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In Mediterranean countries of Southern Europe, the climatic conditions are usually favourable to cultivate
greenhouse vegetables but not always for workers. The aim of this study was to design a network of weather
stations capable of gathering data of environmental parameters related to the wellbeing of workers in green-
houses in south-eastern Spain. The unevenness of the thermal environment was studied both vertically as well as
horizontally following guideline ISO 7726. The results indicate that the greenhouse should be considered a

heterogeneous environment, implying that, for an evaluation of the environmental conditions related to thermal
stress of the workers inside the greenhouse, measurements should be taken at different points within the
greenhouse at three heights (ankle, abdomen, and head).

1. Introduction

Labourers interact directly with their working environment, which,
depending on different production sectors (Fig. 1), can vary and should
be monitored for dangers and risks to worker health and safety (ILO,
1985).

Monitoring of the working environment is meant to combine all the
disciplines related to safety (health, accidents, psychosocial factors,
ergonomics, hygiene, illnesses, etc.). In agriculture (primary sector),
three factors are distinguished in the discipline of environmental er-
gonomics: physical factors, organismic factors, and adaptive factors
(Rohles, 1985). These factors have greater or lesser implications for the
workers according to the tasks undertaken.

Agriculture around the planet is the second source of world em-
ployment. It involves contact with plants, animals, machinery, fertili-
zers, biocides, pests, etc. both in enclosed areas as well as in the open air
(ILO, 2010). South-eastern Spain (Almeria) has the greatest surface area
of greenhouses in Europe, with 30,230 ha directly employing 55,813
workers (per year) of different nationalities (Cabrera-Sdnchez et al.,
2016).

These greenhouses, lightly built metal structures covered with
transparent plastic, have wall and ceiling ventilation with interior dif-
fuse solar radiation. These conditions are favourable for cultivating
vegetables (Pérez-Alonso et al., 2011), but are not always suitable for
the wellbeing of the greenhouse workers (Callejon-Ferre et al., 2011a).
For purely agricultural control, greenhouses are equipped with sensors

such as psychrometers, thermometers, pyrometers, conductivimetres,
or pH metres (Castilla, 2005).

The vegetables cultivated in the province of Almeria are tomatoes,
peppers, cucumbers, green beans, eggplant, squash, melons, and wa-
termelons. Workers tend all the tasks over the growing cycle of the
vegetables, such as transplanting, pruning, biocide application, or
harvesting. These tasks last for a complete crop cycle (growing season),
i.e. from the end of July to the beginning of June of the following year.
Also, maintenance work is carried out when the greenhouse contains no
crop (Callejon-Ferre et al., 2009, 2011b).

The greenhouses of south-eastern Spain rarely need heating systems.
Nevertheless, the temperature range varies sharply over the four sea-
sons, from 40 °C in the summer to hardly more than 2-3 °C in winter (at
night) (Castilla, 2005; Cecchini et al., 2010). Under these conditions,
the study of heat stress in humans requires an analysis of the physical
magnitudes associated with the environment (temperature, humidity,
air velocity, etc.), with the individual, and with the type of work
(metabolic rate, acclimation, physical activity, clothes, etc.) (ISO 7933,
2004).

Related to the heat stress in greenhouse climatic conditions,
Callején-Ferre et al. (2011a) studying the thermal conditions of workers
in Almeria-type greenhouses stated that, during the warmer months,
the conditions under which heat stress risk could appear were common.
Cecchini et al. (2010) showed that, in greenhouses of central Italy, the
risk for workers during manual harvesting should not be under-
estimated, pointing to the possibility of the risk of heat stroke during
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Fig. 1. Surveillance of the working environment of different economic sectors.

the hottest hours of the day in spring and summer. Also in central Italy,
Marucci et al. (2012) studied the heat stress suffered by workers in
vegetable grafting greenhouses, concluding that workers were subject to
the risk of heat stress mainly between April and October. Similar results
have been found for greenhouses of Calabria (southern Italy)(Diano et
al., 2016) and Japan (Okushima et al., 2001), where the summertime
proved dangerous, especially in the midday. While the risk of heat stress
during the hottest months has been pointed, risk of cold stress has also
been reported (Callejon-Ferre et al., 2011a). Other stu-dies have
examined the heat stress of workers during the greenhouse construction
(Pérez-Alonso et al., 2011). This latter scenario differs from the previous
ones in that most of the work is done outdoors. The results of above tasks
are based on the evaluation of comfort and heat-stress indices.

The thermal-environment assessment is regulated by several rules
(Parsons, 2013). The International Standard Organization (ISO) classi-
fies the environment in two categories: moderate and extreme. Each
category is evaluated through an appropriate index and the corre-
sponding ISO Standard. Moderate environments should be evaluated
through the Predicted Mean Vote index (PMV) according to ISO 7730
Standard (ISO 7730, 2005). Hot extreme environments should be in-
itially treated by means of the Wet Bulb Globe Temperature index
(WBGT) as stated at ISO 7243 Standard (ISO 7243, 1989); if limits of
the WBGT index are surpassed, a more detailed analysis based on the
energy balance equation (subject-environment heat transfer) is re-
quired. This analysis must be made according to the ISO 7933 Standard
(ISO 7933, 2004), where the Predicted Heat Strain index (PHS) is
suggested. Besides ISO standards, other comfort and stress indices have
been proposed in the literature for the thermal environment (Epstein
and Moran, 2006; D'Ambrosio-Alfano et al., 2011).

