ﬁ water m\py

Article

Fog Water Collection: Challenges beyond Technology

Manzoor Qadir '*, Gabriela C. Jiménez 2, Rebecca L. Farnum 3, Leslie L. Dodson 4 and
Vladimir Smakhtin !

1 United Nations University Institute for Water, Environment and Health (UNU-INWEH), Hamilton,

ON L8P 0A1, Canada; vladimir.smakhtin@unu.edu

Indigenous Affairs, University of Winnipeg, Winnipeg, MB R3B 2E9, Canada; gabbijimenez@gmail.com

3 Department of Geography, King’s College London, Strand, London WC2R 2LS, UK;
rebecca.farnum@kcl.ac.uk

4 Worcester Polytechnic Institute, Worcester, MA 01609, USA; lldodson@wpi.edu

*  Correspondence: Manzoor.Qadir@unu.edu; Tel.: +1-905-667-5877

check for
Received: 22 February 2018; Accepted: 20 March 2018; Published: 24 March 2018 updates

Abstract: The Sustainable Development Goal (SDG) 6, calling for access to safe water and sanitation
for all by the year 2030 supports the efforts in water-scarce countries and regions to go beyond
conventional resources and tap unconventional water supplies to narrow the water demand-supply
gap. Among the unconventional water resources, the potential to collect water from the air, such as
fog harvesting, is by far the most under-explored. Fog water collection is a passive, low maintenance,
and sustainable option that can supply fresh drinking water to communities where fog events are
common. Because of the relatively simple design of fog collection systems, their operation and
maintenance are minimal and the associated cost likewise; although, in certain cases, some financially
constrained communities would need initial subsidies. Despite technology development and
demonstrated benefits, there are certain challenges to fog harvesting, including lack of supportive
policies, limited functional local institutions, inexpert communities, gender inequality, and perceived
high costs without undertaking comprehensive economic analyses. By addressing such challenges,
there is an opportunity to provide potable water in areas where fog intensity and duration are
sufficient, and where the competition for clean water is intensifying because water resources are at
a far distance or provided by expensive sources.

Keywords: water scarcity; unconventional water resources; atmospheric water; water policies and
institutions; gender mainstreaming; community development; sustainable development

1. Introduction

Freshwater scarcity has increased over time [1,2] and is expected to further intensify [3,4], due to:
uneven distribution of water resources and population densities; increasing demand for water due to
population growth and mobility; changing diets; impacts of social change and economic growth on
consumption preferences and lifestyles; and, changing climate and rainfall patterns [5,6]. A plethora
of options are available to improve water-use efficiencies and productivity [7], but these may not be
sufficient to make the conventional water resources—surface water in rivers and lakes, reservoirs, and
aquifers—to meet the human needs in many water-scarce areas. Thus, water-scarce countries, regions,
and communities should increasingly consider alternate, unconventional water resources in order to
narrow the water demand-supply gap [8], as water scarcity forms a risk to the global economy [9] and
water is increasingly considered as an instrument for international cooperation to achieve sustainable
development [10].

Among the various unconventional water resources, the potential to recover water from air is by
far the most under-explored. As part of the natural global water cycle, at any given time, the amount
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of water in the atmosphere is 12,900 km3, which represents 0.001% of total water and 0.04% of
freshwater existing in the planet [11]. Under specific conditions, the air at ground level may contain
fog, which refers to the presence of suspended liquid water droplets with diameters typically from 1
to 50 um [12]. Fog originates from the accumulation and suspension of these tiny droplets of water
in the air, creating masses of humid air over land or sea. As an important source of water in desert
environments, fog collection is achieved by the collision of suspended droplets on a vertical mesh,
where they coalesce, after which the water runs down into a collecting drain and a tank or distribution
system [13].

