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Abstract: A new trend involving the combination of solar concentrators and agricultural plants on the same piece of land offers the 
possibility of realizing both electricity generation and a good crop harvest. Authors analyze this situation for different countries, 
including Mexico, and based on authors’ experience regarding the development of new solar concentrator prototypes, authors’ primary 
objective was to describe the development of compact, light, and inexpensive solar concentrator prototypes that can be collocated on 
horizontal roofs. Authors’ second objective was to investigate the combination of such solar concentrator prototypes with agricultural 
plants on the same field. Thus, several studies related to the combination of renewable energy generation and agricultural crops were 
reviewed. Many such systems involving the combination of PV (Photovoltaic) panels with different types of vegetables exist in the 
USA, France (lettuce production), Japan (tomato production), India (aloe and corn), northern Italy (maize), Spain and México.  
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1. Introduction 

Studies that explored the possibility of installing 

solar infrastructure in combination with agricultural 

infrastructure were reviewed. LCA (Life Cycle 

Assessment) in these studies showed that such systems 

are economically viable in some rural areas and can 

provide opportunities for rural electrification, while 

stimulating economic growth [1-5].  

Globally, energy demand is increasing rapidly, and 

the use of green energy for irrigation, domestic 

purposes, etc., is also on the rise. 

Most proposed solar installations consist of large PV 

(Photovoltaic) systems [2]. The construction and 

operation of such systems in deserts can add additional 

disturbance to desert soils and increase dust emissions. 

One possibility that is being evaluated in the United 

States is the installation of solar infrastructure 

alongside vegetation (agricultural crops), which 

provides additional benefits, including a double 
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income source for farmers, employment opportunities 

in crop management solar facilities, rural 

electrification, and the availability of electricity for the 

local processing of agricultural products. 

Most solar installations are located in arid and 

semi-arid regions, which are characterized by low 

rainfall and poor soils that make them unsuitable for 

most crops. However, there is growing interest in the 

cultivation of high-value xerophytic plants, including 

Agave, Aloe and Opuntia, which in arid and semi-arid 

regions, can be cultivated without competition for soil 

and water resources. Aloe and succulent evergreen 

xerophytic plants, which are ecologically and 

physiologically adapted to arid and semi-arid lands, 

have the potential for cultivation alongside solar 

infrastructure installations. Aloes, which include more 

than 300 species, have been used for economic and 

medicinal purposes for centuries [2], and their 

cultivation alongside solar installations could 

maximize the efficiency of water use in arid areas by 

using water meant for panel cleaning for irrigation as 

well, thereby minimizing dust generation given that 

increasing soil moisture minimizes impacts on soils 
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through the deployment of crops. This stimulates 

economic returns, which improve life in rural areas. 

2. Examples of PV Solar Systems 

LCA is a commonly used tool that can be employed 

to explore the economic feasibility and environmental 

impacts of new technologies. In this previous study, the 

analysis was based on a detailed assessment of the life 

cycle of a PV solar system [2] and an aloe gel 

production system, which are two emerging 

technologies in northwestern India. 

2.1 LCA of the Aloe Gel Production System 

The data needed for the LCA of the aloe culture and 

gel processing system were obtained from existing 

literature and from field observations of aloe farms and 

gel processing facilities in northwestern India. The 

stages of the aloe gel production life cycle included: 

aloe cultivation, aloe leaf harvesting and transportation, 

and aloe gel production. In this scheme, aloe leaves 

were periodically harvested and processed to obtain 

aloe gel, and the greenhouse gas emissions resulting 

from direct energy consumption, material supply, as 

well as machinery and building use were considered. 

2.2 LCA of PV Solar Panel System  

It is considered a PV solar installation. The PV solar 

installation was located in a desert environment that is 

characteristic of northwestern India, where the annual 

rainfall and solar insolation are 300 mm and 2,000 

kWh/m2/year, respectively. The LCA stages 

considered in Ref. [2] are the manufacture of PV 

modules and the balance of system components, the 

construction and operation of the system, as well as 

dismantling and recycling, assuming a life cycle of 30 

years. 

