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Abstract: This work attempts to shed some light on the impact of organic soiling due to pollen on solar
photovoltaic (PV) power generation. Apart from introducing several soiling-related pollen features,
the previous works reporting soiling by pollen have been reviewed. Local observations from late
winter to early spring showed that a rooftop PV system experienced both uniform and non-uniform
soiling issues, which were mainly caused by pollen from nearby cypress specimens. In addition,
this work publishes preliminary results regarding an artificial soiling test performed with pollen.
In this test, soda lime float glass coupons were artificially soiled with fresh cypress pollen. A linear
relationship was found between the pollen mass density (ρA) and the glass averaged transmittance
(TAVE) for values up to 9.1 g/m2. In comparison with other artificial soiling tests performed with
different soiling agents, the transmittance loss caused by pollen cypress deposition was relatively
high and spectrally selective.

Keywords: photovoltaic performance; organic soiling; biological soiling; pollen; transmittance loss;
artificial soiling test

1. Introduction

According to the increasing number of scientific and technical papers published in recent times [1],
the analysis of the soiling loss (i.e., the energy production loss caused by soiling) in photovoltaic (PV)
systems has become an important topic of interest within the solar energy community. In particular,
there are many works dealing with soiling by mineral dust in arid world regions with abundant
solar resource [2,3]. Soiling (i.e., dirt accumulation) is a very complex issue due to the large number
of influencing parameters: the geographical location, the PV plant design, the PV module type,
the surrounding environment, the specific particles causing soiling, and their seasonal atmospheric
loads, etc. All these factors determine the local severity of soiling as well as the maintenance operations
required to deal with it [4].

Owing to the outdoor operating conditions, the front glass cover of the PV modules will
gradually accumulate dirt at a variable rate [5]. As a result, the built-up soiling layer reduces the
glass transmittance by partially absorbing and reflecting the incident sunlight and, consequently,
it decreases the PV energy output leading to a soiling loss [5]. Depending upon the location of the
PV system, the soiling layer may consist on a variable mixture of organic and inorganic matter
(e.g., soot, dust, sand, sea salt, bird droppings, leaves, pollen, etc.) coming from a variety
of sources (e.g., air pollution, mineral dust aerosol, marine aerosol, microbiological colonization, etc.).
Although several works have analyzed soiling in detail from different perspectives
(e.g., efficiency loss, regional and climate dependence, physicochemical mechanisms, involved pollutants,
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monitoring methods, mitigation strategies, etc.) [5–9], little attention has been paid to the role of
pollen. However, pollen deposition may seasonally become a concern for many PV installations
(whether ground-mounted, roof-mounted, or building-integrated systems), potentially causing a
significant increase on the local soiling loss.

Primary biological aerosols represent a significant fraction of the total atmospheric aerosol load.
They arise when some biological processes, being exposed to air movements, generate airborne
organisms or propagules. Roughly speaking, these biogenic airborne particles have diameters of
less than 0.3 µm for viruses, 0.25–8 µm for bacteria, 1–30 µm for fungal spores, 6–30 µm for moss
spores, 20–60 µm for fern spores, 17–58 µm for anemophilous pollen, etc. [10,11]. Hence, as pollen
aerosols are composed by rather large particles, the “pollen blooms” causing soiling would not
be properly detected through the atmospheric parameters PM2.5 and PM10, requiring alternative
monitoring approaches instead, such as consulting aerosol optical depth (AOD) measurements [12,13]
or, even better, consulting real-time local data from aerobiological monitoring stations [14].

The airborne pollen spectrum depends on several factors which influence the production,
the release, and the dispersion of pollen. Basically, these factors are related to the geographical location,
the vegetation in the area of influence, the time of the year and the weather conditions [15]. In more
detail, some important factors are the height of pollen release, the pollen grain aerodynamics (e.g., size,
shape, density, surface roughness), the phenology of the local vegetation (i.e., its annual blossoming
period) and the local meteorology (e.g., solar radiation, temperature, relative humidity, precipitation,
wind direction, wind velocity, air turbulence) [10,15,16]. Concerning Europe, recent decades have
witnessed a general trend towards rising airborne pollen concentrations; such phenomenon becomes
more pronounced in urban areas next to parks, gardens, avenues, etc., being mainly caused by the
abundance of tree pollen [17]. With regard to the Iberian Peninsula, the contribution of ornamental
trees (Platanus sp., Cupressaceae, Fraxinus sp.) in urban areas, wild trees (Quercus sp., Fraxinus sp.)
in forestry-linked areas, and extensive olive crops (Olea europaea) in the southern region has been
emphasized [18].

The spatial-temporal scale of the aerial transport of pollen is difficult to ascertain.
Rantio-Lehtimäki [19] differentiated between short-range transport (i.e., pollen produced at local
level which lasts no more than 1 hour in the air and reaches from 100 m to 1 km); medium-range
transport (i.e., pollen produced at regional level which lasts about 1 day in the air and reaches from
1 to 100 km) and long-range transport (i.e., pollen produced in remote regions which remains in the
air during several days and can travel even continental or intercontinental distances). In any case,
as the pollen grains are coarse airborne particles, gravitational settling becomes their major deposition
mode [20], which usually limits their atmospheric lifetime to a few hours [21]. As a consequence,
from a quantitative point of view, pollen deposition only becomes relevant over the first kilometer(s)
from the source [15,22].

Pollen grains are the male reproductive cells of the seed-bearing plants, which include both
Gymnosperms (e.g., pine, fir, cedar, cypress, etc.) and Angiosperms (e.g., plane tree, olive, oak, birch, etc.).
The pollen grain protects the inner cytoplasm with an external wall (“sporoderm”) which usually
combines a pectocellulose-rich inner layer (“intine”) and a complex sporopollenin-rich outer layer
(“exine”), although the latter may be reduced or even absent in some vegetal species [23,24]. Besides,
the outermost part of the exine, which is sometimes referred to as “sexine”, displays a submicronic
sculpturing pattern (“ornamentation”) which varies depending on the vegetal species: smooth,
reticulate (grooved), echinate (spiked), etc. [11,25].

After mature pollen grains are released by the floral organ, their aerial transport and deposition
may include a series of processes: wind dispersion, several dry/wet deposition mechanisms
(e.g., sedimentation, turbulent deposition, impaction, rain scavenging, etc.), and resuspension of
dry deposited pollen. Meanwhile, apart from interacting with moisture, wind, and UV radiation,
airborne pollen is affected by atmospheric pollution [26]. Pollen can adsorb suspended particulate
matter, either inorganic or organic, but mostly belonging to the PM2.5 fraction [27]. With that said,
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the most common alteration experienced by pollen is the harmomegathic effect: pollen grains undergo
minor volume and/or shape changes due to cytoplasmic water uptake/loss before, during and after
pollen dispersal. Concerning the aerial transport stage, such changes happen depending on the air
humidity, as the water content of the pollen grains fluctuates towards equilibrium [16,23].

A good number of knowledge areas (e.g., botany, ecology, allergology, atmospheric sciences, etc.)
have provided extensive but disperse information about pollen. Here, rather than presenting a global
review of the science of pollen, a reference framework for the research on soiling by pollen will be
presented. Hence, some particularities of pollen will be introduced because of their implications for
soiling in Section 2. Next, the literature published so far reporting PV-related soiling issues caused
by pollen will be summarized in Section 3. Moreover, the influence of soiling on PV energy will
be introduced in Section 3, where both a review of the reported soiling issues due to pollen and an
experimental assessment of PV soiling losses are presented. Then, a preliminary artificial soiling
test performed with pollen is described in Section 4. The test, which has been carried out using
fresh cypress pollen as soiling agent, has provided an empirical correlation between the mass density
of the deposited pollen (ρA) and the remaining optical transmittance of the glass substrate (TAVE).
This relationship could help to interpret the soiling loss on PV sites undergoing significant pollen
deposition. Finally, the main conclusions of this work are summarized in Section 5.