The WBGT index, according to ISO 7243 (1989), should be calcu-
lated according to one of the next two scenarios: (i) inside buildings and
outside buildings without a solar load, and (ii) outside buildings with a
solar load. Since the cover of the greenhouses consists of plastic film
(with several additives), workers inside the greenhouse are exposed to
diffuse radiation (Nijskens et al., 1985). Thus, conditions inside
greenhouses do not exactly match any of the scenarios where WBGT
index equation is defined (Callején-Ferre et al., 2011a). Since the WBGT
index might not be adequate for greenhouses, and due to the limitations

of this index when the relative humidity is high and the wind speed is
low (Budd, 2008; Callejon-Ferre et al. (2011a) used the Humidex Index
(HI) (Masterton and Richardson, 1979) instead of WBGT index.

The calculation of the previous indices requires the measurement of
several climatic parameters (air temperature, black globe temperature,
air velocity, humidity, etc.) and, for PMV and PHS indices, also the
metabolic rate related to the worker’s physical activity, based in ISO
8996 (2004), and the clothing insulation and sweat rate (ISO 9920,
2007). Measurement of climatic parameters should be conducted in
accordance with the ISO 7726 Standard (ISO 7726, 1998). This Stan-
dard, establishes the minimum characteristics of instruments for mea-
suring the physical quantities that define a thermal environment. Also,
ISO 7726 (1998) refers to the measuring methods, which should take
into account that the values of physical quantities may vary in space and
time. In case of heterogeneous environments, physical quantities need to
be measured at different locations throughout the work place, in a
horizontal direction and also in a vertical one. Previous studies address
the distribution of air temperature inside greenhouses (Lopez et al.,
2012a, 2012b; Lépez et al., 2013; Molina-Aiz et al., 2004; Granados et
al., 2016). Experimental works took place in multispan greenhouses
showed maximum differences of air temperature in a horizontal plane,
at 1.75 m height from the ground, between 2 °C and 6 °C depending on
the ventilation conditions and other factors (Lépez et al., 2012a, 2012b;
Lépez et al., 2013). Molina-Aiz et al. (2004) stu-died the vertical profile
of air velocity and air temperature in an Al-meria-type greenhouse,
where a maximum temperature difference of 14.5 °C was measured
when low wind speed. Granados et al. (2016) measured the soil and air
temperature profiles for different solarisation strategies, with a
maximum difference of 9.1 °C, between 0.2 m and 2.0 m height, of the
mean air temperature at 2p.m. during January to March. In view of
these results, it seems logical to think that a typical greenhouse could
presents conditions of heterogeneity according to ISO 7726 (1998).
Since previous works focus on the climatic conditions involved in crop
growth, further specific studies are needed to evaluate the spatial
variation of the climatic parameters concerning the assess-ment of the
heat stress.

To meet this need, the implementation of a multi-point measure-
ment system inside a greenhouse would provide relevant information
on the temporal and spatial variation of the climatic parameters related



Table 1
Maximum deviations® of the climatic parameters for homogeneous environments (ISO
7726, 1998).

+2.0°C (0°C < t; < 50°C)
+10.0°C (0°C < f; < 50°C)
+(0.3+0.15-v,) ms™*

+ 0.45kPa

Air temperature (t,)

Mean radiant temperature (#)
Air velocity (vg)

Partial vapour pressure (B,)

@ For thermal environments where heat stress is possible (type S).

to the heat stress in the working environment. This is exactly the area
where the main contributions of the present work focus, namely:

e To the best knowledge of the authors, this work is the first one
approaching the study of climatic parameters of a greenhouse
monitoring multiple climatic variables simultaneously at different
locations inside the greenhouse and at the three heights specified by
ISO 7726 (which correspond to ankle, abdomen, and head).

e To that aims, we design and develop a custom measurement station,

with sensors replicated at three different heights, and a distributed

communication network to collect all the data in real time.

Finally, based on data collected with our sensor network, we assess

the heterogeneity condition for a typical greenhouse according to

the ISO 7726.

Numerous authors have proposed the use of networks of different
sensors to monitor agricultural environments, whether in the field or in
greenhouses (Ruiz-Garcia et al., 2009). The most effective commu-
nication technologies and protocols for these types of applications have
been: Bluetooth (Dursch et al., 2004), XBee (Baronti et al., 2007), WiFi
(Anastasi et al., 2009), and RFID (Hamrita and Hoffacker, 2005).

Despite that all these technologies have been used in different
projects, today there is sufficient experience to evaluate the advantages
and disadvantages of each of them. Bluetooth covers an extremely
limited connection distance, offering little flexibility in the format and
topology of the communications when there is more than two nodes in
the system. WiFi, regulated by the standard IEEE 802.11 (IEEE, 2012), is
the most widely used protocol in offices, homes, and smartphones,
although its energy consumption is higher than in other alternatives,
and therefore it is not ideal for data-acquisition applications that need to
function uninterrupted. RFID uses a much lower radio frequency than do
other technologies (in the MHz instead of the GHz range), permitting the
feeding of even small devices by radio waves, without the need of wires.
Its range, however, is seriously limited (hardly 1-2 m), and therefore its
use in applications of data application over broad surface areas does not
prove optimal, either. The protocol XBee, designed specifically for
multiple-node networks, permits the connec-tion in a diversity of
topologies, maintaining energy consumption to a minimum. Thus, it
seems ideal for applications in agriculture under plastic (Anastasi et al.,
2009) and more specifically its variant regulated by the IEEE standard
802.15.4 (IEEE, 2009).