2.3 Integrated Solar-Aloe Energy Systems 

Based on the LCA of the autonomous PV solar 

system and aloe cultivation, the possibility of 

integrating these two emerging land use systems in 

northwestern India was investigated to identify the 

synergies and compensations of the installation. 

2.4 Sensitivity and Uncertainty Analysis 

A sensitivity analysis of the PV solar installation in 

combination with aloe cultivation was performed, 

taking base parameters into consideration. A range of 

uncertainties (minimum to maximum) were identified 

for each parameter, and the effect of changing each 

parameter on energy input/output and greenhouse gas 

emissions/offsets was investigated. Module efficiency, 

irradiation, performance ratio, and the number of PV 

modules as well as the general conversion rate of aloe 

leaves to gel and the number of plants in the gel 

production system, were used as the input parameters. 

2.5 Economic Analysis 

An economic assessment was performed to compare 

returns based on single land use with those based on 

combined land use, for both networked and off-grid 

cases. During the assessment, five project designs or 

land use scenarios were considered, and each of them 

was used to assess the economic performance of a 5 ha 

plot in Rajasthan. The land use scenarios considered 

included: (a) aloe only, (b) PV only, (c) PV only 

connected to the network, (d) combined, and (e) 

combined connected to the network. 

During the economic assessment, it was assumed 

that the land was owned by an individual, rather than a 

business; thus, it was not necessary to capture 

tax-related incentive cash benefits, such as accelerated 

depreciation. 

2.6 Assumptions regarding PV Solar Energy 

The system design specifications were developed 

using HOMER, which is a cost optimization tool 

(model) that was used to optimize the system design 

such that the PV capacity of the system was kept 

constant for all scenarios, thus providing a basis for 

meaningful comparisons. The results obtained took 

into account the capital costs of the PV technologies, 
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batteries, and inverters. It also considered a diesel 

generator to ensure consistent production, total 

production costs, and annualized values for 

replacement costs as well as operation and 

maintenance costs. 

The results of the economic assessment showed that 

for network-linked cases, the owner received more 

benefits when the combined land use scenario was 

employed given that there was no decrease in PV 

capacity when aloe was grown in the same area, 

considering the space restrictions between the installed 

PV panels. The sensitivity analysis revealed that 

changes in input parameters, including module 

efficiency and number of PV modules as well as the 

general efficiency of sugar utilization and the number 

of aloe plants, significantly affected the total energy 

output as well as gel production. During the analysis, it 

was observed that the synergy between the PV system 

and aloe cultivation resulted from the fact that the 

water inflows needed to clean the solar panels were 

similar to that required for annual aloe production, 

suggesting the possibility of integrating the two 

systems on the same plot of land to maximize the 

efficiency of land and water use. The LCA showed that 

in some cases, the installed systems were economically 

viable, and could provide opportunities for rural 

electrification, while stimulating economic growth. 

The LCA of a hypothetical system in northwestern 

India indicated greater economic returns per m3 of 

water used than any of the other systems, an important 

finding to consider in arid areas. 

Installed systems can provide several collateral 

benefits. In rural areas that are not connected to an 

electricity grid, the integration of aloe cultivation with 

independent solar infrastructures can potentially stimulate 

economic growth by facilitating rural electrification 

and creating stable employment opportunities for 

agricultural workers [2]. The integration of the solar 

infrastructure and aloe cultivation could: 

(a) Ensure efficient land and water use by 

maintaining agricultural production on marginal lands 

and maximizing energy production from PV solar 

installations. 

(b) Increase the area of high-value crop-cultivated 

land, and thereby minimize the socio-economic and 

environmental problems associated with high-value 

non-food crop cultivation (e.g., aloe) on first-level 

agricultural land. 

(c) Stimulate rural economies by creating 

employment and providing opportunities for rural 

electrification. 

(d) Improve regional air quality by reducing soil 

erosion and dust emissions from large PV solar 

infrastructures. 

In another study [3], the objective was to examine 

the performance of agrivoltaic systems, which produce 

crops and electricity simultaneously based on the 

installation of stilt-mounted PV panels on farmlands 

(Fig. 1). 

