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ARTICLE INFO ABSTRACT

Among the Concentrated Solar Power technologies, central receiver systems (CRS) is the technology moving to
the forefront in market penetration. CRS requires the use of heliostats oriented toward the central receiver in
order to concentrate solar radiation. The excess of light due to the reflection of the sunlight on the heliostats'
surface and the brightness of the receiver are considered as possible situations of risk for the eye. The paper
briefly outlines the physiological response to solar radiation subjected to momentary ocular exposures. This will
be followed by the description of health impairments and the presentation of the methodology and safety doses.
A case of study based on direct solar radiation measurements, is foreseen. Two scenarios were evaluated, the
action of seeing directly to a heliostats' surface and the action of seeing the reflected radiation from the receiver.
In the case of seeing the brightness from receiver, there exist a low potential to cause a temporary effect on the
eye. Besides, a person that is looking at heliostat surface has a huge potential to present a temporary effect (after-
image). The final section of the study will present and discussed the results obtained from the analysis of the case
of study and provide some recommendations. The investigation aims to contribute with information directed to
environmental scientists, standard developers and the solar industry that could improve/develop safety proce-
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dures directed toward the occupational health and safety within solar energy applications.

1. Introduction

Due the environmental problems due to pollutants that are released
into the atmosphere and the scarcity of fossil fuels, renewable sources
of energy seems to be an attractive solution for power supply
(Burlafinger et al., 2015; Jamel et al., 2016; Reyes et al., 2016). Gov-
ernments around the world are working in the implementation of po-
licies that aim to promote the usage of renewable resources for energy
production (Corona et al., 2016).

Among the renewable energy systems, Solar energy is considered as
a promising option for energy production due to its abundance, zero
pollution and economical energy source costs (Ashouri et al., 2015;
Astolfi et al., 2017; Mekhilef et al., 2011; Sindhu et al., 2016). The
industrial applications of solar energy are distributed into two main
categories: the photovoltaic (PV) and the concentrated solar power
(CSP) (Mekhilef et al., 2011; Zhao et al., 2017). According to the In-
ternational Renewable Energy Agency the CSP technologies are in-
creasing in scientific and commercial attention (Corona et al., 2016).

* Corresponding author.

The CSP power plants (also named concentrating solar power or
concentrated solar thermal) are based on the concept of solar radiation
concentration converted to high temperature thermal energy through
direct or indirect operation of a turbine and electricity generator
(Gauché et al., 2017; Hamilton, 2011; IEA, 2014; Zhao et al., 2017).

Among the CSP technologies that are dominating the market, are
the parabolic through and the central receiver systems (CRS) (Behar
et al., 2013; Gauché et al., 2017). Even though at the end of 2016 about
600 MWe (~13%) of nearly 5GWe of operational CSP capacity
worldwide was from CRS, researchers and developers are up to find the
path in achieving higher efficiency and lower costs. As a result CRS
technologies are more often being developed (Ho, 2017).

Basically CRS uses multiple sun tracking mirrors called heliostats
concentrate the sunrays by reflected them on one point, called receiver.
The generated heat is used to produce steam from heating fluids. The
steam drives a turbine connected to an electrical generator that pro-
duces electricity (Kalogirou, 2009; IEA, 2014).

Franck et al. (2009) classified the solar light reflections from the
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Nomenclature

f focal length of the eye (m)

0 reflection coefficient

B total beam divergence angle (mrad)

T transmittance coefficient

W subtended angle from the source (mrad)

Wgpot subtended angle of the reflected image on a mirror as
observed from a given distance (mrad)

Agpor area of the reflected image on a surface viewed by the
observer (m?)

Ap area of the pupil (m?)

Acquiv equivalent area of the n heliostats (m?)

Aobs area seen by the observer (m?)

A area of the reflecting surface (m?)

b focal length (m)

C concentration ratio

Dy effective diameter of the mirror (m)

dpor reflecting area of the mirror (m)

d source size (m)

d, daylight adjusted pupil diameter (m)

d, diameter of the image projected onto the retina (m)

Epeam beam irradiance (W/cm?)

E. irradiance in outside the cornea (W/cm?)

Epni direct normal irradiance at the earth’s surface (1000 W/
m?)

Eequiv equivalent Irradiance of the n heliostats (W/cm?)

E, retinal irradiance (W/cm?)

E,of reflected irradiance (W/cm?)

E; bum retinal burn threshold (W/cm?)

E; flash potential after-image threshold (W/cm?)

E’ irradiance of the reflecting surface (W/cm?)

r distance between the eye and the source (m)

Tobs location of the observer (m)

x distance (m)

receiver and the heliostats within CRS installations in some different
human-interacting scenarios: the reflection directly to the sky (potential
risk for airplane pilots), non-concentrated reflection from one single
heliostat (potential risk for a person standing in front of the mirror),
concentrated solar radiation from the heliostats field (potential risk for
workers located in the solar tower) and the reflected solar radiation
from the receiver (potential risks for people outside the heliostats field
although in the nearby, i.e. car drivers passing in nearby roads,
neighbors or pedestrians). Other scenarios were added by Ho et al.
(2011), such as the diffuse radiation from the receiver, or the reflection
from the mirrors when they are moving from the standby mode or when
they are not orientated toward the receiver.

Also, a CRS facility, in order to take the highest advantage of solar
energy, has to be submitted to regular cleaning and maintenance of
heliostats surfaces, as those activities will allow the maximum re-
flectivity to achieve the highest productivity level. The cleaning activ-
ities can be rather accomplished by a cleaning system based on wet
brushing (robot) or/ and by manual activities when it may be required
(ECLIMP Termosolar, 2016; Kattke and Vant-Hull, 2012; SENER, 2011).