The rest of this work is structured as follows. Section 2 describes the
basic climatic parameters and defines the limits of homogeneous en-
vironments according to ISO 7726 (1998). Next, the grid of measure-
ment stations distributed inside the greenhouse, the characteristics of
the measuring instruments and the network architecture are detailed.
Section 3 presents the results of the work, mainly focused on the eva-
luation of the heterogeneity conditions. Section 4 includes the discus-
sion of the obtained results. Finally, the conclusions drawn from this
work are summarized in the last section.

2. Material and methods
2.1. Climatic parameters

ISO 7726 (1998) defines as basic climatic parameters the air tem-
perature (t,), the mean radiant temperature (¢, ); the air velocity (v,), and
the air humidity (expressed by the partial vapour pressure, E,). The
mean radiant temperature (f;) can be calculated from the black globe
temperature (f;) as

= [(tg + 273)* + 0.4:108:[tg—t, /4 -(tg—t) [V/4—273 6))

when natural convection and a normalized black globe of 15cm in
diameter is used (ISO 7726, 1998). In case of forced convection, the
following equation can be used:

B = [(tg + 273)* + 2.5:108-005-(t,—1,) /4 —273 2

The selection between natural and force-convection equations re-
quire the calculation of the coefficient of thermal transmission (h),
which is defined, for natural convection as

3

and, for forced convection, as:

v046
hy, = 6.3 =2
N (DO"‘) 4)

where D is the diameter of the black globe. Then, the larger of the two
coefficients determined by Egs. (3) and (4) determines the type of
convection to be used (natural of forced).

From the basic parameters other climatic parameters can be derived
and the comfort and heat-stress indices can be evaluated; as the op-
erative temperature (t,), required for PMV index calculation (ISO 7730,
2005), or the natural wet-bulb temperature (t,,), required for the
WBGT index equation (D’Ambrosio-Alfano et al., 2004).

Also, these basic parameters are used in ISO 7726 (1998) to define
the limits of homogeneous environments. Regarding the spatial varia-
tion of the physical parameters within the workplace, ISO 7726 (1998)
establishes some limits for the basic parameters where, if the variation of
the basic parameters is within a given range, the environment can be
considered homogeneous, whereupon only one measurement point is
required. Otherwise, if the variation of the climatic parameters exceeds
the previous range, the work space must be evaluated as a hetero-
geneous environment. Table 1 summarizes, from the mean value, the
maximum admissible deviation of the basic parameters measured
throughout the workplace to be considered homogeneous. The homo-
geneity of the environment is evaluated for each basic parameter in-
dividually—that is, the space can be homogeneous in air temperature
but heterogeneous in radiant temperature.

The spatial heterogeneity of the environment must be evaluated
vertically and horizontally. In vertical, ISO 7726 (1998) sets three
heights where the physical quantities are to be measured: ankle, ab-
domen, and head. The specific value of these heights can be selected to
fit the characteristics of each population. Weighting factors of 1, 2, and
1, for the ankle, abdomen, and head, respectively, are used to calculate
the mean value of these three measurements. In this work, a mea-
surement station has been designed to include sensors at three heights
(see Section 2.3).

To gather information on the variation of the climatic parameters in
the horizontal direction, a grid of measurement stations was distributed
throughout the greenhouse. Each station collected data of the air
temperature (f,), black globe temperature (i), air velocity (v,) and
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Fig. 2. Greenhouse views and locations of measurement stations.



Table 2
Characteristics of the greenhouse.

Size 32m X 32m; h = 3.40-4.10m

Cover Three-layer polyethylene film; 200 um thickness; 81% visible light
transmittance; 29% diffuse light transmittance

Openings Manual lateral windows and roof automatic vents

Shading White washing applied at 07 Sept. (removed when first rains at 29
Oct.)

Floor Gravel-sand-covered soil

Crop Tomato (drip irrigation); Plant height: 2.1 m

relative humidity (RH).

Beyond the scope of the thermal-environment assessment rules, each
measurement station was equipped with an ultraviolet (UV) sensor in
order to measure de UV incidence inside the greenhouse. The guideline
ISO 17166 (1999) describes the formulation of the worldwide solar
ultraviolet index (UVI) based on the reference action spectrum of the
International Commission on Illumination (CIE) for the erythema
induced by UV on human skin. This UV radiation goes from 100 to 400
nm, divisible into three well-defined intervals: UVA (315-400 nm), UVB
(280-315 nm) and UVC (100-280 nm) radiation. The human work space
is reached by UVA wavelengths and a very low percentage of UVB
(WHO, 2002).

UVI measures the intensity of solar UV radiation on the work sur-
face, this being a dimensionless index classified worldwide by a colour
code. This is determined as a function of a constant of 40 m*W ! (k..),
of spectral solar radiation at a wavelength A (E; in W-m ~2nm ™ 1), of the
reference action spectrum for the erythema (S, (A)] and of the wave-
length differential used in the integration according to Eq. (5):

UV = ke [ EQ)Se (D))
250 nm

%)
UVI can be calculated using this Eq. (5) or using a broadband de-

tector calibrated and properly programmed to give the UVI values di-

rectly (WHO, 2002). This last method has been used in this work.

