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Selection of Photovoltaic Systems to the Greenhouses
Eugenio Romantchik

Eduardo Rios

Abstract

The high level of contamination that emanates from the production of
electricity generated from fossil fuels has led to the search for new energy
alternatives, including photovoltaic systems (PVS). Currently, the
application of PVS in agricultural greenhouses presents difficulties.
Greenhouses use a wide variety of electrical equipment depending on its
level of technification, this translates into a photovoltaic system design
specific to each one and entails an exhaustive selection of the components,
therefore, a design cannot be applied from no way to two different
greenhouses. In Mexico, electricity tariffs increased annually from 4.4 to
27% from 2003 to 2013. This research shows an algorithm for the selection
of photovoltaic systems based on the geographic location, soil surface,
electric charges and crop type, it shows the factors that influence the costs
of photovoltaic systems for greenhouses. Results are useful for decision
making. Experimentally, the results of the algorithm were validated by an
off-grid system with battery bank for an irrigation system.

Keywords: Algorithm, Greenhouse equipment, Off-grid system
Photovoltaics.
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Introduction

Unavoidably, an agricultural greenhouse requires the use of electrical
energy to generate optimal environmental conditions and increase crop
production. The amount of this energy depends on the processes carried out
in each greenhouse, eg heating, cooling, ventilation, irrigation, lighting,
shade (Cuce et al., 2016; Ozkan et al., 2011). Solar radiation is a free energy
source that can be used to satisfy those processes. The cost of electric power
in the agricultural sector increases every year, Li et al. (2017) analyzed the
economic performance of photovoltaic greenhouses and their electricity
rates and recommended the use of photovoltaics for their short return on
investment time.

Numerous experiments and studies have demonstrated the technical
feasibility of installing photovoltaic systems in greenhouses (Yildiz et al.,
2011; Beccali et al., 2014; Nayak and Tiwari, 2010). Nakoul et al. (2014)
simulated the performance of a photovoltaic generator and concluded that
the main factor for selecting the components of the system is the amount of
energy used. However, there are still some problems to solve to implement
photovoltaic systems, according to Cossu et al. (2014) and Carlini et al.
(2012) the variation of the intensity of the solar radiation prevents an
optimum performance in different places. In addition Mekhilef et al. (2013)
says that the variation of the electric charges between each greenhouse
prevents to reproduce the photovoltaic systems. In this sense, scientific
methods are known to calculate the energy generated by a photovoltaic
array (Pérez-Alonso et al., 2012; Almonacid et al., 2011). And some others
to design and size them, (see Table 1), however, none are developed to
service the greenhouse equipment in the agricultural sector and according to
the studies of Osisioma et al. (2017) these techniques are highly complex
and have a high computational cost.

Table 1. Some Disadvantages of Scientific Methods to Design PV Systems

Author | Country | Design methods Disadvantages
Chauhan | India Discrete harmony search | This model only applies to rural
and (DHS) algorithm households with four types of
Saini renewable energy.
(2017)
Ibrahim | Malaysia | The proposed technique | The mathematical model is not
et al. uses an accurate reproducible under conditions
(2017) objective function as different from those of the

well as a fast simulation | experiment.

algorithm.
Okoye Turkey Optimization model It is focused on stand-alone PV
and based on integer systems in the residential sector
Solyali programming. and not applies for greenhouses.
(2017)
Belmili | Algeria Techno-economic Hybrid systems are obtained
et al. analysis with object- (solar-wind) and increase the
(2014) oriented programming. | complexity of the system and its

components.
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The above problems are addressed in the present work whose main
objective is to develop a tool based on an algorithm with specialized
databases in greenhouses to select the technical characteristics and number
of the components of the photovoltaic system (solar panels, current
inverters, batteries power accumulators and load controllers). It is expected
that the results of this research will be useful for its application during the
design phase of any greenhouse.

