrium condition at a temperature at or above the desired recovery temperature.
Pre-design information gathering about the subsurface thermal reservoir is required. The thermal
conductivity and the geothermal gradient are measured to determine the necessary depth of the
wells used for injection and recovery, the desired degree of hydraulic fracturing, and determination
of the necessary distance between injection and recovery wells to ensure that there is sufficient
time to allow for heat exchange to occur at the intended recovery temperature. The pumping rate
and pressure of the injected fluid are other very important considerations. Once the appropriate
data have been collected, a three-dimensional heat flow model should be used to design the system
(Faust and Mercer, 1979; Kolditz, 1995).

The testing, engineering and construction of hot dry rock geothermal facilities to generate
electricity is rather expensive and carries some degree of extra risk compared to conventional
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Figure 6.9. Configuration of a binary- or multiple-well hot dry rock heat-harvesting system (from

www.hotrockenergy.com).

generation facilities fuelled by hydrocarbons. However, the addition of a coupled source of rev-
enue, such as freshwater obtained from linked desalination, makes hot dry rock geothermal energy

development more economically viable overall. It is therefore very important to create the most
efficient integrated electricity generation/desalination system possible to maximize the use of the

latent heat acquired.
6.6.2 Linking geothermal electricity generation with MSF or MED systems
Depending upon the temperature of the steam after exhausting through the electricity gen-
eration turbines, either a one- or two-cycle system can be used to power either an MSF or
MED system (Gunnarsson et al., 1992; Hamed et al., 2006; Ko et al., 1979; Mamed et al.,
2002). The configuration of the steam within the process train is similar to that used in hybrid
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hydrocarbon-powered electricity generation plants linked with desalination (Awerbach, 2007).
There are many of these hybrid systems currently operating in the Middle East region with most
being electricity generation/MSF hybrids. At least one large-capacity electricity generation/MED
hybrid exists in the United Arab Emirates. Process diagrams for some of these systems are shown
in Figure 6.8 (Buros, 1990).

6.6.3 Linking electricity generation and multiple desalination processes

The novel concept of linking multiple desalination processes with geothermal-powered electricity
generation was suggested by Missimer et al. (2014a, 2016), based on the linkage between MED
and AD systems suggested by Thu et al. (2003, 2014). The concept involves the conservation
of latent heat by first using the superheated steam to generate electricity via the flash steam
process with one or two cycles, and then directing the cooler steam to act as heat source for a
MED process, with use of the remaining steam to heat seawater for an AD system (Fig. 6.10).
The AD process would provide desalinated water and a chilled water stream (Chakraborty et al.,
2011a), which could be used in the condensation process within the MED, for condensation of
the cool steam for reuse in the heat capture process, and for operation of the heating, ventilation
and air-conditioning (HVAC) system within the overall facility. Side-streams of the steam were
designed to create greater efficiency within the overall set of linked processes (Fig. 6.11). The
original design used a recovered steam temperature of 190°C at the entrance to the turbine. Greater
efficiency could, perhaps, be obtained by increasing the temperature and running the wet steam
through a vapor separator before allowing it to flash prior to the electricity generation turbine.
MD could also be linked into the system using a separate steam offtake. However, the use of
the AD process as a major component within the system yields greater operational flexibility,
especially in the use of the chilled water stream.

The concept of conservation of latent heat within the overall combined geothermal electricity
generation and desalination system offers a large number of research opportunities to innovate and
develop a dynamic system model to test various design configurations and operating temperatures.
A life-cycle cost analysis could be linked to the dynamic model to assess how to develop the
most cost-effective combined system with the goal of reducing both electricity and desalination
costs.
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(Missimer et al., 2016).

6.6.4 The geothermal electricity generation and desalination “campus” concept

The concept of creating an electricity generation/desalination “campus” was first suggested by
Missimer and Maliva (2010). Previously, Wright and Missimer (1999) had suggested linking
electricity generation using aquifer storage and recovery (ASR) with water treatment, and Al-
Katheeri and Agaschichev (2008) specifically linked co-generation facilities with SWRO and
ASR. The concept of linking electricity generation with thermal and membrane seawater desali-
nation and including an ASR system would improve operational efficiency (Ghaffour et al.,
2013a) (Fig. 6.12). Missimer et al. (2014Db) filed a patent describing operation of an electricity
generation/desalination campus using geothermal energy and incorporating ASR. The system
also includes multiple thermal desalination processes using the concept of latent heat conser-
vation, beginning with a high-enthalpy system and ending with low-enthalpy processes. SWRO
desalination was added, with some of the electricity generated at the front end of the geothermal
recovery process used to operate it. The steam temperature proposed for operation of the system
was 180°C, for recovery at the well head and entry into the generation turbine.

There is another concept that should be considered within the context of high-enthalpy systems
that could be jointly applied to electricity generation and the SWRO process. In the event that
a dry-steam recovery facility was to be operated at a steam temperature of about 300°C, the
pressure in the geothermal reservoir would be about 8.5 MPa (Fig. 6.13). Since a SWRO process
operates at a pressure of about 6.0—7.0 MPa, a side-stream of the pressurized dry steam could be
directed to some form of mechanical work exchanger to create the pressure to operate the SWRO
process while the primary steam line would be used to generate electricity. No electricity-driven
high-pressure pumps would need to be operated. Therefore, the geothermal system could be used
to power all of the desalination processes operated on-site with use of a minimal quantity of
electricity for the SWRO process, perhaps only for the high service pumps used to place the
permeate into the distribution system, for intake and chemical-dosing pumps, and for internal
lighting.
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Since dry-steam recovery systems are rare within the overall context of geothermal energy
recovery sites, the use of a hot dry rock system with a higher steam recovery temperature and
pressure could be considered for the direct mechanical driving of the SWRO process. This type of
system would require the removal of particulates within the steam for both electricity generation
and ahead of the mechanical work exchangers. The vapor component of the steam would also
have to be removed. Some inefficiency would occur, therefore, and may require that the system
initially be operated at 300°C (at 8.5 MPa) or slightly higher to produce the constant 6.0—7.0 MPa
required to operate the SWRO process. This is a fundamentally new concept and would require
proper modeling and assessment to finalize the engineering design.

ASR is a key element within the generation/desalination campus concept. In this case, the ASR
system would be used to store treated water during times of excess treatment capacity. The treated
water could be injected into the aquifer for recovery during peak demand or, if necessary, could
be used to provide water security wherein the system storage would be increased (Ghaffour et al.,
2013a; Missimer et al., 2012). Given that it both generates electricity and desalinates seawater,
the system could also be operated in various modes to meet the two differing demand patterns.
In the Middle East and North Africa (MENA) region, the treated water demand is fairly constant
despite some seasonal changes, but the electricity demand rises sharply during the hot summer
season (Missimer et al., 2012). The flexibility of a generation/desalination campus with ASR
would allow the geothermal energy recovered to be diverted to increased electricity generation
and decreased water treatment during the peak power requirement period, with additional potable
water being extracted from storage to meet demand during this period. Many different potential
configurations and capacities could be designed into the campus system to cover the demand
patterns of virtually any location in the world.

6.7 LIFE-CYCLE COST ANALYSIS COMBINED WITH GREENHOUSE
GAS EMISSIONS

Several general cost analyses and a few life-cycle economic analyses have been performed to
evaluate geothermal electricity systems (GEA, 2005; Harrison et al., 1990; Sullivan et al., 2010),
but few life-cycle cost analyses have been performed on any of the high-enthalpy hybrid systems
described in this chapter (Hamed et al., 2006).

The economic analysis conducted by Sullivan ef al. (2010) produced a substantial comparison
between geothermal and other electricity generation systems based on a life-cycle analysis which
included the impacts of greenhouse gas (GHG) emissions. This report demonstrated that enhanced
geothermal systems are one of the lowest emitters of GHGs. The elimination of the hydrocarbon
fuel cycle produces fewer economic and environmental impacts in comparison to nearly any
of the other electricity generation methods, and the total energy consumption per kWh output
for geothermal generation systems (EGS, hydrothermal-binary and hydrothermal-flash) are very
favorable when compared to the other electricity generating technologies (Fig. 6.14).

Since a significant proportion of desalination cost is for the energy required to either heat
the feed water for thermal desalination or to generate the pressure for SWRO, any reduction in
energy cost will reduce overall treatment cost and cost to the consumer (Ghaffour et al., 2013b).
Therefore, linking desalination processes to geothermal electricity generation reduces the cost
of the processes as well as the cost impacts of GHG generation. Overall, the cost to develop a
geothermal energy reservoir with electricity generation is high compared to construction of a
standard hydrocarbon-fuelled power plant, but the long-term operating cost will be significantly
lower given no fuel cycling costs. By linking in desalination processes, the development costs
for geothermal reservoir development can be spread over two product streams, electricity and
freshwater production, thereby providing effective cost reduction, and the reduction in GHG
impacts creates another major economic benefit within the life-cycle analysis. The development
of detailed life-cycle cost analyses for linked geothermal-powered electricity generation and
desalinated water production should be a primary research objective for researchers in this field.
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Figure 6.14. Total energy consumption [kWh] per kWh output modeled for different electricity-generating
technologies (Sullivan et al., 2010).

6.8 SUMMARY AND CONCLUSIONS

Geothermal energy is the only renewable energy source that can be developed nearly anywhere
on the Earth. It is not only renewable, if designed properly, but provides a baseload energy source
that produces 24 hours a day, seven days a week. Geothermal energy systems used to generate
electrical power have the highest capacity factors among all generation technologies (93-95%,
with coal at 60% and solar at 22-27%). Geothermal systems also produce very low greenhouse
gas emissions and, despite relatively high development costs, produce very favorable economic
benefits in a comparative life-cycle cost analysis.

A key aspect of geothermal energy development is the location of harvesting facilities at optimal
positions where there is high natural heat flow close to the land surface, so-called “hot spot” areas.
Another key issue is the design of heat collection systems that operate in a balanced fashion,
allowing replenishment of the heat extracted in order to maintain the system in a sustainable
manner. The heat reservoir must be designed to minimize the impacts of extraction, particularly
induced seismicity. This can be controlled by either operating an injection and recovery system at
lower pressures or locating the system away from large population centers that would be impacted
by seismic vibration. Another important economic element is the co-location of geothermal energy
development with other processes to allow multiple products to be generated, such as electricity
and desalinated water, or perhaps direct heating of houses and/or industrial uses of the heat.

Desalination of brackish water or seawater using any of the different geothermal-powered
systems described herein represents an environmentally friendly method of producing an abundant
supply of freshwater. Linking desalination with electricity generation provides two products from
the development of a single geothermal reservoir and may significantly improve the overall
economics of geothermal energy development.

Geothermal desalination systems can be linked to both low- and high-enthalpy desalination
processes. Desalination systems can, therefore, be developed at a variety of capacities to meet local
need, particularly where hot water or steam is emergent at the surface (e.g. some Greek Islands
and parts of Italy). In hot, arid regions, low-enthalpy desalination systems can be developed with
combined-cycle solar and geothermal energy sources to create innovative hybrids that meet local
needs.
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Finally, innovation in which geothermal energy development, multiple-process desalination,
and aquifer storage and recovery are linked within a single site or campus can improve efficiency
within an operational mode. There is still more innovation and research required to link as many
useful processes together as possible to maximize the utilization of the latent heat harvested, with
as little loss as possible to the ambient surroundings. New life-cycle economic analyses need to
be performed to demonstrate the effectiveness of geothermal-powered desalination, including the
reduction of greenhouse gas emissions within an economic framework.
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CHAPTER 7
Fuel cells as an energy source for desalination applications

Nadimul H. Faisal, Rehan Ahmed, Sheikh Z. Islam, Mamdud Hossain,
Mattheus F.A. Goosen & Sai P. Katikaneni

7.1 INTRODUCTION

Nowadays, from academia to industry, there is a renewed interest in fuel cell technology, with
a primary focus in the area of electrochemistry and catalysis science. This interest is due to
environmental legislation around CO, and other greenhouse gas emissions (Tamiotti, 2009) that
demands the use of high-efficiency energy production systems. Such systems also have great
potential in the area of desalination technology (Al-Hallaj et al., 2004; Kenet and Belmar, 2003;
Singh, 2008; Wang et al., 2011). Fuel cells are characterized by high operational efficiency, which
results in decreased fuel consumption and a lower environmental impact. A fuel cell is a device that
converts the chemical energy of a fuel directly into electricity through electrochemical reactions,
with significant waste heat (e.g. solid oxide fuel cell in Fig. 7.1). The first fuel cell was fabricated
in the 1830s, and slow but steady progress has been made toward their commercialization ever
since.

Ensuring access to clean and fresh (i.e. potable) water is among the major challenges faced by
the world’s growing population (Wali, 2014). A recent report, published by the World Resources
Institute (Maddocks et al., 2015), puts the Middle East high in the ranking of the world’s most
water-stressed regions. According to this report, 14 of the 33 most water-stressed countries by
2040 will be in the Middle East, nine of which are expected to be extremely stressed: Bahrain,
Kuwait, Palestine, Qatar, United Arab Emirates, Israel, Saudi Arabia, Oman and Lebanon. In
general, rapidly growing populations will drive increased consumption by people, agriculture
and industry. However, it is not clear where all this water will come from. Water desalination
will, therefore, play a dominant role in resolving water scarcity, and solid oxide fuel cell (SOFC)
technology is one of the key technological advances that can enable sustainable water desalination.

As described by Ghaffour et al. (2015), Goosen et al. (2014), Khawaji et al. (2008) and Jones
(2013), desalination processes require external energy. A variety of desalination technologies
have been developed over the years on the basis of thermal distillation, membrane separation,
freezing and electrodialysis. The two most important technologies are based on the multi-stage
flash (MSF) and reverse osmosis (RO) technologies. It is anticipated that these processes, which
include membrane distillation (MD), will be dominant and competitive in the future (Jones, 2013;
Khawaji et al., 2008). In 1999, approximately 78% of the world’s seawater desalination capacity
consisted of MSF-based plants, while RO-based plants represented only 10%. However, there has
been a gradual increase in RO seawater desalination, primarily due to its lower cost and simplicity
(Khawaji et al., 2008). A variety of energy sources, such as wind turbines, solar thermal systems,
photovoltaics (PV), biogas plants and fuel cells, are being widely used for desalination, but some
of these only provide intermittent power (Chittu and Jeyaprabha, 2013). As a solution to this
problem, the intermittent energy excess may be used to split water in an electrolyzer and then
used to produce hydrogen to run a fuel cell that can provide a backup energy source for desalination
purposes (Kenet and Belmar, 2003).