As the number of PV plants continues to increase, 

land occupation for solar farms has intensified the 

competition for land resources for the purpose of  

food and clean energy production [4]. Although PV 

systems require less land than other renewable   

energy options [5], in reality, commercial PV power 

plants can occupy considerable amounts of land at the 

local scale. 

However, this competition could be reduced via the 

application of agrivoltaic systems, which produce 

crops and electricity simultaneously by installing 

compact solar panels on farmlands. Even though 

previous studies have indicated that such systems can 

effectively produce electricity and shade-tolerant crops 

simultaneously [6], more studies are required to 

evaluate its practical applications. Particularly, the 

performance of shade-intolerant crops, which are 

expected to grow poorly in low-light settings, has not 

yet been fully explored for agrivoltaic systems.  

To date, three agrivoltaic system types, which allow 

the simultaneous production of crops and the generation 

of electricity on farmlands have been proposed. The 

first type, which uses the space between PV rows for  
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(a)                                    (b)                                 (c) 

Fig. 1  Three different agrivoltaic system types: (a) using the space between PV panels for crops, (b) a PV greenhouse, and (c) 
a stilt-mounted system [3]. 
 

crop cultivation, was proposed in the early 1980s [7], 

and the second type, a PV greenhouse, consists of a 

transparent cover, part of which have been replaced by 

PV modules. The use of PV energy in greenhouses is 

a promising solution to the competition for land 

resources between food and energy production, given 

that it allows the continuous production of food and 

the generation of electricity throughout the year [8]. 

The third type consists of PV modules mounted on 

poles above the crops, i.e., stilt-mounted agrivoltaic 

systems, which were originally invented in 2005 [9]. 

The structure consists of pipes and rows of PV panels 

mounted on the ground, and arranged at certain 

intervals to allow enough sunlight for photosynthesis 

to reach the ground. The system is designed to ensure 

the adequate supply of sunlight for crops and enough 

space for agricultural machinery. Furthermore, the 

structure does not have a concrete base; thus, it can be 

easily disassembled. 

The first reported agrivoltaic farm experiment, 

which involved the cultivation of lettuce in a system 

consisting of PV modules mounted on 0.80-m wide 

stilts, was conducted in Montpellier, France in 2013 

[6], i.e., the same piece of land was used to 

successfully produce both electricity and food. The 

results showed that the shading created by the PV 

matrices did not have a significant effect on lettuce 

yield, i.e., there was no decrease in the growth rate of 

the crops under the PV panels, except during the 

juvenile phase of cultivation. 

Interestingly, field experiments by Dupraz, et al. 

[10] revealed that agrivoltaic systems could even 

result in a 35%-72% increase in soil productivity for 

durum wheat [10]. They used equivalent land 

proportions to compare conventional options 

(agriculture only and energy harvesting only) with two 

agrivoltaic systems with different PV panel densities. 

The study only showed that the agrivoltaics were 

effective for shade-tolerant plants [11]. However, it is 

important to study the possibility of coupling PV 

systems with shade-intolerant crops. Additionally, it is 

also important to investigate whether an overall 

increase in land productivity can be achieved even 

with crops that need a lot of sunlight. 

The size of the experimental farm, which contained 

three sub-configurations, including no modules 

(control), low module-density, and high 

module-density, was 100 m2 [3]. The PV solar modules 

were mounted on the ground, and the area under the 

stilts, which was large enough to accommodate 

agricultural equipment, was used for agriculture, and 

the total output capacity of the PV system was 4.5 kW. 

This system consisted of 72 PV modules (1,354 mm 

× 345 mm) mounted at a height of 2.7 m, and inclined 

at an angle of 30°. Regarding the high-density 

configuration, there were eight sets of PV modules (48 
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modules) installed at 0.71-m intervals, and in the 

low-density configuration, there were four sets of PV 

modules (24 modules) installed at 1.67-m intervals. 

Both stilt-mounted PV panel configurations cast shade 

on the crops. 