The CSP facilities are, as expected, commonly located in sunny
environments characterized by a high solar ultraviolet index (Franck
et al., 2009). Solar radiation, composed by three types of Non-ionizing
radiation (UV, VL and IR) according to its wavelength, could interact
with the biological system. The biological effect is produced by a
change that can be measured after the introduction of some stimuli.
Even though it does not necessarily suggest the presence of health ha-
zards, those changes in the biological system could end in detectable
impairments. Those changes could influence at physiological, bio-
chemical or behavioral level in individuals. Prolonged human exposure
to solar UV radiation may result in acute and chronic health effects on
the skin, eye and immune system (Kwan-Hoong, 2003). Carrasco
(2003) described at least five types of damages to the eye and skin due
to exposure to natural visible light.

The approach needs to be centered in the proper usage of solar
energy as developed alternative for power generation, so the outcome
could be the expected one (Oncel, 2017). Therefore, analyzing the en-
vironmental conditions and addressing the safety at work of such a
growing industry is a responsibility of the scientific energy community.

This paper aims to contribute to contribute with crucial information
about ocular exposures to solar radiation. It includes a brief outline of
solar effects on eyes subjected to momentary exposures followed by the
presentation of safety doses and the methodology about the evaluation
of specular reflections from the surface of the heliostats and diffuse
reflections from the receiver. Following by the assessment of eye ha-
zards in a CRS, which is based on solar radiation measurements and is
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represented as a case of study. At the end of the last section, the results
obtained from the analysis of the case of study are presented and dis-
cussed.

The main objective is to contribute with information directed to
environmental scientists, standard developers and the solar industry
that could provide to improve/develop procedures manual directed
toward the occupational health and safety.

1.1. Physiological response to solar radiation: Occupational health effects
on eyes

The human eye has the natural aversion response against bright
light sources. This response protects it from getting injured by viewing
bright sources like the sun. Since this aversion limits, the duration of
exposure lasts a fraction of a second (around 0.25s) (Sliney, 1994). It
means that the eye will naturally avoid the bright source by blinking
or/and the person will instinctively shift his view from the bright source
in order to minimize incident visible light (Franck et al., 2009). In solar
radiation exposures, the variation in eyelids opening plays a major role
in terms of impact. The eyelids control the amount of light that enters
into the eye. For example, the lids are more open during cloudy days as
the irradiance is reduced due to the cloud cover. Ocular exposure is
affected by the geometry of exposure, which means that sun irradiance
reaching the eye is near limited to the indirect radiation that has been
diffusely scattered by the atmosphere and reflected from all the surfaces
(Vecchia et al., 2007).

Besides, the unforeseen incidence of flash light on a visual scene
naturally attracts the attention which could distract someone from his/
her ongoing task and/or produce a shock and panic reaction (Toet et al.,
2013).

Even though the avoidance instinct of the eye, the intensity of the
bright light source, time of exposure, incidence of the exposure and
flickering pattern of light might cause temporary and permanent effects
(Ho, 2011; Toet et al., 2013). The visual disturbances could appear as a
result of the neural processing in the retina after light has been ab-
sorbed by the photoreceptors (Toet et al., 2013).

There are several effects (physiological and psychological) that
could represent a temporary impact or a permanent damage according
to the type of wavelengths that define light intensity absorbed by the
retina of the eye.

1.1.1. Temporary effects

Glare is the temporary incapability to see details in the area around
a bright light (visual field). Sometimes is called dazzle, being known as
the first eye reaction to bright light (Franck et al., 2009). It is not
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classified as biological damage because it lasts only as long as the bright
light exists within the individual’s visual field (Toet et al., 2013). Glare,
relative to the ambient lighting, is defined as a result of the exposure to
source of continues excessive brightness while glint is attributed to a
momentary flash of light (Ho et al., 2011).

1.1.1.1. Disability glare. The moment that glare impact vision is called
disability glare, which is caused by the diffractions and scattering of
light inside the eye. It is also called physiological glare and it reduces
the visual performance (Osterhaus, 2005). The light that is scattered
overlays the retinal image and, consequently, reduces the visual
contrast. The result of the overlaying scattered light distribution is
usually called veiling luminance.

Veiling luminance is the decrement of contrast in the scene in the
human eye (Toet et al., 2013). Workers under the presence of disability
glare immediately notice the reduction in their ability to see and/or to
perform a visual task (Osterhaus, 2005).

1.1.1.2. Discomfort glare. Discomfort glare, also called psychological
glare, does not necessarily affect the visual performance but it produces
discomfort. An individual under discomfort glare might not notice any
negative impact in his work performance but can experience side effects
after a period of time, such as headache (Osterhaus, 2005).

1.1.1.3. Flash blindness. The retina adapts physiologically to light and
when the light is more intense than that amount at which the retina is
adapted at that moment, a temporary and immediate loss of vision is
produced. Flash blindness is produced by the bleaching of the retinal
visual (light-sensitive) pigments caused by bright light exposures
(Franck et al., 2009; Ho et al., 2009; Toet et al., 2013). Most of the
people have experienced flash blindness after viewing a flash light from
a camera (Ho et al., 2009). Dazzle and the “after-image” effects are the
physiological responses to flash blindness (Franck et al., 2009)

1.1.1.4. After-image. The after-image is a temporary scotoma (blind
spot), or a lasting image, after looking directly at a bright source as the
sun. It is caused by the visual impression which lasts after the image has
disappeared. The after-image effect persists from several seconds to
several minutes in the visual field in which target spots are partly and/
or completely buried. These blind spots are stuck and move with the eye
sight. The time to blind spots fade depends on the level of brightness
and duration of the light insult, among other factors, such as target
contrast, color, size, observer age, and the total adaptation state of the
visual system (Franck et al., 2009; Toet et al., 2013).