The development of low-cost fuel cell materials with high durability and lower operating tem-
peratures is the key technical challenge facing a range of fuel cell technologies. The future of
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Figure 7.1.  Scheme for SOFC. Fuel is fed to the anode (negative electrode) and an oxidant is fed to the
cathode (positive electrode). Electrochemical oxidation and reduction reactions take place at the electrodes
and produce electric current. In a traditional SOFC, oxygen (from air) is reduced by a porous cathode to
produce oxide ions (—ve) which migrate through a solid electrolyte to the porous anode and react with the
fuel (H,, CO or CHy) to form H,O and/or CO;. The electrolyte may conduct either oxygen (SOFC) or, in a
proton-conducting SOFC, hydrogen ions (PC-SOFC). In a PC-SOFC, the reaction product (water vapor) is
evolved at the cathode side instead of at the anode (fuel side) as in the case of oxide-ion-conducting SOFCs.
Thus, no dilution of the fuel takes place in a PC-SOFC, resulting in significantly higher efficiency (adapted
from Faisal et al., 2015).

this technology depends upon the development of new materials (i.e. electrodes and electrolytes)
which can be used to manufacture fuel cells in a cost-effective manner. Furthermore, fuel cells
present a number of inherent challenges. Low mechanical strength, slow start-up time (i.e. mea-
sured in minutes) and serious anode deterioration represent some of these challenges. The high
operating temperatures (800—1000°C) place additional durability demands on fuel cell materials.
The development of low-cost materials with high durability at lower operating temperatures is
the key technical challenge facing fuel cell technology. Reducing the operating temperature to
an intermediate range can lower cost but it also reduces reaction rate (Shao et al., 2005). The
purpose of this section is to summarize the fuel cell systems (Table 7.1) that are actively involved
in power generation (i.e. converting the chemical energy of fuels such as natural gas or oil into
electrical power).

As shown in Figure 7.1, SOFCs can take many different forms but they all share the same
basic structure. There will be a solid oxide electrolyte, sandwiched between a cathode and anode.
The cathode is typically a thin, porous layer, where oxygen reduction will occur. The electrolyte
is a dense ceramic layer which is ionically conductive but electrically insulating. The electrolyte
does not characteristically become ionically active until it is at a temperature between 850 K and
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Table 7.1.  Fuel types (some data compiled from Al-Hallaj et al. (2004), Singh (2008) and Al-Hallaj and
Kiszynski (2011)).

Operating Power ratio Energy
# Fuel cell type temperature [°C] [heat:electric] grade Electrodes/electrolytes
1 Solid oxide fuel ~ 650-1000 0.67:1 High Ceramic; charge carrier: O~
cell (SOFC)
2 Molten carbonate 300-700 1:1 High Immobilized liquid molten
fuel cell (MCFC) carbonate; charge carrier: CO3
3 Phosphoric acid  80-200 1.27:1 Moderate Immobilized liquid phosphoric acid,
fuel cell (PAFC) charge carrier: H* (proton)
4 Proton-exchange 80-120 - Moderate Ion-exchange membrane;
membrane fuel charge carrier: H* (proton)
cell (PEMFC)
5 Direct methanol ~ 50-120 - Moderate Polymer electrolyte; charge
fuel cell (DMFC) carrier: H* (proton)
6 Alkaline fuel 50-90 - Low Mobilized or immobilized potassium
cell (AFC) hydroxide; charge carrier:
H™ (proton)
7 Microbial fuel 2040 - Low Chemical that transfers electrons
cell (MFC) from the bacteria in the cell

to the anode

1250 K. The ceramic anode layer is typically a porous layer to ensure maximum contact between
the fuel and the anode surface. Once the cell is at an optimum temperature, spare electrons in
the cathode layer reduce oxygen atoms from either the air or an oxygen supply to give oxygen
ions. These ions diffuse through the ionically conductive electrolyte to the anode, where they
can oxidize a fuel. This reaction produces a combination of water and CO, (dependent on the
fuel), as well as electrons. Since the electrolyte is electrically insulating, the electrons flow back
to the cathode through an external circuit, where they can do work on a load. This cycle will
repeat as long as sufficient fuel and oxygen can be supplied. As summarized by Singh (2008), it
is possible to construct a fuel cell of high efficiency (as high as 80 to 90%). However, in current
practice, because of irreversible losses (over-potentials), the efficiency of a fuel cell system is
40 to 45%, based on the net calorific value (NCV) of the fuel. However, efficiencies of 80%
have been achieved for fuel cell power plants with cogeneration (i.e. combined heat and power
systems), and hybrid fuel cell-gas turbine cycles have efficiencies approaching 70%.

Novel works on the integration of fuel cells with desalination systems are summarized in this
chapter. The underlying motivation for such system integration is that the exhaust from a power
plant (e.g. fuel cell) contains a considerable amount of thermal energy, which may be harnessed
for desalination units. Water is an important resource for all and it is essential for agricultural and
industrial growth, as well as for populations who require safe drinking water. It is known that 97%
of the entire world’s water can be found in oceans, with 2% in glaciers and ice caps, and the rest
in lakes, rivers and underground aquifers (Al-Shayji, 1998). Available freshwater accounts for
less than 0.5% of the earth’s total water supply (Khawaji, 2008). Natural resources alone cannot
satisfy the growing demand for low-salinity water for industrial development either, together with
the increasing worldwide demand for supplies of potable water.

In the Arabian Gulf countries, most power plants now use cogeneration, producing electrical
power and heat for water desalination processes (Al-Hallaj et al., 2004). For a given fuel input,
the production of water in a cogeneration system is associated with a reduction in electrical power
generated. Although desalination costs have decreased markedly in the last few decades, cost
remains a primary factor in selecting a desalination technique for drinking water production. Some
reduction in desalination costs may be realized from improvements in plant design, fabrication
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techniques, heat exchange materials, plant automation and scale control techniques (Al-Hallaj
et al., 2004). Energy costs in distillation plants (steam and electricity) represent at least 40 to
50% of the cost of the water produced (Lunghi ef al., 2001). The minimum cost of obtaining
water from seawater desalination occurs when power and desalination are combined in a single
“dual-purpose facility”, which simultaneously produces electricity and water (Al-Hallaj et al.,
2004).

High-temperature fuel cells produce electricity and high-temperature exhaust gases, which can
be used as a heat source for desalination applications (Al-Hallaj et al., 2004; Jones, 2013). The
exhaust gas temperature depends on the fuel cell type and may range from 20°C to 1000°C. This
chapter outlines how fuel cell technologies can be used for desalination purposes. It also describes
the current status and future prospects of combined/hybrid technologies.

7.2 ENERGY CONSUMPTION IN DESALINATION

According to Jones (2013) and the WateReuse Association (2011), a typical RO desalination
plant requires 8.7-9.7 kWh of energy per thousand gallons of water processed. This supports
water pretreatment and the actual seawater reverse osmosis process itself, which accounts for
the largest proportion of energy consumed during the process. Post-treatment conditioning and
pretreatment make up 1-2% of the energy consumed in RO desalination. As summarized by Jones
(2013), RO desalination has proved effective in supplying water to regions that lack potable water.
However, this process requires significant amounts of energy to produce clean drinking water.

Despite success in the commercial realm, desalination is an expensive and energy-intensive
process. One way to reduce the energy expense associated with desalination is through the use
of alternative cogeneration systems (Al-Hallaj et al., 2004; Jones, 2013). This type of system
would combine alternative energy technologies that use low-grade waste heat with a desalination
system for heat and electrical energy production. However, with some processes, such as RO
(discussed later in the chapter), requiring chemical preprocessing of feed streams and a large
amount of equipment maintenance, the time and money required to maintain a desalination plant,
even with the use of alternative technologies, makes such desalination unfeasible for places with
small economies.

In an effort to improve the energy efficiency of desalination processes, researchers have been
designing, simulating, developing and testing desalination plants that combine water treatment
and energy production in a single location. The idea behind these combination plants is that the
energy efficiency of the desalination process can be increased by utilizing the waste heat. This is
an important aspect because of environmental legislation for CO, and other greenhouse gas emis-
sions, according to the United Nations Environment Program and the World Trade Organization
(Tamiotti, 2009).

7.3 INTEGRATED AND HYBRID SYSTEMS: FUEL CELLS WITH DESALINATION

Integration refers to a fuel cell being connected as an energy source for a desalinator, where
a heat exchanger transfers waste heat from the fuel cell to the desalinator for the purpose of
water desalination (Ghalavand et al., 2015). The heat exchangers that play a key role in this
active integration may be in the form of a tube bundle or coil that surrounds the fuel cell and/or
its heated water output, and may be made of copper tubing or other heat-transfer-promoting
material. Other possible forms of heat exchanger may include a concentric counterflow thin-film
heat exchanger or a plate-type exchanger. Several case studies have been reported, describing
fuel cell integration with desalination using reverse osmosis (RO), thermal multi-stage flash
(MSF), membrane distillation (MD), multi-effect distillation (MED), multi-effect boiling (MEB)
and mechanical vapor compression (MVC) units (Ghalavand et al., 2015). In such examples,
the underlying motivation for system integration is that the exhaust gas from a power plant
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Table 7.2. Desalination types and energy grade sources temperature range.

Operating Energy demands for
Desalination temperature or desalination (Al-Hallaj
#  type energy grade [°C]  and Kiszynski, 2011) Reference
1 Reverse osmosis (RO) 4-40 4-5kWhm™3 (electric)  Al-Hallaj and
4-5kWhm™3 (heat) Kiszynski (2011)
2 Multi-stage flash (MSF) 25-110 4kWhm™3 (electric) Wu et al. (2012)

14kWhm™3 (heat)

3 Membrane distillation (MD) 20-85 - Gryta (2012)
4 Multi-effect distillation (MED)  70-80 4kWhm™3 (electric) Bataineh (2016)
11 kWhm™3 (heat)
5 Multi-effect boiling (MEB) Up to 70 - Darwish et al.
(20006)
6  Mechanical vapor Up to 100 — Ghalavand et al.
compression (MVC) (2015)

(i.e. fuel cell) contains considerable amounts of thermal energy, which may be effectively utilized
in desalination units. Thus, the high operating temperature of SOFCs or molten carbonate fuel cells
(MCFCs) (see Table 7.1) provides an opportunity to use the waste heat produced in desalination
units (see operating temperature ranges listed in Table 7.2). Similarly, proton-exchange membrane
fuel cells (PEMFC), which generally operate at lower temperatures (about 80—120°C), are also
promising for desalination purposes (Kenet and Belmar, 2003). It was also reported that fuels cells
in which phosphoric acid is the electrolyte (PAFCs), and which generate high waste heat of up to
180°C or more, are nevertheless considered less efficient or practical than the lower-temperature
PEMEFC technology. Although only a few case studies are presented in the following section, the
concept of integrating fuel cells with desalination units should not be not limited to RO, MSF and
MD mechanisms. Similar benefits can accrue with other desalination technologies (e.g. MED,
MEB and MVC).

Various fuel cells release a considerable amount of waste energy (Table 7.1) during operation
in the form of hot water or steam (Al-Hallaj et al., 2004). This waste energy can be captured by
cogeneration systems to improve overall hybrid fuel cell/desalination (HFCD) system efficiency.
It is important to recognize that HFCD systems can be more efficient than separate fuel cell
desalination systems, and the use of excess electricity generated by fuel cells for water desalination
can eliminate the need for electricity storage in batteries during off-peak hours (Al-Hallaj and
Kiszynski, 2011). Al-Hallaj and Kiszynski (2011) have also suggested that in HFCD system
design, the demand for electricity should be afforded greater significance than the demand for
water, as variations in water demand are never as sharp as those in electricity demand and water
storage is easier and cheaper than electricity storage. Hence, HFCD systems must be designed
according to the peak electricity demand. A general schematic for integrating fuel cells with
desalination systems is shown in Figure 7.2.

The maximum power outputs from fuel cells can be calculated using a simple heat transfer ana-
lytical method. The difference between the fuel cell temperature and the desalination temperature
will determine the power (Q) that can be exchanged between the cooling air and brine streams,
as analyzed by Al-Hallaj and Kiszynski (2011):

Q = rhC(TFuCICell - TDesalination) (71)

where Tryeicen 1S the fuel cell temperature, Tpesalination 1S the top brine temperature (7BT) of the
desalination process, C is the lower specific heat capacity between the water and the air, and 7 is
the mass flow rate of the cooling air. These two temperatures and the mass flow rate of the cooling
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Fuel Cell System °C), PAFC (80-200 °C), PEMFC (80-
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Figure 7.2.  General schematic for integrating fuel cells with desalination systems.

air are dictated by what type of fuel cell and what type of desalination unit are used (refer to Table
7.1 and Table 7.2). From Table 7.1, a 1 MW PAFC plant will provide 1.27 MW of thermal power
(operating temperature between 80 and 200°C). Therefore, the mass flow rate can be calculated
from Equation (7.2):

0 = mh(T) (7.2)
where i(T) is enthalpy as a function of temperature (Al-Hallaj and Kiszynski, 2011).

7.3.1 Integration with reverse osmosis desalination units

Reverse osmosis (RO) is a pressure-driven process commonly used for water distillation where
electricity is used to drive the feed pump, thereby increasing the feed pressure, which ranges
between 50 and 80 atm (=5.07-8.11 MPa) (Bataineh, 2016; Jones, 2013; Khawaji et al., 2008;
Lee et al., 2011). In this process, an aqueous solution is pressurized above the osmotic pressure of
the solvent. The pressurized solution is then sent through the center of a semi-permeable, spiral-
wound membrane, where the solvent passes through the membrane pores to the product collection
compartment at the center of the membrane module, leaving the solute behind. Membranes used
for RO are typically made from cellulose acetate (e.g. Fig. 7.3a). It is important that the pores of
the membrane only be large enough to allow the solvent molecules to pass through. Furthermore,
the solution must be pretreated before coming into contact with the membrane. Pretreatment is
needed to prevent membrane fouling — surface build-up and pore clogging, which can decrease
the usable life of the membrane. In addition, the spiral-wound design of the membrane only allows
one-way flow, which makes it impossible to clean the membrane module of unwanted solids and
residues. Typical energy consumption in seawater RO plants operating at 40—45% product water
recovery and with energy recovery from the high-pressure reject stream is about 3—4 kWh m™3
of potable water produced (Singh, 2008).

