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1. Introduction
The planet Earth’s surface is composed of 70% water, but almost all of that liquid is seawater
and undrinkable. As our population grows and temperatures rise, the global water crisis make
cities vulnerable and unsustainable. According to the Joint Monitoring Programme for Water
Supply and Sanitation (2015), half of the world will be living in areas where water is not easily
available by 2025, while other reports show that global water shortages pose a threat to national
security. There is a high alertness on the availability of water resources, uncertainty related to
climate changes, which is exacerbating the risks associated with variable precipitation patterns,
droughts, and extreme weather events. Many countries already began to experience,
direct/indirect negative effects on the hydrological cycle (Distefano and Kelly, 2017 and Stein
et al., 2016). Among numerous factors influencing water demand, one of the greater stresses
applied to water resources is related to population growth and urbanization.
According to the Water Exploitation Index (in which values above 20% and 40% exploitation
indicates stress and severe stress, respectively), many Mediterranean countries are yearly using
up 20% of their long-term resource supplies (EEA, 2016). Due to pressing and evident
environmental challenges, there is a need to characterize, monitor, forecast and transform the
current linear paradigm of urban economies. With high levels of urban resources and water
consumption, cities are vulnerable due to their dependency on a global hinterland. As cities
continue to grow both in territorial and economic aspects, their vulnerabilities also increase
while their resilience decreases. The Urban Metabolism approach can help to address these
major environmental challenges by better understanding these complex interconnections
between an urban area, its economy, its resource requirements and pollution impact (Wolman,
1965). This evaluation is an important aspect to identify the nexus between environmental
degradation, socio-economic behaviors of citizens and urban form. Through nature-based
technological solutions, monitoring and evaluation of resource flow, cities can shift from a
centralized government to a more sustainable decentralized resilient society.
This study proposes an innovative methodology to integrate the unexplored fog harvesting
technology – that allow water collection from fog masses – within urban environment, to
understand and tailor the circularity of a city based on geography and climatic characteristic
conditions. The outcomes provide fog harvesting design guidelines and policy
recommendations at the building level using real case scenarios in the urban built environment,
with reference to the Italian context of Emilia Romagna (Northern Italy).
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2. Fog harvesting state-of-the-art technology and design

Soft skins for the built environment

Fog is often present in temperate regions, where in Italy it is characterized by its nocturnal
formation, configuring the radiation fog type. Fog is made up of water droplets, 1 μm and up to
40 μm in diameter, suspended in the air (Schemenauer and Cereceda, 1994). Fog is also known
for being able to provide both clean water (Schemenauer, Cereceda and Osses, 2015) and an
environment for aggregation of air pollutants and microbiological life (Fuzzi, Mandrioli and
Perfetto, 1997), all depending on pollution levels and on the ecosystems of given area.
According to Domen et al., 2014, fog can form and dissipate in the arc of a few hours, and
sometimes can persist over many days or weeks. In the majority of cases, the shape and
arrangement of fog collectors make use of similar harvesting design processes. As shown in
Figure 1, the process functions through a simple surface impaction process, where fog droplets
are carried by the wind and are intercepted while the air passes through the mesh. Minute fog
droplets coalesce and form larger water droplets on the mesh fabric – the most diffused for fog
collection purpose is the raschel mesh – and trickle down into an attached gutter. In this way,
water can be collected, stored and later used.

Figure 1: Fog collector schemes: a) Semi-rigid large fog collector, b) Multi-modular funnel large fog
collector. c) Rigid two-dimensional collector, d) Macro-diamond collector, e) Rigid composed fog collector,
f) Cylindrical mesh and wires fog collectors; g) fog droplet collection process (Morichi, 2017).