It should be noted that the names of the botanical families and genera are written in regular letters
and italics, respectively. Moreover, references to the climate conditions follow the Köppen–Geiger
climate classification [28].

2. Soiling-Related Pollen Topics

Among others, this section will remark the following facts:

• Pollen blooms are seasonal events, typically occurring during springtime.
• The beginning, intensity, and duration of the main pollen season, in which most pollen blooms

happen, vary from year to year.
• The airborne pollen levels depend on the local vegetation, the local meteorology, and the time of

the year.
• Soiling by pollen is a local-scale phenomenon.
• The soiling potential of pollen differs among the vegetal families, genres, and species.
• Anemophilous species, and particularly anemophilous trees, are prone to cause soiling by pollen.
• Local soiling by pollen could be predicted and/or estimated.

2.1. Pollination Strategies

Once pollen grains have matured within the male reproductive organs of the plant, they must
reach the conspecific female counterparts in order to manage pollination. Depending on the vegetal
species, this may happen either via self-pollination (i.e., the flower fertilizes itself) or, more frequently,
via cross-pollination, in which case the pollen grains are transported by at least one external agent
(“pollination vector”) [29]. A pollination vector can be either abiotic (i.e., wind, rarely water) or biotic
(i.e., animals, mostly insects), but more interestingly, a distinct soiling potential should be expected from
plants with different pollination strategies. As explained in the following paragraph, the pollination
strategy is closely related to the pollen production level, the atmospheric pollen concentration, and the
pollen grain properties.

Almost all the Gymnosperm families and some of the Angiosperm families (~18%)
are anemophilous (i.e., wind-pollinated plants) [29]. Typically, anemophilous species produce large
amounts of pollen, which has been sometimes interpreted as a compensation for having a lower
pollination efficiency than entomophilous species (i.e., insect-pollinated plants) [30]. Moreover,
while most anemophilous species release non-aggregated pollen (i.e., smaller, smoother, lighter,
and non-sticky particles whose aerodynamics favor wind transport), entomophilous species release



Appl. Sci. 2020, 10, 4733 4 of 25

aggregated pollen (i.e., larger, coarser clumps of sticky pollen grains which favor insect transport) [29,31].
Therefore, the pollen produced by strictly anemophilous plants and, to a lesser extent, by ambophilous
plants (i.e., vegetal species pollinated by both wind and insects) are notably present in the
atmosphere [32]. As confirmed by data from aerobiological monitoring stations, they become relevant
contributors to the total airborne pollen concentration and thus to the organic soiling issues underwent
by PV modules under the area of influence. In comparison, clumped pollen from strictly entomophilous
species would modestly contribute to the total airborne pollen spectrum and, consequently, it might only
pose a soiling risk in case of abundant dropping from vegetation placed almost over the PV modules.

2.2. Pollen Particle Size

Pollen grains exhibit a large interspecific variability concerning their morphological features:
size, shape, polarity, apertures, pollen wall structure, ornamentation, coating, etc. [25]. For our
purpose, which is considering pollen as a soiling agent, the pollen particle size is the primary
morphological characteristic, although more factors will affect the area susceptible to soiling by pollen
(by influencing the pollen dispersion, transport, and deposition) and the properties of the resulting
soiling layer. These factors, which will be addressed later, are pollen aggregation and disaggregation,
pollen fragmentation, pollen hygroscopicity and pollen surface chemistry.

The pollen particle size depends on the vegetal families, genres, and species. The first
consideration is that the individual pollen grains cover a broad size interval. As the pollen grain
size fluctuates because of its natural variation, its degree of hydration and its preparation method,
it is recommended to categorize it by “size classes” according to the length of its longest axis [33].
Erdtman (1969) [25] stablished the following size classes for sporomorphs (i.e., pollen and spores):
very small (<10 µm), small (10–24 µm), medium (25–49 µm), large (50–99 µm), very large (100–200 µm),
and gigantic (>200 µm). A more recent criteria classifies the pollen size as very small (<10 µm),
small (10–25 µm), medium (26–50 µm), large (51–100 µm), and very large (>100 µm) [33,34].
Airborne pollen grains are mainly small- or medium-sized, although some of them have large or very
large sizes (Figure 1). These exceptions usually correspond to “saccate pollen” (i.e., pollen grains
having one to three air-filled bladders), which is exclusive of three conifer families (i.e., Pinaceae,
Podocarpaceae, and Phyllocladaceae) including several conifer genera (e.g., Pinus, Cedrus, Picea,
Abies, etc.). Such pollen grains can manage wind dispersal because their morphological adaptation
compensates for a larger particle size through enhanced aerodynamics [35,36].

The second consideration is that not all the vegetal species disperse pollen grains individually.
There exists a variety of pollen dispersal units (PDUs) ranging from solitary pollen grains (“monads”)
to massive pollen clumps (“pollinariums”), which affects the pollen particle size, shape, mass . . .
Sometimes several pollen grains have common walls: dyads (two grains), pseudomonads (three grains),
tetrads (four grains), and multiples of tetrads such as polyads (up to 32 grains), massulae and pollinium.
In addition, monads, tetrads and other pollen units may further group together through exines
coated by viscous fluids (e.g., pollenkitt, primexine matrix, tryphine, elastoviscine) or exines with
entangling filaments (i.e., viscin threads) [24,39]. That said, anemophilous plants, whether Gymnosperms
or Angiosperms, are known to disperse solitary monads (e.g., Betulaceae, Urticaceae, Poaceae, etc.)
with few exceptions (for instance, Cistaceae and Myrtaceae disperse monads clumped by pollenkitt) [40].
In contrast, most entomophilous plants produce pollen clumps and some of them disperse a range of
PDUs [39].

A rough idea of the relative abundance of the pollen size classes and the PDU classes can be
inferred from Figure 2. Among the included vegetal species, the two main PDUs are monads (92.2%)
and tetrads (3.4%). In addition, some Angiosperm families have been classified according to their
representative PDU classes [41].
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species included in the palynological database PalDat (last accessed: 12 June 2020) [34].

2.3. Pollen Aggregation and Disaggregation

As already mentioned, some types of vegetation disperse aggregated pollen grains
(“pollen clumps”) instead of solitary pollen grains. For example, holm oaks and oaks (Quercus sp.),
willows (Salix sp.) and elms (Ulmus sp.) are atypical anemophilous trees because they disperse pollen
clumps [10]. Furthermore, pollen disaggregation is sometimes possible: during their aerial dispersion,
larger pollen clumps may fragment into smaller ones due to the exposure to turbulent wind [42].
In any case, the formation of larger airborne particles will influence the soiling potential of pollen by
affecting its aerial transport, its deposition processes, its adhesion forces, etc.
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In most cases, pollen aggregation takes place thanks to some viscous fluid which holds the pollen
grains together: pollenkitt (which is the most common one and resides over the exine and/or within
the exine cavities), tryphine (only in Brassicaceae), elastoviscine (in Orchidaceae and Asclepiadaceae)
. . . [43]. In general, pollenkitt is abundant in entomophilous pollen (e.g., 60% and 30% mass content
in dandelion and sunflower, respectively), it is present to a lesser extent in ambophilous pollen
(e.g., 8% mass content in olive) and it is essentially missing in anemophilous pollen (e.g., still 10% mass
content in poplar; absent among almost all Gymnosperms) [43–45]. Finally, pollen aggregation is
also influenced by other factors, such as the relative humidity or the time elapsed since the anther
dehiscence [39].