Effects such as after-image, flash blindness and veiling can be pro-
duct of experiencing disability glare caused by solar glare. Meanwhile,
retinal burn can occur with exposure to concentrated sunlight and solar
retinitis with associated scotoma results from staring at the sun (Sliney,
1994).

The prolonged exposures to some of these effects, such as discomfort
glare and disability glare, can lead to side effects like headaches and/or
other physiological impacts, and reduction of the visual performance
(Ho et al., 2014). Glare and flash blindness might be followed by irre-
versible impairments such as thermal lesions (Toet et al., 2013).

The recovery time, strongly dependent on the brightness of the
projected image, ranges from 0.8 to 2.7 s, for approximately 1-3 W/m?
of solar irradiance at the eye (Franck et al., 2009; Saur and Dobrash,
1969).

For the evaluation of the repercussion effects on a viewer located in
the installations of a solar power facility, it is necessary to take into
consideration that the effects are directly related to the ambient and
background light conditions. In day light conditions flash blindness is
not considered to be a problem since the locations usually have bright
surroundings and high global and diffuse radiation (Franck et al.,
2009).
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1.1.2. Reversible and permanent damages

Exposures to solar radiation, mostly UV radiation, are associated
with a variety of impairments on cornea, lens and retina. The health
disorder depends on the amount and wavelength of radiation that
reaches the internal structure of the eye (Diffey, 1991; ICNIRP, 2010;
Vecchia et al., 2007). For example, viewing intense VL radiation can be
potentially risky for the retina and intense UV can be hazardous for the
cornea and lens (Sliney, 2001).

The principal hazard resulting from looking directly at the sun is
photoretinitis (solar retinitis with scotoma) which is a retinal damage.
Intense exposure to short-wavelength of light can cause thermal lesions,
which are burns of the retinal tissue that result in permanent scotomas
(Sliney, 1994, 2001; Toet et al., 2013).

Even though the retina is normally enough protected by the cornea
and crystalline lens against health effects (less than 1% of UV-A is
available to reach the retina), solar retinitis is the consequence of a
photochemical injury mechanism subsequent to the exposure of the
retina to shorter wavelengths in the visible spectrum (ICNIRP, 2004;
Sliney, 1994, 2001). Photoretinitis may result from viewing an extreme
bright light for a short period of time or it could be the result of looking
at lesser bright light source for longer periods of exposure.

Studying the physiology of the retina, light damage and the renewal
process of the retina had been the concern between the adverse impacts
to UV-A, and blue light upon the retina (Sliney, 2001).

On the other hand, the cornea does not pass through an adaptation
process (increment in the capacity of protection) due to repeated ex-
posures; therefore it is equally vulnerable day after day to the same
amount of radiation (ICNIRP, 2010; Knave et al., 2001; Vecchia et al.,
2007).

Acute effects such as photokeratitis and photokeratoconjunctivitis
are produced by an inflammatory reaction in the cornea and the con-
junctiva, respectively, and both can be very painful but don’t result in a
permanent damage. They appear a few hours after the exposure and last
one or two days (Knave et al., 2001). Other effect upon unprotected
eyes exposures to sun is fibrous ingrowth of the cornea’s tissue (pter-
ygium). Other effects could be attributed to a nonmalignant tumor in
the conjunctiva (pingueculum) and cataracts (opacity of the lens).
Usually cataracts that eventually lead to blind eye appearance in in-
dividuals depend on the age and sun exposure (mostly UV-B exposures)
(Diffey, 1991; Vecchia et al., 2007; WHO, 2002).

Risks from glint and glare from bright sources within concentrating
solar power plants include the potential of permanent damage in the
eye and also temporary effects. Those effects could impact in people
within the facility and also in the surroundings (working nearby, pilots
flying overhead or motorist driving alongside the site). Assess the po-
tential hazards coming from the glint and glare in concentrating solar
power plants is an important requirement to ensure public safety (Ho
et al., 2011).

1.2. Previous studies

Several studies investigated the impact of solar radiation reflections
of visual sources at solar thermal power plants.

Saur and Dobrash in 1969 published the study about visual in-
spection of sun reflections from metal surfaces in order to calculate the
duration of afterimage disability in automobile drivers. The results
showed the need of curvature in mirrors surfaces and matte surfaces in
the receiver for the reduction of the glint and glare.

Years later in 1977, Young, developed a research emphasizing on
hazards associated with reflecting concentrated solar energy from the
receiver in the experimental installations of Sandia National labora-
tories in Albuquerque, New Mexico. In the same year and same in-
stallations, Brumleve (1977) carried on an investigation about eye ha-
zards associated with concentrated reflected light of single and multiple
coincident heliostat beams. The results showed that the irradiance of a
single heliostat exceeds the safety limits within a short focal distance
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(up to 40 m), even though, the safe limits for retina damage were never
exceeded in heliostats with focal lengths of more than 270 m.

Almost four decades later Ho et al. (2009) presented a compilation
of previous assessments about glint and glare effects, and optical risks
in the different CSP technologies. The study resumes the metrics used to
determine safe retinal irradiance exposures in order to avoid the per-
manent eye damage. In addition the authors suggested additional
quantitative metrics that could be used for glint and glare analysis in
concentrating solar thermal power plants with eye hazards prevention
purposes.