Gathering atmospheric moisture is far from a new idea: evidence shows that the original
inhabitants of the Canary Islands dug holes under trees with large foliage to collect fog water
condensing on leaves [14]. While the general concept can thus be found in indigenous heritage
and practice, 20th- and 21st-century technologies have enabled fog harvesting to be considered in
more systemic, mainstream water supply approaches. Modern fog interception technology was first
introduced in the mid-20th century [15], and there have been major developments in fog collection
systems in recent decades. One of the earliest documented experiments that was aimed at determining
the volume of fog deposition was undertaken from 1901 to 1904 in South Africa, in order to investigate
the feasibility and productivity of fog as a natural supplement to otherwise limited water resources [16].
The volume of fog water that was intercepted was measured with two rain gauges—one was left open
in the usual manner, while a cluster of reeds was suspended above the other gauge [16]. Later studies
focused on the material composition of fog collection nets and their sizes, direction, and angle of
installation of fog collectors, wind intensity, and climate and topography of the area. A timeline on
the history of several fog and dew water collection methods that were practiced in arid and semi-arid
areas is available elsewhere [17].

While local communities continue to collect fog and dew in a multitude of ways using
custom-made materials or ancient techniques, the most readily available devices are Standard Fog
Collectors (SFC) and Large Fog Collectors (LFC), which are made up of polypropylene mesh nets,
usually Raschel nets. One unit of the SFC has an area of 1 m X 1 m (1 m?), while the size of LFC varies
from 40 m? (4 m x 10 m) to 48 m? (4 m x 12 m) per unit with the ratio of width to height for the
fog collection mesh around 2.5-3.0 [18,19]. In areas where Raschel nets are too fragile to withstand
heavy wind loads, other fabrics and configurations have been put in place. For example, an array of
three-dimensional spacer fabric is being used as a replacement for Raschel nets that tore in the harsh
environment [20]. The number, size, and type of fog collectors to be installed in a specific location
depends on the fog characteristics, such as fog thickness, duration and frequency of occurrence, as well
as the climate and topography of the area, water demand, and financial and human capacity of the
associated community to run and maintain the fog collection system.

With different dimensions of fog water harvesting research and practice, extensive reviews
are available on the history, characteristics, and technical features of fog collection [21-23]. Beyond
technological developments, the information on trade-offs of policy and institutions, economics,
education and capacity building, community participation, and gender equity aspects of fog water
collection is scattered and fragmented. These aspects are the focus of this paper.

2. Economics of Fog Collection

The costs of a fog collection system are usually expressed in terms of per m? of the mesh installed
for fog collection. The cost of commonly used two-dimensional Raschel mesh fog collection systems
may range from $25 to $50 per m? of mesh [19,24,25]. For example, for a LFC with mesh size of 40 m?,
the cost may range from $1000 to $2000, with the cost ranging between $1200 and $2400 for mesh size
of 48 m2. However, these costs depend on the type of material (mesh), as well as piping, water tanks,
and other equipment and supplies that are used in a fog collection system, and its availability and
price in the area. In places where low-cost material is suitable and available for fog collection systems,
the cost could be lower than the above estimations. For example, in Dar Si Hmad’s Fogwater Project
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in Morocco, the cost per LFC (40 m?) for Raschel mesh nets was estimated at $200 per unit [26];
ie., $5 per m? of mesh, which is one-fifth of the estimated $25 per m? of mesh. The economics of
the high-efficiency three-dimensional (3-D) spacer fabric nets are radically different as the fabric is
substantially more expensive ($830 per m?) than simple Raschel nets; but, are expected to produce
double or triple the amount of water collected and to resist harsh environments, such as winds around
120 km h~! [27,28]. The selection of mesh depends on its durability, price, availability, and water
draining properties. In addition to material price, labor availability and associated expenses also affect
the cost of establishing fog collection systems [29]. The cost of large fog collection systems would
increase significantly if labor to build the systems is not volunteer or is subsidized [19,24].

Because of the relatively simple design of fog collection systems, their operation and maintenance
are minimal and easy to manage, and the associated cost, likewise. Although permanent operators
are not typically required due to the passive nature of the system, there would be a need for periodic
maintenance and monitoring to make sure that system efficiency is preserved. The maintenance
includes inspecting meshes, wires, and distribution systems, as well as repairing minor tears or
ensuring that the collection system is free of any type of surface dust-accumulation or algae growth [23].
The cost of operation and maintenance depends on the local cost of labor, number of fog collectors,
and specific repairs that are needed. The expected lifespan on the fog collector system ranges between
5 to 10 years for Raschel-based net systems while high-efficiency 3-D spacer fabric nets may last for
more than 20 years.