2.4. Pollen Fragmentation

Whole pollen grains may experience both osmotic and mechanical rupture. On the one side,
airborne pollen grains can swell up through moisture absorption to the point of rupturing osmotically
during rainy or stormy weather, releasing numerous smaller particles which increase the parameters
PM2.5 and PM10 [46,47]. On the other side, pollen grains can undergo mechanical rupture due to
impaction against outdoor surfaces at relevant wind speeds, as observed on birch pollen releasing
near-submicronic particles [48].

2.5. Pollen Hygroscopicity

Hygroscopicity largely impacts the transport and deposition of pollen, as airborne pollen grains
tend to inflate and fall down by absorbing water under high relative humidity conditions. Pollen from
several anemophilous and entomophilous plants have shown substantial mass increases due to
water uptake [49,50]. Angiosperm pollen grains are moderately hygroscopic and wettable under
subsaturated conditions [32,51]. For instance, birch and walnut pollen grains exhibited a mild volume
gain when exposed to an increasing relative humidity (RH), with 68%–93% RH causing internal
swelling and RH > 95% causing additionally a surface water uptake [32]. Regarding Gymnosperm
pollen, taxoid-type pollen (e.g., Cupressaceae, Taxaceae, and Taxodiaceae) undergo an osmotic shock in
aqueous media, which occurs via hydration, intine swelling and exine rupture/release [52]. For instance,
Cupressus arizonica pollen grains became fragmented after remaining dipped in water for 24–48 h [53].

With respect to the soiling process, it could be boosted by the coincidence of condensed moisture
with high air pollen levels: the pollen grains could get readily trapped by the wet PV module surfaces
due to the water surface tension, as suggested during night dew events [54].

2.6. Pollen Surface Chemistry

Determining the pollen chemistry requires complex and time-consuming analytical methods,
but vibrational spectroscopies coupled with multivariate data analysis have recently shown
great potential for rapid chemical characterization, identification, and classification of pollen.
These techniques have confirmed that pollen has relatively uniform and specific chemical compositions
within the different plant families [55].

Regarding the pollen surface chemistry, a wettability test performed with pollen of 15 vegetal
species found that the pollen from 11 species was strongly hydrophilic and the pollen from the
remaining four species was weakly hydrophilic. Regretfully, that investigation did not include pollen
chemical analyses to correlate the observed behaviors with the chemical composition [56]. As already
mentioned, the outer layer of the external wall of the pollen grains (“exine”) is mainly composed
of sporopellin, which is a biopolymer of variable and largely unknown composition and structure,
and may be partially or totally covered by viscous fluids. Among them, while tryphine is a mixture of
hydrophilic and hydrophobic substances, pollenkitt is hydrophobic because it is mainly composed
by lipids [43]. Hence, it would be plausible that some pollenkitt-rich pollen grains might exhibit
a hydrophobic behavior. In addition, the presence of pollenkitt promotes both pollen aggregation
(Section 2.3) and pollen adhesion (Section 2.7).
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2.7. Pollen Adhesion Forces

This subsection will address the adhesion of pollen to inert flat surfaces. Its net adhesion
force may have three contributors: van der Waals forces, capillary forces, and electrostatic forces.
Adhesion experiments performed with several pollen types and flat surfaces showed that the adhesion
strength of the pollen grains had a heavy reliance on both the presence or absence of pollenkitt
(i.e., a sticky covering substance) and the exine ornamentation (i.e., the external surface morphology).
For pollen grains without pollenkitt, the adhesion force primarily consisted in van der Waals forces and
was independent of the surface. In contrast, for pollen grains with pollenkitt, both capillary bridges
and van der Waals forces were significant; the pollenkitt-related contribution to adhesion was highly
species-dependent and the net adhesion force was dependent on the surface hydrophilicity. Besides,
the adhesion strength increased along with the effective contact area between the pollen grain and the
flat surface [44]. In other words: in the absence of significant electrostatic forces, the pollen adhesion is
basically governed by a dry mechanism controlled by the van der Waals forces (as a function of the
grain size, the grain shape and the “surface density” of the exine ornamentation) and, provided that
such pollen contains pollenkitt, also by a wet mechanism controlled by the capillary forces due to the
pollenkitt liquid bridges formed between the pollen grain surface and the flat surface [44]. In any case,
the resulting pollen adhesion strength is humidity-dependent: while the adhesion force to a hydrophilic
surface was found to increase with the relative humidity (RH) up to 70% RH for pollen with and
without pollenkitt, the adhesion to a hydrophobic surface was independent of the RH for pollenkitt-free
pollen but exhibited a complex dependence on the RH for pollen with pollenkitt [57]. Moreover,
the pollenkitt adhesive strength may vary according to its freshness and to the RH: on hydrophilic
surfaces (i.e., uncoated glass) a higher RH increased pollen adhesion regardless of the pollen condition
(i.e., fresh, aged, without pollenkitt), but on hydrophobic surfaces (i.e., silanized glass) the adherence
was significantly lower for fresh pollen than for aged pollen while the ambient humidity had little
effect on the pollen adhesion [58].

In addition, pollen grains are also sensible to electrostatic forces. There is evidence of
electrostatically-assisted pollen harvesting by honeybees [59]. Electrostatically-assisted artificial
pollination can improve some agricultural productivities [60]. Electrostatic barrier-forming windows
have managed to capture airborne pollen in order to provide pollen-free indoor air [61]. Interestingly,
recent experiments have confirmed that pollen grains have a small amount of electrostatic charge
(either positive or negative, with an average magnitude of 0.8 fC). Once released, pollen grains
subjected to wind transport would retain a substantial part of their charge during several minutes
before reaching electrostatic equilibrium with the air [62]. Moreover, concerning the aerial transport of
pollen, electrostatics could influence it aerodynamically, namely by favoring either the separation or
the clumping of the pollen grains [63].

2.8. Pollen Dispersal Curves

Some general research on pollen has paid attention to another soiling-related topic: the pollen
dispersal curves, which describe the frequency distribution of pollen dispersal distances. In other
words, they indicate how the amount of pollen deposited at ground level varies as a function of the
distance from the pollen source. A dispersal curve may differ in shape depending on the height of
pollen release, the pollen settling velocity, the wind speed, the wind turbulence, the morphological
adaptations of pollen for aerial dispersal . . . [64]. Pollen dispersal can be analyzed through Gaussian
plume models [64,65]. According to the Gaussian tilted plume model, which calculates aerial particle
dispersion considering diffusion, advection and gravitational settling, the pollen dispersal curve of
an isolated tree or plant falls off with distance, but may achieve a peak at some distance away from
the pollen source (Figure 3) [64]. However, in practice, many pollen dispersal curves simply fall off

with distance following either an inverse power or a log-linear function. For instance, several tree
species were found to follow an exponential function, causing an intense pollen deposition beneath the
canopy which decreased gradually and became negligible far beyond the first tens or hundreds of



Appl. Sci. 2020, 10, 4733 8 of 25

meters. In addition, their pollen dispersal curves were shorter and less intense for punctual pollen
sources than for distributed ones [66,67]. In addition, pollen deposition from maize crops was found
to decrease following a power function which reached a few kilometers [38].Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 25 
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2.9. Airborne Pollen Monitoring

For a given location, the “main pollen season” refers to the period with significant air pollen
concentrations when considering either the pollen from a specific “pollen type” or the pollen from the
whole set of pollen types [68–70]. Concerning the aerobiological parameters, the annual pollen integral
(APIn) and the seasonal pollen integral (SPIn), formerly termed annual pollen index (API) and seasonal
pollen index (SPI), respectively, account for the sum of the average daily pollen concentrations over the
whole year and over a given period of time, respectively [70]. That is, these parameters denote the
relative importance of the different pollen types in relation to the airborne total pollen concentration
on a yearly or a seasonal basis [17,18]. Nowadays, most aerobiological monitoring networks perform
pollen sampling by means of Burkard seven-day-recording volumetric traps installed at a certain
height above the ground [14]. After automatic sampling, pollen grains are identified and counted by
the visual inspection of optical microscope images by an experienced human operator. As the airborne
pollen concentrations are not constant through the day (i.e., typically peaking at times of maximum
sunlight and temperature) [71], they are reported as “mean daily values”, their units being the number
of pollen grains per cubic meter of air (grain/m3) [72]. Although the information about the airborne
pollen concentrations is not readily available [14], a live worldwide map of the pollen monitoring
stations has been recently published [73].