Methodology

In Belmili et al. (2014) proposed an algorithm to size hybrid systems
(PV-wind), and Nelson et al. (2006) developed a program to analyze
economically the same type of system. In this work, a methodology is
developed that addresses both issues (sizing and costs) and using only
applied photovoltaic energy in greenhouses, reducing the complexity of the
proposed systems and increasing their reliability. This is done in the
following stages: 1) Development of the algorithm of calculation and
selection, 2) Development of databases, 3) Software development, 4)
Validation of results through experimental cases.

Figure 1. Graphical Representation of the Developed Algorithm for
Selecting PV Components
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Development of the Algorithm
Figure 1 shows the algorithm developed in this research. It can
distinguish the four inputs to start the process of selecting the components

A

k.
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of the photovoltaic system that satisfies the demands of a greenhouse: 1) the
geographical location of the installation, 2) the greenhouse surface, 3)
process systems that compose the greenhouse, 4) type of crop. The two
main calculations that are described in the algorithm are the total energy
consumed daily E;,; in kWh/day by the greenhouse and the calculation of
components and their costs.E;,; must be at least equal to energy produced
by photovoltaic system and it is calculated using eq. 1. Where: E;: is the
energy consumed by each process system (irrigation, heating, ventilation,
cooling, lighting and shading) in kWh/dayand is a function of the
greenhouse area. The most representative systems with the highest energy
demand in any agricultural greenhouse are heating, cooling and irrigation.
The equations 2-4 calculate the electric energy of equipment for each of
them. This value is obtained by multiplying E;by the power of equipment by
hours of use (t,se)-

Etot = 2 Ei = Eheating + Ecooling + Eirrigation + Elighting + Eshading +
Eaccesories Eq- 1

When the heating system is carried out using heat pumps and the heat
loss is through the cover of the greenhouse, eq. 2 calculates the power in
kW. Where Q: heat loss in kcal/h, COP: pump coefficient performance,
3412: conversion factor, C: specific heat air inkcal/kg°C, w,: specific air
weight in kg/m?, A,: greenhouse area in m?,H,,: height of walls in m, R:
air renewals per hour, t; — t,: difference of indoor and outdoor temperature
in°C. For the irrigation system: the electric power of the water pumps
(Pyumps) s calculated in kW by eq. 3, where A,: greenhouse area in m?,
K,: pipe expenditure factor, Q,: mass flow of irrigation system in m?/s,
H, : dynamic load in m, p: density of water in kg/m3, g: acceleration of
gravity in m/s? E,: spacing between rows, E,: spacing between emitters in
m, 746: conversion factor, n,hydraulic efficiency of the pump and 7,,:
electric efficiency of the motor. The pad-fan system is the most used for
cooling greenhouses and requires air extraction fans and pumps to
recirculate water in the wet pad. Nelson (1998) presents a method to select
the power of this equipment according to the area of the greenhouse, altitude
above sea level, and difference in temperature of the air circulating inside
the greenhouse. Ec,qiing is the electrical energy in kWh consumed and
calculated with eq. 4, where Prq,s and P, ,umps are the electric power of
fans and water pumps in kW

0 CwalAgHw|R(ti—to)

Eheating = tusePpc = tuse COP+3412 _ |use COP%3412

AgKp Qe Hg pg
By =ty Py = by, A2 HabOE o
irrigation use!pumps use g E,746 Nplm

Ecooling=tuse (Pfans + Pw,pumps) Eq- 4
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Once the amount of electrical energy needed in the greenhouse is
known, the number of solar panels (N,) is calculated by means of eq. 5
(Ibariez et al., 2004). Where F;: over sizing factor (10%), P,qne;: Unit power
of solar panels in W, R;: thermal performance (85 - 90%), PSH: peak sun
hours (it is a hypothetical constant solar irradiance of 1000 W /m? during
one hour), n..: efficiency in electric conductors, n..: charge controller
efficiency, n,: inverter efficiency and n,,: coulombic efficiency in batteries.