While considering the cost of water collection from fog, it is important to compare it with the
cost of other sources of water that are available to the communities. For example, the prices charged
for water in six cities of the Atacama Desert in northern Chile in 2011 ranged from $1.96 to $3.06
per m? [19]; while in Eritrea, prices fluctuate between $1.7 and $3.3 per m® [24]. Because of the large
variation in the material and labor costs, presence or absence of subsidies, and the efficiency of fog
collection systems in different locations, there will inevitably be a wide range of costs that are associated
with producing water through fog collection: $1.4 per m? to $16.6 per m? (Table 1).

It is important to compare the cost of producing water from fog, but equally important is the fact
that such costs cannot be compared with some other sources of water, such as desalination plants,
because of the differences in scale of the two technologies. Additionally, fog harvesting technologies are
resource-intense during the installation phase, but then require very little maintenance or additional
resources, while systems like desalination and wastewater treatment require the continuous input of
energy, chemicals, and labor.

Table 1. Cost of producing a cubic meter of water from fog collection ($ per m®) using Large Fog

Collectors (LFC).

Type Cost ($/m3) Specific Information Reference
LFC 16.6 No subsidy; distribution, storage and labor costs [24]
LFC 5.7 No subsidy; distribution, storage and labor costs [19]
LFC 2.5-3.0 Volunteer labor; production and distribution costs [30]
LFC 2.5-3.0 Volunteer labor; production and distribution costs [29]

Eiffel LFC 1.9 Production and maintenance costs. [23]
LFC 1.4-1.6 Volunteer labor; production and distribution costs [24]

It is important to note as well that even when water has been collected from nearby wells or
cisterns without direct financial barrier, the cost has often been paid in the form of women'’s time, labor,
and poor health. Besides satisfying water demand in water scarce areas, the value of fog collection
projects is also reflected in the form of social and human capital, and by the marked reduction in
the time that is spent on water collection and transportation from long distances [30]. Other indirect
economic benefits are associated with relief from paying private water providers, avoiding exposure
to waterborne diseases that are related to conventional storage and distribution systems, and the
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potential to use the increased water and time availability on other income-generating activities. In this
way, fog harvesting systems may effectively pay for themselves over time. However, the technologies
and materials generally involve a high start-up cost. In certain cases, communities will never have
adequate cash flow to afford the materials and the installation of a fog water collection system. Thus,
subsidies, or at least short-term loans, may well be required by low-income communities to implement
fog harvesting, as it was the case in Falda Verde, Chile, where the community was highly supported
by multiple stakeholders [31,32]. Ensuring that these subsidies or short-term loans are available and
well targeted would be the key for fog water collection as a sustainable unconventional water source.

3. Community Development and Gender Equity and Equality

Although the technology of fog collection is not complex, it needs the involvement of the
associated communities from early stages of the project. By engaging community members from
the planning stage, throughout the installation and operation of the fog collection systems, a project
team contributes to community capacity to operate the water collection system in a sustainable
manner. Addressing community perspectives on fog harvesting can support the acceptance,
improvement, and possible adaptation of the technology to community needs. Thus, an effective
local implementing partner, such as a related government institution, a community-based organization,
a non-governmental organization or a suitable combination of them, should be in place to assist the
community with implementing the fog collection system and technology transfer. The local partner(s)
must be committed for a period after the system is handed over to the community to provide occasional
technical support when the community may need assistance that is beyond their means. Studies have
demonstrated that fog collection technology works effectively at a local level when a high sense of
ownership has been created by community involvement and sensitization [17].

There are examples of effective community-based fog collection systems. In a fog water collection
project in Tojquia, Guatemala, there are currently 28 LFCs that are producing a daily average of over
5 m? (5000 L) of clean water for 27 families, benefiting 127 people and their animals. The approach of
providing individual LFCs for families has proven to be a sound methodology for Tojquia area [33].
There is community-based support towards maintaining LFCs at the household level [34]. Owing to
community involvement, all of the original LFCs from 2006 are still operational. The water is stored
in new 3 m3 water tanks on the families’ own property, which is a short distance from the house.
There is a waiting list of families who wish to have their own fog collector systems [33]. Contrary to
this, lack of, or limited, community involvement resulted in the partial or complete failure of the fog
collection systems at other places, such as Serra Malgagueta, Cape Verde; El Tofo and Padre Hurtado,
Chile; and Pachamama Grande, Ecuador; among others [17]. Socio-political instability also interferes
with the implementation of fog water collection systems, which can prevent external investments and
discourages volunteer work [35,36].