Soft skins

The water collection rate depends on many factors, related to fog characteristics or influenced
by the mesh properties. Some fog-related parameters are the frequency of fog events
(days/month or days/year); the duration of single fog events (hours/day, or hours/fog event);
the moisture content of the fog (more precisely Liquid Water Content, LWC); wind speed,
which is crucial for collection (Schemenauer, Cereceda and Osses, 2015). In the Chugungo
(Chile) Large Fog Collectors yielded an average of 3L/m² per day of mesh area (Schemenauer,
Cereceda and Osses, 2015) while in Oman, magnitudes of 30L/m²/day were achieved.
Among fog-catchers, related parameters are (Fernandez et al., 2018; Rajaram et al., 2016) the
size of the filaments and pores in the nets; the size of the holes between those filaments; the
coating applied to the filaments.
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Past scholars have designed collectors with flat, rectangular plastic nets and supported with
cable posts or wooden structures arranged perpendicularly to the direction of the prevailing
wind and others have scientifically design mathematical equations to measure fog collector
efficiency (Ritter et al., 2008; Imteaz et al., 2011). Scientists have discovered that the most
productive geographic conditions to implement fog water harvesting are found in mountains,
valleys and coastal regions where the wind moves clouds over the surface of the ground
(Gandhidasan et al., 2018; Regalado and Ritter, 2016). Figure 2 illustrates fog harvesting
studies implemented in numerous countries around the world.

Figure 2: Worldwide fog harvesting applications. (Morichi, 2018)

3. Method
The study is composed of an extensive literature review on water, particularly emphasis on fog
harvesting as an unexplored science in research that can be used as a secondary solution in cities
to preserve, conserve and monitor water consumption (urban metabolism assessments) in
unrepresentative areas with little to no access to water. The research is developed in three
phases: 1) Material flow analysis data collection method pyramid model and assessing material,
energy and pollution 2) Clustering and multi-parameters optimization techniques (guidelines).
3) Nature-based fog harvesting membrane design solution. Identifying the appropriate business
model to a circular economy can create a more feasible, transparent and adaptive approach to
the metabolic profile of cities while designing healthier public policy strategies. Figure 3,
illustrates an urban metabolism approach using the Material Flow Analysis Metabolic Scan
Pyramid Process which composes of the study method process in five steps (Fernandez, 2018):
1) Definition of study area, intervention area, available data, aim, and scope;
2) Metabolic characterization of the study area: scale and system boundaries;
3) Identification and characterization of the metabolic impact;
4) Evaluation of the proposal of and alternative scenarios;
5) Potentiating the metabolic efficiency using mitigation and adaptation policy actions.
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Soft skins for the built environment

Figure 3: Material Flow Analysis Metabolic Scan Pyramid Process Diagram for Pavia and Piacenza
(Fernandez, 2018).

4. Fog harvesting in Italy’s Po Valley region

Soft skins

The Po River Valley region is located north of Italy and hold the highest quantity of radiation
fog, which stretches from Ravenna to Torino, Italy. Italy’s Po river valley is frequently cited as
one of the foggiest regions on the planet (Mariani, 2009; Fuzzi et al., 1996), despite its generally
low wind speeds. Vicinity of strong economic centers, high population density but a still (yet
strong) fog presence altogether may not represent an ideal scenario of intervention - at least
according to traditional fog harvesting techniques. According to Calixto (2018), alternative fog
harvesting may be a solution for the Po valley region. Exploring a combination of artificial
wind generation (to compensate for the region’s weak winds) and the usage of high-efficiency
Periodic-roughness Conical Copper Wires Calixto proposed a novel design fog harvester
approach (Dynamic Fog Collectors) that enhances water collection by several magnitudes.
An important difference between the state-of-the art in rural-based fog harvesting and this
urban-integrated fog harvesting proposal is ownership. Traditionally, villagers themselves
owned fog collectors and provided maintenance, of which they extracted their water for daily
use. Ownership is to be granted to local regulatory water bodies, public in nature that will be in
charge of the maintenance and quality of the installations. The urban furniture nature of the fog
harvesters mean that their overall appearance must have an aesthetic appeal, so to not cause
visual disturbances for citizens.
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5. Fog-harvesting strategies for the provinces of Parma and Piacenza, Italy
Emilia Romagna is a foggy region located in the north of Italy, between the Po Valley River
and the Apennine Mountains, of which the Province of Bologna serves as its capital. The Emilian
provinces of Parma and Piacenza have experienced a number of droughts, and problematic
wastewater management systems due to heat waves that have intensified the evapotranspiration
phenomenon. Major efforts have been invested to obtain a state of emergency declaration (June
2017), which has allowed an 8.65 million euros budget to be made available for helping to meet
water supply requirements in the provinces of Parma and Piacenza.
According to Agenzia regionale per la Prevenzione, Ambiente e Energia (ARPAE), and Emilia
Romagna representatives, there is a situation of emergency regarding water in northern Italy
following a Mediterranean trend of rising temperatures and decreasing rainfall. Figure 4
demonstrates the Southern Europe percent of normal precipitation and extreme maximum
temperature in alarming digits. A number of structural measures have been situated in order to
counteract or at least attenuate the consequences of the drought and climate change.