One year later, Franck et al. (2009) analyzed potential risks for skin
and eyes due to exposure to brightness of the reflected sunlight from the
heliostats and the receiver. The authors explored the operation and
design features of a central tower installation (facility with 1600 he-
liostats approximately) in Israel. Through analyzing the potential ef-
fects in human health and the safety metrics for the evaluation, the
authors conclude with some recommendation for eyes and skin.

In 2011, Ho, evaluated potential glint and glare hazards during
short-term exposures from the concentrating solar collector’s field at
the National Solar Thermal Test Facility (NSTTF). The study basically
evaluated the potential for permanent eye injury (retinal burn) and
temporary visual impairment (after-image) using Digital photographs
of the glare to quantify the irradiance flux in each pixel. The results
revealed a strong glare could be observed from the surface of the he-
liostat over 1700 m (> 1 mile) away when the heliostats were placed in
a standby mode; with an aim point ~30 m to the east of the top of the
tower. After viewing the glare source directly, a temporary after-image
effect was experienced.

In the same year, Ho, in collaboration with Ghanbari and Diver
(2011) proposed an analytical model for the evaluation of the specular
reflections in point- focus collectors and line-focus collectors, and dif-
fuse reflections (receiver surface). The Metrics proposed aimed to
contribute with the assessment of permanent eye damage and tem-
porary after-image effects by calculating the irradiances from various
concentrating solar collector systems (e.g., heliostats, dishes, troughs,
receivers).

Toet et al., in 2013, provided the reversible and irreversible effects
of visible light on human eyes and defined the requirements for effec-
tive optical measures, but the study didn’t take place on a solar facility.

After a year, Ho et al. (2014, 2015), evaluated the glare in the solar
power plant Ivanpah located in the United States, due to the existence
of reports submitted by pilots and air traffic controllers about the glare
originated from the facility. The fact drove to the evaluation and
quantification of the flux of irradiance in the facility in order to identify
the potential ocular impacts of the glare source at distance ranging from
2 to 32km. The assessment was based in the quantification of the

conjunctiva

cornea
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irradiance in photographs processed using the PHLUX method. The
results showed the intense glare caused by the heliostats’ surfaces in
standby mode could cause an after-image effect (up to a distance of
10km). In the case of the receiver’s surface, the glare had a low po-
tential to cause the same effect.

Samaniego et al. (2012, 2015) evaluated the eye hazards due to
solar radiation exposure in a CRS experimental facility in Mexico. Ba-
sically the levels of the solar radiation flux were simulated with the
National Renewable Energy Laboratory (NREL) software "SOLTRACE
(http://www.nrel.gov/csp/soltrace.html). The actions of looking di-
rectly to the surface of the heliostats, and looking directly the receiver's
surface were estimated with the metrics proposed by Ho et al. (2011).
The data was compared with the maximum permissible limits showed
in previous studies. The results showed that permanent damage (e.g.,
retinal injuries) and momentary vision loss (after-image effect) could
occur. In the situation when a person looks directly to a single heliostat’
surface, the reflected irradiance has enough potential to cause damage
in the retina in a range of 300 m. Same authors, one year later,
(Samaniego et al., 2016) developed a review about “Occupational ex-
posures to solar radiation in concentrated solar power systems: A
general framework in central receiver systems”, where it was provided
information about solar radiation, health impairments, international
institutions guidelines, methodologies of assessment, among other as-
pects, that enable an individual to execute a risky task under the safest
possible conditions.

In 2015, Gonzalez-Pardo et al., focused on the evaluation of glare
that produces permanent eye damage and temporary flash blindness by
adding a new step in order to adapt the methodology provided by
previous analyses performed by other authors. The study was carried on
the “Vertical Heliostat Field” (VHF) located in the region of Madrid.
The results showed that values for temporary blindness suggested the
need of preventive measures in order to avoid solar reflections from
bright surfaces.

2. Methodology

Ho et al. (2009) and Brumleve (1984) proposed short-term exposure
parameters in order to assess the bright light sources in CSP installa-
tions. In those studies two variables were defined as necessary for the
ocular impact assessment:

(i) The retinal irradiance (E,).
(ii) The subtended angle (size) of the glare source (w).

The retinal irradiance can be calculated from the total power en-
tering the pupil and the retinal image area, as follows:

lens

choroid

retina

- -
w dr
- nodal point
pupil
iris
iﬁ r :i: f —DI

Fig. 1. Image projected onto the retina of the eye. Taken from Ho et al., 2011.
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w = ds/r (€8]
dy = fw @

where d, = fo, is the product of focal length of the eye (f = 0.017 m)
by the subtended angle (w, in radians) (Sliney and Freasier, 1973); d; is
the source size, and r refers to the distance between the eye and the
source (Ho et al., 2009) [Fig. 1].