Recently, the participatory approach towards implementation of engineering projects is gaining
substantial traction. While funding organizations are needed for the initial investment and continuous
monitoring of activities and financial aspects, direct user’s actions and commitment can help
make projects sustainable over time [31]. Participatory project management can positively affect
the financial, social, and human capital of the community. Family’s financial capital may increase
business, work and trade opportunities [29]; community’s social capital may increase with the
improvement of collaborative work and communal values; and human capital may be positively
affected by improvements in health, education, and capacity building, either in water-related sectors
or other learning opportunities. This evinces the need for strong community engagement in fog water
collection projects.

Furthermore, the pursuit of gender equality and gender mainstreaming are often key to the
sustainability of fog collection systems. Rosato et al. [37] reported that ensuring women'’s participation
and capacity building led to the proper operation and maintenance of the fog collection system and its
sustainability in the long-term project in the Western Highlands of Guatemala. To overcome cultural
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challenges and to support gender mainstreaming, the project team developed relationships with the
community prior to the initiation of the project and incorporated women in all culturally accepted
activities that are related to fog water collection and use. Women in the community had traditional roles
as caregivers responsible for cooking and other domestic duties, thus the team and the male members
of the community recognized and respected the importance of women’s participation in the project.
As they became familiar with the project, women were increasingly involved in the fog collection
duties that they were comfortable with, including management activities and other decision-making
actions, as they have extra time to assume new tasks. They were also happy to undertake these tasks
as their contributions were recognized by the community at large.

The world’s largest fog water collection and distribution system is in Southwest Morocco,
in the Anti-Atlas Mountains near Sidi Ifni. Local non-profit organization Dar Si Hmad operates
the system, which has involved a decade’s worth of meteorological observation and partnerships
with a variety of overseas researchers and engineers [20,38]. From the project’s outset, women and
children were identified as the key beneficiaries. In the project area, water collection is primarily
the responsibility of women and girls who previously spent several hours each day collecting water
from depleted and polluted wells. Thanks in large part to the involvement of community members
in different phases of the project execution, along with local training about how the system and the
associated processes work, and attention paid to the cultural, spiritual, and physical meanings and
the experiences of fog, the increase in water availability to the community has resulted in multiple
benefits [39]. Since the installation of pipes with running water directly to homes, the organization has
observed improvements in public health, community stability, and increased livelihood opportunities.
A key outcome has been the transformation of women'’s duties, with a decrease in time spent for
water collection. This has enhanced the chances for women to do other tasks, for girls to remain in
school, and it has increased women’s participation in natural resource management and enabled the
implementation of a water, sanitation, and hygiene awareness program for women and children [26].
Long-term benefits have yet to be fully evaluated, given the project’s timescale, but are being monitored
and are expected to produce more systemic changes in the communities. The organization and
affiliated researchers are currently collecting data on demographic changes, water consumption
levels, well water levels, and changes to the built environment. In 2016, the project was awarded the
Momentum for Change Lighthouse Award by the United Nations Framework Convention on Climate
Change (UNFCCC) at COP22 for its sustainable progress in women’s empowerment and climate
change adaptation [40].

When considering the social and cultural sensitivities in a community-based fog water collection
system, it is important to consider several factors that may affect gender roles and responsibilities,
along with other issues that are related to equity and mainstreaming, such as lifestyles and customs,
education status and presence of educational institutions, poverty levels, health conditions, economic
activities, and the distribution of workload for male and female segments of the community to do
time-consuming and laborious water collecting tasks.