Aerobiological studies classify the airborne pollen according to a “pollen type” criteria.
Through statistical data analysis, they can provide local pollen calendars which show the expected
time span for the presence in air of every pollen type. Each pollen type quantifies together the pollen
from all the vegetal species whose pollen grains share a distinctive external morphology under light
microscopy. Hence, these pollen types may include one species, a genus (i.e., a group of species),
a family (i.e., a group of genera) or wider taxonomic groups [18]. For instance, the pollen type
“Cupressaceae” includes pollen from the whole Cupressaceae family, which share an “spheroidal,
intectate, monoporate, and with a distinct annulus” appearance [74].

The Cupressaceae family, which is composed of numerous genera and species concentrated in the
temperate world regions, consists of evergreen trees and shrubs which produce abundant anemophilous
pollen [75]. The most relevant bioclimatic factor regarding their airborne pollen concentration seems to
be the temperature, followed by the relative humidity [76]. In the Mediterranean region, this pollen
type reaches record airborne levels during winter or early spring, although the pollen production
varies largely from year to year. Concerning Spain, and focusing on the widespread cypresses
(i.e., the genus Cupressus), blossoming occurs in October–November for C. macrocarpa and January–April
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for C. arizonica, C. sempervirens, and C. lusitanica [77]. Within the genus Cupressus, pollen grains are
29–38 µm in diameter [78].

3. The Influence of Soiling on Photovoltaic Energy

3.1. Soiling by Pollen on PV Modules: A Review

Pollen must be considered as a seasonal, local-scale soiling agent. At certain times of the year,
airborne pollen deposition may leave a yellowish blanket over the ground and the outdoor surfaces.
Certainly, pollen can build up on PV modules, particularly near the lower edge of the framed modules,
affecting the energy conversion process [79]. Pollen typically causes soiling issues in springtime,
which is the main blossoming season in most temperate world regions. That is to say, soiling by pollen
is a consequence of reaching record-peak levels in the air pollen concentration (“pollen blooms”),
which mostly occurs during spring, although it can also happen during summer or autumn [7,12,54,80].
Since the production and emission of pollen are governed by interacting environmental factors
subjected to fluctuations, the onset, duration and intensity of the period when pollen is significantly
present in the air varies from year to year [68]. Further, recent climatic change trends point towards an
increasing soiling potential for pollen: in the case of Europe, the airborne pollen concentrations seem
to increase and, compared to 50 years ago, the main pollen season currently starts earlier and lasts
longer [17,69].

Particularly, pollen becomes a concern for PV systems installed in geographical areas where high
airborne pollen concentrations are periodically reached, such as in the Eastern United States [81,82].
Regarding Portugal, not only the Saharan dust events but also the pollen blooms were identified as
atmospheric intrusions significantly impacting the PV performance [12]. Soiling mostly due to pollen
and causing a power reduction of 4.1% was reported during a rainless spring period in southern
Portugal (Csa climate) [54]. Pollen is usually mentioned among the soiling agents, particularly in
agricultural areas [6,83–85]. Some authors have managed to identify the pollen grains of the soiling
layers [12,80,86–88]. The determination of the pollen type (and, consequently, also of the pollen source)
can be achieved based on the morphological features of the pollen grains through microscopy imaging
techniques [7,12,54]. In this regard, reference information can be found in palynological databases
such as PalDat [34,89], which is the world’s largest one and a free-access online resource.

In general terms, soiling losses are reversible: most soiling layers can be removed either by rainfall
or by cleaning the PV modules [80,83,86]. Concerning rainfall, there is not a well-defined precipitation
threshold which guarantees a full restoration of the efficiency of the PV module. For instance,
in the Southwestern United States, while Mejía et al. [83] reported that 2.5 mm would be enough,
Kimber et al. [90] suggested the need for more rainfall, being roughly delimited between 5 mm and
20 mm. In addition, it must not be forgotten that stubborn dirt (e.g., bird droppings, exhaust fumes . . . )
can resist heavy rainfall, namely requiring scrubbing, detergents, etc. [91]. In the particular case of
soiling by pollen, rainfall has been reported to effectively clean the PV modules, although the registered
precipitation was not mentioned [7,54]. In any case, provided that pollen deposition may cause a
significant soiling loss under prolonged rainless conditions, the maintenance regimen of the affected
PV systems should include, at least, a cleaning operation of the PV modules after the end of the main
pollen season [92].

In addition, an outdoor soiling test was performed in Belgium (Cfb climate) during springtime
by placing a series of glass coupons, both sheltered and unsheltered from rain, and by measuring
the evolution of their transmittances over time [7]. Concurring with high airborne pollen levels,
a significant transmittance loss happened in the sheltered glasses, where large-sized pollen grains
(~60 µm in size) could be observed by scanning electron microscope. Contrarily, neither such
transmittance loss nor such pollen grains were observed in the unsheltered glasses, obviously due to
the cleaning effect of the rainfall. Simultaneously, a layer of smaller dust particles (2–10 µm in size)
remained on both sheltered and unsheltered glasses, meaning that the rainfall had little effect on
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removing such small particles. This observation leaves the question of whether the rainfall would
manage to effectively remove pollen grains having about 10 µm in size.

When coping with soiling, some passive cleaning strategies could be attempted. There is evidence
of both organic degradation and adherence reduction of the pollen deposited on a photocatalytic
surface [93], which suggests that PV modules having a TiO2-based nanocoated solar glass might have
some advantage in areas exposed to high airborne pollen levels. In addition, some tests performed with
electrodynamic screens (EDS) showed a lower removal efficiency of pollen with respect to dust [94].

Concerning the impact of a given soiling agent (broadly referred to as “dust”), an empirical
relationship between the amount of deposited dust (“dust density”) and the light transmission
loss [7,95–97] or the PV performance reduction [7,98,99] could be established. Such experimental
correlations are not suitable for universal application, as they differ depending on the nature and size of
the soiling particles [7,99]. This implies that a given dust density will unlikely have an identical soiling
impact neither when comparing different pollutants having the same particle size, nor when comparing
the same pollutant with different particle sizes. Either way, for a given pollutant, smaller particles
are certainly known to have a more detrimental effect on both the light transmission and the PV
performance than bigger ones [98]. Unfortunately, experimental correlations for the specific case of
pollen acting as the soiling agent have not been previously published.