The power entering to the pupil (E,, retinal irradiance) is calculated
as the product of the irradiance in the frontal plane of the cornea, E,
(W/m?), and the pupil area (d,). The power in the retina is divided by
the retinal image area (d,) and multiplied by the transmission coeffi-
cient (r ~ 0.5, as indicated by Brumleve (1984)), i.e.:

2
E, =E. ap” T
dr? 3)
where d,, is the daylight adjusted pupil diameter (~2mm) (Brumleve,

1984).
By substituting Egs. ((2) into (3)) gives:

E, =E, (d_pz) T
fZ (DZ (4)
The calculated irradiances and thresholds for the determination of the
ocular impacts are based in the solar spectral distribution (ASTM G 173-
03) within the visible spectrum (from 380 to 800 nm, according to Ho
et al., 2011). A potential risk to the eye scenery resides in the moment
when w increases and the safe threshold for E, proportionally decreases.
In other words, the permanent eye damage might occur when the de-
livery of power into the retina occurs in a larger amount. This happens
because a larger subtended angle of a source ends in a larger retinal
image, so it ends delivering an amount of power that the retina cannot
easily dissipate.
The threshold for the burn in the retina can be represented by
E;. bum (W/cm?) and, according to Brumleve (1984), should be de-
limited by the threshold limit:

0.118

E; purm = , for w < 0.118 radE, pym = 1; for w > 0.118 rad

%)
As the burns in the retina, the temporary blindness, caused by a flash
(after-image effect), depends also on the size of the subtended angle of
the source but differs on the severity of the impact. For instance, for a
given irradiance, lesser or greater source ends in smaller/bigger after-
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image effect. Several authors (e.g., Brumleve, 1984; Ho et al., 2009)
affirm that the size of the after-image and the impact is minor with
small angles (). The potential threshold of after- image (E,, fq51) (W/
cm?) can be calculated as indicated in Eq. ((6)):

3.59x10~°

Erﬂash = W77 (6)

Once the values of E, are determined, they can be compared with se-
curity metrics as provided by Ho et al. (2011).

The potential impacts in the eye for short-term exposures are re-
sumed in [Fig. 2], where three potential risks of impact regions are
defined:

1. The risk of permanent damage to the eye or retinal burn in 0.15s
(typical average time of blink response)

2. Potential for a temporary after-image effect

3. Low potential to produce after-image effect

The retinal irradiance, E,, caused by the action of looking directly to
the sun (~8W/cm?), in Fig. 2, is settled up as a situation of reference
and is delimited by the parameters: 8 = 9.4 mrad, w = 0.0094 rad,
Epnt = 0.1 W/em?, d, = 0.002m, f = 0.017m, and 7 = 0.5.

It is important to notice the fact that the quantified metrics and
retinal irradiance estimations do not consider all the factors and si-
tuations, e.g., the atmospheric attenuation, the situation of a person is
wearing sun glasses, other human factors and behaviors, and also
multiple beams from adjacent receiver (s) (Brumleve, 1984).

2.1. Specular reflections from the surface of the heliostats

Situations where the surface of the mirrors is in a position that allow
the reflection of the sun to locations other than the receiver may occur.
Those situations can lead to glint and glare hazards. In order to evaluate
the situations under the conditions to produce the largest beam irra-
diance, some assumptions should be made, according to Ho et al.
(2011).

Such assumptions will be considered for the calculations of the
beam irradiance (Ejeqn), expressed in W/cm?, as given in (7), which is
defined as the irradiance outside the eye based on the reflection coef-
ficient, or mirror reflectivity, (o), and the area of concentration ratio

) 8.

1E+03

1E+02
1E+01 X

Potential for permanent eye damage

& \ ==y, flash
E 1E+00
= Potential for temporary eye effect
~ 1E-01
3 wEr, burn
S 1602
©
©
= 1E-03 Looking
= directly to the
& 1E-04 o
b Low potential for temporary eye effect
& 1E-05

1E-06

1 10 100 1000

w- Subtended angle (mrad)

Fig. 2. Potential impacts represented as a function of the subtended angle..
Adapted from Ho et al. (2011)
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Fig. 3. Observer interaction with the receiver. Taken from Samaniego et al. (2012).

Epeam = pEDNIC (2]

-2
c= (xﬁ + |——1|)
Dy,

In Eq. (7), Epyy is the direct normal irradiance at the Earth’s surface
(0.1 W/em?) (Ho et al., 2011); p is assumed equal to 0.92 (Ho et al.,
2011). Additionally, b is the focal length (set as b = oo for a flat mirror),
x is the distance between the mirror and the observer, being 8 the total
beam divergence angle (assumed as 9.4 mrad, according to Ho et al.,
2011), and Dy, is the effective diameter of the mirror (calculated from
the total reflective surface of the mirror).

The size of the sun image that is reflected in the surface of the he-
liostats is different from the one observed by the individual (Ho et al.,
2011). Therefore it is necessary to calculate the size of the reflected sun
image in the mirror that is being observed, in order to determine the
retinal irradiance (E,) and the subtended angle of the source (w).

According to Ho et al. (2011) it must to be taken into consideration
the spot size of the image, proportional to the measured irradiance
(Epeam = E.), which is projected in the surface and observed by a person
at a given distance (x).

The concentration ratio “C”, is proportional to the area of the re-
flected spot image (Ag,) on the flat mirror viewed by the observer.
Therefore, C is also equivalent to the square of the diameter’s ratio of
the reflected area on the mirror (Agpo).

2
_ dspot _ (stpot )2

dspatJlat Xﬁ (9)
where wy,, is the subtended angle of the reflected image on a mirror, as
observed from a given distance, and (xf3) is the diameter of the reflected
sun image observed at a x distance away from an infinitely large flat
mirror.

The subtended angle, of the reflected image on a mirror as observed
from a given distance, it is express by (10):

(€))

Aspot

C =
Aspo[ﬂat

Ebeam

w. =
ot 6\/ PEpNT

(10)
where Epe = E..