4. Education and Capacity Building

Although fog collection systems are based on relatively simple designs and their operation and
maintenance are minimal and easy to manage, their sustainability also depends on sound professional
support during the planning, financing, implementing, and regulatory stages of a project. This is
important as fog collection systems are community-based, and community members are usually not
fully knowledgeable of the basics or the specific operational aspects unless their capacity to manage
these systems independently or with minimal support is developed [24]. As an example of effective
capacity building and progressive handover, after ten years of fog collection in Tojquia in Guatemala,
the community created a water committee that was elected by the community members. The committee
is responsible for the operation and maintenance of the fog collectors and communication with the
community and external organizations that are involved in the project [41]. This knowledge transfer
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between stakeholders is crucial, and it applies to both male and female segments of the community,
as all are usually involved in fog collection and system’s management. Therefore, it is appropriate to
run capacity needs assessment of the local community and local institutions, followed by need-based
capacity development.

Some NGOs, which are working on multiple projects around the world, accept volunteers to
train local communities and institutions to implement fog water harvesting projects [42]. Given the
current technological developments and access to mobile networks, it is important to highlight the
role of communication technologies to support training and capacity building activities. In Dar Si
Hmad’s Fogwater Project in Morocco, ICT4D (information and communication technologies for
development) have been used to track fog patterns and monitor the distribution system [39].
Furthermore, low-literate women were trained to use their mobile phones to send maintenance
requests. These activities paved the way for literacy workshops using the phone as learning tools.
The resulting infrastructure and community partnerships have had further positive impacts through
the establishment of a children’s water and environmental education school and an e-learning program
with rural youth. Such integration increased the local functional and technological literacy rates and
incorporated a scientific perspective in water management by combining community participation and
engineering innovation to serve the local water needs for marginalized rural Berber populations [26].

5. Policies and Institutions

Despite the growing importance of fog water collection in fog-prone dry areas, its potential has not
been fully explored in water scarce regions due to several governmental and institutional constraints
and challenges. Among them is a lack of national water policies and action plans that consider fog
water collection as a means of addressing local water shortages in water scarce areas where there
is abundant fog. Where available, most national water policies and action plans do not mention
atmospheric moisture harvesting on the public policy agenda. In addition to the lack of emphasis
on fog collection as one policy constraint, there are institutional and human capacity challenges that
are contributing to the slow uptake of the potential of fog water collection. Consequently, for the
successful implementation of research-based technical interventions for fog water collection systems,
there is a need to promote flexible policy frameworks with gender responsive policies, while also
enhancing human and institutional capacity to maximize the benefits from fog collection in dry areas.

To achieve successful implementation of fog water harvesting projects and their sustainability in
the future, it is necessary to integrate the local institutions and associated communities as stakeholders
to promote their involvement and commitment. Government bodies or non-government organizations
are needed to support these projects and to provide leadership to develop and operate fog water
collection projects along with community participation until the community is ready to take over the
control and management of the project. However, the timeframe from project inception to completion
and handover to the local community depends on the project dynamics, such as the status of technology
transfer and need for technical assistance, the level of local community satisfaction of the project’s
outcome, and the community’s ability to manage the project without much external supervision.
For example, the transfer of project control to the community without required management capacity
could cause system malfunctions and lead to disappointment and a lack of motivation to continue
with the project. Instead, local institutions can extend the time that it takes to implement and transfer
a project to the local community only once the required level of skills and motivation are reached,
and the adequate sustainability training and capacity are in place [30].

A major cause of underperforming or failed fog water harvesting projects is weak institutions
coupled with limited inter-institutional collaboration that is reflected through largely unclear and
overlapping responsibilities. This situation can be further aggravated by the lack of strong involvement
and commitment by local communities in the operation and maintenance of the fog collection
systems [43]. The planning and initial stages of projects are usually supported by external organizations
that rely on local institutions with required expertise and involvement in the activities to ensure
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sustainability over time. Therefore, project teams should be composed of community members
alongside of experts with technical and financial knowledge to support the biophysical aspects of the
project, as well as professionals with social science backgrounds to address the social and cultural
aspects with beneficiary communities [17].

Multiple stakeholders would benefit from fog water harvesting, while contributing to the
achievement of SDG 6. Beyond local institutions, NGOs, and communities, some international NGOs
and foundations—FogQuest (http:/ /www.fogquest.org/), Creating Water (http://www.creatingwater.
nl), Wasserstiftung (http:/ /www.wasserstiftung.de/)—are studying, testing, and implementing fog
water collection systems in different parts of the world [26]. As well, some companies have been
working on the mesh designs, various coatings, and other materials [29,44], and academia continue
researching innovative theoretical and practical options to improve efficiency and reduce costs [45,46].