Figure 4: Southern Europe percent of normal precipitation and Southern Europe Extreme
Maximum Temperature (°C) July 9-15, 2017 (NOAA, 2017)

In Emilia Romagna, water consumption has significantly decreased after the economic crisis of
2008, however, in 2015 water consumption slightly increased. In 2010, a Bolognese family of
3 people per household consume on average 130m3 per year which total 200.02 euros/per year
and 0.55 euro per day, respectively (Gruppo HERA, 2014). Thus, water remain a cheap
commodity to Emilia Romagna citizens. The municipality of Bologna is among the most active
regions in developing awareness on the water consumption levels through the EU Blue AP
initiative. As a result, there is room for improving the behaviors and educating consumers on
the use of water consumption dangers and environmental health impacts.
In the last century, the Mediterranean basin has experienced up to 20% reduction in
precipitation (Trigo et al., 2004; Arnell, 2004). This has put tremendous pressure on social
policies, population, economies, and water supplies in these areas, as water trends are expected
to worsen with increasing demand for water and reduction in rainfall in the region. Thus,
reducing the water consumption from the existing water infrastructure network by using other
water sources (water from air) may help reducing energy consumption, logistics and carbon
footprint from the tertiary, agriculture, urban transport, residential and industry sector while
improving the quality of life within the Emilia Romagna. On average, the transport of bottled
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100 liters of water produces approximately 10kg of CO2, respectively (Gruppo HERA, 2014).
The expected impacts of climate change on water resources across regions include further
reductions in quantity, quality and availability, with increasing frequency and intensity of
droughts, especially in the summertime. For example, an increasing frequency and severity of
river flow droughts could occur, with annual river flow decline and possible summer water
flows reduction by up to 80% (ISTAT, 2017). Through the process of fog harvesting in the
study we design a smart and feasible method that can be integrated within the built environment.

6.

Urban micro-climate adaptation and funnel membrane design

Soft skins for the built environment

According to the Koppen Climate Classification subtype both cities within the region fall under
the humid subtropical climate conditions with no dry season and constantly moist with heavy
continental influences due to geographical environmental conditions. Giving the Po Valley’s
fog dynamics and assuming they’re nearly even throughout the region (Giulianelli et al, 2014),
the onset of fog formation occurs at early evening and may dissipate during next morning. Water
collection and usage is exemplified through Figure 5, which hypothesize a scheme of intervals
of nocturnal fog water harvesting and daily water usage.

Figure 5: Hypothetical model of water collection and use.

Soft skins

The implementation of fog water harvesting technologies in urban environments demonstrates
enormous opportunities to improve a city's metabolism towards sustainability. This technology
can be especially useful in environments where cities are isolated with poor infrastructure. In
addition, water consumption from natural resources such as lakes and rivers would be lowered
leading towards an environmental cautious society with positive effect on water stress and
improve people’s attitude towards sustainable water management practices.
There are numerous variables on how to make a fog- harvesting project succeed. Wind speed, a
crucially important feature, is low in the region. However, performative materials and particular
micro-climatic effects originated by urban morphology and density can contribute to the increase
the efficiency of the state-of-the-art technology. It has been proved that street geometry and
orientation influence the amount of solar radiation received by street surfaces, the potential for
cooling of the whole urban system and airflows in urban canyons, defined as the space formed
by two typically parallel rows of buildings separated by a street (Ali-Toudert and H. Mayer,
2006). Moreover, higher wind speeds are found as one moves up from the surface. This leads
to two possible solutions: installation on rooftops and within city streets of sufficient width to
allow for the wind tunnel phenomenon to occur (see figure 6).
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Considering also that only a small fraction of the water contained in the fog is actually harvested
by caption meshes, the proposed fog collectors design is composed by: one funnel-like structure
that canalize all possible wind flows to pass through the collector and two collection meshes
placed in a row, as to increase water collection. Each of these meshes are in fact double meshes,
creating a 3D-like structure that not only traps fog droplets more efficiently, but helps the water
from “bouncing” away due to the wind. The model is illustrated in Figure 7.