2.2. Monitored greenhouse

In heterogeneous environments, physical quantities must be mea-
sured at the different locations where the subject may be located.
Partial results should be considered to determine the mean values of the
required quantities for assessing heat stress. As a presumable

VA

heterogeneous environment, a grid of sensors were installed in an
Almeria-type greenhouse, located at 15 km east of the city of Almeria,
Spain (36°52’N-2°17'W, 98 m a.s.l.). The greenhouse had an area of
around one ha (32 m x 32 m) and a mean height of 3.7 m (Fig. 2). The
supports were of steel and the cover was a three-layer polyethylene
plastic film of 200 pm and 81% visible light transmittance. Ventilation
was provided through roof vents and lateral windows. The main char-
acteristics of the greenhouse are listed in Table 2. Inside the green-
house, a main lane was intersected by the secondary lanes flanked by the
rows of tomato plants. A grid of 12 measurement stations were
distributed along the greenhouse in order to record representative data
of the entire workspace (Figs. 2 and 3). In addition, another measure-
ment station was placed outside the greenhouse to measure the outdoor
climatic conditions. Measurement started on 7 September 2016, before
transplanting the tomato plants, and was planned to end in September
2017, in order to collect data over a complete year. Measurement data
is meant to provide relevant information on the variation of the climatic
parameters over time and space in the greenhouse.

2.3. Measurement stations

For compliance with guideline ISO 7726 (1998) in heterogeneous
environments, a customized measurement station (MS) was designed.
The measurement station included a structural support, several mea-
suring instruments, and an electronic box for signal processing (Fig. 4).
The support consisted mainly of a vertical post with three horizontal
bars adjustable in height. The horizontal bars were fixed at 0.23 m, 0.93
m and 1.56 m from the floor, where these heights were selected from the
percentile 50 of the Spanish population (Carmona-Benjumea, 2001).

Each horizontal bar is equipped with four probes for measuring the
microclimatic parameters: air temperature (t,), black globe temperature
(tg), air velocity (v,), and relative humidity (RH).

The characteristics of each probe, selected to comply with the re-
quirements of the ISO 7726 (1998), are listed in Table 3. For the
measurement of the black globe temperature (f,), a Pt100 probe was
placed inside a black globe made of brass (66% Cu, 34% Zn), 15 cm in
diameter and 0.5 mm thick. Also, Pt100 probes were used to measure
the air temperature (¢,), where these probes were covered through white
ventilated protections to avoid the direct solar radiation. The humidity
sensor, with a measurement range of 0% to 100%, was si-milarly
covered for protection against the condensed water dripping from the
plastic-film roof. A hot-wire anemometric sensor with a

e AR

Fig. 3. Measurement stations placed inside the greenhouse.
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Table 3
Characteristics of the measuring instruments.

Fig. 4. Measurement station and electronic box.

Parameter measured Manufacturer Model Measure range Accuracy

Air temperature (t;) TC Direct 515-725 —15°C to 250 °C + 0.06 °C (at 0°C)
Globe temp. (tg) TC Direct 515-725 —15°C to 250°C + 0.06°C (at 0°C)
Air velocity (v;) Modern Device Rev. C 0to20ms~t +10%, 5cms ™!
Relative humidity (HR) Silicon Labs Si7021-A20 0 to 100% HR + 3% RH
Ultraviolet radiation (UVI) Silicon Labs Sil145/46/47 0-15 +1

measure limit of 20 m's~! was used to measure the air velocity (v,),
which is far below this limit. The limitation of using this low-cost hot-
wire anemometric sensor is its need to be calibrated. For the calibra-
tion, a 2-axis ultrasonic wind sensor (Gill WindSonic) was also installed
for a period of two weeks. The hot-wire anemometric sensor was not
calibrated in the present work, as this will be undertaken in a future
work.

In addition to the four sensors described, an ultraviolet radiation
sensor was placed in the upper bar of each measurement station. The
aim of this sensor installation was to measure the incidence of UV ra-
diation inside the greenhouse, the absorption of UV radiation due to the
plastic film of the greenhouse cover, and the degeneration of this film
property over its service life (3 years). Then, beyond the first year,
when all sensors will be operating, UV sensors will continue working
for two more years to evaluate the UV incidence inside de greenhouse.

All sensors were wired to an electronic box where the signals
measured were converted and processed. The electronic box was cable
powered from an uninterruptible power supply.

2.4. Network architecture

As shown in Fig. 5, there are four elements: (1) measurement sta-
tions, distributed throughout the greenhouse being monitored; (2) the
central control station, installed in a box within the greenhouse itself;
(3) a server, installed in the Data Processing Centre of the University of
Almeria (CPD-UAL) and, optionally, (4) remote operators.

The core of the system consists of measurement stations and a
central station, all installed locally in the greenhouse, and having to-
tally autonomous operating capacity. The outside elements (server and
operators) are added to improve the usability of the system on in-
dicating its state in real time from any place on the planet with access to
Internet. The server installed in the Data Processing Centre of the
University of Almeria (CPD-UAL) was also used to store backups of all
the data compiled daily by the central station of the greenhouse, so long
as there was wireless connection and cover in the area.