3.2. Experimental Assessment of PV Soiling Losses

The “Short-term forecasting of PV energy output including the soiling effect (PVCastSOIL)”
project includes the objective of monitoring and modeling soiling under Mediterranean climate
conditions. To achieve this, an off-grid PV system was installed on a 10m-high rooftop at the
Research Centre for Energy, Environment and Technology (CIEMAT), Madrid, Spain (Csa climate).
Located within a semi-urban area, CIEMAT’s facilities are surrounded by a gardened university
campus, a forest park, and some paved roads. The PV system is installed above a building surrounded
by well-developed conifers: cedars, cypresses, and pines (Figure 4). This PV system consists of twelve
commercial PV modules (i.e., six 60-cell crystalline silicon modules and six cadmium telluride modules
with peak powers of 365 W and 80 W, respectively) with their corresponding temperature sensors,
a PVPM2540C (PVE Photovoltaik Engineering) I-V curve tracer connected to a multiplexer, a DustIQ
(Kipp & Zonen, Delft, The Netherlands) soiling monitoring sensor, and some additional apparatus to
monitor the meteorological variables (e.g., solar irradiance, temperature, wind speed, precipitation,
relative humidity); a series of coated and uncoated float glass samples are exposed alongside as well.
The design of this PV system will allow us to determine the local soiling ratio and the influence of the
local meteorology, as well as the dependence of soiling on several technical parameters such as the PV
technology (i.e., crystalline silicon versus cadmium telluride), the module inclination (i.e., 35◦ versus
8◦, which represent the inclination of latitude-optimized fixed-tilt and building-integrated PV systems,
respectively), the front glass surface (i.e., uncoated glass versus glass coated with an anti-soiling
commercial product), and the maintenance schedule (i.e., no cleaning versus periodic cleaning).
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During the first months of 2019, a conclusion from regular visual inspection was that the soiling
layer mainly contained fine dust, although pollen deposition was prevalent during January and
February. In accordance with data from a nearby pollen monitoring station (located less than 1 km
away) from the regional palynological network PALINOCAM [100], it could only be identified as
Cupressaceae pollen at that time of the year. Pollen deposition on the PV modules was less conspicuous
at later dates. In addition to the presence of dust and pollen, bird droppings were regularly noticed on
the PV modules.

Our findings were in agreement with other authors reporting that broadly cultivated ornamental
species (e.g., cypresses, plane trees, etc.) have a major impact on the airborne pollen spectrum of
many populated areas [15,17]. The local pollen calendar confirmed that: (1) the airborne total pollen
concentration maintains medium-high levels during the first semester of the year and low levels
during the second one (see Figure 5) and (2) Cupressaceae pollen is an important contributor to the
airborne total pollen from late winter to early spring [101]. In addition, data gathered from the nearby
pollen monitoring station during that period showed that Cupressaceae (i.e., in our location, cypresses)
and plane tree (Platanus sp.) pollen were almost exclusively responsible for the local airborne pollen
from January to mid-March and from mid-March to early April, respectively (Figure 6), while it
consisted of a mixture of pollen from other plants (e.g., oak, pine, olive, grass, plantain, etc.) in the
following months. Indeed, soiling by cypress pollen was observed when visiting the PV installation
from January to mid-March. Contrarily to the local-scale trend indicated by Figure 6, more soiling was
noticed during that period than later on. The reason why Cupressaceae pollen prevailed over plane
tree pollen as a soiling agent was the proximity of several cypress specimens exceeding the rooftop
height. Particularly a single cypress closely adjacent to the PV system had a remarkable soiling impact.
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Interestingly, two different soiling patterns caused by pollen were noticed. In the first place,
the PV module surfaces underwent uniform soiling after several rainless weeks (Figure 7a),
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an inevitable fact which, at some point, would require cleaning the PV modules to reduce the
soiling losses. Within this general uniformity, some pollen agglomeration distributed homogeneously
over the PV module surfaces was observed, perhaps induced by the condensation and evaporation
of water drops, provided that morning dew events were regularly noticed during that rainless
period. In the second place, non-uniform soiling was observed just after a light rain event: instead of
effectively washing pollen away (neither from the 8◦-tilted nor from the 35◦-tilted module surfaces),
0.7 mm of rainfall dragged pollen downwards and accumulated it along the bottom edge of the PV
modules. While this heterogeneous soiling issue was inevitable in the framed multi-crystalline silicon
(mc-Si) modules, it could have been prevented in the frameless cadmium telluride (CdTe) modules
by modifying the overhanging supporting structure which artificially retained pollen (Figure 7b).
In any case, pollen deposition may cause such a non-uniform soiling pattern during a lengthy rainless
springtime period without the need of a light rain event [79].
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The international standard IEC 61724 [102] defines the soiling ratio (SR) as the ratio of the actual
power output of the PV array under given soiling conditions to the power that would be expected if
the PV array were clean and free of soiling. Soiling loss (SL) and soiling ratio are thus complementary,
that is, SL= 1 − SR. Overall, during the starting monitoring period (March–June 2019), the 8◦-tilted
multicrystalline silicon modules of the PV installation endured an average soiling loss of 1.3% [103],
having an impact on the short circuit current rather than on the open-circuit voltage or the fill factor.

As well, two graphics containing some initial performance data have been included for description
purposes (Figure 8). These graphs compare the performance of two identical uncoated multicrystalline
silicon modules installed at a tilt angle of 8º. Using the short-circuit current data provided by an I-V
tracer from two adjacent identical PV modules, being one of them soiled (ISC,soiled) and the other clean
(ISC,clean), to determine the performance ratio (PR) and the soiling ratio (SR) is an accepted practice
within the photovoltaic community [104]. Therefore, the performance ratio related to ISC of both PV
modules, PRsoiled (%) and PRclean (%), can be calculated using the following equation [104]:

PRIsc (%) =

∑
ISC/ISC,STC∑
GPOA/1000

× 10 (1)

where GPOA is the irradiance in the plane of the array in watts, and ISC,STC is the short-circuit current of
the PV module at standard test conditions (i.e., in-plane irradiance 1000 W/m2, PV cell temperature 25 ◦C
and reference spectral irradiance distribution as defined in IEC 60904-3 [105]). Hence, the soiling ratio,
SR (%), can be calculated by comparing the soiling ratio of the soiled module with the soiling ration of
a clean one [102]:

SR (%) =

(
1−

PRsoiled

PRclean

)
× 100 (2)
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In spite of the low degree of soiling underwent by the rooftop PV installation, Figure 8a shows
that there was a slight difference between the PRIsc values of the cleaned and the soiled modules,
and Figure 8b clearly exhibits a slowly increasing trend over time of SR during the first rainless period
(i.e., from 7 March to 28 March) as well as the performance recovery of the PV modules just after the
rainy days of April.

It might have been expected to observe higher soiling rates during February than during March
due to the concurrent cypress pollen deposition, which was quite more evident than any other local
pollen deposition issue at a later date. Nevertheless, the results during this season were not concluding
because: (1) the measured soiling ratios were quite low, (2) the PV modules did not only accumulate
pollen, but also dust and other urban pollutants, and (3) it was speculated that the dew events occurring
during the cypress pollen season might have removed a fraction of the deposited pollen.

Finally, we focused our interest on artificially analyzing soiling by cypress pollen due to several
reasons. Firstly, cypresses are widely spread in the Mediterranean region and release such an enormous
amount of pollen that they become responsible for a large part of the total annual amount of airborne
pollen in several areas [106]. Secondly, soiling by cypress pollen became relevant to the PV installation,
which is not surprising given its abundance in the nearby green areas, boundary hedgerows, etc.
A third reason is that fresh pollen can be gathered in large amounts from cypress trees by simply
shaking the mature male cones. In fourth place, based on the characteristics of the cypress pollen
(i.e., medium grain size, spheroidal shape, release as solitary monads, absence of sticky surface
coatings [34]), it seems reasonable to guess that their artificially-deposited soiling layers would fairly
approximate to an ideal packaging of loose spherical particles, which facilitates the interpretation of
the resulting optical impairment. Moreover, such features make cypress pollen a good representative
for pollen of many anemophilous species.