6. Conclusions and Future Perspectives

There is an increasing number of cases using fog water collection as a community-based
intervention to address local water shortages in areas where fog events are frequent. Besides a range
of social, cultural, and livelihoods benefits for the associated communities through improvement
in their quality of life, fog projects also have the potential to support greater gender equity,
gender mainstreaming, and multi-stakeholder involvement with and between local governments,
communities, NGOs, and professionals. As well, in addition to low operational and maintenance costs
in providing water that meets drinking quality standards, fog water collection is an environmentally
friendly intervention that does not rely on energy consumption; i.e., fog water harvesting is a green
technology. Such water collection options provide ecosystem services as well [47].

As a water source, fog water collection has biophysical and socio-economic challenges. It cannot
be used in all dry areas, but only in specific zones where the topographic and geographical conditions
drive fog intensity and duration substantially enough to provide water to local communities.
Where meteorological conditions are conducive, it can be a sustainable and cost-effective means
of providing water for human and ecosystem needs. On the socio-economic front, low-income
communities need initial subsidies or loans. The analyses of long-term economic benefits suggest
that the start-up costs are worthwhile insofar as water is a fundamental human right and health and
dignity are of incalculable importance.

Furthermore, cultural barriers and socio-political instability often restrict the participation of
local communities, especially women, in decision-making processes. Lack of capacity building and
planning for sustainability can directly impact on fog collection equipment life and efficiency as well
as overall project implementation. These factors make it vital to include diverse local stakeholders
and authorities from the beginning in order to maximize potential direct and indirect benefits (such as
spin-off projects). With a comprehensive approach to overcoming these challenges, investments in
a new fog water collection system can help to address community concerns. Equity aspects, other than
gender equity, are also important, as these communities are typically isolated and vulnerable and
an additional water source can improve their resilience.

As global efforts to achieve sustainable development advance, fog water collection has the
potential to contribute to water-related efforts to achieve SDG 6 targets in water-scarce areas by the
year 2030. The wider application and scope of fog water collection systems may go beyond the SDG
6 to apply to other sustainable goals. For example, in urban areas, smog (a mixture of smoke and
fog in the air) is emerging as a significant air quality challenge, impacting respiratory systems and
overall human and animal health, and threatening human lives by increasing the chance of vehicle
accidents due to low visibility [48]. Smog interception using fog collectors may be utilized to decrease
air pollution in smog-prone areas. This would offer smog collection as complementary to the use of
cleaner-burning fuels in industrial, residential, and commercial sectors, and fuel-efficient vehicles.
In this way, fog collection systems would also contribute to SDG 3.9 to reduce the number of deaths
and illnesses from air pollution and contamination; and, SDG 11, which focuses on making cities
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and human settlements safe, resilient, and sustainable. In addition, implementation of fog collection
systems can contribute to SDG 5 addressing gender equality and empower all women and girls.

The needed paradigm shift from an attitude that considers water scarcity as a permanent and
chronic challenge in remote water-scarce areas, to one that looks beyond conventional water supplies,
is an outstanding backdrop in which to address the problem of local water scarcity. Thus, this is
the time to explore and harness the full potential of fog water collection in water-scarce countries
with frequent fog events in specific areas. This can be triggered by (1) revisiting national water
management action plans and assessing the value that fog water collection brings; (2) undertaking
situation analysis to achieve the maximum potential of fog water collection vis-a-vis associated
economic, societal, social, environmental, and health trade-offs; (3) updating national water policies
and budgets, water pricing, and subsidies options, and cost recovery mechanisms to include fog
collection systems; (4) building capacity in local water institutions and communities to support
community based implementation of fog collection systems; (5) facilitating associated communities
by implementing participatory actions and projects, and considering social and cultural sensitivities,
gender roles and responsibilities, lifestyles and customs, education status, poverty levels, and economic
activities; (6) establishing a base of fog harvesting knowledge and best practices, identifying and testing
innovations, and showcasing functional examples to inform policy makers for supportive actions and
investment decisions; and, (7) undertaking public awareness activities to encourage uptake of fog
collection systems in areas with potential for fog water collection.
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