The retinal irradiance (from specular reflections), in (11), is ob-
tained from using (10) in (1), (2) and (3)

_ PEDNId;%T
[
Referring to the Eq. (11), Ho et al. (2011) in their work, indicate that:
“The retinal irradiance does not depend on distance from the source
(neglecting atmospheric attenuation). As the distance increases, both
the power entering into the pupil and the retinal image area (which is
proportional to the square of the subtended source angle) decrease at

the same rate. Therefore, the retinal irradiance, which is equal to the
power entering to the pupil dived by the retinal image area, is

an
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independent of distance”

In the application of the methodology for the evaluation of ocular
impacts, the Egs. (13) are used to convert E, into E,; where w is re-
presented by the wg,, (10). Eq. (11) can be used for comparisons to the
safe retinal irradiance levels in Fig. 2.

2.2. Diffuse reflections from the receiver

The receiver, located on the top of the tower, is designed to absorb
the solar radiation coming from the heliostats field (Brumleve, 1984)
and in order to assess the action of seeing the reflection of bright light
coming from it and its impact to eyes, the receiver surface can be in-
terpreted as a diffuse source. Samaniego et al. (2012) proposed a way to
evaluate the reflected irradiance coming from diffuse sources based on
the methodology proposed by Ho et al. (2011).

The angular size of the source is determined by the effective area
reflected on the receiver surface which is seen by the observer [Fig. 3].

The effective area seen by the observer (A,;s) can be calculated
using (12), where the angle between the tower and the observer de-
pends on the distance between them and the tower height.

Agps = A'cosd (12)

being A,y the area seen by the observer, 6 the angle, and A’ the area of
the reflecting surface.

Once the total illuminated area is known, the reflected irradiance
(Eyf) can be calculated (13) by multiplying it by the reflection coeffi-
cient p (0.8 to 0.2) and the amount of irradiance seen by the observer
(E):

Eyf = pE’ 13)

However, there is a difference between the total reflected radiation and
the total amount of radiation outside the eye (E, in W/cm?). The main
reason is the distance and the angle in which the observer is located
with respect to the receiver. The irradiance outside of the cornea is
defined by:

Xobs

E. = refA, N N
(Zobs + Xobs

% a4
where I,; = lf due to the circular shape of the image.

On the other hand, the quantity of irradiance (per cm?) that enters
through the pupil (E,) is equal to the multiplication of energy that is
outside of the cornea by the area of the pupil (4,) for a certain distance
“robs” (location of the observer) divided by the area seen by the ob-
server.

2
_ EcApT 1o
= —
2
Aobsf

Here the transmission coefficient (7) is equal to 0.5 and the focal dis-
tance of the eye (f) is equal 0.017 m (Ho et al., 2011).

Eq. (15) refers to the amount of radiation on the retina produced by
a single heliostat. Therefore, the amount of reflected irradiance coming
from n heliostats in the field and reaching the retina is determined by
an equivalent area (A.q) for an equivalent irradiance (Eq.) as fol-
lows:

n ’ ’
A _ nA;{_,nE/_,
equiv — 7
i=1 nE_,

(15)

(16)

The equivalent irradiance, E.q; , is represented by the sum of the
amounts of reflected irradiance coming from the heliostats. As it can be
seen in:

3

nEil—n
1 a7z

Eequiv =
i
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3. Case of study and results

Like many other countries, Mexico has a considerable potential for
applications in solar energy due to the high amounts of solar radiation
over its territory, in particular in the states located in the north region,
namely Sonora, Baja California, and Chihuahua. The NREL, in its
website (http://maps.nrel.gov/swera), includes a geographic informa-
tion system, which displays worldwide information of direct normal
solar radiation [Fig. 4]. The state of Sonora is indicated as having one of
the highest solar irradiance levels in the whole country (Arancibia-
Bulnes et al., 2014).

A study over three regions of Sonora, based on beam solar radiation
measurements, showed that the capital of Sonora, Hermosillo, has a
beam normal solar radiation of 7.8 kWh/m?/day. Furthermore, in that
city, the number of hours in a day with irradiance above the average
value exceeds 10 h, which is an excellent value for concentrated solar
energy uses (Arancibia-Bulnes et al., 2014).

The present study was conducted in the Experimental Field of
Heliostats (initials CPH, in Spanish) [Fig. 5], located in Hermosillo,
Sonora, México. Such scientific and technological research installation
is supervised by the University of Sonora and by the National Auton-
omous University of Mexico. The CPH consists of a field of 15 heliostats,
with a total surface of 36 m? (Iriarte, 2013), a tower 36 m height, and a
control room. The heliostats installed on the field allow reaching a solar
radiation concentration factor of 25 and an estimated thermal power of
2 MWt (Samaniego et al., 2012).

The workers of CPH have the following tasks:

1. Operation of the heliostats field: Verification of the operation of the
field, heliostat calibration routines and calibration parameters,
feedback control system, running the control and monitoring
system.

2. Monitoring system (direct, diffuse, global measurements): Cleaning
and maintenance of the equipment located at the top of the tower
(gardon gauge, pyranometer and pyrheliometer), supervising the
equipment operation and backup the stored data.

The monitoring system was designed in two stages; the first one,
dealing with the acquisition and recording of data and, the second one,
with the processing and analysis of the information in the central
control system. The first stage was installed on the hardware cRIO-9074
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(kWh/m sq. per day)
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W [ 25-30
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¥ 35-40
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Fig. 5. Experimental installation CPH. Taken from Samaniego et al. (2012).

Table 1
Solar irradiance over a year.