4. Artificial Soiling Test with Pollen

4.1. Methodology

Artificial soiling tests are regarded as a helpful experimental methodology to understand and
quantify the soiling issues. Despite having some constraints to replicate real soiling processes,
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artificial soiling tests performed under laboratory conditions can provide broad information much
faster and under much more controlled experimental parameters than outdoor soiling tests performed
under environmental conditions. Up to date, artificial soiling tests performed on glass samples or PV
modules have been reported for a large number of pollutants: sand, clay, limestone, red soil, silica,
calcium carbonate, carbon, ash, and cement, among others [107]. Nevertheless, the present work is the
first publication concerning an artificial soiling test carried out with pollen.

Soda lime float glass coupons (approx. 4 × 4 × 3 mm) were used as substrates. Their surface areas
were accurately measured with a caliper gauge. Sample weighting was performed with a microbalance
Sartorius TE64 with a precision of 0.1 mg. Hemispheric transmittance spectra at near-normal incidence
were obtained from 300 nm to 1800 nm by means of a Perkin Elmer Lambda® 900 spectrophotometer
equipped with a Spectralon®-coated LabSphere® 150 mm integrating sphere. The photometric
accuracy of the instrument in transmission mode is ±0.08% at absorbance equal to 1 and transmission
±0.05% at absorbance equal to 0.5. The hemispherical transmittance was measured instead of the
normal transmittance to better replicate the incident-light scattering of the soiled glass cover of a PV
module. Hence, the glass coupons were cleaned, measured, and weighted and their transmittance
spectra were obtained. Next, they were used as substrates to collect fresh cypress (Cupressus sp.)
pollen samples from CIEMAT’s gardens. After that, the soiled substrates were weighted and analyzed
optically again. Finally, the corresponding pollen mass densities (ρA) were calculated as ρA = ∆M/A,
where ∆M is the deposited pollen mass and A is the area of the glass coupon.

To improve the sampling representativeness, the set of pollen samples was not prepared by
collecting the cypress pollen from a single tree on a particular day, but by collecting it from various
trees in different sunny days during the blossoming season. The pollen samples were gathered by
selecting cypress specimens with abundant male cones and shaking them manually to release the
mature pollen while placing the clean glass coupons close below them, allowing the deposition
by sedimentation of soiling layers containing different amounts of pollen. Some of the resulting
pollen samples are shown in Figure 9. This sampling procedure imitates, although more vigorously,
the natural dispersion of cypress pollen under the wind action. Artificial pollen aggregation was
discarded due to the small size, spheroidal shape and non-clumping characteristics of the cypress
pollen grains. Next, the pollen samples were carefully transported to the laboratory inside a hermetic
box and were analyzed within the first 48 h after collection. In total, 25 pollen samples were selected
for the artificial soiling test, while others were discarded because the resulting pollen layer was
inhomogeneous or included some vegetal debris.
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To analyze the effect of pollen deposition on the transmittance, the normalized transmittance of a
sample (TNORM) is defined as the following ratio:

TNORM (%) =
Tsoiled (%)

Tclean (%)
× 100 (3)
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where Tsoiled and Tclean are the transmittances of a glass coupon after having deposited pollen and of the
same glass coupon in a clean state, respectively. All the transmittance measurements are hemispherical.

4.2. Results

The detrimental effect of the accumulation of cypress pollen on the normalized transmission
spectra is shown in Figure 10. While TNORM dropped by ~5% and ~12% for pollen mass densities of
1.4 g/m2 and 3.1 g/m2, respectively, it further decreased for higher soiling levels, particularly in the
ultraviolet (UV) range. For a given pollen mass density, TNORM remained constant within a broad
wavelength interval, but it decreased at shorter wavelengths. In summary, the transmittance worsened
steadily both as the pollen mass density increased and as the wavelength approached to the UV range.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 25 

where Tsoiled and Tclean are the transmittances of a glass coupon after having deposited pollen and of 
the same glass coupon in a clean state, respectively. All the transmittance measurements are 
hemispherical. 

4.2. Results 

The detrimental effect of the accumulation of cypress pollen on the normalized transmission 
spectra is shown in Figure 10. While TNORM dropped by ~5% and ~12% for pollen mass densities of 1.4 
g/m2 and 3.1 g/m2, respectively, it further decreased for higher soiling levels, particularly in the 
ultraviolet (UV) range. For a given pollen mass density, TNORM remained constant within a broad 
wavelength interval, but it decreased at shorter wavelengths. In summary, the transmittance 
worsened steadily both as the pollen mass density increased and as the wavelength approached to 
the UV range. 

 
Figure 10. Normalized transmittance (TNORM) spectra as a function of the pollen mass density (ρA). 

Within the visible (VIS) range, cypress pollen exhibited non-selective light scattering. That is, as 
the pollen particle size (i.e., 29–38 µm in diameter within the genus Cupressus [78]), exceeded the 
incident wavelength many times, a constant light scattering occurred within the VIS range. An 
analogous optical behavior was observed for desert dust not exceeding our particle size [97]. 
Conversely, the observation of a strongly wavelength-dependent transmittance towards the UV 
range was the reason to complementarily perform some hemispheric reflection measurements. Only 
a few reflection spectra were measured to prevent an accidental contamination by pollen inside the 
integrating sphere. Hence, concerning the optical behavior of the glass coupons soiled with pollen, 
by assuming the following approximation for the absorbance due to pollen: 

APOLLEN ~ Asoiled – Aclean (4) 

and substituting the terms of the right-hand side with these definitions: 

Asoiled (%) = 100 – Tsoiled (%) – Rsoiled (%) (5) 

Aclean (%) = 100 – Tclean (%) – Rclean (%) (6) 

the following equation is obtained: 

APOLLEN (%) ~ Tclean (%) + Rclean (%) – Tsoiled (%) – Rsoiled (%) (7) 

where A, T, and R refer to absorbance, transmittance, and reflectance, respectively, and the 
subscripts “pollen”, “clean”, and “soiled” refer only to pollen, to the glass coupon in a clean state, 
and to the glass coupon soiled with pollen, respectively. 

Figure 10. Normalized transmittance (TNORM) spectra as a function of the pollen mass density (ρA).

Within the visible (VIS) range, cypress pollen exhibited non-selective light scattering. That is,
as the pollen particle size (i.e., 29–38 µm in diameter within the genus Cupressus [78]), exceeded the
incident wavelength many times, a constant light scattering occurred within the VIS range.
An analogous optical behavior was observed for desert dust not exceeding our particle size [97].
Conversely, the observation of a strongly wavelength-dependent transmittance towards the UV range
was the reason to complementarily perform some hemispheric reflection measurements. Only a
few reflection spectra were measured to prevent an accidental contamination by pollen inside the
integrating sphere. Hence, concerning the optical behavior of the glass coupons soiled with pollen, by
assuming the following approximation for the absorbance due to pollen:

APOLLEN ~ Asoiled - Aclean (4)

and substituting the terms of the right-hand side with these definitions:

Asoiled (%) = 100 - Tsoiled (%) - Rsoiled (%) (5)

Aclean (%) = 100 - Tclean (%) - Rclean (%) (6)

the following equation is obtained:

APOLLEN (%) ~ Tclean (%) + Rclean (%) - Tsoiled (%) - Rsoiled (%) (7)
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where A, T, and R refer to absorbance, transmittance, and reflectance, respectively, and the subscripts
“pollen”, “clean”, and “soiled” refer only to pollen, to the glass coupon in a clean state, and to the glass
coupon soiled with pollen, respectively.