RO can work with a low grade of energy source (4—40°C). Al-Hallaj et al. (2004) presented a
novel fuel cell/desalination system (Fig. 7.3b) where two types of hybrid system were presented
(i.e. fuel cell/reverse osmosis and fuel cell/thermal desalination). It was shown that by preheating
the feed water to the RO system using the exhaust gas from the fuel cell, the energy demand of
the desalination system reduced by 8%.

7.3.2  Integration with thermal multi-stage flash desalination units

As shown in Figure 7.4a, multi-stage flash (MSF) desalination is a thermal process consisting of
a set of n stages, each of which operates at a lower pressure and temperature than the preceding
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Figure 7.3. (a) Field emission scanning electron micrographs of RO membrane surface: m-
phenylenediamine (MPD) in aqueous phase and trimesoyl chloride (TMC) in organic phase (reproduced
with permission from Kwak and Thm, 1999); (b) schematic representation of a hybrid system combining fuel
cell and reverse osmosis unit (adapted from Al-Hallaj, 2004).

one (Jones, 2013; Tarifa and Scenna, 2001). In this process, a high-salinity aqueous solution is
fed into the system at stage n through the condensing pipes. From stage » to stage 1, the solution
simultaneously cools the newly distilled water vapor on the outer surface of the cooling pipes as
it is heated by the latent heat released from the condensing vapor. Once the solution exits stage
1, it enters a brine heater where its temperature is raised to the saturated temperature of water
at the maximum operating pressure of the plant. The heated solution then re-enters stage 1. Its
pressure is immediately reduced, causing a portion of the heated solution to flash into vapor. The
vapor travels through a wire mesh, which removes any remaining salt, and condenses on the set of
cooling pipes within that stage. This process is repeated until the solution reaches stage n (Jones,
2013; Kalogirou, 2005; Khawaji et al., 2008; Tarifa and Scenna, 2001).

MSF can work with a wide grade of energy source (25-100°C). In the configuration shown in
Figure 7.4b, Al-Hallaj et al. (2004) demonstrated that such a hybrid fuel cell/thermal desalination
system is 5.6% more efficient than a fuel cell and thermal desalination system operating separately.
In this case, the exhaust from the fuel cell replaces some of the steam feed requirement met by
a gas turbine and is, therefore, expected to enable increased power generation from the steam
turbine while improving the overall efficiency of the hybrid system.

7.3.3 Integration with membrane distillation desalination units

Membrane distillation (MD) is a thermally driven process; a low-temperature, low-pressure pro-
cess that operates at near atmospheric pressure (Alkhudhiri ez al., 2012; Jones, 2013; Khawaji
et al., 2008). It is a process in which an aqueous solution is heated and placed in direct contact
with a microporous (about 10 nmto 1 wm), hydrophobic membrane. The membranes used are typ-
ically made of polypropylene, polyethylene, polyvinylidene fluoride or polytetrafluoroethylene
(PTFE) (Jones, 2013). The material properties of the membrane prevent liquid from entering the
membrane pores, and this creates a liquid/vapor interface at the entrance to the membrane pores.
The opposite side of the membrane (i.e. the permeate collection side) is at a lower temperature.
The temperature difference between the two surfaces of the membrane creates a vapor pressure
drop within the membrane pores, which allows volatile materials in the feed to diffuse through the
pores as the liquid feed comes into contact with the solid membrane. The volatile materials are
collected on the cooler side of the membrane. As shown in Figure 7.5, there are four types of MD
system: air-gap membrane distillation (AGMD), direct-contact membrane distillation (DCMD),
vacuum membrane distillation (VMD) and sweeping-gas membrane distillation (SGMD).

MD can work with a low-grade energy source (20—85°C). As revealed by Jones (2013), it
is expected that the heat discarded by the fuel cell will be sufficient for the amount of heat
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Figure 7.4. Multi-stage flash (MSF) process: (a) desalination system (adapted and reproduced with per-
mission from Tarifa and Scenna, 2001); (b) integration with molten carbonate fuel cell (MCFC) (adapted
and reproduced with permission from Al-Hallaj et al., 2004).

required for direct-contact membrane distillation (DCMD), as the temperature range for this pro-
cess (20-80°C) is within the range of operating temperatures for a Nafion® membrane PEMFC.
PEM stands for proton-exchange membrane (or polymer electrolyte membrane) and PEMFCs
use a proton-conductive polymer membrane as electrolyte. Sometimes PEMFCs are also called
polymer-membrane fuel cells, or just membrane fuel cells. Jones (2013) also expected that the
power produced by a combination of a PEMFC and a steam turbine that is part of a steam gen-
eration system can have the capacity to provide all of the electrical power needed for both steam
generation and pumping.

7.3.4 Integration with multi-effect distillation units

It is recognized that multi-effect distillation (MED) is the most efficient distillation process and
that reverse osmosis (RO) offers the lowest energy consumption (Bataineh, 2016). In the MED
thermal process (Fig. 7.6), the column pressures are adjusted such that the cooling (i.e. thermal
energy removal) of one column functions as the heating source (thermal energy input) for another
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Figure 7.7. Multi-effect boiling (MEB) process: backward-feed multi-effect desalting system using
horizontal tube evaporators (reproduced with permission from Darwish et al., 2006).

column (Al-Shammiri and Safar, 1999; Bataineh, 2016; Ghalavand et al., 2015). In the MED
process, the seawater enters the first effect and its temperature is raised to its boiling point. Both
the water feed and heating vapor to the evaporators flow in the same direction. The remaining
water is pumped to the second effect, where it is once more applied to a tube bundle. This process
continues for several effects, typically from 4 to 21 in a big plant. An increase in flashing stages
can increase the internal energy recovery.

MED can work with a low-grade energy source (70-80°C) (Bataineh, 2016), and the thermal
nature of the MED process means that the integration of a desalination unit with a high-temperature
power cycle, such as a gas turbine (GT) in combination with a SOFC, gives an electrical efficiency
of about 60% (Meratizaman et al., 2014, 2016). Meratizaman et al. (2014) presented such a MED
unit as a solution for heat recovery in the SOFC 300—-1000 kW range of a SOFC-GT power cycle.
The exhaust heat of the SOFC-GT power cycle was used in a heat-recovery steam generator to
produce the motive steam required for the desalination unit.

7.3.5 Integration with multi-effect boiling desalination units

As shown in Figure 7.7, the conventional multi-effect boiling (MEB) system is the oldest method
used to desalinate seawater in large quantities (Darwish et al., 2006). MEB has the advantage
of using a low-temperature heat source (steam or hot water) when it operates at a low top brine
temperature (7BT), and this can result in much lower equivalent work or available consumed
energy than MSF units. This system consumes about half the pumping energy of MSF (Darwish
et al., 2006). MEB can work with a low-grade energy source (up to 70°C) and, as described by
Darwish et al. (2006), vapor is generated from hot water by flashing as it enters a flash chamber
upstream of the first effect. They also show that hot water produced by phosphoric acid fuel cells
(PAFC) at 60—65°C can be used as a heat source to operate an MEB system.

7.3.6 Integration with mechanical vapor compression desalination unit

In the mechanical vapor compression (MVC) process, the heat for evaporating seawater is gener-
ated through vapor compression (Ghalavand ef al., 2015). Two methods are used to condense the
water vapor and produce the amount of heat necessary to evaporate the incoming seawater (e.g.
mechanical compressor and a steam jet). In one method, illustrated in Figure 7.8, seawater held
at 100°C is evaporated and the vapor is passed through a compressor, which leads to an increase
in vapor dew point, so vapor can be condensed by seawater indirectly.

MVC can work with a high-grade energy source (up to 100°C). The power consumption in
the MVC desalination method is high because of compressor usage (Ghalavand ef al., 2015), but
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Figure 7.8. Integration of mechanical vapor compression (MVC) process with phosphoric acid fuel cell
(PAFC) (US Patent 2003/0132097 A1, Kenet and Belmar, 2003) [Component details are as follows: 10,
vapor compression desalinator; 12, water input line; 14, heat exchange section; 16, brine section; 18, valve;
20, evaporator; 22, vapor line; 24, compressor; 36, heater; 38, stirring device; 40, distributor; 50, renewable
energy source; 60, electrolyzer; 62, hydrogen storage tank; 64, valve; 70, fuel cell; 80, controller; 90, heat
exchanger]. (Note: this patented art is original).

it can become economically feasible when energized by fuel cells such as PAFCs, as proposed
by Kenet and Belmar (2003), which operate at higher temperatures than PEMFCs. In MVC, the
desalinated water vapor ideally passes through at least one compressor, which heats the water
vapor, and then returns through the evaporator to heat brine in the evaporator. The evaporator
of the desalinator may operate at approximately 40—45°C, and the input brine is typically at 18—
25°C. Although PAFCs have been found to be less desirable than PEMFCs for many applications
due to their acidic content and high temperatures (about 80-200°C), Kenet and Belmar (2003)
suggested that PAFCs are preferred here because the fuel cell is stationary and the greater amount
of waste heat is actually desirable for heating the desalinator. However, Kenet and Belmar (2003)
also suggested that PEMFCs, which also operate at relatively elevated temperatures (about 80°C),
may be used as well.

7.3.7 Other examples of fuel cell integration with desalination units

There are only a few examples of the integration of other types of fuel cells, such as microbial fuel
cells (MFCs), with desalination units. As summarized by Gude et al. (2013), an MFC operates
in a galvanic mode where it employs microbial catalysts to extract oxidation current from waste
organic matter in the anodic half-cell and uses chemical catalysts in the cathodic half-cell to
consume electrons in the presence of protons and a terminal electron acceptor. In MFCs, the
anode is normally designed for treatment of municipal waste streams and high-strength organic
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Figure 7.9. Integration of microbial desalination cell (MDC): (a) biocathode MDC; (b) measuring circuit
(adapted and reproduced with permission from Wen et al., 2012).

wastes (e.g. from cattle farms, breweries, landfills, chocolate factories and food processors) and
the reducing conditions in the cathodic half-cell provide a legitimate route for treating oxidized
contaminants (e.g. nitrates, chromium) in water bodies.

Cao et al. (2009) modified an MFC to develop a new integrated water desalination method.
The authors performed experiments with different concentrations of salt (up to 35gL~") and
found that a single desalination cycle successfully removed approximately 90% of the salts from
water. Chen et al. (2011) extended this work by using a stacked MFC-based desalination unit
(i.e. a microbial desalination cell or MDC), where they found that desalination cell numbers and
external resistance had a significant effect on the total desalination rate. It is important to note
that the MDC is a variant of an MFC in which an additional middle chamber for sustainable
energy production (from organic wastes) and water desalination has been included (Gude et al.,
2013). MDCs can be designed for treatment of organic waste and simultaneous desalination of
saltwater. As shown in Figure 7.9, Wen et al. (2012) used a biocathode in an MDC to improve
the cell performance in desalination and wastewater treatment. Meng et al. (2014) found that
using dewatered sludge as the anodic substrate improves the stability of the MDC biocathode for
desalination purposes.

Mohanakrishna et al. (2010) investigated the use of an open-air cathode MFC for desalination
and power generation purposes, while Wang et al. (2012) investigated the performance of an
integrated MFC-membrane bioreactor system for wastewater treatment and concluded that the
low cost and efficiency of the integrated system demonstrated the prospect of using this technology
for wastewater treatment in future. Ghasemi et al. (2013) performed an economic comparison
study between the use of sulfonated poly(etheretherketone) (SPEEK) and Nafion 117 membranes
in MFC for wastewater treatment and suggested that the higher power density and lower cost
of the SPEEK membrane demonstrated the potential for MFC implementation at an industrial
level.

Another unusual but interesting example of fuel cell integration involves a novel cogeneration
unitincorporated into a water purification scheme (Huicochea et al., 2011). This system consists of
a PEMFC and an absorption heat transformer. Huicochea et al. (2011) found that the cogeneration
system offered an efficiency improvement of approximately 12.4% compared to a standalone
fuel cell. Similarly, Klaysom et al. (2010, 2011) reported a new type of composite ion-exchange
membrane for water purification application using electrodialysis desalination, where a reduction
in power consumption of almost 50% was observed compared to pristine, unaltered membrane.
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7.4 ENERGY, ENVIRONMENTAL AND ECONOMIC FACTORS

It is recognized that carbon dioxide emissions are at an all-time high, with global estimates
of around 36 billion metric tons in 2013 (Olivier et al., 2013). Desalination has been proved to
provide a reliable water supply in many countries around the world, with a total global desalination
capacity of ~60 million m*day~! in 2013 (Ziolkowska and Reuben, 2016). Hydrocarbon-based
energy consumption during desalination makes a significant contribution to total CO, emissions
and it is, therefore, very important to explore in more detail the energy-saving, environmental and
economic effects of implementing any novel concept of integrated fuel cell/desalination systems.
A strategy based on such systems can substantially reduce the costs of seawater desalination,
particularly when integrating the latest, environmentally friendly fuel cell technologies (e.g. Table
7.1) with desalination systems (Table 7.2) in dual-purpose facilities that simultaneous produce
electricity and water. As summarized by Almarzooqi et al. (2014), desalination costs depend
on many factors, from type of technology, energy cost, feed water salinity and capacity, to
many other site-specific factors. Due to the large number of variables affecting desalination
costs, it is often difficult to derive a completely objective comparison between the different
technologies.

As canbe seen through the sampling of literature on the integration of fuel cells with desalination
units, integration methods are well-defined and, to an extent, established for some technologies,
while others remain largely unexplored. However, for commercial or economic success, the inte-
gration methodologies must not only be operational but must also be cost-effective, highlighting
a potential contradiction between the need for technological sophistication and ease of potable
water production. The rationale for developing integrated energy-water systems is the reduction
of capital costs, energy consumption and the cost of desalinating seawater, with 50-60% of an RO
system’s operating cost being due to energy consumption (Singh, 2008). As discussed by Khawaji
et al. (2008), from an economic point of view a cogeneration scheme is essential in conjunction
with power generation. The industrial goal of global desalination is to produce desalinated water
at 50 US cents per m> of water and power at 2 US cents per kWh. Thus, the estimated water
production cost for a seawater RO plant project with a capacity of 94,600 m*day~! in Tampa,
USA was reported to be at 55 US cents per m* (Wilf and Klinko, 2001).

As shown above, many improvements have been made in fuel cell efficiencies in an effort
to reduce harmful emissions and decrease the cost of desalination operation. Further work is
necessary to investigate the economic benefits and performance improvements and to quantify
these for specific markets and applications (Khawaji et al., 2008).