In this study, sweet corn, which is a typical 

shade-intolerant crop and a major global product that 

has a growth period of 90 days and grows to a height of 

2 m, was planted on the experimental farm in early 

April, 2018, and harvested in late July. In each 

configuration, there were nine stems within 1-m2 areas 

separated by 0.5-m spaces. The sensitivity of the corn 

yield per square meter with respect to changes in 

shading level was investigated, and if the biomass of 

the corn plants grown on an agrivoltaic farm was 

greater than 90% of separately grown corn plants, the 

corn could be said to grow well under the shade of 

agrivoltaic PV panels. 

This study showed that it is possible to grow corn, 

which is a typical shade-intolerant crop, under the 

shade of agrivoltaic PV panels. The biomass of the ear 

of corn grown under shades of PV modules installed at 

0.71-m intervals was not less than 96.9% of corn 

cultivated without the PV modules. Additionally, the 

biomass of the cob of the corn grown under the PV 

modules installed at 1.67-m intervals was even 4.9% 

higher than that of corn cultivated without the PV 

modules. Actually, the corn yield per square meter of 

the low-density configuration was 3.54 kg, which is not 

only higher than that of the high-density configuration, 

but also 5.6% higher than that of the corn cultivated on 

the piece of land that served as the control 

configuration, i.e., without PV modules. 

This study also revealed that the annual income from 

PV power generation and corn cultivation on an 

agricultural farm could be higher than that based on a 

traditional corn field. Actually, the total income 

resulting from the high-density configuration was 

8.3-fold greater than that resulting from the control 

configuration, while that of the low-density 

configuration was 4.7-fold greater than that of the 

control configuration. Although existing studies have 

reported that agrivoltaics work well only for 

shade-tolerant crops, the results of this study showed 

that growing corn, which is a typical shade-intolerant 

crop in the shade of agrivoltaic PV panels, is a 

possibility. This study also showed that an increase in 

overall land productivity could be achieved even with 

crops that require a lot of sunlight, indicating that 

stilt-mounted agrivoltaic systems can be applied to a 

wider range of commercially important crops. Thus, 

the practical availability of stilt-mounted agrivoltaic 

systems is very promising; however, they are 

associated with several disadvantages. Like traditional 

PV power generation, agrivoltaics cannot reliably 

generate constant power, and the system cannot 

function properly when sunlight is unavailable, 

particularly at night or on cloudy days. 

Other examples of agrivoltaic systems have been 

analyzed [12]. The PV panels were mounted on the 

ground, between the crops as a partial replacement of 

the greenhouse or placed under or on top of the 

greenhouse cover film. Such strategies can provide 

solutions regarding land use competition as well as 

climate change mitigation. These systems had certain 

additional functions, namely, sunlight and land sharing, 

as well as energy generation, compared with 

conventional agricultural production systems. During 

agricultural LCA, these new functions are not 

adequately exhibited by traditionally used FUs 

(Functional Units), such as mass or area based FUs. 

The objective of this study was to propose two new 

agrivoltaic system FUs, one based on the modified area, 

and another that is a monetary FU. As a case study, new 

and traditional FUs (i.e., mass- and area-based FUs) 

were applied to a tomato greenhouse in Japan, with and 

without OPV (Organic Photovoltaic) panels. 

The LCA was performed such that the unique 

functions of the agricultural system were addressed, 

and particular attention was paid to the FU choice, 

which in turn, was related to the notification of the 

LCA results. The FU was defined based on the 
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objective of the study. It normalized the environmental 

impacts and allowed the comparison of the 

environmental impacts of different systems. In most 

agricultural strokes, mass, energy, protein content, area 

or livestock unit were considered as FU [13]. 

The LCA was performed in compliance with the 

guidelines of the ISO (International Organization for 

Standardization) 14040 and 14044 and the 

methodological guidelines for PV LCA [14]. The 

objective was to compare the LC-CO2 emissions of an 

agrivoltaic system with that of a conventional system 

with respect to tomato production. Agrivoltaic systems 

did not require additional land for power generation 

given that the PV modules were mounted on the ground 

between the crops, replacing a section of the 

greenhouse or placed under or above the greenhouse 

cover film as a two-floor building. 