No = (1+Fs)E¢ot
P Ppanel RT PSH NecNccNiMb

Eqg. 5

Eproq = NyyPypRy PSHEQ. 6
Eaceu = F[ND#f”] Eq. 7
N = % Eq. 8
sy = 1.25 * (Vmi—nnn) Eq. 9

The energy produced by the solar panels, Ej,..q in kWh, can be
obtained with eq. 6. Eqg. 7 calculates the energy that will be accumulated in
the battery bank, E,..,; Where F;: security design factor, Ny: number of
autonomy days, D,: depth of discharge of batteries. Then eq. 8 calculates
the number of charge controllers, N..; where F,: safety factor (1.25), I.:
short circuit current of each panel in amperes A, I,..4: is the current of the
commercial charge controller. Finally, the power of the inverter will be
proportional to the installed power of the solar panels, eq. 9 is used to
calculate the current between the batteries and the inverter,l,,;,in A,
whereP;,,,,; nominal inverter power inkW, V,,: minimum inverter
operating voltage in V and 7;,,,,: inverter efficiency.

Development of Databases

For the execution of the algorithm five databases were elaborated,
namely: 1) climatic conditions of different geographic sites (average values
of solar resource [PSH], dry and wet bulb temperatures, wind speed and
relative humidity), 2) greenhouse types and surfaces (building structures and
greenhouse size), 3) electrical equipment (electric motors, water pumps,
fans, blowers, extractors, agitators, solenoid valves, sensors, controllers,
etc.), 4) types of crops (species and their optimum temperatures), 5)
photovoltaic equipment (solar panels, inverters, batteries and charge
controllers).Within catalogs of photovoltaic equipment the most important
data of each component were integrated, [W], voltage [V], current [A],
commercial brands and their costs.
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Development of Software

Software and the user interface were developed in order to any
interested agricultural producer can calculate a photovoltaic system for him
greenhouse in a simple and free way. It is available on line at
http://sistemas.chapingo.mx/empresas/SICF.

Validation of Results

Using developed software, were obtained the components of an off-grid
photovoltaic system (3.6kW) with battery bank and installed in an
experimental greenhouse at the Autonomous University of Chapingo,
Mexico (where PSH = 5.5) in order to validate the results.

Findings/Results

Analysis of the Impact Factors on Investment Costs for Making Decisions

In order to make decisions about which type of photovoltaic system to
install (grid or off-grid) the developed algorithm was used to make
comparisons of total initial investment costs. The variables were:
greenhouse area (4,), energy produced (E,,,q), amount of solar resource
[PSH] and type of crop. In the first case (Figure 2), it shows the costs of on-
grid photovoltaic systems for an irrigation system in three identical
greenhouses with the same type of crop but under different intensity of solar
radiation, ie in different geographic locations. It is found that the initial
investment cost increases when smaller solar resources are available to meet
the same energy demands. It is possible to exemplify this situation in
countries like Spain and Mexico where the average solar resource is of 3.3
and 5.5 PSH respectively, the photovoltaic system would be more economic
in the second site. Xue (2017) stressed the importance of performing
economic analyzes to implement photovoltaics in greenhouses. Belmili et al.
(2013) studied the total lifecycle costs of isolated hybrid systems, however,
he did not study the factors influencing the initial costs. The cost
comparison in this study complements this criterion.

In the second case (Figure 3), it is intended to supply electrical energy
to pad-fan cooling systems of three identical greenhouses with different
crops and located at the same site. It is shown that the impact of the crop
type on the total cost depends on the energy produced by the photovoltaic
system. In this case the temperature at which the cooling system is started is
considered as the main parameter. Amir Vadiee and Martin (2012) states
that the lower the optimum temperature of the crop, the longer the operation
time of the cooling system during the day. It is verified from the results of
Figure 3 that the crop with the lowest optimum temperature has the most
expensive photovoltaic system, also the cost difference using different crops
can be 31%. In the third case (Figure 4), it is considered to feed a heating
system with an isolated photovoltaic system with batteries. This is the most
costly scenario possible since heating is the most energy-intensive system
(Bayrakci and Kocar, 2012), and the isolated system is the most expensive
and complex, so it is not economically advisable. According to Brudermann
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et al. (2013) high costs such as those obtained in Figure 4 represent the main
objection of a farmer to use photovoltaic technology. From the previous
cases, the following Table 2 compares the costs of a photovoltaic system for
a greenhouse soil surface of 1750 m? and a solar resource of 3 PSH.