7.5 CONCLUDING REMARKS

As shown in this chapter, there are encouraging developments in the methodologies for integration
of fuel cells with desalination units. In recent years, considerable progress has been made in the
development of knowledge about the interrelationship between applied and advanced materials
(e.g. nanostructures) in fuel cells and the resulting desalinated water quality. In addition, many dif-
ferent material manufacturing methods (including large-scale production) have been established
and used to make fuel cell components and also entire cells. However, as seen in this chapter, only
a few have proven their potential for reliable and efficient production of desalinated water. There is
great promise, though, for a technical breakthrough in mass production where continuous opera-
tion with high throughput and yield will produce the desired water quality. Likewise, work related
to mass production of integrated fuel cell/desalination systems is also lacking, and considerable
investment is necessary for a serious market entrance which would deliver a breakthrough success
and give rise to the cost-effective solutions required. Long term, fundamental multidisciplinary
research leading to technology development programs is needed in order to make the integration
of seawater desalination techniques with fuel cell systems affordable worldwide.
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CHAPTER 8

Wind turbine electricity generation for desalination: design,
application and commercialization

Zhao Yong, Zheng Shuai & Chua Leok Poh

8.1 INTRODUCTION

The wider use of desalination technologies is still limited, primarily because of high energy
requirements that are currently met with expensive fossil fuels (Ghaffour et al., 2015). The use of
alternative energy sources, such as wind and solar, are essential to meet the growing demands for
water desalination. However, the expansion of these efforts towards large-scale plants is hampered
by techno-economic challenges. For example, many plants are connected to the electrical grid to
assure a continuous energy supply for stable operation. The successful application of renewable
technology requires an understanding of sustainable development. In particular, there is a need
to find a balance between three sets of goals: social, economic and environmental.

The Kwinana desalination plant, located south of Perth in Western Australia, is one example
where grid-connected wind power and a reverse osmosis desalination plant have been successfully
combined (Goosen et al., 2014). The plant produces well over 100 megaliters of drinking water per
day. Research is also underway on micro/nano wind-gathering devices of less than an inch that can
be mounted on rollable or stacked sheets for easy installation in residential homes and business
(Fein and Merritt, 2011). However, it remains to be seen whether such devices can be deployed
in a cost-effective way. In order to aid commercialization, different types of governmental policy
instruments (e.g. tax breaks, low-interest loans) can be effective for different renewable energy
sources (Frondel et al., 2010).

In 2008, the estimated share of wind power in Germany’s electricity production amounted
to 6.3%, followed by biomass-based electricity generation and water power, whose shares were
around 3.6 and 3.1%, respectively (Frondel et al., 2010). In contrast, the amount of electricity
produced through solar PV was negligible: its share in 2008 was just 0.6%. One worrisome
observation, noted by Goosen et al. (2014), is that renewable energy sources have consistently
accounted for only 13% of total energy use over the past 40 years. Nevertheless, large-scale
electricity generation using wind turbines shows great promise in solving the energy demands of
desalination plants worldwide. The technology is easy to scale up, it is environmentally friendly
and it can be easily integrated with other renewable energy systems such as solar and geothermal.
Furthermore, the principal motivation for using wind turbines to generate electricity is low CO,
emissions, which can help in slowing down the rate of global warming. These merits make
wind energy a suitable renewable energy to support the sustainable development of all countries,
especially those that lack natural fuel and energy resources, such as island countries like Singapore
(GWEC, 2015).

A wind turbine which converts kinetic energy absorbed from the wind into mechanical energy
can be classified into two categories: horizontal-axis wind turbines (HAWTs) and vertical-axis
wind turbines (VAWTs). Currently, the majority of commercial wind turbines in operation are
HAWTSs, thanks to their high efficiency, stable performance and relatively low cost (Jamieson,
2011). This chapter will focus on HAWTs.

The wind turbine’s blade is the most important component used to extract energy from wind.
The blade design and operation should thus be targeted for high power efficiency and long lifespan.
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Currently, wind turbine blades are designed according to the so-called improved blade element
momentum (BEM) method, after taking the tip and hub loss coefficients into consideration. The
BEM method is derived from the laws of mass conservation, momentum conservation and energy
conservation (Hansen, 2008). The method assumes that the wind turbine blade is operating under
steady-state conditions and the flow field on each blade element does not interact with other
elements. In the real-world situation, there are three main loads acting on a wind turbine blade:
gravitational load, inertial load and aerodynamic load. All three loads vary over time. The change
in load over time affects the deformation of each wind turbine blade, which, in turn, will affect
the flow field and the wake around the blade, thus resulting in a continuous variation of the load.
This type of two-way coupling between blade and flow is known as fluid-structure interaction
(FSI) (Wang, 2008). The FSI of wind turbine blades will affect the power-generating efficiency,
stability and lifespan of a wind turbine.

The current chapter will focus on a detailed analysis of the behavior of the FSIs of wind
turbines. In addition to the design theory, the application and commercialization of wind turbines
in relation to water desalination will also be discussed.

8.2 INSTALLED WIND CAPACITIES AND THE IMPORTANCE OF TURBINE
CONFIGURATION AND ROTOR DESIGN

8.2.1 Global installed wind capacities and commercialization of the renewable energy industry

The modern wind turbine first appeared in 1920 when Betz employed actuator disc theory to show
that a maximum of 59.3% of kinetic wind energy could be converted into mechanical energy by a
free-stream wind turbine (Gasch and Twele, 2012). After the Betz limit theory was proposed, the
development of wind turbines accelerated and many promising approaches to modern wind turbine
design have since emerged. According to the Global Wind Report 2014, the newly installed wind
energy capacity in 2014 was 51 GW, which makes the cumulative global wind energy capacity
369.6 GW (GWEC, 2015). Figure 8.1a and Figure 8.1b show, respectively, the newly installed
and cumulative global wind energy capacities between 1997 and 2014.

The majority of newly installed wind energy capacity is located in developing countries, such
as China, Brazil and India (Fig. 8.2). These data demonstrate that the wind energy industry has a
huge market with a promising future. It can be argued, therefore, that it is well worth investing in
wind-turbine-related studies in order to improve device performance. Even a small improvement
in turbine performance could bring significant economic benefits, due to the huge number of new
wind energy installations. Thus, many scientists and institutions have expended tremendous time
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Figure 8.1. Global annual and cumulative installed wind capacities between 1997 and 2014 (GWEC, 2015).
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and resources on this field (GWEC, 2015). Furthermore, due to the complexity of wind turbine
design problems and resource constraints, there are still a lot of critical issues that have not been
fully solved. FSIs are one of these important issues and will be described in this chapter, because
they are closely related to wind turbine power efficiency, fatigue failure and stability of operation.
With the advance of the global wind energy industry, there will be thousands of new wind turbines
designed and installed all over the world. It is anticipated that research work in the FSI field could
be valuable in improving wind turbine design and should enhance turbine efficiency and lifespan.
To pursue our investigation, some basic concepts of wind turbine and aerodynamics will be
necessary. In the following sections, wind turbine configuration, the aerodynamics of HAWTs
and wind turbine rotor design will all be reviewed.

8.2.2 From sailing ships and windmills to electricity generation

Wind energy has been used to drive the sailing ship since the 7th century. The single-mast sailing
ship first appeared at that time and the multiple-mast sailing ship was developed in the 15th
century (see Fig. 8.3a and Fig. 8.3b, respectively). The use of wind energy as the thrust power for
ships was a significant development in human history. It solved the issue of slow-moving ships as
well as removing the historical reliance on manpower to swing a paddle. Long-distance shipping
became possible after the sailing ship appeared and this enabled significant increases in trade and
commerce. With the invention of the steam engine in the 18th century, the sailing ship gradually
disappeared from ocean transportation.

The windmill, another early application of wind technology, was invented by the Persians in
the 6th century and was employed for irrigation and grain milling. Two more modern types of
windmill structure are shown in Figure 8.3¢ and Figure 8.3d. The energy generated by windmills
played an important role in Europe before and during the period of the Industrial Revolution
(Manwell et al., 2002). In Holland, for example, there were more than 12,000 windmills working
in the 18th century, being used not only to grind grain and press oil from seed, but also to drain
water from wetlands, as more than two-thirds of the country was below sea level. Although the
windmill became less important with the development of the combustion engine in the 20th
century, the manpower-free and sustainable nature of wind energy means that the windmill is still
very popular in Holland today.

Wind energy can also be used to provide home heating energy requirements. The wind turbine
can generate electricity which can be converted into heat. Alternatively, the wind turbine can drive
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Figure 8.3. (a) Single-mast sailing boat; (b) multiple-mast sailing ship; (¢) Dutch windmill; (d) American
windmill; (e) different types of Darrieus vertical-axis wind turbines (Manwell ef al., 2002).

a compressor engine to condense air under adiabatic conditions; heat is then released. A third
approach is to employ the wind turbine to drive blenders to mix liquids inside a container to
generate heat.

Research into wind turbines for electricity generation started at the beginning of the 19th
century. Charles F. Brush was the pioneer of wind electricity research and installed the first
automatic wind turbine to generate electricity in Ohio (USA) (Manwell et al., 2002). This turbine
was rated at 12 kW, with a horizontal axis and 144 wooden blades. Poul la Cour from Denmark
made a huge contribution to the development of modern high-speed horizontal-axis wind turbines
by discovering that a turbine with fewer blades and a high rotating speed was more efficient.
Inaddition, the vertical-axis wind turbine appeared in the 1930s thanks to the invention of a Finnish
engineer, Sigurd Johannes Savonius. However, this kind of turbine, which consisted of several
S-shaped blades, had the disadvantage of lower power efficiency than HAWTs, resulting in
reduced competitiveness in the global energy market. Another form of VAWT is the Darrieus-
type, which is driven by lift forces generated from the blade (Manwell et al., 2002). Depending
on the shape of the blade, the Darrieus could be classified into several subcategories as shown
in Figure 8.3¢. The Darrieus VAWT has the advantage of high speed, simple structure and low
build-cost; disadvantages include small starting torque and relatively low power efficiency.
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Figure 8.4. (a) Vertical-axis wind turbine; (b) horizontal-axis wind turbine; (c) upwind rotor configuration;
(d) downwind rotor configuration (Hansen and Butterfield, 1993).

Neither Savonius nor Darrieus VAWTs could satisfy the requirement for high power efficiency
and gradually disappeared from the global market. From the 1980s, the modern high-speed three-
blade HAWT became the mainstay of the market and displaced all other forms of wind turbine.
The capacity of the wind turbine has steadily increased and those with a capacity of ~1 MW are
currently the most common in the market (Manwell et al., 2002). The development of the wind
turbine demonstrates the trend towards high-speed single-machine capability. Wind farms with
hundreds of installed wind turbines have appeared, many of them offshore (Goosen et al., 2014).

8.2.3 Influence of wind turbine configuration and control strategy on efficiency

According to recent statistics (GWEC, 2015), most of the units which have been installed world-
wide are HAWTs. The HAWT was therefore chosen for detailed study in this chapter. As we
have already seen, turbines can be classified into two categories according to the orientation of
the rotor. Thus, a HAWT (Fig. 8.4b) has to be installed facing the wind direction while a VAWT
(Fig. 8.4a) is independent of wind path. When the turbine is working under a constant wind
speed, the lift force on a HAWT rotor is almost constant whereas the lift force on a VAWT rotor
varies periodically, which will result in power output fluctuation for the latter. Likewise, the wind
shear effect will also exert significant influence on a VAWT because its blade is located near the
ground, which leads to fatigue problems, whereas HAWTs are little affected by this issue. All of
these merits make HAWTs more efficient and economical than VAWTs (Vries, 1983). In addi-
tion, there are two kinds of HAWT, distinguished by their rotor configurations, that is, whether
they are upwind or downwind of the supporting tower, as shown in Figure 8.4c and Figure 8.4d,
respectively. The downwind configuration allows the blades to deflect from the tower when the
thrust loading increases, but for upwind turbines the yaw (i.e. oscillation about a vertical axis)
is supposed to be controlled. The downwind wind turbine will generate a lot of noise when the
wind passes by the tower and generates addition moments which will cause yaw loads when the
rotor changes its orientation relative to wind direction.

Another important parameter that needs to be considered is the tip speed ratio, A, which refers
to the relation of the circumferential velocity of the blade tip to the wind speed:

A= wR/V) 8.1)
where w is the rotor angular velocity, R is the radius of the rotor and V is the incoming wind speed.

A typical performance curve for a modern, high-speed wind turbine is shown in Figure 8.5a. This
curve shows the power coefficient, C,, versus tip speed ratio, A. This figure demonstrates that
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Figure 8.5. (a) Power coefficient versus tip speed ratio curve; (b) maximum achievable power coefficient
as a function of the number of blades; (c) wind passage through low-solidity rotor; (d) wind passage through
high-solidity rotor.

the maximum achievable power coefficient will appear when the tip speed ratio is around 6.
Furthermore, most modern high-speed HAWTs have three blades. To clearly explain the reason
for choosing three blades, the concept of rotor solidity will be introduced. Rotor solidity is defined
as the ratio of the area projected by the wind turbine blades in the wind speed direction to the
entire area through which the wind turbine rotor sweeps. Put simply, the more same-sized blades
on a rotor, or the wider those blades, the higher the rotor solidity. Figure 8.5¢ and Figure 8.5d show
the differences when the incoming wind passes through low-solidity and high-solidity rotors. In
Figure 8.5c it can be seen that when the wind encounters a low-solidity rotor, most of the wind
will pass through the rotor and generate torque to push the wind turbine blade to rotate. The
wind speed will dramatically decrease after passing through the rotor due to energy losses and
the volume of airflow will expand as a result of the drop in wind speed. Figure 8.5d illustrates
the scenario of wind passing a high-solidity rotor. Due to the relatively high number of blades,
which increase the drag when wind passes through, most parts of the airflow will bypass the rotor
and will not generate any torque on the wind turbine blade. These figures demonstrate that the
number of wind turbine blades needs to be relatively low. The reason for choosing three blades
is illustrated in Figure 8.5b. A three-blade rotor has a higher maximum power coefficient than a
two-blade rotor. Although the maximum achievable power coefficient will go up as the number
of blades increases, the size of this gain progressively diminishes under the same tip speed ratio
(Wilson et al., 1976). Furthermore, the three-blade rotor has a simple structure and yields the
lowest system cost (Hansen and Butterfield, 1993).