The measurement stations communicated to a central node and also
among them when necessary, using point-to-point low-power (< 10
mW) IEEE 802.15.4 radio links in the 2.4 GHz band. The firmware of
the measurement stations and the software of the central node (both
developed in C+ + and compiled for AVR8 and ARM architectures,
respectively) were designed such that a reconfigurable routing table
could be used to define the desired communication routes for the ex-
change of data packets between the central node and the base stations.
In this way, the maximum range of the radio signal was expanded using
stations as intermediary relays at the radio packet level, which proved
to be a valuable property given the large radio attenuation that typi-
cally exist in environments with high density of plants.

Every 20s, the central control station sent a package to all the
measurement stations, indicating that they should sample the data from
all the sensors. In this way, it was ensured that all the stations sampled
the data at the same time. After a few seconds, the time required to
acquire all the analogical signals by precision ADC, the central node
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Fig. 5. General view of the architecture of the system designed.

began a round of polling to require each station to send the values
measured. All the data were stored in structure of directories and files
that facilitate the daily backups. As long as there was Internet con-
nection, by means of a Smartphone 4G, the central node sent the daily
data to a server located in the CPD-UAL. The operators (researchers of
this project) could gain access to these data on the server by a simple
web interface (HTTP), or by safe Secure Shell (SSH) links.

In addition, the system was configured to permit connections from
each place equipped with Internet access to the central computer of the
greenhouse. This was necessary because as the central computer was
behind the NAT (Network Address Translation) of the mobile operator,
which blocks direct connections from outside networks. The solution
we adopted was to create a reverse SSH connection from the central
node of the greenhouse to the server in the CPD-UAL, established 24 h
per day in case of being required by an outside operator.

Regarding memory and storage requirements of our system, our

Detsiled view: messuring station

/ IEEE 802.15.4 radio link

embedded microcontroller-based platform has a minimal memory
footprint: only 17 KiB of program memory (flash memory) and 0.8 KiB
of data memory (RAM). Only a few KiB are also required for the ARM-
based program in the central node. Storage of all collected data typi-
cally requires 16 MiB per day if stored uncompressed.

The inner architecture of each measurement station is diagrammed
in Fig. 6 (also see its implementation in Fig. 4). The system was based
on a low-cost, low-energy-consumption AVR8 (Atmel) microcontroller.
The IEEE 802.15.4 radio network was connected by a software layer
that provided access to the API of a XBee Slmodule physically con-
nected by a standard UART.

The rest of the sensors were accessible by a I12C bus, which was
multiplexed so that it could read a multitude of devices connected si-
multaneously in the same bus. Voltage converters were included to
make the devices compatible with both, 5V and 3.3V CMOS logic le-
vels. Finally, the analog sensors (PT100 temperature probes, “hot wire”

FT100 sensors
XBee

Microcontroller transceiveré |

Precizion
UART ADC : Analog
MUX ¢ e
Mux 8
e e 12 bus s 2 f-ii:ﬂirtsy

level S -

converters

= UVl sensors

Fig. 6. Electronic modules comprising each of the measurement stations.
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Fig. 7. (a) Air temperature and (b) black globe
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wind sensors) were acquired, after the corresponding analog stage, by a
high-precision ADC (Analogical-to-digital converter) that provides re-
solution on the order of 1 pV.

2.5. Comparison of proposed network to other works

After describing the measuring instruments of our stations in
Section 2.3 and the implemented communication and control network
in Section 2.4, we proceed to discuss how our proposal compares to
other sensor networks proposed in the existing literature. Please, refer
to Table 4 for a summary of the following discussion.

Regarding the application of the works, we find that most of them
focus on crop growth (Vox et al., 2014; Lopez Riquelme et al., 2009;
Srbinovska et al., 2015; Balendonck et al., 2014; Lépez et al., 2012a),
whereas another large group also aims at assessing the thermal stress of
the measured environments (Pérez-Alonso et al., 2011; Cecchini et al.,
2010; Callejon-Ferre et al., 2011a; Marucci et al., 2012). Our proposal is
the only one designed to determine whether a given space is hetero-
geneous, in the sense we introduced in Section 1, all along the three
dimensions of the space. Only a few works, like (Ferentinos et al., 2017;
Balendonck et al., 2014), address the horizontal heterogeneity of cli-
matic variables. This unique feature of our sensing stations can be seen
in Table 4, where it is clear that no other work proposed placing sensors
at three different heights. To evaluate the horizontal heterogeneity in
our work, a total of 12 measurement stations have been equally dis-
tributed inside the greenhouse. This number of stations is in the order of
magnitude of the largest numbers used in previous works for green-
houses of similar dimensions, which vary between 5 and 12 stations.

Of all previous works proposing a Wireless Sensor Network (WSN),
most of them employ IEEE 802.15.4 plus ZigBee as communication

protocol between the sensing nodes and other nodes or a central hub.
Indeed, the low-energy cost of this protocol makes it an obvious choice
for a WSN, hence we also used it in the present study. Still, some works
place them apart of this hegemony. For example, (Hamrita and
Hoffacker, 2005) employed RFID tags for short range measuring, and
(Anastasi et al., 2009) used IEEE 802.11b (best known as “WiFi”) to
communicate between nodes in the WSN.