Temperature °C~ Month Irradiance peak flux ~ Averages of maximum
in a day (W/m?) levels of irradiance per
month (W/m?)
29.90 January 998.07 882.70
32.61 February 1012.75 935.53
25.33 March 998.15 894.92
30.87 April 996.89 895.19
34.21 May 961.37 898.77
38.62 June 940.79 890.76
36.84 July 897.27 889.23
39.33 August 953.56 906.28
36.62 September  918.91 900.60
35.52 October 971.78 930.13
26.09 November  1005.69 931.87
25.19 December 968.43 851.51
Average 968.64

controller with the FTP- Server enabled for access to historical in-
formation from the system module. The system was installed in the
upper part of the tower with the function of obtaining measurements of
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Fig. 4. Direct normal irradiance in Mexico (NREL: http://maps.nrel.gov/swera).
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Fig. 6. Maximum irradiance fluxes per month.

Table 2
Conversion of E. into the irradiance that enters to the eye (E,).

E. Epni B Wipot E, Eb um Er flash
998.073 1000 0.0094 0.0098 9.791 72055.025 7.206 12.052 1.292
1012.752 1000 0.0094 0.0099 9.862 72055.025 7.206 11.965 1.276
998.148 1000 0.0094 0.0098 9.791 72055.025 7.206 12.052 1.292
996.891 1000 0.0094 0.0098 9.785 72055.025 7.206 12.059 1.294
961.375 1000 0.0094 0.0096 9.609 72055.025 7.206 12.280 1.336
940.787 1000 0.0094 0.0095 9.506 72055.025 7.206 12.414 1.362
897.270 1000 0.0094 0.0093 9.283 72055.025 7.206 12.711 1.420
953.560 1000 0.0094 0.0096 9.570 72055.025 7.206 12.330 1.346
918.910 1000 0.0094 0.0094 9.394 72055.025 7.206 12.561 1.390
971.783 1000 0.0094 0.0097 9.661 72055.025 7.206 12.214 1.323
1005.687 1000 0.0094 0.0098 9.828 72055.025 7.206 12.007 1.284
968.431 1000 0.0094 0.0096 9.644 72055.025 7.206 12.235 1.327

solar radiation and weather conditions (Iriarte, 2013).

The probes, connected to NI cRio-9074 hardware and used in the
measurements of diffuse radiation, direct irradiation, global radiation
and irradiance, are:

1. Gardon Gauge: It's a sensor designed to measure the flux density of
radiation (Pitts et al., 2006).

2. Pyranometer: It is an instrument that measures the global solar ra-
diation (direct plus diffuse radiation) in a horizontal plane
(Kalogirou, 2009; Robinson, 1966, cited in CEDECAP, 2003, pp.13).

3. Pyrheliometer: It is an instrument to measure the flux of direct solar
radiation at normal incidence. This instrument is a type of telescope
that follows the solar movement (Igbal, 1983; Kalogirou, 2009).

The sampling rate of the various variables (global, diffuse, and di-
rect radiation) was 1 Hz. After a period of 60s, the average of each
variable was computed and stored into files. Those files were named
based on the date, and new files were created every time the file size
exceeded three megabytes. The measurements selected, for the present
study, were those obtained during a working period between 9 am and
5pm, on each day, and processed by the monitoring system.

The corresponding peak irradiance fluxes of each month are pre-
sented in Table 1, where it can be seen that the highest solar irradiance,
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in a month, ranges from a minimum of 897 to approximately 1013 W/
m>

In Fig. 6, it can be noticed a diminution of the beam irradiance
during the months around July due to the fact that such period corre-
sponds to the local rainy season of the year, when the amount of
cloudiness increases, despite of being summer there.

The irradiance measurements were assessed following the metho-
dology proposed by Ho et al. (2011), as explained previously, in order
to compare the short-term exposure of specular reflections from the
surface of the heliostats against the safety threshold limits presented
already in Fig. 2. The parameters were defined as: § = 9.4 mrad,
p = 0.92, Epn; = 1000 W/m?2, d, =0.002m, f =0.017m, and 7 = 0.5
(Brumleve, 1984; Ho et al., 2009, 2011).

The results, in Table 2, show a retinal irradiance -E,- of about
7.21 W/cm? which is close to the threshold of 8 W/cm? (Ho et al., 2011)
that represents the irradiance that enters into the eye of a person staring
at the sun and which has a considerable potential to damage the eye in
a permanent way.

In Fig. 7, the actions of looking directly at the sun and looking di-
rectly at surface of the heliostats are compared with the safety levels.
Based on measurements performed within a work shift of 8 h (9 am to
5pm) over a year, the results revealed that the environmental condi-
tions have the potential to cause after-image effect in momentary
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Solar radiation (work shift of 9:00-17:00h)

1E+03

1E+02

1E+01

Potential for permanent
eye damage

1E+00

=
m
=)
Pt

-
B
o
N

-
m
S
@

Potential for temporary — ~®lrradiance

eye effect
e==Fr flash

e=Fr burn

B Looking directly

Low potential for at the sun

Retinal Irradiance (w/cm?)

1£-04 temporary eye effect NG
1E-05
1E-06
0,1 1 10 100 1000
w- Subtended angle (mrad)
Fig. 7. Potential impacts represented in function of the subtended angle.
; The analytical model of diffuse reflections evaluates the total re-
Heliostats . . . . .
flected irradiance coming from the bright source which is represented
- Indicator  Distance by an equivalent irradiance by using (17); based on the results of the
4 appliance of (15). Therefore in the evaluation, three heliostats at dif-
y @ 207m ferent distances, Fig. 8, were chosen and its results were reproduced as
a9 ek s s o @) 121m representative information of the equivalent irradiance of each group of
= ) ) s a total of three. The selection of the heliostats for evaluation in the
g ° e o v 70m study was led by strategic decision based on its distance from the
PR central tower.
& * g The group 1 was composed by 32 heliostats at a representative
@ g distance from the receiver of 70 m. The 25 heliostats of group 2 were
4 * o ® & representing the fringe located at 121 m from the tower and the last
N N st g group of 25 heliostats at distance of 207 m. It is supposed that the
A = g By person is seeing the 82 bright images overlapping in one point on the
® & aelz' p & receiver. Therefore, it is hypothetical determined that the location of
"l o this individual is far enough to see the entire field of heliostats re-
é a'g - Ea- & flecting the solar radiation from receiver.
& Since the total amount of reflected radiation differs from the total
$g et amount of radiation outside the eye due to the distance and the angle in

Fig. 8. Map of the groups of heliostats in the experimental field..
Adapted from Samaniego et al. (2012)

exposures, even though not sufficient potential to cause permanent eye
damage.