Based on rotating speeds, wind turbines can be classified into two categories: constant speed
and variable speed. The wind turbine can also be divided into two groups according to its power
output control strategy. Thus, there is a stall-control wind turbine, which means that when the
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Table 8.1. Four types of wind turbine control strategy.

Stall control Variable pitch angle control
Constant speed Constant speed stall control Constant speed variable pitch angle
Variable speed Variable-speed stall control Variable-speed variable pitch angle
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Figure 8.6. Different control strategies under different power coefficients.

wind speed goes above the rated value, the wind turbine will make use of certain blade features
to automatically switch into a stall configuration to limit the output power. The second group
involves variable pitch control, in which the wind turbine changes the pitch angle of its blades
to control power output when the wind speed goes above the rated value. The speed control and
the power output control are independent from one another and in combination give four types of
overall control strategy, as shown in Table 8.1.

For large, modern, high-speed HAWTs, the most common control strategy is a comprehensive
control method. As shown in Figure 8.6, the working range of a wind turbine can be divided into
three zones. In zone (a) the wind turbine rotation speed will increase as the wind speed increases
to ensure that relatively high power coefficient is obtained. As the wind speed increases, the wind
turbine will enter zone (b) in which the rotating speed will keep increasing until the maximum
value of rotating speed is achieved. After that, as long as the generating power is less than the
allowed maximum output power, then the rotating speed will remain unchanged. In zone (b) the
power coefficient keeps decreasing but the output power is still increasing. When the wind turbine
functions in zone (c), the output power will be limited to a constant by adjusting the pitch angle
to maintain stable power generation.

8.2.4 Wind turbine rotor design and momentum theory

The HAWT has to be oriented in such a way that its axis is parallel to the wind flow, which is
the stream-wise direction (i.e. x axis). The wind turbine blades are also long and slim structures,
hence the span wise velocity component is much lower than the stream-wise component. It is
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Figure 8.7. Schematic of lift, drag, angle of attack, chord and aerodynamic moment of aerofoil. Note that
the aerofoil is rotating in an anticlockwise direction around axis Y.

reasonable, therefore, to assume that flow within a small length interval along the blade in the
radial direction is two-dimensional. For example, Figure 8.7 shows a two-dimensional flow over
an aerofoil. The force, F, acting on this element of aerofoil, can be resolved into two components,
one being the lift force, L, which is perpendicular to the wind velocity, V1, and the other the drag
force, D, which is parallel to V. In the case of a HAWT, the lift force is the main component
in rotating the wind turbine blade and thus generating electricity, and the drag force does not
contribute to the output. Therefore, the main objective is to maximize the ratio of lift force to
drag force. The chord, ¢, in Figure 8.7 is the length of a straight line from the leading edge to
the trailing edge of an aerofoil, and angle of attack, «, is the angle between the chord and the
direction of incoming wind flow. The aerodynamic moment, M, is the product of resultant force,
F, and the length to the aerodynamic centre, which is usually located on the chord at ¢/4 from the
leading edge. Lift and drag coefficients, C| and Cy, are defined as:

G =2L/pVic (8.2)

Cqy =2D/pVic (8.3)

where p is the density of air.

A streamline is the airflow around the shape of an aerofoil (White, 1991). It is known that when
air passes over a curved surface, a pressure gradient will result. This pressure gradient causes a
centripetal force in the radial direction. The flow over the upper surface has a tendency to leave
the surface which will result in lowered pressure, and the flow over the lower, flatter surface
pushes on the surface which will lead to heightened pressure. The difference in pressure above
and below the aerofoil results in a lifting force (White, 1991). This lift force is the driving force
for wind turbine rotation and should be enhanced as much as possible. On the other hand, a drag
force results from friction on the aerofoil surface, the pressure differential between the leading
edge and the trailing edge, and boundary-layer separation from the upper surface of the aerofoil,
which generates a lot of viscous vortex bubbles. These vortex bubbles will consume some of
the total wind energy and do not contribute to electricity power generation. The drag force not
only reduces turbine lifespan but also induces flow instability which is harmful to wind turbine
operation and should be suppressed (White, 1991).

The coefficients C; and Cy4 are functions of angle of attack, &, Mach number, Ma, which
represents the ratio between V| and the speed of sound and the Reynolds number, Re. The
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Figure 8.8. Polar curve of aerofoils (a) S822 and (b) S823 (adapted from Selig and McGranahan, 2004).

incoming wind speed is 10ms~! and the Mach number is around 0.03. According to Houghton
and Carpenter (2003), the effect of Mach number can be ignored. Note that Re is defined as:

Re = (cVy)/v (8.4)

where v is the kinematic viscosity.

The lift coefficient, Cj, increases linearly with angle of attack, «, to reach a maximum value.
It can maintain the maximum for some « and then decreases dramatically, which means that
the aerofoil has entered a stall regime. These depend on the Reynolds number. For the drag
coefficient, Cy, this keeps increasing for all the Reynolds numbers, even after the aerofoil steps
into the stall condition. Figure 8.8a and Figure 8.8b show the curves of lift coefficient (C))
versus drag coefficient (Cy) for aerofoils S822 and S823, which will be used as an example for
this chapter (Selig and McGranahan, 2004). It can be observed that when selecting the normal
working angle of attack for each element of the blade, not only C; should be considered, but also
Cy. It is necessary to select the angle of attack at the point where the C;/Cy ratio is at a maximum
to ensure that each element of the blade will deliver the best performance.

For the aerofoils S822 and S823, the drag coefficient, Cy, increases more slowly than the lift
coefficient, Cj, from the point of minimum C)/Cjy ratio to the point where C| reaches a maximum
value. According to Burton et al. (2011), the drag effect due to skin friction can be ignored as
long as the flow remains attached to the blade because the losses caused by drag are only critical
when the wind turbine is operating at a high tip speed ratio. The variation of maximum power
coefficient versus tip speed ratio is shown in Figure 8.9a. The wind turbine power coefficient, C,,
is the ratio of the power generated by a wind turbine to the total wind power. Since the lift-to-drag
ratios and design tip speed ratio for both S822 and S823 are relatively low, the angle of attack
will be selected near the point where C; achieves its maximum value.

The stall status of the aerofoil is not only related to angle of attack, «, but also depends on
the Reynolds number. Schlichting (1968) showed that Reynolds number dependency is related to
the point on an aerofoil where the boundary layer transits from laminar flow to turbulent flow, as
shown in Figure 8.9b. As the stall phenomenon is closely related to boundary-layer separation, it
implies that the main target in blade design is to reduce drag, as well as trying to make the flow
attach to the blade surface for as long as possible. In other words, blade design has to ensure that
the aerofoil is working below the angle of attack at which the C;/Cy ratio is at a maximum (Bertin
and Smith, 1989).

To ensure that the aerofoil elements which constitute the wind turbine blade are not stepping
into a stall situation, we consider a small element (r, » + dr) from a rotating wind turbine rotor,
as shown in Figure 8.9c, in order to perform flow analysis. The velocity triangle is shown in
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Figure 8.9d. Note that in this figure, V; is wind velocity (which flows perpendicularly into the
paper in Figure 8.9¢), V; is the blade rotating velocity, Vy is the relative wind velocity, which is
the vector difference between V; and Vi, o is angle of attack, 6 twist angle and ¢ relative wind
velocity angle. The relationship between these three angles is:

a+0=40 (8.5)

To simplify the illustration, it is assumed that there are no tip and root losses. If the wind speed
and angular velocity of the rotor is fixed, then it can be expected that the relative wind direction
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angle ¢ of each element of the blade will increase from tip to root. To maintain a constant angle of
attack, the twist angle 6 has to increase along the blade in a radial direction from tip to root based
on the relationship of Equation (8.5). This is the main reason why most HAWT blades are twisted.
Tong (2010) demonstrated that the tip and body portions of a turbine blade contribute the most
to power generation. In wind turbine blade design, it is paramount to ensure that the tip and body
portions work at a maximum angle of attack. However, as the twist angle has to increase from the
tip to the root of the blade, it is unavoidable that the performance of elements near the root has
to be sacrificed because when the tip portion is working at the rated wind speed the root portion
steps into the stall condition earlier than the tip. Although, theoretically, the angle of attack at
the blade tip should be selected as the maximum, in practice the designed angle of attack will
be afforded a small buffer from the maximum value, that is, smaller than the maximum angle of
attack. This is to avoid the wind turbine blade operating under stall conditions when encountering
a gust, which may result in an unfavorable angle of attack (Gasch and Twele, 2012).

There are a lot of wind turbine blade design methods and among these the Wilson method
is the most widely employed and has incorporated the Betz theory, wake theory, blade element
theory and momentum theory (Wilson and Lissaman, 1974). The theory established by Betz in
1919 was the first to describe the amount of energy that a turbine can extract from the wind. The
important assumptions of this theory are that: the ideal rotor has an infinite number of blades; the
flow can be simplified as an annular stream tube, as shown in Figure 8.10a; the flow is stationary,
incompressible and frictionless; there is no rotation in the wake; the force applied on the rotor is
distributed evenly.

Let us now consider an annular stream tube containing a wind turbine, as shown in Figure 8.10a.
Note that V' is the wind speed after the rotor, V5 is the wind speed far downstream, S is the area
of actuator disc before the rotor, S is the area of the rotor and S, is the area of actuator disc after
the rotor.

From the mass conservation equation it can be shown that:

S\ =8V, =8V (8.6)
The force, F, acting on a wind turbine blade can be derived as:
F=pSV(Vi—=T13) 8.7
Then the power of the wind turbine rotor, P, can be expressed as:
P=FV = pSV*(V, — V) (8.8)

The axial momentum equation is applied within the circular control volume and combined with
the mass conservation law. It can be expressed as follows: firstly, /" can be taken as an average
of V1 and V>:

V=x/2(Vi +12) (8.9)

Substituting Equation (8.9) into (8.8), which is the power equation, we have:
P=FV =1/4pS(V\ + Vo)(Vi —V3) (8.10)

By taking the derivative of Equation (8.10) with respect to V; (because V7, p and S are constants,
hence power is only a function of 15):

dP/(dVy) = (1/8)pS(VE — 2V Vy — 3V3) (8.11)
To obtain the maximum power, set Equation (8.11) to zero and we have:

v, = (1/3)V, (8.12)
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Figure 8.10. (a) Energy-extracting actuator and annular stream tube; (b) the vortex behind wind turbine;
(c) local force and velocity on a wind turbine blade element at radius r.

Substituting Equation (8.12) into (8.10), the maximum power of an ideal wind turbine rotor is as
follows:

Prax = (8/27)0SV3 (8.13)

Since the power coefficient is defined as follows:
C, = P/(0.5p8V?}) (8.14)
then the maximum power coefficient Cp,max) = Pmax/(0.50S V13 )=16/27 ~ 0.593 which is the Betz

limit. This conclusion demonstrates that in ideal circumstances the wind turbine power coefficient
cannot be higher than 0.593.
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The rotor wake theory takes the flow rotation induced by the rotor into account and assumes
that: the effect of aerofoil drag and blade tip loss were ignored; the periodic effect of the flow
due to the limited number of blades was ignored; the blade elements in a radial direction are
independent of one another. Likewise, the induced wind speed can be treated as the combination
of three types of vortex, shown in Figure 8.10b: a center vortex, which is located behind the
rotating shaft; an attached vortex, which is located at the blade’s main body; the helical tip vortex,
which is located at the blade tip. Due to the presence of these vortices, the axial and tangential
directions of the wind velocity will change. The induction factors of axial and rotational direction
are denoted as @ and b, respectively, and will be introduced to represent the effect of the rotor on
the flow. From the vortex theory of Lugt (1996), it can be shown that at the rotating plane, the
axial wind velocity is:

V=(-aW (8.15)

where « is introduced into the equation to represent the obstruction effect of the wind turbine
rotor on the incoming wind speed (7).

In terms of the rotational direction induction factor due to the vortex motion, there will be a
tangential rotating angular velocity downstream and zero angular velocity upstream. When the
blade rotates at constant angular velocity w, then — based on rotor wake theory (Burton ef al.,
2011) — the flow that passes through the turbine rotor will be induced to rotate at an angular
velocity €2 in the same direction as the rotor, where €2 represents the induced angular velocity.
The expression of induced tangential velocity is:

Vi = bor (8.16)

Based on the Betz theory (Betz, 1966), the following equation of flow angular velocity at the
location of the rotor plane can be derived:

o+ Q2/2=(104+bw 8.17)
Then the rotational induced factor will be:
b=Q/Q2w) (8.18)
Taking the induced tangential velocity into account, the tangential velocity at the location of
radius 7 is:
Ur = 1V + wr = bor + wr = (1 + b)wr (8.19)

In blade element theory, the blade is divided into multiple small blade elements in the radial
direction. Each blade element is then treated as a two-dimensional aerofoil and the assumption
is made that there is no interaction between the elements. The integration is carried out for the
force and torque acting on each element along the radial direction as shown in Figure 8.10c, and
then the total force and torque on the whole blade can be obtained (Manwell ef al., 2002). The
equations for the forces on the blade element are:

dL = (1/2)pVZ2cCidr (8.20)
dD = (1/2)pV2,cCadr (8.21)
Vit = V1(1 — )/sin (8.22)
dFy = (1/2)pV2,cdr(Cicos @ + Cysin ¥) (8.23)

dFy = (1/2)pV2,cdr(Cysin @ — Cq cos ) (8.24)
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The expressions for thrust and torque on the blade element at the location of radius r are:

dT = (1/2)pV2,Bcdr(C, cos ¥ + Cq sin ) (8.25)

dM = (1/2)pV2,Berdr(Cysin@ — Cq cos ¥) (8.26)

where 7 is the thrust on the blade, M is the torque on the blade and B the number of blades in the
whole rotor.