Then, the absorbance spectra of the cypress pollen itself (APOLLEN) were calculated and represented
(Figure 11), confirming an intense UV absorption which increased with the pollen mass density (ρA).
This optical behavior would be attributable to the exine, namely the outermost part of the pollen grain
wall, which is known to absorb UV light [108]. The major component of the exine is sporopollenin,
a complex biopolymer containing UV-absorbing phenolic compounds such as p-coumaric acid and
ferulic acid [109]. Given that exineless pollen is restricted to some water-pollinated marine plants [23],
this optical behavior should be expected wherever soiling occurs by pollen deposition. However,
the absorption intensity would vary not only with the amount of deposited pollen, but also with the
vegetal species producing it depending on the thickness of the exine relative to the whole pollen grain
size. This absorption peak should be also expected in the event of soiling by fern spores, mosses, and
some green algae, provided that their sporoderms also contain sporopollenin [23].
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Next, the averaged transmittance (TAVE) was obtained by averaging the normalized transmittance
(TNORM) over the 300–1200 nm (instead of the 300–1800 nm) wavelength range. This wavelength
interval was chosen because it covers the spectral response of the most common PV technologies [110].
As a result, Figure 12 clearly shows a linear correlation between the pollen mass density (ρA)
and the averaged transmittance (TAVE) for the 26 analyzed pollen samples. This result agrees with
other artificial soiling tests performed with different pollutants (generically referred to as “dust”)
which showed, at least for low dust densities, a nearly linear relationship between the dust density and
both the light transmission and (in case of uniform soiling) the PV efficiency [7,96,111]. Nevertheless,
some of them reported a deviation from linearity beyond a certain level of soiling. That was because
when a portion of the arriving dust particles settled down on the previously deposited ones rather
than on a clean surface area, the resulting increase on the dust mass density did not cause as much
proportion of light obstruction as observed in an earlier stage [50,51]. From our experimental results,
it can be concluded that, in the case of there being a saturation point [96,112] for soiling by pollen,
it would exist for a cypress pollen mass density (ρA) above 9.1 g/m2. Concerning outdoor pollen
deposition, pollen mass densities of 0.4–0.5 g/m2 have been reported for 30◦-tilted glass samples during
a pollen bloom in a Mediterranean rural area with extensive olive crops [12] (i.e., pollen grains about
20 µm in size with a minor content of pollenkitt [44]).



Appl. Sci. 2020, 10, 4733 17 of 25Appl. Sci. 2020, 10, x FOR PEER REVIEW 17 of 25 

 
Figure 12. Linear fitting of the averaged transmittance (TAVE) as a function of the pollen mass density (ρA). 

According to Figure 12, the results of the artificial soiling test achieved a fair good least-square 
linear fitting (coefficient of determination: R2 = 0.9897) which provided the following correlation with 
a percentage error of ±1.4%: 

TAVE (%) = 99.7 – 3.8 · ρA (g/m2) (8) 

This confirmed the experimental reproducibility of our artificial soiling test procedure. Besides, 
the cypress pollen exhibited an excellent linear correlation between the mass accumulation and the 
optical loss, as it could be expected from the near-ideal geometrical characteristics of their PDUs, 
which are solitary spheroidal monads [34]. Strictly speaking, this empirical soiling curve would be 
representative of cypress pollen (i.e., the genus Cupressus), but due to their botanical similarities, it 
could presumably represent Cupressaceae pollen in general (e.g., also the genus Juniperus, Thuja, 
Tetraclinis, Taxodium, Callitropsis, etc.). More significant deviations might arise for other plants 
dispersing pollen with larger differences on its size, shape, or density. Regarding the particle shape, 
given the same pollen mass density for a soiling layer, pollen grains with irregular shapes could lead 
to a different optical behavior due to the formation of a heterogeneous soiling layer (i.e., affecting the 
particle settling orientation, the particle packing density, etc.). For instance, saccate pollen grains of 
the genera Pinus and Cedrus underwent preferential orientations during settling experiments [20]. 
Concerning the diameter (d) and the density (ρ) of the pollen grains, these differences can be 
observed when comparing pollen of Juniperus sp. (d = 18–24 µm; ρ~ 640 kg/m3), Pinus sp. (d~ 50–60 
µm; ρ = 450–560 kg/m3), Platanus sp. (d = 19 µm, ρ = 920 kg/m3), and maize (d~75–90 µm; ρ = 935–1450 
kg/m3) [13,113,114]. In the case of Cupressus sp., pollen grain sizes are known (d = 29–38 µm) [78] but 
pollen density values have not been published. Beyond estimating the optical loss from a soiling 
curve based on a “generic” pollen mass density, estimating its dependence on the grain size, the 
grain shape and the grain density would provide a deeper insight into this kind of soiling. Hence, 
additional artificial soiling tests performed with pollen would be valuable to assess the influence of 
the pollen type. There also remains the question whether the properties of a soiling layer made of 
pollen would change significantly in case of a long-term outdoor permanence (e.g., due to moisture, 
UV radiation, etc.). In any case, we expect that this experimental soiling curve will be helpful in 
order to interpret the energy loss of the PV systems seasonally soiled by pollen in general. 

When comparing this soiling curve (Figure 12) with the results of other artificial soiling tests 
accomplished with different soiling agents, the cypress pollen was found to cause a relatively higher 
transmittance reduction. For instance, at a dust density of 12 g/m2, a soda lime glass soiled with 
desert dust (mostly below 30 µm in size; composed by SiO2, CaCO3, etc.) retained a transmittance 
around 90% (300–1200 nm) and showed a weak wavelength dependence [97]. In contrast, a pollen 
density of 8.6 g/m2 reduced the transmittance to around 70% and 40% in the VIS and UV ranges, 

Figure 12. Linear fitting of the averaged transmittance (TAVE) as a function of the pollen mass density (ρA).

According to Figure 12, the results of the artificial soiling test achieved a fair good least-square
linear fitting (coefficient of determination: R2 = 0.9897) which provided the following correlation with
a percentage error of ±1.4%:

TAVE (%) = 99.7 − 3.8 · ρA (g/m2) (8)

This confirmed the experimental reproducibility of our artificial soiling test procedure. Besides,
the cypress pollen exhibited an excellent linear correlation between the mass accumulation and the
optical loss, as it could be expected from the near-ideal geometrical characteristics of their PDUs,
which are solitary spheroidal monads [34]. Strictly speaking, this empirical soiling curve would be
representative of cypress pollen (i.e., the genus Cupressus), but due to their botanical similarities, it could
presumably represent Cupressaceae pollen in general (e.g., also the genus Juniperus, Thuja, Tetraclinis,
Taxodium, Callitropsis, etc.). More significant deviations might arise for other plants dispersing pollen
with larger differences on its size, shape, or density. Regarding the particle shape, given the same
pollen mass density for a soiling layer, pollen grains with irregular shapes could lead to a different
optical behavior due to the formation of a heterogeneous soiling layer (i.e., affecting the particle settling
orientation, the particle packing density, etc.). For instance, saccate pollen grains of the genera Pinus
and Cedrus underwent preferential orientations during settling experiments [20]. Concerning the
diameter (d) and the density (ρ) of the pollen grains, these differences can be observed when comparing
pollen of Juniperus sp. (d = 18–24 µm; ρ~ 640 kg/m3), Pinus sp. (d~ 50–60 µm; ρ = 450–560 kg/m3),
Platanus sp. (d = 19 µm, ρ = 920 kg/m3), and maize (d~75–90 µm; ρ = 935–1450 kg/m3) [13,113,114].
In the case of Cupressus sp., pollen grain sizes are known (d = 29–38 µm) [78] but pollen density values
have not been published. Beyond estimating the optical loss from a soiling curve based on a “generic”
pollen mass density, estimating its dependence on the grain size, the grain shape and the grain density
would provide a deeper insight into this kind of soiling. Hence, additional artificial soiling tests
performed with pollen would be valuable to assess the influence of the pollen type. There also remains
the question whether the properties of a soiling layer made of pollen would change significantly
in case of a long-term outdoor permanence (e.g., due to moisture, UV radiation, etc.). In any case,
we expect that this experimental soiling curve will be helpful in order to interpret the energy loss of
the PV systems seasonally soiled by pollen in general.