In the design of the case for analyzing the diffuse reflection from the
receiver, one person (1.65 m average height) is supposed to be looking
at the receiver surface reflecting the bright light of the entire field
(composed by 82 heliostats). The highest flux of irradiance was regis-
tered around 1 pm during the warmest day of the year; where the direct
normal irradiance was 1012.75 W/m?. The parameters that represent
the characteristics of the facility are: Epy; = 1000 W/m?, receiver of
4 m? area with a reflectivity of 0.2 and the height of central tower 27 m.
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which the observer is located respect to the receiver, the evaluation of
the irradiance outside the eye (E.) as a function of the distance was
made [Fig. 9].

It can be noticed, in Fig. 9, that the irradiance outside the eye de-
creases as the distance increases. This happens because the image of the
reflected bright area reduces at large viewing angles. Besides the angle
and distance, the receiver reflectivity could affect the amount of E,. If
the receiver is replaced by another one with higher reflectivity (e.g.
0.8), an considerably increment of the radiation in front of the eyes
(within 100 m) occurs [Fig. 10].

After obtaining the irradiance that enters into the eye from each
group of heliostats reflecting the sunlight on the receiver and its
equivalent irradiance, a comparison against the safety limits of ex-
posure is shown on Fig. 11.

The results revealed that the short exposure to diffuse reflected ir-
radiance, coming from a receiver with reflectivity of 0.2, has a low
potential to cause a temporary effect as after-image effect in a person.
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Fig. 9. Irradiance outside of the cornea as a function of the distance between the observer and the diffuse source.
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Fig. 10. Irradiance outside of the cornea as a function of the distance from the diffuse source with different reflectivity.

4. Recommendations

The main objective in suggesting preventive measures is to reduce
to the minimum the ocular exposure to solar radiation. In order to re-
duce the risk of the glint and glare and increase the visual perception, it
is needed to:

e Avoid staring at bright surfaces within the solar installation.
Prolonging the period of time of eye staring before the blinking ef-
fect (avoiding reaction of the eye) will bring effects and side effects
to human health.

® Advising the surroundings. The solar facilities should put sings on
the near surroundings in order to spread the awareness of glare and
glint to individuals or drivers passing by the solar installations.
Those facilities which aren’t physically materialized or they are on a
project state level should take into consideration the location of the
facility.

e Ocular protection. UV protective eyewear is frequently used to re-
duce glare by decreasing the luminance of visible radiation reaching
the eye. The selection of the ocular protection needs to be based on
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the intensity and characteristics of the bright source, distance be-

tween the viewer and the bright source and time of exposure (Knave

et al., 2001; Vecchia et al., 2007).

Implement protection policies and monitoring program. In order to

control health hazards to outdoor exposure, the monitoring program

should include information about:

e Global solar UV index (UVI). UVI describes the level of solar UV
radiation at the Earth’s surface. It could be monitored by using the
UVI local forecast. The values of the index range from O to
11 + where higher the index value, greater is the potential for
damage and the lesser the time for harm to occur (WHO, 2002).

o Self-protection and behavior

o Shelter in shades

Training and education of employees about safety and the im-

portance of prevention providing information about protection policies,
preventive measures, limits of exposure and symptoms of hazardous
effects on health and its identification.
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Fig. 11. The action of looking at the receiver reflecting the irradiance of 82 heliostats.

5. Conclusions

The present work aims to contribute with information about eye
exposures to solar radiation in CRS installations for the development of
standard procedures, in the future, in order to ensure the safety in the
solar industry workforce.

To accomplish such objective, field data measurements of solar ra-
diation were conducted, during nearly a year, in a solar experimental
facility located in Mexico.

The analysis, based on such real data, provided relevant information
about the actions of looking directly at the surface of the heliostats and
looking directly to the surface of the receiver. In the case of seeing the
solar radiation reflected on the receiver there exist a low potential to
cause a temporary effect on the eye. This happens because the irra-
diance outside the eye decreases while the distance increases, in other
words, the image of the reflected bright area on the receiver reduces at
large viewing angles. On the other hand, the results revealed a potential
temporary effect (after-image) when a person is looking at the surface
of the heliostat. Even though the after-image effect is classified as re-
versible impact, in other words, physiologically healed with time, those
situations may lead to secondary effects (headache, degradation of vi-
sion, dazzle and temporary loss of the vision, dizziness and vertigo) or
accidents at work. Therefore, it would be desirable to mitigate the si-
tuations of risk.

Clearly further studies are needed to understand more in deeep the
ocular exposures to solar radiation. The reproduction of this study on a
comecial solar facility, the establishment of security measures, training
procedures, monitoring systems and methods of evaluation adapted to
the solar industry requirements are highly recommended. Address solar
exposures will influence in the effects on health prevention and costs in
health care.
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