Wind turbine momentum was first suggested by William Rankine to describe the relation
between the force acting on a wind turbine and the incoming wind speed. As shown in Figure 8.9c,
the thrust and moment applied on the annular ring zone (7, 7 4+dr) of the wind turbine blade (Spera,
1994) is:

dT = 4nprVi(l — a)adr (8.27)
aM = 4npr’*Viw(1 — a)bdr (8.28)
By connecting Equations (8.25) and (8.27), the following can be obtained:
a/(1 — a) = Be(Cy cos ¥ + Cq sin ¥)/(87tr(sin @)?) (8.29)
Similarly for equating Equations (8.26) and (8.28), we end up with:
b/(1 + b) = wBc(C; sind — Cq cos @) /(8mr(sin @ cos ¥)) (8.30)
From the velocity triangle shown in Figure 8.10c, it can be shown that:
tan@ = (1 — a)/((1 + b)A;) (8.31)
where A; is called the local tip speed ratio and is defined as:
A = wr/ W (8.32)

Applying Bernoulli’s equation in front of and behind the rotor in Figure 8.10a gives the pressure
drop (Spera, 1994) as:

P = pr*(w + Q/2)Q (8.33)
With Equation (8.33) derived, dT can also be written as:

dT = P'dS = 2npri(w + $/2)Qdr (8.34)
From Equations (8.17), (8.18), (8.27), (8.32) and (8.34), the following expression can be obtained:
b(1 + b)a* = a(l — a) (8.35)

From Equation (8.28), the power, dPy, of a blade element dr at location » can be derived:
dPge = wdM = 47pr*Viw*(1 — a)bdr (8.36)

Therefore, the expression of the power coefficient of the blade element is:

dC, = (8b(1 — @)} /A*)d A, (8.37)
The power coefficient derived in Equation (8.37) is based on the assumption of an infinite number

of blades. The vortex distribution in the wake of a rotor with a finite number of blades is different
from that of a rotor with an infinite number. Therefore, the losses at the locations of blade tip and
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hub should not be ignored. Prandtl derived a total loss factor Fr to include such effects (Hansen,
2008):

Fr = FiipFrub (8.38)
Fyp = (2cos™! e BR/CRsING)y (8.39)
Fr = (2 cos ™ e~ BU—rmi)/ i Sin¢)))/n (8.40)

where Fy, is the tip loss factor, Fi, is the hub loss factor and ryy, is the radius of the hub.
By considering the total correction factor and according to Glauert (1935), Equations (8.4),
(8.35) and (8.37) will be transformed to:

Re = V(1 — a)c/(vsin @) (8.41)
b(1 4+ b)A? = a(l — aFy) (8.42)
dC, = (8Frb(1 — a)A} /3})d A, (8.43)

Finally, it is important to remember that the core mission in the design process of a wind turbine
blade is to obtain the maximum value of dC, in equation (8.43) under the constraints of Equations
(8.31), (8.38), (8.39), (8.40) and (8.42) and based on the given conditions, and then to use the
iterative method to calculate chord and twist angle (Ingram, 2005). Based on the BEM method,
the wind turbine blade can be designed with a relatively high power coefficient which ensures that
wind energy plays an important role in the renewable energy industry. An outline of the design
process is shown in Figure 8.11.

8.3 FLUID-STRUCTURE INTERACTIONS AND IMPROVING POWER EFFICIENCY,
LIFESPAN AND STABILITY DURING WIND TURBINE OPERATION

Dabiri et al. (2015) argued that there remains a large gap between the immense available global
wind energy resource and the actual infiltration of current wind energy technologies as a means
for electricity generation worldwide. They reported on technology development that is focused
on large arrays of small wind turbines that can harvest wind energy at low altitudes, installed
in many places that larger systems cannot be, especially urban areas. Dabiri et al. (2015) went
on to note that these features (i.e. larger arrays of small turbines) can be leveraged to achieve
social acceptance and rapid adoption of this new technology. The authors claimed that favorable
economics would stem from an order-of-magnitude reduction in the number of components in
a new generation of simple, mass-manufacturable vertical-axis wind turbines. However, it was
noted that this vision can only be attained by overcoming some substantial scientific challenges
that have limited such growth in previous decades. One of these challenges is fluid-structure
interaction, which is a very important phenomenon closely related to power efficiency, lifespan
and stability in wind turbine operation. In order to have a better understanding of how flow
causes blade deformation, a literature review of the fluid-structure interactions of wind turbines
is presented in this section.

Fluid-structure interaction problems can be described by a set of highly non-linear equations.
When solving the fluid-structure interaction problem, the instantaneous solutions of the coupling
equations should be obtained. These solutions should fulfill the boundary conditions at the inter-
face of the fluid and the structure (Bathe et al., 1999). One of the challenges is that the fluid and
structure are described in different ways, as the fluid is treated with the Eulerian method and the
structure is described with the Lagrangian method. In the Navier-Stokes equations, which are
written in Eulerian frame, the field parameters such as velocity and pressure are related to fixed
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Figure 8.11.  Flow chart of wind turbine blade design process.

locations. In fluid-structure interaction, the flow domain is changing with time and, therefore, the
Navier-Stokes equations cannot be directly applied. To adapt to a time-dependent flow domain,
the most common approach is to combine the Eulerian method with the Lagrangian method. The
arbitrary Lagrangian-Eulerian (ALE) method is widely adopted to solve for moving boundary
conditions (Donea, 1983).

The two main methods used to solve the interaction problems are the direct approach and
the iterative one. The direct approach uses and solves the fluid and structure equations together,
simultaneously. In the iterative approach the equations of the fluid and structure are solved
separately and the solution parameter is passed iteratively from one domain to the other until a
convergence of computation is obtained. Normally, the direct approach will be applied to strongly
coupled domains and the iterative one will be employed when the interaction between fluid and
structure is weak (Rugonyi and Bathe, 2001).

The equations of motion for a compressible Newtonian fluid using the ALE method (Rugonyi
and Bathe, 2001) are as follows.

Momentum equation:

o(DV/Dt) + p[(v—=¥)-VIlv=V .7+ 8 (8.44)
Mass conservation equation:
(Dv/Dty+p(v—0)-V+V-v=0 (8.45)

Energy equation:

p(De/Dt) + p(v—9)-Ve=tf"—V.q+4° (8.46)
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(a) (b) ()

Figure 8.12. Three main types of blade deformation: (a) flap; (b) swing; (c) twist.

where D/Dt is the total time derivative in the ALE frame; v is the velocity vector; V is the velocity
vector in ALE frame; 7 is the fluid stress tensor; f is the body force vector; f** is the velocity
strain vector where 2/ = Vv + (Vv)T; q is the heat flux tensor; ¢® is heat per unit volume; (V-)
is divergence operator, V gradient operator and (-) dot product. If v =0, then it means that the
frame is not moving and all the equations take Eulerian form. If v =1V, then the fluid is moving
together with the frame and the Lagrangian formulation will be recovered.

The governing equation of the motion of the structure (Rugonyi and Bathe, 2001) is defined as:

pD*u/Dt* =V -7 + 8 (8.47)

where u is the vector of the structure displacement. Furthermore, to solve the fluid-structure
interaction problem, Equations (8.44) to (8.47) are calculated together based on the determined
boundary conditions and solution approach.

The blade is the component of a wind turbine that sustains the most complicated forces. Aero-
dynamic loading, inertial loading and gravitational loading are the three most crucial loads acting
on a wind turbine blade. The combined effects of these three loads will cause blade deformations,
of which there are three main types (Fig. 8.12). The interaction between these three types of defor-
mations and aerodynamic loading will lead to aero-elastic problems (Rasmussen et al., 2003).
When a blade is deformed, the bending will cause a change in its angle of attack, which, in turn,
will result in lift force variation, and subsequently will alter the aerodynamic torque. This will
result in feedback of the bending into bending-twist coupling vibration. Then there is self-excited
oscillation which can cause severe damage to the wind turbine blade. This unstable aero-elastic
vibration is called the fluttering phenomenon.

When the excitation frequency of the blade is approaching its own natural frequency, resonance
will occur. To avoid this situation, within its main operating range the designed blade’s natural
frequency should have sufficient difference from the excitation frequency. According to Tong
(2010), the behavior of the wind turbine blade in fluid-structure interaction is similar to that
of a cantilever beam. Based on the mechanical vibration theory, the blade can be treated as a
distributed-parameter system. Modal analysis can be used to obtain the natural frequency and
the mode of the blade. Therefore, the displacement function of the blade y(x, 7) is expressed as a
product of a space function, y(x), and a time function, g(¢):

y(x, 1) = y(x)q(?) (8.48)
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where y(x) is the mode of the elastic object, which is only related to its particle position, and
q(t) is the pattern of the vibration and only depends on time. The natural frequency and vibration
mode can then be obtained by solving the following equation (Meirovitch, 2001):

dX(EI(d*y/dx?))/dx* = maly (8.49)

where E is Young’s modulus, 7 is moment of inertia, x is distance from origin, w, is natural
frequency, and m is mass. Each order of the natural frequency and normalized mode can then be
obtained.

To sum up, the wind turbine blade fluid-structure interaction involves a strongly coupled
distributed-parameter system. The analytical solutions of the equations, including the governing
equations for the fluid and solid domains as well as the vibration equations, can only be obtained
under special simple cases. In the present work, the aero-elastic phenomenon is very complicated;
its numerical simulation requires efficient use of computing resources in order to obtain detailed
blade deflections and information for the whole flow field.

Load predictions for wind turbines are frequently based on engineering design methods that
use overly simplified physical models. The wind engineering community has been working on
aero-elastic stability problems for quite some time (Bjorck, 1995). However, most of these works
focused on flap-wise vibrations only, for which a variety of engineering-type dynamic stall models
have been developed. Thus, Simms et al. (2001) introduced a quasi-steady linearized flap/lead-
lag model to study edgewise vibrations in terms of blade and wind turbine parameters (Petersen
et al., 1998). Nevertheless, all of the engineering design tools currently employed are incapable
of taking into account dynamic stall phenomena as well as obtaining detailed information. For
instance, two comparative studies of unsteady flow and fluid-structure interaction solvers for
wind turbine applications, performed by Chaviaropoulos et al. (2003) with researchers from
many countries, found major uncertainty and efficiency problems with these sophisticated simu-
lation tools. Simms et al. (2001) compared the wind tunnel experimental results of the National
Renewable Energy Laboratory (NREL) with 19 simulation packages, two of which were unsteady
Navier-Stokes solvers, and were surprised by the wide variation between the experimental results
and the various code predictions. One three-dimensional Navier-Stokes solver did the best job
of predicting aerodynamic forces under the simplest upwind zero-yaw conditions. However, the
investigators indicated that success with this computational fluid dynamics (CFD) code tended
to be uncertain, varying significantly and very much dependent on the type of aerofoil used.
Simms et al. (2001) reported that they had very good results in this effort with the S809 aerofoil
(Tangler and Somers, 1996) used by NREL, but had previously had poor results with some other
aerofoils. Another problem was that very high computational power was required for even the
simplest cases. However, Simms et al. (2001) suggested that the success with this CFD code did
show the potential benefit of pursuing CFD and that further work in this area was warranted.

8.4 THE ECONOMICS OF WIND TECHNOLOGY AND DESALINATION: FUTURE
RESEARCH DIRECTIONS

A major long-term goal is to extensively deploy environmentally friendly and optimized wind tur-
bine technology on a large scale to generate electricity to run water desalination plants. Abusharkh
et al. (2015) presented a review of the use of wind energy in desalination, with a focus on sus-
tainable commercial processes. In terms of future research directions, they argued that although
wind energy is considered to be the most environmentally friendly renewable energy, problems
might still arise from the application of wind energy to desalination because of the intermittency
of wind speed. Such fluctuations would lead to variation in the renewable energy generated and
an inability to accurately predict the specific cost of potable water production. However, the
hybridization of wind energy with other energy sources to stabilize the power output is a possible
solution. Abusharkh et al. (2015) went on to report that the design of a combined renewable
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energy farm and desalination plant is also another important factor that determines the efficiency
of wind power as an energy source for desalination. For example, a significant reduction in capital
costs can be achieved by using lighter but stronger wind blades. In addition, the ability to reuse
or recycle the residual energy in all outputs from desalination plants would go a long way to
minimizing the energy and cost requirements of these plants. Future research needs to be focused
on designs for wind-powered desalination plants that can adequately avoid energy loopholes or
unnecessary energy sinks and ensure optimum efficiency during the consumption of the energy
generated.

The review by Abusharkh et al. (2015) was able to show that wind and geothermal energy can
be integrated with other energy sources to improve the economics and reduce the environmental
impacts of desalination processes. The coupling of wind energy with thermal and photovoltaic
energy systems, and the use of wind energy to supply the gravitational energy potential required
for desalination, yielded impressive results. The major benefit of coupled systems is that a year-
round power supply can be achieved, and pure water production can be accurately monitored on
a continuous basis. Abusharkh et al. (2015) recommended that future investigations be directed
towards the design of desalination systems with such integrated energy sources, and a similar
conclusion was reached by Ghaffour et al. (2015) and Goosen et al. (2014).

In a related study dealing with the opportunities and challenges facing the commercialization
of wind energy technology, Dabiri ef al. (2015) maintained that favorable economics would stem
from an order-of-magnitude reduction in the number of components in a new generation of simple,
mass-manufacturable VAWTs. This would be based on large arrays of small, simple VAWTs
that could, in many cases, supplant conventional HAWTs or simply be used in locations and
applications that are incompatible with HAWTs. The authors noted that there remains significant
additional research to be completed to achieve the full, global potential of wind energy.

8.5 CONCLUDING REMARKS

The search for inexpensive, reliable and clean renewable energy sources for desalination of sea-
water and brackish water is a major challenge facing mankind. Wind turbines show great promise
for providing electricity on a large scale, not only for desalination but also for applications such
as heating and cooling in urban areas. Nowadays, wind turbine technology is developing quickly
and commercialized wind farms have sprung up all over the world. More and more companies are
manufacturing wind turbines and others are expanding wind farms from land to offshore loca-
tions. Turbine control strategy is also evolving, from the use of a passive fixed-speed stall-control
method to adoption of a positive variable-speed pitch angle control method.

In future, the trend will be for wind farms located away from land and in the sea. The potential
of offshore wind resource is huge and the total resource available is more than three times that on
land. Offshore wind resources have many advantages, such as higher and more stable wind speeds,
higher overall annual availability, no use of land resources and less impact on the environment.
However, offshore wind turbines have challenges in terms of safety, reliability, maintenance and
operational cost control that require detailed analysis during the process of wind turbine design,
production and installation.

The merits of the HAWT, such as high power efficiency, compact structure, long lifespan
and relatively low costs, make it a popular choice. HAWTs account for more than 95% of the
global wind turbine market. Over the same time period, VAWTs have encountered technological
problems, such as low power efficiency, short lifespans and high installation costs, all of which
have made it less favored in the wind turbine market.