Figure 2. Influence of Solar Resource over Costs
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Figure 4. Influence of Type of Photovoltaic System over Costs
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Table 2. PV Systems for Different Processes with High Energy Demand in a
Greenhouse (Surface Soil: 1750m? PSH: 3, Crop: Tomato

Irrigation Cooling Heating
Type of PVS On-grid On-grid Off-grid
Energy produced 5.1 kWh 20.2 KWh 26.2 KkWh
Investment cost $3,850 $17,720 $21,040

The above analysis can help to make better economic choices in the
initial design stage according to the energy needs of each greenhouse. Once
the type of installation is selected, the software is used for a specific case
and the components of the photovoltaic system are obtained: Experimental
study: It consists of off-grid photovoltaic system to supply electric energy
for irrigation system of a greenhouse of 6,165 m? in central region of
Mexico (5.5 PSH), it is composed of 2 pumps 2.2 kW each one and an
agitator of 1.1 kW. Software results were (Figure 5): 16 solar panels that
generates total power of 3.68 kWp, 2 charge controllers of 80 A, 12
batteries of 1800 Ah and an inverter/charger of 7 kW. The PV system was
installed and monitored. Average daily energy production was 22.4 kWh in
summer and 14.5 kWh in winter (december). The daily energy consumption
was 5.9 kW h per day. Although the system produces on average 18 kWh, it
was oversized in order to achieve three days of autonomy.

10
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Figure 5. (Left) Irrigation System and Solar Panels (Right) Components
Selected by Developed Algorithm

Discussion

The major problems of photovoltaics in agricultural greenhouses,
according to the study of Gongalves and Vasconelos (2017) are: high initial
cost and geographical conditions (solar irradiation), and limitations in the
availability of systems on the market. In this work, these problems were
addressed in greenhouses by creating databases to facilitate access to
information, by studying the initial investment cost factors and the creation
of an algorithm that uses solar radiation data from the site of installation.
The analysis of the initial investment costs was qualitative and not
quantitative, since the price trend of photovoltaic components is decreasing
according to Strupeit and Neij (2017). Kelley et al. (2010) quantitatively
estimated the costs of photovoltaic systems for different U.S.A. cities,
however today they are no longer in force. The algorithm gave results of an
oversized photovoltaic system to supply energy to the irrigation system,
some related cases like Helal et al. (2008) and Jones et al. (2016) show that
this fact is necessary for irrigation or water pumping systems but warn that
entails a significant increase in the initial cost of investment.

Conclusions

The developed algorithm calculate on-grid and off-grid systems, it can
be reproducible for different solar radiation conditions to those shown in
this work, it saves time in the search of the components of the PV system
because these are taken from the elaborated catalogs. Criteria for making
decisions were established in the design phase of the greenhouse according
to the initial investment costs. To do so, was analyzed the impact of three
factors on the cost of photovoltaic systems in greenhouses with different
surface, which are: 1) the solar resource of the site (solar radiation) 2) type
of crop and 3) the type of photovoltaic system (on or off grid). The costs are
higher in places with low solar radiation. The cost analysis also showed that
in the case of cooling systems, the investment costs is strongly influenced
by the type of crop in the greenhouse. It is not advisable to use off-grid

11
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photovoltaics for systems with high energy demand such as heating because
the costs are prohibitive compared to systems connected to the grid. To
validate the developed algorithm, a greenhouse photovoltaic system was
installed, results of energy production and cost analysis highlight the
importance of a correct selection of photovoltaic systems in greenhouses.
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