Network topology is another central design parameter in any WSN.
All proposed works, including ours, include a central node in which all
measurements are centralized as they are gathered from a number of
smaller and simpler sensing stations or nodes. As can be seen in Table 4,
roughly half of the WNS use a star topology (a central node is connected
to all sensing nodes), while in the other half communication happens
following a tree (i.e. a network without loops) between the central node
and the sensing stations. ZigBee allows both topologies to be straight-
forwardly configured via a pre-programming of configuration para-
meters in the communication modules. The advantage of the tree to-
pology is an extended area of coverage for deploying sensors, since the
ultimate communication range limitation is the peer-to-peer maximum
range. Our architecture exhibits another unique feature in this area,
since peer-to-peer communication can happen in a mesh (all-to-all)
topology, which is exploited in our firmware and software to generate
dynamic routing tables such that communication to distant stations
always follow a tree, but whose components can be changed on-the-fly
even from a remote-control station via Internet.

Regarding the communication between the central nodes and the
remote-control station, we find different alternatives in the literature.
Many works simply do not consider such a remote control and store all
measured variables locally without any obvious way to access the data
online. In turn, others like (Lépez Riquelme et al., 2009; Srbinovska
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Fig. 8. (a) Relative humidity, (b) wind sensor
voltage, and (c) ultraviolet radiation measured by
the measurement station #1 from 22 to 28
January.
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et al., 2015) use radio modems with different digital modulations to humidity normally reached the value of 100% at night but fell around

establish a link with a computer external to the measured environment.
Clearly, this limits the attainable range to a maximum of a few kilo-
metres. Others, such as (Vox et al., 2014), use the same approach as our
proposal and employ the public mobile phone network to enable the
remote access to the WSN.

Finally, the accuracy of each measuring instrument in related works
is also shown in Table 4. Regarding temperature sensing, it is remark-
able that our stations are the only ones equipped with the high-accu-
racy 1/10 DIN Pt-100 sensors. The rest of sensor accuracies are rela-
tively similar among all works.

3. Results

This section presents climatic data from the measurement stations.
Most of the results are focused on confirming the heterogeneity con-
ditions inside the greenhouse. The measurement stations and the net-
work developed successfully provided climatic data at twelve locations
and three heights inside the greenhouse. For an example of the data
provided by the stations, Figs. 7 and 8 show the values of the climatic
parameters collected by measurement station no. 1 over a week, from 22
to 28 January 2017.

Despite that it was the winter season, air temperatures of over 25 °C
were reached at midday on sunny days (Fig. 7a). By contrast, maximum
temperatures of around 15 °C were measured on cloudy days (22 and 27
January). It is also relevant the differences in the air temperature be-
tween each sensor height, with differences over 5 °C on sunny days
between the upper sensor (at 1.56 m) and the lower one (at 0.23 m).
Black globe temperature showed the same pattern as the air tempera-
ture but, as expected, reached higher values with the presence of solar
radiation, while at night it equalled air temperature (Fig. 7b). Relative

60% at noon (Fig. 8a). Also, differences in humidity values are appre-
ciable between the three heights registered by the measurement station.
In the case of the wind sensors, Fig. 8b shows the rough data of voltage
once filtered. The air-velocity data require subsequent treatment ac-
cording to the calibration curve drawn for the sensor. Finally, Fig. 8c
presents the data from the UV sensor situated on the upper bar of the
measuring station, where the sudden spikes shown on the curve may be
due to clouding or clearing.

Focusing on the temperature distribution inside the greenhouse,
Fig. 9 shows the air temperature measured with each individual sensor,
grouped according to the three measurement heights, on January 25th.
Temperatures at the upper horizontal planes (0.93m and 1.56m
height) show more uniformity along the greenhouse than in the lower
plane (0.23m height), while the air temperature increase with the
height at daylight hours. Global vertical heterogeneity is shown in
Fig. 10a. Each of the three colour curves represents the mean value of
the air temperature at each horizontal plane, i.e. the mean value of each
group of twelve curves in Fig. 9. The same Fig. 10a represents mean air
temperature of the greenhouse (black curve with a continuous line),
calculated with the weighted mean of the three previous temperatures,
and the limits for the space to be considered homogeneous (black curve
with a broken line). It can be seen that the greenhouse should be
considered a heterogeneous environment between approximately 9:00
UCT and 13:00 UCT, when the air temperature at the upper and lower
measurement heights exceed the limits of homogeneity ( + 2.0°C;
Table 3). The same curves have been drawn for mean radiant tem-
perature (Fig. 10b). In this case, the greenhouse can be treated as a
homogeneous environment with respect to mean radiant temperature.
This pattern of air temperature and mean radiant temperature holds for
most days. Over the months of September to January, the mean radiant
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Fig. 9. Air temperature measured for each mea-
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temperature exceeds the limits of vertical homogeneity in the green-
house only a few days and for very short periods of time, while the air
temperature usually shows periods of heterogeneity of between 2 and
5h in the middle of the day. Fig. 11 shows the vertical heterogeneity for
the air temperature between January 22nd and 28th, whereas days 23,
24, 25, 26, and 28 register vertical heterogeneity, and days 22 and 27
can be treated as homogeneous. From Fig. 8c and 11, it can be deduced
that the heterogeneity conditions tend to occur on sunny days, while
cloudy days give rise to homogeneity.