As demonstrated in this chapter, the wind turbine blade faces very complicated aerodynamic
conditions due to flow separation, wake effects and fluid-structure interactions (FSI). As the wind
turbine reaches the megawatt (MW) level of electricity generation, blade lengths will extend to
around one hundred meters. This will dramatically increase blade flexibility and thus make the
wind turbine more vulnerable, which may cause catastrophic results, such as reduction in wind
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turbine blade lifespans and even blade fracture. Currently, the most widely employed wind turbine
design technique, the BEM method, does not take the FSI effect into account and therefore could
not precisely predict wind turbine performance. Wind turbine aerodynamic optimization will need
to include these effects as blade lengths grow larger.

In closing, the optimization and scaling up of electricity generation using wind turbine technol-
ogy for applications in desalination is crucial. The emphasis and focus needs to be on sustainable
commercial processes. In terms of future research directions, wind energy may be considered
the most environmentally friendly renewable energy, but problems might still arise because of
its intermittency. Such fluctuations would, for example, lead to an inability to accurately predict
the specific cost of potable water production. However, the hybridization of wind energy with
other energy sources to stabilize power output is one possible solution, and large-scale electricity
generation using wind turbines has great promise in solving the energy demands of desalination
plants worldwide. The technology is easy to scale up, it is environmentally friendly and it can be
readily integrated with other renewable energy systems such as solar and geothermal.

NOMENCLATURE

a axial induction factor

b rotational induction factor

c chord length [m]

C, lift coefficient

Cq drag coefficient

C,  power coefficient

D drag force [N]

E Young’s modulus [Pa]

fg body force vector [N]

o velocity strain vector

F force on blade [N]

Fr total loss factor

Fy,  tip loss factor

Fra,  hub loss factor

Fy  force in x direction [N]

Fy force in y direction [N]

I moment of inertia [kg m?]

L lift force [N]

m mass [kg]

M moment [N-m]

P power output of wind turbine [W]
Pg.  power of the blade element [W]
Prax  maximum power for an ideal wind turbine [W]
P’ pressure drop [Pa]

q heat flux tensor [W m™2]

q heat per unit volume [W m—]
q(t) pattern of vibration

rhup  radius of hub [m]

R radius of rotor [m]

S area of rotor [m?]

S area of actuator disc before rotor [m?]
Sh area of actuator disc after rotor [m?]

T thrust on wind turbine [N]
Ur  tangential velocity [m s™']
v velocity vector [m s7!]
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fluid velocity in ALE frame [m s™']
wind speed after rotor [m s™!]
incoming wind speed [m s~!]

» wind speed far downstream [m s~']
. induced tangential velocity [m s™!]
x  displacement [m]

NSNS

Greek symbols

o angle of attack [rad]

y(x) vibration mode

0 twist angle [rad]

A tip speed ratio

A local tip speed ratio

T fluid stress tensor [Pa]

0 wind direction angle [rad]

w rotor angular velocity [rad s™!]
w,  natural frequency [Hz]

Q induced angular velocity [rad s™']
Others

D/Dt  time derivative in ALE frame
(V) divergence operator

v gradient operator

) dot product
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CHAPTER 9

A critical review of fuel cell commercialization and
its application in desalination

Yousef Alyousef, Mattheus Goosen & Youssef Elakwah

9.1 INTRODUCTION

The largest markets for fuel cells for energy generation are in stationary power, portable power,
auxiliary power units, and material-handling equipment (DOE, 2012, 2013). Fuel cells convert
chemical energy into electrical current and heat without combustion. According to Staffell (2015),
although prototype hydrogen cars have commanded greater media attention, combined heat and
power (CHP) is the largest and most established market for fuel cells. In 2009, companies began
selling thousands of units per year, marking the switch to mass manufacture. As reported by Staffell
(2015), nearly 60,000 systems were sold in Japan during a four-year period from 2009 to 2013. He
claimed that, by 2015, residential fuel cells would be sold in Japan without government subsidies,
which would make fuel cell CHP commercially viable, at least in Japan. Although hydrogen and
fuel cells are not strictly renewable energy resources, their components are abundant and are very
low in pollution when operated. Hydrogen, for example, can be burned as a fuel, normally in a
vehicle or in a fuel cell, with only water as the combustion product.

In recent years, fuel cells have emerged as attractive alternatives to energy conversion or
storage systems because they are extremely effective and do not produce pollutants such as So,,
Knop, and CO,, especially when compared to fossil fuel-driven technologies such as combustion
engines (Dodd’s et al., 2015; Kim ef al., 2015). In addition, it can be argued that the high costs
involved in the commercialization of fuel cells may be partially overcome by the development
of new materials and fabrication processes. Fuel cells are generally classified according to their
operating conditions (e.g. temperature), their structure (e.g. scale of the system and application),
and the nature of the electrolyte used in the fuel cell. Five different categories of fuel cells have
been identified, each using a different electrolyte (see Table 9.1 and Fig. 9.1). Both the alkaline
fuel cells (AFCs) and molten carbonate fuel cells (MCFCs), for example, use only hydrogen (H;)
and oxygen (O,) as input fuels, with only water, heat and electrical current being emitted (i.e. no
fossil fuels in nor pollutants out).

Kim et al. (2015) prepared a review of polymer-nanocomposite electrolyte membranes for fuel
cell applications. From their analysis they concluded that given the design of suitable polymer

Table 9.1. Different types of fuel cells (adapted from Kim et al., 2015).

Category Type of electrolyte

Alkaline fuel cells (AFCs) Alkaline solution

Phosphoric acid fuel cells (PAFCs) Acidic solution

Proton exchange membrane fuel cells (PEMFCs) Polymer electrolyte

Molten carbonate fuel cells (MCFCs) Molten carbonate salt electrolyte
Solid oxide fuel cells (SOFCs) Ceramic ion-conducting electrolyte

169
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Figure 9.1. Different types of fuel cells (adapted from DOE, 2012).

composites it is possible to provide long-term durability and better electrical properties, such as
current density, of the polymer electrolyte membrane. The working principle of the fuel cell is
illustrated schematically in Figure 9.2. Currently, polymer electrolyte membrane fuel cells are
based on perfluorosulfonic acid membranes such as Nafion and Flemion, which have shortcom-
ings in terms of proton conductivity, durability, thermal stability, maximum power density and
fuel crossover, and cost. In recent years, the hybrid organic-inorganic composite membrane has
emerged as an interesting alternative. It provides a unique combination of organic and inorganic
properties, and overcomes the limitations of the pure polymeric membranes. Among the vari-
ous fuel cell systems, solid proton exchange membrane fuel cells (PEMFC) can be applied to
small-scale applications such as automotive, portable power generation, and stationary equipment
(Fig. 9.1 and Fig. 9.2). The power-generating system in PEMFCs is an electrochemical reaction
involving gases such as hydrogen, methanol and ethanol. The reactions occurring in the fuel cell
can be described as follows:

Anode: H, — 4H" +4e” 9.1
Cathode: 0, +4e~ +4H" — 2H,0 9.2)
Cell reaction: 2H, + O, — 2H,0 9.3)

The commercial and ecological benefits of renewable energies, such as wind, solar, wave and
geothermal, and their application to decreasing overall energy consumption have been critically
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Figure 9.2. Principle of polymer electrolyte membrane fuel cell (Kim et al., 2015).

assessed in recent articles (Goosen et al., 2014, 2016). Historical recorded accounts show long-
standing usage of, for example, geothermal water for bathing, cooking or space heating by the
Romans, Japanese, Turks, Icelanders, Central Europeans and the Maori of New Zealand (Lund,
2008). Similarly, early Greeks were the first to use passive solar design in their homes (Butti and
Perlin, 1980). Nonetheless, it is a worrying observation that over the past 40 years, renewable
energy sources have consistently accounted for only 13% of total energy use (Table 9.2). The
global energy structure is still dominated by fossil fuels and we can speculate that fuel cells could,
perhaps, better help to bridge the gap between renewable energy and fossil fuels.

Combining renewable energy sources with desalination systems has great potential for water-
scarce regions such as the Middle East and North Africa (Ghaffour et al., 2015; Goosen et al.,
2014, 2016). Renewable energy-driven desalination systems can be separated into two classes.
The first includes distillation processes, such as multi-stage flash, multiple-effect distillation, and
thermal vapor-compression, driven by heat produced directly by the renewable energy system,
while the second embraces indirect processes driven by electricity or mechanical energy, such as
reverse osmosis membranes and mechanical vapor-compression, produced by renewable energy
sources. In addition, there are hybrid systems that also show great promise with, for example,
geothermal brine being used directly in membrane distillation technology or to feed a solar still
(Bouchekima, 2003; Houcine et al., 1999).

Fuel cells have started to become attractive alternatives because they are extremely effective,
and in comparison to fossil fuel-driven technologies do not produce pollutants (Kim et al., 2015).
Besides fuel cell CHP systems, microbial fuel cells (MFC) may, for example, be employed
directly for water purification and electricity generation. However, these latter are currently
only functioning on a small scale and are not yet commercially viable, as far as the authors
are aware. In a recent review of the advantages and challenges of MFCs, Choi (2015) argued
that the next generation of sustainable energy could come from microorganisms, as indicated
by an upsurge in electromicrobiology, the study of microorganisms’ electrical properties. He
reported that MFCs are gaining acceptance as a future alternative renewable energy technology
and energy-efficient wastewater treatment method. In addition, Wang et al. (2015) reported in
another analysis that the generation of practically usable power is a critical milestone for further
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Table 9.2. Global primary energy use in exajoules [EJ], 1970-2006 (adapted from Moriarty and Honnery,
2009). In describing national or global energy budgets, it is common practice to use large-scale units based
upon the joule; 1 EJ =108 J.

Energy source 1970 1980 1990 2000 2006
Fossil fuels

Coal 64.2 75.7 93.7 98.2 129.4

0Oil 94.4 124.6 136.2 148.9 162.9

Natural gas 38.1 54.9 75.0 91.8 107.8
Total fossil fitels 196.7 255.1 305.0 339.0 400.1
Nuclear 0.7 6.7 19.0 24.5 26.6
Renewable 29.4 37.6 48.5 55.6 66.2
All energy 216.8 299.5 3724 419.0 492.9
Renewable [%] 13.6 12.6 13.0 13.3 13.4

MEFC growth and application. They concluded that establishing how to effectively and efficiently
harvest and utilize MFC energy remains a key challenge. Their review deliberated on the different
methods and systems that have been developed for MFC energy extraction and conditions for
practical use. It was clear that more work needs to be done to optimize MFC design, improve
harvesting efficiency, and reduce the cost. Wang et al. (2015) suggested that this was the main
bottleneck in MFC application development and should be a new frontier of research. Additional
information about fuel cells and how they can be employed as an energy source for desalination
may be found in Faisal et al. (2017).

The present chapter focuses on the development and commercialization of fuel cells and how
this may benefit the desalination industry. After a critical review of energy consumption reduction
in desalination, markets and challenges for fuel cell commercialization are discussed. This is
followed by a look at fuel cell efficiencies and manufacturers’ rated performance versus that in
the real world, as well as specific examples of automotive fuel cells and the need to meet cost,
performance and durability criteria. The chapter concludes with an analysis of the influence of
socioeconomic growth and industrial competition on the desalination industry.

9.2 THE NEED TO REDUCE ENERGY CONSUMPTION IN
THE DESALINATION SECTOR

There is a strong relationship between water desalination and energy consumption (Alyousef
and Abu-ebid, 2012; Goosen et al., 2016). Furthermore, for arid countries such as Saudi Arabia
there is an additional drain on energy resources since a large percentage of water consumed is
desalinated water, which also has to be conveyed over long distances to reach population centers
(Alyousef and Abu-Ebid, 2012). It can be argued that the significant increase in usage of oil
and gas for water and electricity production over the next two decades will severely reduce the
country’s income, thus affecting the government’s ability to subsidize electricity and water costs
(Bourland and Gamble, 2011). A summary of water production and demand in Saudi Arabia is
given in Figure 9.3a. Notably, it reveals that a major problem is the non-sustainability of the
water production and consumption cycle, with 81% of the water coming from non-renewable
groundwater and 80% of the consumed water being used for irrigation. For example, in 2008,
the primary energy production was 1366 TWh year™! (60% coming from gas and 40% from oil),
which was used to produce water and electricity (Fig. 9.3b). The demand for energy is expected
to double, reaching almost 2600 TWh year~! by 2030, because of an anticipated large increase
in population.
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Figure 9.3. (a) Water production and demand in Saudi Arabia; (b) growth of primary energy demand in
Saudi Arabia (Alyousef and Abu-ebid, 2012).

The two main desalination methods in general use are multi-stage flash (MSF) distillation and
reverse osmosis (RO) (Ghaffour et al., 2015). Power generation produces significant amounts
of heat which, if not utilized, will be discarded to the atmosphere. Such heat can be utilized in
desalination. Combining power generation with desalination gives higher energy efficiency than
generating electricity or desalinating water separately, with improved energy efficiency of 10 to
20%. Thus an effective policy is one which promotes the construction of cogeneration desalination
plants in which surplus heat can be recovered and used while at the same time generating electricity.
Alyousef and Abu-ebid (2012) maintained that in order to address the predicted growth in water
demand in Saudi Arabia, another 20 to 30 desalination plants will be needed by 2030, with a total
capital outlay of (US) $50 billion. One effective strategy for reducing energy consumption would
be to improve the efficiency of such plants, and an additional area where a contribution may be
made is in investigation of the possibility of developing fuel cell technology on a large scale for
energy production for desalination plants.

Novel technologies for addressing the problem of high energy consumption in desalination
have also recently been reported (Sahin ef al., 2016; Wan and Chung, 2016). For example,
a potential means of addressing the high energy intensity of traditional desalination plants is
the development of pressure-retarded osmosis (PRO) technology. PRO extracts the Gibbs free
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Figure 9.4. Energy recovery by pressure-retarded osmosis (PRO) in SWRO-PRO integrated processes (Wan
and Chung, 2016).

energy of mixing by allowing water to spontaneously flow through a semi-permeable membrane
from a low-salinity feed solution to a high-salinity draw solution against a hydraulic pressure.
The Gibbs free energy is converted to the hydraulic pressure of the diluted brine, which can
be further converted to mechanical energy by a pressure exchanger (PX) or to electrical energy
by a hydro-turbine (Fig. 9.4). While Helfer et al. (2013) concluded that PRO technology is
viable, they mentioned that a barrier to its widespread commercial development is the high cost
of PRO membranes. The authors claimed that although further investigations are still needed
to ensure the viability of PRO technology, this technical advance in desalination technology
is promising as a viable alternative for renewable energy production. In a related study, the
specific energy consumption of three processes involving seawater reverse osmosis (SWRO) was
scrutinized by Wan and Chung (2016), namely, SWRO without a pressure exchanger, SWRO
with a pressure exchanger, and SWRO with pressure exchangers and PRO (Fig. 9.4). The results
showed that the specific energy consumptions for these three processes were, respectively, 5.51,
1.79 and 1.08 kWh m~3 of desalinated water for a 25% recovery SWRO plant; and 4.13, 2.27 and
1.14kWhm™3 of desalinated water for a 50% recovery SWRO plant, using either freshwater or
wastewater as the feed solution in PRO. Whether these results can be translated into large-scale
commercial application remains to be seen. However, it does demonstrate the great potential in
energy savings available through combination of conventional with novel systems.