Figure 6: Fog harvesting wind tunnel direction and infrastructure hotspot installation within the city.

Figure 7: Fog harvesting system design model process: 1) traditional fog harvester, where significant wind
flow gets deviated by the flat mesh; 2) proposed two-layer mesh where collection is enhanced by increased
wind flow; 3) funnel-like structure that canalizes wind and allows for much more water collection.

There are a large number of potential services that fog harvesting can provide to the city, related
to many sectors, from residential to tertiary, from industrial to agriculture. Not only multiple
possible end-users but also a great variety of potential places of installation around cities from
public places to private building, from new structure to old existing ones, activating a
sustainable urban renovation process. The ‘fog harvesting smart system network’ measure
outdoor temperature, humidity, air pressure, wind conditions, including speed and direction. It
adjust to climatic conditions variables and geography using GPS, UV radiation and send data to
users and operators on water to access environmental data on a smart device.

Figure 8. Proposed fog harvesting smart system network support for urban/building use. Components: 1)
Funnel 2) Harvesting mesh 3) Rigid structure 4) Collection point 5) Distribution pipe and rigid axis that
allows the rotation of the device 6) Support/base, where electronic and network systems are located.
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Focusing on the mesh to adopt in the funnel-harvester, the most common and diffused fog
harvesting systems use Raschel mesh but a new approach could include architecture materials
used for tensile façades, shading systems and canopies. Some laboratory experiments to
compare possible water droplets condensation and harvesting properties of textile meshes
already present in the market have been conducted by Morichi (2018) using a climatic chamber,
with 90% Relative Humidity, 40°C and 0,5 m/s wind speed (simple condensation conditions).
Among the samples studied, a honeycombed textured monofilament mesh – almost a 3D
material – proved to be the most efficient, with yields of 0,15 L/m2 per hour. Considering that
a combination of a correct upwind fog-catcher placement and the funnel shape can consistently
increase water collection, we can expect yields of around 1-1,5 L/m2 per hour, or rather 6 L/m2
day. Moreover, a 3D mesh structure should be sufficiently rigid to withstand medium-weak
winds without significant maintenance need and drainage loss.

Soft skins for the built environment

Figure 9, demonstrates a proposed fog harvesting wastewater system support at the building
level. The system model is composed of a circular movement of water that shifts in and out of
the building. While incorporating a number of modes within the building as additional recycling
movement features and services. The fog harvesting condensate greywater is inserted into the
system model waste water system as a complimentary unexplored source of greywater to
lubricate and support the existing water cycle system.

Figure 9. Proposed water fog harvesting wastewater system support for building use (Fernandez, 2018).

4. Results and discussion
Soft skins

Fog harvesting is far from exhausting its possibilities. Global and local wind patterns,
topography, altitude, orientation of the topographic features, distance from the coastline,
humidity levels and fog occurrence are some of the factors that needs to be considered before
activating a fog-harvesting project. Even though fog collection projects are currently found
mostly in isolated or rural areas, this research proposes an innovative fog harvesting system to
have an additional water source in fog-prone urban areas. If implemented and diffused, this
nature-based network system can influence the way cities are shaped and their water resource
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are managed. The study recommended six policy actions (for the city of Parma and Piacenza,
in Emilia Romagna region) to rethink the urban metabolism in cities. 1) Awareness, education,
and research; 2) new infrastructure and system thinking: data; 3) recovery, reuse and recycling;
4) sustainable consumption and behavior, 5) transformed industrial design, and 6) depletion
legislation and policies. Cities with fog have to be explored. The captured water can be utilized
for various sectors such as agriculture irrigation, tertiary, industries, construction, local
government, military, and domestic use. This technology can be especially useful in
environments where cities are isolated with poor infrastructure. In addition, water consumption
from natural resources such as lakes and rivers would be lowered leading towards an
environmental cautious society with positive effect on water stress and improve people’s
attitude towards sustainable water management practices.
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