It bears clarifying that radiant temperature is calculated from Eq.(1),
assuming conditions of natural convection, which are satisfied only for
low air velocities, normally below 0.1 m/s. Such velocities are usually
surpassed inside greenhouses, with maximum values registered in
previous works of 0.47 ms~! (Lépez et al., 2012b) and 0.85 ms™ !
(Molina-Aiz et al., 2004). Therefore, the results for mean radiant tem-
perature should be considered rough estimates, as more exact values
would require considering forced-convection conditions (Eq. (2)) once
the air velocity is known. Fig. 12 shows the mean radiant temperature
value for measurement station no. 1, calculated considering natural
convection and forced convection for wind velocities up to 1.0 m s~ .
Then, real mean radiant temperature will be within the area enclosed for
these curves.

In relation to horizontal heterogeneity, Fig. 13 show the results for
air temperature and mean radiant temperature (January 25th, 2017).
The colour curves show the value for each measurement station, cal-
culated as the weighted mean of the three measurement heights. The

mean air temperature and mean radiant temperature of the greenhouse
was calculated from the values of the twelve measurement stations
(black curve with a continuous line), together with the limits for the
consideration of a homogeneous environment (black curve with a
broken line). Although a different path was followed, logically the curve
for mean air temperature inside the greenhouse is the same in Figs. 10a
and 13a. As with the results for heterogeneity in vertical, the greenhouse
showed horizontal heterogeneity with respect to air tem-perature,
though this usually appeared with one to two hours of lag with respect
to the vertical heterogeneity. No horizontal heterogeneity was found
with respect to mean radiant temperature during any of the days of the
study period. Fig. 13a shows that the measurement station no. 11 was
under the lower limit for heterogeneity between 10:00 UTC and 17:00
UTC. Another three measurement stations (no. 1, no. 5, and no. 12) also
exceeded the limits of homogeneity but during shorter time periods. Fig.
14 presents the horizontal heterogeneity for air tempera-ture between
January 22nd and 28th, showing the conditions of het-erogeneity on
days 23, 24, 25, 26, and 28 January, the same days on which vertical
heterogeneity was registered. The results for horizontal heterogeneity of
the greenhouse over the months of September to January showed similar
patterns.

These results show that the thermal conditions within the com-
mercial greenhouse were heterogeneous horizontally as well as verti-
cally according with guideline ISO 7726.

In the present study, a video



Video 1.

is included to show in 3D the time course of the air temperature inside
the greenhouse (Fig. 15 - link). The video depicts the week January
22nd to 28th of 2017, showing several temperature data in the fol-
lowing manner: on the horizontal plane, represented at height zero, the
weighted mean air temperature in vertical is shown in a scale of col-
ours. The three vertical planes that contain each of the three rows of the
measurement stations show, in a scale of colours, the vertical dis-
tribution of air temperature in these planes. In addition, over each
measurement station, three markers (blue points) are displaced verti-
cally in a proportional way to the mean temperature for each of the
three air temperature sensors. Finally, at the button right of the image,
it is indicated the overall maximum and minimum temperatures in

every moment among the 24 sensors installed and the partial values at
each horizontal plane of 0.23 m, 0.93 m and 1.56 m height.

4. Discussion

The greenhouse where the present research was conducted is the
Almeria type (Fig. 2), being the most representative (c. 90%)
(Fernandez and Pérez, 2004) of the 30,000 ha of crops under plastic
(Cabrera-Sanchez et al., 2016). This explains it choice as being ap-
plicable to the immense majority of greenhouse workers in the Almerfa
area.

The measurement stations at three heights, manufactured in the
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workshop of the Engineering Department of the University of Almeria
and put into operation in the greenhouse, satisfied the needs of the
study. The distribution of the stations inside the greenhouse (Fig. 2)
provided information on the variation of the environmental parameters
in the horizontal and vertical directions and showed the need to con-
sider the greenhouse to be a heterogeneous environment according to
the guideline ISO 7726 (1998). The number of measurement stations
used and their distribution along the greenhouse has been enough to
demonstrate the heterogeneity of the air temperature. A larger number
of measurement stations would provide more precise results with re-
spect the exact distribution of the climatic parameters inside the
greenhouse, but it seems unnecessary considering the objectives of this
works.

For the study period, Figs. 11 and 14 indicate that the days with
vertical heterogeneity in air temperature also displayed horizontal
heterogeneity. The heterogeneity was more accentuated on sunny days
while on cloudy days more homogeneous temperatures were registered.
During the days of 22-28 January, on sunny days, was found maximum
differences in mean air temperature in vertical direction (from 0.23 m to
1.56 m) close to 8 °C at midday (Fig. 11). These results are similar to
those obtained by Granados et al. (2016) in a greenhouse with the same
type of sand-covered soil, with differences of 9.1 °C at 2p.m. (January to

March), between 0.2 m and 2.0 m height. In contrast to sunny days, on
cloudy days shorter difference in air temperature has been found. Thus,
on 22 and 27 January, differences in mean air temperature in vertical
direction of around 2 °C were measured (Fig. 11).

In horizontal direction, the air temperature differences were less
pronounced than in vertical direction, but also within the consideration
of heterogeneous environment. Maximum air temperature differences
between 6 °C (sunny days) and 2 °C (cloudy days) has been measured
(Fig. 14). Similar result was found in a multispan greenhouse in a
horizontal plane at 1.75 m height (Lépez et al., 2012a).