9.3 DEVELOPMENT AND COMMERCIALIZATION OF FUEL CELLS AND
HOW THIS MAY HELP THE DESALINATION INDUSTRY

9.3.1 Markets and challenges in fuel cell commercialization

Asnoted in a DOE (2012) article, the major markets for fuel cells are in stationary power, portable
power, and auxiliary power units. Around 75,000 fuel cells had been distributed worldwide by the
end of 2009 and a further 15,000 fuel cells were distributed in 2010. Companies such as General
Motors, Toyota, Honda, Hyundai and Daimler have revealed plans to start commercializing fuel
cell vehicles. However, there are a variety of challenges facing the widespread commercialization
of fuel cells (Fig. 9.5), ranging from system cost, durability and hydrogen storage, to system
integration and market transformation. It can be concluded that success in the application of
hydrogen fuel cells as auxiliary power units in the automotive industry, for example, will assist
in the translation of this renewable energy technology into desalination applications, particularly
in cases where small, remote or residential renewable energy sources are required.
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Figure 9.6. Cumulative number of fuel cell combined heat and power (CHP) systems deployed in three
major regions (i.e. Japan, South Korea and Europe) since the year 2000, showing historic growth (solid lines)
and near-term projections (dotted lines) (Staffell, 2015).

Stationary small-scale combined heat and power (i.e. micro-CHP) currently appears to be the
largest and most established market for fuel cells, according to a review by Dodds et al. (2015).
This scale of fuel cell is applicable to the residential family home or small commercial building in
the range up to 50 kW because it involves cogeneration of heat and electrical power. The authors
assert that local generation is more efficient since there is no energy loss due to long-distance
transport or as a result of heat transfer in local heating networks.

The commercialization of micro-CHP fuel cells has proceeded rapidly since their initial intro-
duction in 2009. As previously indicated, Staffell (2015) reported that nearly 60,000 systems were
sold in Japan during a four-year period from 2009 to 2013 and, as shown in Figure 9.6, Japan is
leading the way in terms of deployment, almost eight years ahead of South Korea and Europe.
However, according to Staffell (2015), all regional markets are roughly doubling in size each year.
This remarkable rate of development is expected to continue at least in the proximate future. As
an example, Figure 9.7 shows photos of an installed residential PEMFC and a commercial PAFC
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Figure 9.7. Photos of the Panasonic EneFarm residential PEMFC (left) and ClearEdge PureCell commercial
PAFC (right) (Staffell, 2015).

(Staftell, 2015). The Japanese administration has an objective of 1.4 million fuel cells installed
by 2020, and the European Union expects 50,000 systems to be in position by 2020. The question
now is how micro-CHP fuel cells can be employed to drive small-scale reverse osmosis systems.
This is one area where further research and development is needed.

9.3.2  Fuel cell efficiencies and manufacturer rating versus real-world performance

In an excellent paper, Staffell (2015) sets out the numerical methods and evidence of real-world
performance needed to compare fuel cells with other low-carbon technologies. It suggested that
the efficiency of present-day fuel cells is high enough to outperform the best electric heat pumps,
even when these are powered exclusively by the best modern power stations. The equivalent
COP (coefficient of performance) of fuel cells was more than comparable to the best ground
source heat pumps. The technical characteristics and performance of each fuel cell technology
are summarized in Table 9.3. Both electrical and total efficiency are relevant for CHP systems,
but electrical efficiency is the main focus as power is the more valuable output. Fuel cells offer
the highest electrical efficiency of any CHP technology, and even small, micro-CHP fuel cells
are at least equivalent to the best conventional power stations (Hawkes et al., 2009). The leading
SOFC systems at residential and larger scales have rated electrical efficiencies of 45-60%, and
total efficiencies of 85-90% (Foger, 2011). Fuel processing for PEMFCs incurs greater losses,
so electrical efficiencies are lower (with a maximum of 39%) but total efficiencies are higher
(i.e. 95%) (Nagata, 2013). European residential systems lag behind the leading Japanese and
Australian models, with current SOFCs and PEMFCs limited to 30-35% electrical efficiency
(Callux, 2013).

Surprisingly, in residential homes the efficiency of small PEMFC and SOFC systems was
found to be lower, by factors of 5 to 10, than in laboratory tests because of electricity consumed
by auxiliary systems, reduced part-load efficiency, energy for start-up cycles, and the dumping of
excess heat during summer (Staffell, 2015). For example, an SOFC system had a rated specifica-
tion of 90-96% total efficiency, a field performance of 84% but a real-world performance of just
16% total efficiency. In addition, higher efficiencies were achieved with higher heat demand or
power output (Fig. 9.8). For example, in the case of a PEMFC increasing from 40 to 80% power
output, electrical efficiency correspondingly increased from 70 to 95%.

9.3.3  Automotive fuel cells and the need to meet cost, performance and durability criteria

Debe (2012) reported that fuel cells powered by hydrogen from secure and renewable sources
are the ideal solution for non-polluting vehicles, and extensive research and development on all
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Table 9.3. Summary of fuel cell performance (adapted from Staffell, 2015).

Residential Commercial
Application PEMFC SOFC PAFC MCFC
Electrical capacity [kW] 0.75-2 100-400 300+
Thermal capacity [kW] 0.75-2 110450 450+
Electrical efficiency (LHV)? [%] 35-39 45-60 42 47
Thermal efficiency (LHV)? [%] 55 30-45 48 43
System lifetime [years] 10 3-10 15-20¢ 10¢
Annual degradation rate® [%] 1 1-2.5 0.5 1.5

4Rated specifications when new, which are slightly higher than the averages experienced in practice.
bLoss of peak power and efficiency.
‘Includes overhaul of the fuel cell stack halfway through its life.
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Figure 9.8. Electrical and thermal efficiency of residential CHP systems versus power output, normalized
against each system’s efficiency at full power; data from eight PEMFC and six SOFC systems (Staffell,
2015).

aspects of this technology over the past two decades has provided prototype cars. However, the
author noted that taking the step towards successful commercialization requires oxygen reduction
electrocatalysts, which are crucial components at the heart of fuel cells (as shown in Fig. 9.2).
In addition, these catalyst systems will need to be highly durable, fault-tolerant and amenable to
high-volume production with high yields and exceptional quality. Debe (2012) reasoned that a fuel
cell membrane electrode assembly (MEA) must satisfy three major criteria: cost, performance
and durability. The same challenges were noted in the DOE (2012) report. Debe (2012) articulated
that while the cathode oxygen reduction reaction (ORR) and anode hydrogen oxidation reaction
both occur on the surfaces of platinum-based catalysts, the cathode ORR is more than six orders
of magnitude slower than the anode hydrogen oxidation reaction and thus limits performance.
This means that virtually all research and development activity is directed towards this aspect.
The majority of current MEA catalysts are centered on platinum (Pt) nanoparticles dispersed on
carbon black supports. The negative aspect of this approach is the high economic price involved.

Minimizing costs by reducing cathode loadings without loss of performance or toughness is
the theme of most current electrocatalyst research (Table 9.4). Vehicle operation imposes severe
durability and performance constraints on fuel cell cathode electrocatalysts (DOE, 2012), because
of serious cathode degradation. Some of the countermeasures being developed are more stable
graphitized carbon, the use of catalyst supports that will not electrochemically corrode, and the
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Table 9.4. Development criteria for automotive fuel cell electrocatalysts (Debe, 2012).

Performance

e Must meet beginning-of-life performance targets at full and quarter power.

e Must meet end-of-life performance targets after 5000 h or 10 years operation.

e Must meet performance, durability and cost targets and have less than 0.125 mg PGM (platinum-group
metal) per cm?.

Corrosion resistance of both Pt & support must withstand thousands of start-up/shutdown events.
Must have low sensitivity to wide changes in relative humidity.

Must withstand hundreds of thousands of load cycles.

Must have adequate cool start, cold start and freeze tolerance.

e Must enable rapid break-in and conditioning (the period needed to achieve peak performance).

Materials

e Must have high robustness, meaning tolerance of off-nominal conditions and extreme-load
transient events.

e Must produce minimal H, O, production from incomplete ORR.

e Must have high tolerance to external and internal impurities (for example, Cly) and
ability to fully recover.

e Must have statistically significant durability, i.e. individual MEA lifetimes must enable over 99.9% of
stacks to reach 5000-hour lifetimes.

e Electrodes must be designed for cost-effective Pt recycling.

e Environmental impact of manufacturing should be minimal at hundreds of millions of square meters
per year.

Process

e Environmental impact must be low over the total life cycle of the MEAs.

e Manufacturing rates will need to approach several MEAs per second.

o MEA manufacturing quality must achieve over 99.9% failure-free stacks at beginning of life (one faulty
MEA in 30,000 for just 1% stack failures).

e Proven high-volume manufacturing methods and infrastructure will be required.

e Catalyst-independent processes will be preferred, to enable easy insertion of new-generation materials.

addition of oxygen evolution catalysts to the mix to clamp the potentials at the start of water
oxidation. Table 9.4 summarizes catalyst requirements and manufacturing considerations.

9.3.4 Influence of socioeconomic growth and industrial competition
on the desalination industry

Ziolkowska and Reyes (2016) examined the influence of socioeconomic variables, including pop-
ulation growth, GDP, crude oil price and water abstraction, on advances in the desalination area
over a 43-year period (i.e. 1970-2013) using the US as a case study (Fig. 9.9). Only popula-
tion growth and GDP were found to be statistically significant in defining the quantity of new
desalination plants and desalination capacity. The authors performed simple regression for the
four variables thought to influence the desalination sector (i.e. population growth, GDP, crude
oil price and water abstraction). The independent variables were found to have a higher impact
on the number of desalination plants than on the desalination capacity, even though in both cases
the statistical significance was given at the level of 99% (Fig. 9.9a to Fig. 9.9d). No significant
correlation was found between the desalination capacity and water abstraction or crude oil prices
(Fig. 9.9¢ and Fig. 9.9f). In addition, Ziolkowska and Reyes (2016) maintained that population
was found to be a more significant variable than GDP in terms of impact on desalination capac-
ity and number of desalination plants. At the same time, they argued that economic changes
and fluctuations in GDP are hard to predict since they depend on numerous internal and global
elements.

Gottinger and Goosen (2012), in attempting to gain a better understanding of a nation’s fiscal
development, assessed strategies of economic growth and industrial catch-up competition and
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Figure 9.9. Relationships between (a) desalination capacity and GDP; (b) number of desalination plants and
GDP; (c) desalination capacity and population; (d) number of desalination plants and population; (e) desali-
nation capacity and crude oil prices; (f) desalination capacity and community water abstraction (Ziolkowska
and Reyes, 2016).

their effect on the economic rise and decline of nations. We can speculate that these fiscal aspects
may affect the ability of governments to build and operate desalination plants. Gottinger and
Goosen (2012) noted that industrial competition among nations or regional economic entities has
been an essential driving force for economic growth. Rivalry, for example, can drive a state’s
standing, prestige, power and economic performance, thus allowing a country or region to get
ahead of its competition. Governments can support this competitive process by encouraging
entrepreneurship, fostering education and training, and by making it easier for companies to set
up new businesses, particularly in the renewable energy area.

A leading mechanism to sustain economic growth among nations lies in the industrial catch-up
processes among frontrunners and stragglers (Goosen, 2013). This is born out of a rivalry of
enhanced performance, and is comparable to competitions between teams in sporting events. The
competitive process may be of benefit in the renewable energy and fuel cell industry through
forcing improvements in the areas of technology, scaling up and marketing. Central features in
the catch-up process are the use by emerging states, such as the MENA countries, of knowledge
learned over the past few hundred years by developed states such as Europe, the USA and Japan,
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which can help set up or mimic industrial processes in desalination and renewable energy. If
executed successfully, this will save time and increase output. The second crucial component
described by Gottinger and Goosen (2012) is the need for emerging nations in the catch-up growth
stage to invest and save. This provides a fiscal buffer if there is a downturn in the economy. The
third element deemed vital is that states must sell what they produce on a global scale. For example,
novel fuel cell technology can be developed and commercialized in the Arabian Gulf countries
and must then be sold worldwide. If done successfully, this will ensure that a competitive product
is created and that it has a sustainable worldwide market.

Finally, significant increases in usage of oil and gas for water and electricity production over
the next decades will severely reduce incomes of countries that are located in arid regions and
that are dependent on fossil fuels. This will affect a government’s ability to subsidize electric-
ity and water costs and may influence regional stability (Goosen et al., 2013). Thus, there is a
real need to diversify the economy of such countries. It can be argued that rivalry or compe-
tition in the renewable energy and desalination industries should be seen as an opportunity to
create new commercial products and process that will enhance GDP. However, all of this must
be regarded as a joint effort between the private sector and governments. Writing on the indus-
trialization and economic development of Saudi Arabia, Al Mallakh and El Mallakh (2015) and
El Mallakh (1982) noted that governments normally see themselves as partners, not as competi-
tors, to private-sector producers. As in the catch-up process, the aim in the case of Saudi Arabia
is to raise production efficiency, with an emphasis on the possible creation of new products and
processes in the hydrocarbon-based industries. This, of course, includes fuel cell development
and commercialization.

9.4 CONCLUDING REMARKS

There is a critical necessity in the desalination industry not only to decrease energy demands
but also to make energy production less expensive. It can be reasoned that significant increases
in usage of oil and gas for water and electricity production over the next decades will severely
reduce the incomes of countries that are dependent on fossil fuels. This will affect such nations’
abilities to subsidize electricity and water costs and may affect regional stability. The strategic
development and commercialization of large-scale renewable energy technologies is thus crucial
in making states less dependent on fossil fuels.

In recent years, fuel cells have emerged as attractive energy-production systems because