When comparing this soiling curve (Figure 12) with the results of other artificial soiling tests
accomplished with different soiling agents, the cypress pollen was found to cause a relatively higher
transmittance reduction. For instance, at a dust density of 12 g/m2, a soda lime glass soiled with
desert dust (mostly below 30 µm in size; composed by SiO2, CaCO3, etc.) retained a transmittance
around 90% (300–1200 nm) and showed a weak wavelength dependence [97]. In contrast, a pollen
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density of 8.6 g/m2 reduced the transmittance to around 70% and 40% in the VIS and UV ranges,
respectively (Figure 10). Other authors reported that dust mass densities of 10 g/m2 reduced the
transmittance to 99% (white sand, 250µm), 90% (clay, 68µm), and 81% (cement, 10µm) [7]. Interestingly,
cypress pollen shows a higher soiling capacity (by extrapolation to ρA = 10 g/m2, TAVE = 61.7%)
than cement dust despite a smaller particle size and a stronger VIS absorption were expected for
the latter.

These transmittance differences made us speculate about other influencing factors. Some technical
testing aspects might contribute to such discrepancies (e.g., differences on the optical instrument and
the light source, on the measured wavelength range, on the sample manipulation, etc.). Furthermore,
while the soiling particles are known to hinder the glass transmission depending on their nature, size,
and density [95], different pollutants at identical surface mass densities, even having comparable
particle diameters, might lead to different transmittance impairments due to physical reasons
(e.g., differences on the glass composition and thickness, on the particle stacking depending on
the soiling particle characteristics, on particle settling constrains due to specific artificial soiling
methods, etc.).

As an important effect on PV generation, one further consideration: the intense optical absorption
observed at shorter wavelengths (i.e., towards the UV range) suggests that a heavy soiling by pollen
might impact the solar energy production differently depending on the PV module type because of
the differences on the spectral response among the PV technologies [110]. Following this reasoning,
wide-bandgap technologies (i.e., amorphous silicon and CdTe modules) would become more affected
by pollen deposition than crystalline silicon and copper indium gallium diselenide (CIGS) modules.

5. Conclusions

Pollen may become a seasonal, local-scale soiling issue affecting the PV performance not only in
large agricultural and forest areas, but also in urban areas due to the ornamental vegetation in parks,
gardens, tree-lined avenues, etc. Anemophilous (i.e., wind-pollinated) plants have a much higher
pollen-related soiling potential than entomophilous (i.e., insect-pollinated) ones. According to the
literature and local observations, PV modules soiled by pollen can be effectively washed off by rainfall
excepting light rain events and photocatalytic anti-soiling coatings could improve their performance.

Pollen blooms can be predicted or detected by consulting the local pollen calendar or real-time
data from local pollen monitoring stations, respectively. In recent times, airborne pollen monitoring
has been generalized in many populated areas through the air quality control policies. It should
be noted that there is not a straightforward correlation between the airborne pollen concentration
and the degree of soiling by pollen in order to forecast the energy output. This might be attempted
case-by-case through statistical analyses when having enough long-term data concerning both the PV
performance and the local aerobiological information. Still, local pollen calendars and local pollen
monitoring data can help to mitigate soiling by pollen by planning the maintenance operations of PV
installations accordingly.

Regarding the rooftop PV system installed in a gardened semi-urban area, significant soiling by
cypress pollen was noticed from late winter to early spring. Pollen deposition caused both uniform and
non-uniform soiling patterns: while homogeneous soiling was observed during rainless conditions,
pollen became accumulated along the bottom edge of the PV modules after a light rain event. Based on
our observations, the PV installation was more affected by the presence of a nearby pollen source (i.e.,
cypresses located at meters or few tens of meters away) than by the vegetation causing record airborne
pollen levels at local scale.

In addition, the results of an artificial soiling test carried out with pollen have been presented.
Pollen samples were prepared by using soda lime float glass coupons as substrates and fresh cypress
(Cupressus sp.) pollen as the soiling agent. The hemispheric transmittance measurements of the
soiled samples were normalized by the hemispheric transmittance spectra of the clean substrates and
subsequently averaged over a wide wavelength range (300–1200 nm) coincident with the spectral
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response of most PV technologies. Among the results, the averaged transmittance (TAVE) decreased
gradually with the increase of the pollen mass density within the whole experimental range, following
the linear relationship TAVE (%) = 99.7–3.8·ρA (g/m2) up to a value of TAVE = 65.1 % for ρA= 9.1 g/m2.
This experimental soiling curve is expected to help into the interpretation of the PV energy loss in
areas seasonally impacted by pollen sedimentation. Interestingly, for a given pollen mass density
(ρA), while the glass transmittance remained constant within the VIS range due to non-selective light
scattering, a higher transmittance loss occurred in the UV range, seemingly due to intense UV light
absorption by the sporopollenin content of the pollen grain exine. This effect, which is extensive to all
relevant pollens, might be particularly detrimental for wide-bandgap PV technologies (i.e., with narrow
spectral responses).

Achieving artificial soiling tests with pollen of more vegetal species, especially from others which
also cause high airborne pollen levels, would be desirable to better understand the role of pollen as
a soiling agent. We speculate that the soiling behavior of pollen might differ between saccate and
non-saccate pollen and especially when comparing non-aggregated pollen (which is the typical case for
anemophilous pollen) and aggregated pollen (i.e., pollen clumps: several pollen grains joined together
by pollenkitt or another sticky surface-covering material).
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Abbreviations, Acronyms and Nomenclature

A area of a glass coupon;
Aclean absorbance of a clean glass coupon;
APOLLEN absorbance of pollen;
Asoiled absorbance of a soiled glass coupon;
AOD Aerosol Optical Depth;
API Annual Pollen Index;
APIn Annual Pollen Integral;
C. genera Cupressus;
CdTe cadmium telluride;
Cfb temperate fully-humid climate with warm summer;
CIGS copper indium gallium diselenide;
Csa temperate climate with hot-dry summer;
EDS electrodynamic screen;
GPOA irradiance in the plane of the array;
H height of pollen release;
ISC short-circuit current;
ISC,clean short-circuit current of a clean photovoltaic module;
ISC,soiled short-circuit current of a soiled photovoltaic module;
ISC,STC short-circuit current under standard test conditions;
mc-Si multicrystalline silicon;
PDU pollen dispersal unit;
PM2.5 suspended particulate matter below 2.5 µm in diameter;
PM10 suspended particulate matter below 10 µm in diameter;
PRIsc performance ratio related to ISC;
PRclean performance ratio of a clean photovoltaic module;
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PRsoiled performance ratio of a soiled photovoltaic module;
PV photovoltaic;
R2 coefficient of determination of a linear fitting;
Rclean reflectance of a clean glass coupon;
Rsoiled reflectance of a soiled glass coupon;
RH relative humidity;
sp species;
SPI Seasonal Pollen Index;
SPIn Seasonal Pollen Integral;
SR soiling ratio;
STC standard test conditions,
TAVE averaged transmittance;
Tclean transmittance of a clean glass coupon;
TNORM normalized transmittance;
Tsoiled transmittance of a soiled glass coupon;
→
u wind mean speed;
UV ultraviolet;
VIS visible;
Ws pollen settling velocity;
∆M pollen mass;
ρA pollen mass density.
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