In addition to these air temperature differences evaluated as the
mean values in vertical direction or in horizontal direction, larger dif-
ferences can be found between the hottest and the coldest individual
sensor. For example, a contrast of 14.4 °C was measured at 12:00 UTC
between the lower air temperature sensor at measure station no. 11
(18.3 °C) and the upper one at measure station no. 6 (32.7 °C), see Fig. 9.

It is necessary to note that the climatic conditions inside a green-
house will depend on several factors, as the constructive type of
greenhouse, height, ventilation conditions, soil, crop, outside wind and
temperature, solar radiation, etc. Then, these results are not directly
extrapolated to others greenhouse conditions, but indicates that the
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Fig. 13. Horizontal heterogeneity for (a) air tem-
perature and (b) mean radiant temperature (January
25th, 2017). Continuous black line is the mean value
of the 12 measurement stations; discontinuous lines
are the homogeneity limits.

Fig. 14. Horizontal heterogeneity for air tempera-
ture since January 22nd and the 28th of 2017.
Continuous black line is the mean value of the 12
measurement stations; discontinuous lines are the
homogeneity limits.
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Fig. 15. Screenshot from the video showing the air temperature distribution in the greenhouse at 12:00 UTC, January 25th, 2017 (https://vimeo.com/222767975).

heterogeneity conditions are able to occur in a normal way in typical
greenhouses.

The differences in air temperature found for the different areas of
our greenhouse appear excessive at certain times, possibly because of
deficient central and lateral ventilation for this crop. Nevertheless,
these excesses occur in normal cropping situations. Thus, the climatic
conditions of a greenhouse are directly related to the outside climatic
conditions and cultivation tasks, and under real operating conditions
these pronounced temperature differences can occur regularly, getting
the level considered as heterogeneous environment. Also, for other
crops the heterogeneous conditions could be more accentuated. One
clear example would be watermelon or melon cultivation in green-
houses during pollination tasks (Callejon-Ferre et al., 2009, 2011b). In
this situation, the ventilation is closed to cause high humidity and high
temperatures during the day, presumably with greater heterogeneity
than in the present work.

Given our findings about the existence of heterogeneous conditions
inside the greenhouse, further studies are required to evaluate the
comfort and heat-stress indices. Although it is out of the scope of this
work to demonstrate the existence of thermal stress, it is appropriate to
adopt preventive measures as continued hydration during the working
day and use of breathable light clothing (ILO, 2010; Jackson and
Rosenberg, 2010; Stoecklin-Marois et al., 2013).

The UVI data show that, during the middle hours of the day inside
the greenhouse, threshold risk values can be exceeded (UVI > 2;
Fig. 8c). Regarding the maximum values, it seems clear that in the
coming months of spring and summer the values would rise due not
only with the higher position of the sun in the sky but also over time,
due to the degradation of the plastic cover (L6pez-Hernandez, 2003).
These facts show the importance of the sun protection, although to a
lesser extent than in the outdoor agriculture (Kearney et al., 2013;
Carley and Stratman, 2015). For this reason, it is recommended that
workers use preventive measures such as sun cream, protective gar-
ments, and a wide-brimmed hat (WHO, 2002; Kearney et al., 2014) and
manage their time to avoid the central hours of the day.

It bears mentioning that the number and placement of the mea-
surement stations in the lanes of the greenhouse posed no problem for

the routine cultivation tasks; the stations required only a protective
cover of a plastic sheet during the biocide spraying.

Regarding the performance of the communication network, we
collected an average of 3200 daily measurements of each sensor per
station, which means a measurement every 20-30s. A problem we
observed is that, over the weeks, the radio signal quality (which is also
logged into our dataset) progressively dropped as the plants grew.
Clearly, the absorption of the 2.4 GHz signal by organic matter (in this
case, the tomato plants) is at the origin of this problem. Eventually,
some stations stopped giving reliable measurements via radio packets,
so we used our mesh-like network design to redefine another logical
tree to route the radio packets through different paths with less at-
tenuation. In a couple of extreme cases, the radio emitter (XBee
transceiver) had to be relocated, removing it from the electronic
housing and placing it in the high part of the greenhouse.

5. Conclusions

In an Almerfa type greenhouse (S. Spain) a wireless network com-
posed of 13 measurement stations was designed and manufactured and
set at three heights throughout a greenhouse to collect climatic data
related to the thermal environment in the workplace. Specifically, each
measurement station was equipped with three sensors for air tem-
perature, black globe temperature, relative humidity, and air velocity,
situated at the three heights specified by ISO 7726 (i.e. ankle, abdomen,
and head), plus an additional UVI radiation sensor.

The grid of twelve measurement stations distributed inside the
greenhouse has demonstrated the existence of horizontal and vertical
heterogeneity conditions with respect to air temperature according to
the limits established by ISO 7726, specially on sunny days, where the
temperature heterogeneity is especially relevant. The main outcome of
our research is, therefore, that to be in accordance with guideline ISO
7726, thermal measurements aimed at labour studies in greenhouses
should be taken at three heights and in different spatial placements
along the greenhouse surface. Furthermore, UVI levels were found to be
higher than WHO risk thresholds during the work day (UVI > 2), thus
making advisable to adopt preventive safety measures. Finally, we have


https://vimeo.com/222767975

validated our WSN design and proved that the mesh-like network to-
pology represents an important advantage whenever plant growth re-
duces the radio transmissibility of some areas in the studied environ-
ment.
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