This FU was obtained by adding the area covered by 

the PV modules and that covered by the crops. In this 

study, the area covered by the OPV modules was 66 m2, 

while the cultivated area was 162 m2; thus, the areas 

covered by the agrivoltaic system and the conventional 

system were 228 (66 + 162) m2 and 162 m2, 

respectively. 

The monetary FU was derived by adding crop prices 

to the financial value of the generated energy. The price 

of the crops was obtained from the 10-year average of 

its wholesale price, and the monetary value of the 

generated energy was derived based on the price of 

electricity. Additionally, it was assumed that the 

energy generated using the OPV module was used by 

the farmer in the field. 

Inventory data for tomato production was obtained 

from the experimental greenhouse at Kyoto University. 

In both the agrivoltaic and conventional systems, the 

tomatoes were harvested twice, leaving the land fallow 

after the harvest. Planting was started in July 2016 or 

March 2017, and the transplant was completed in 

September 2016 or May 2017, respectively. Thereafter, 

harvesting began from mid-October to late February 

for the fall-winter growing period, and from late June 

to early August for the spring-summer growing period. 

A sensitivity analysis was then performed to assess the 

effect of the choice of the OPV-related stroke on the 

stroke outcomes. 

Electricity consumption for heating in the agrivoltaic 

system was less than (30 kWh) that of the conventional 

system. However, the agrivoltaic system showed a 9% 

decrease in tomato yield (i.e., 1,513 and 1,669 kg for 

the agrivoltaic and conventional systems, 

respectively). 

Total LC-CO2 emissions in the agrivoltaic system 

were lower compared with the conventional system for 

both area-based and traditional FUs, and this could be 

attributed to the reduced LC-CO2 emissions owing to 

energy generation. Similar results were obtained using 

the proposed new FUs. 

In the agrivoltaic system, the area-based FU was 

used to reflect the role of the agricultural production 

systems as producers of non-commercial goods [15] 

and shared solar energy given that the same sunlight 

was shared between crop cultivation and energy 

generation on the same land. To address the 

land-sharing function, an FU based on the modified 

area that could be used to express efficiency with 

respect to the reduction of the environmental load 

compared with the conventional system, was proposed. 

The monetary FU addressed the role of the agrivoltaic 

systems as a means of producing market goods (i.e., 

crops and electricity). The mass-based FU focused only 

on crop production; however, the monetary FU 

represented market goods that are valued differently. 

An agrivoltaic system is one in which energy 

generation using PV modules and crop production is 

performed on the same piece of land. In such a system, 

certain functions, including sunlight and land sharing, 

as well as energy generation exist in addition to the 

conventional functions of agricultural production systems. 

To address the unique functions of the agrivoltaic 

system, two new FUs were proposed in this study: a 

modified area-based FU and a money-based FU. These 

new FUs were intended to enhance understanding 
 



Combinations of Solar Concentrators with Agricultural Plants 

 

174

 

 
Fig. 2  View of an agrivoltaic® plant. Reprinted from [16] with permission from Elsevier. 
 

regarding the environmental impacts of the system. 

Particularly, combinations of various FUs can help 

maintain focus on crop production as the primary 

function of agricultural land [12]. 

To avoid soil consumption, landscape impact, and 

competition with food production, the installation of 

the soil-mounted PV in agricultural land has been 

restricted by governments and local authorities (Fig. 2) 

[16].  

It has been proposed that the advantages of 

agrivoltaic systems could be related to their similarity 

with agroforestry systems [17]. PV panels protect crops 

from excessive heat and provide mitigation against 

high soil temperatures, possibly implying that 

agrivoltaic systems are more resistant to climate 

change than monoculture systems [17]. 

Majudmar and Pasqualetti [18] proposed the 

implementation of agrivoltaic systems as a sustainable 

strategy to generate carbon-free electricity in 

peri-urban areas, while preserving agricultural land by 

providing boundaries for urban growth and increasing 

the value of land as well as farmers benefits. 

Agrivoltaic systems built on suspended structures 

(stilts) can also be used as solar tracking systems. On 

stilts, the mounted horizontal axis serves as the main 

axis on which the secondary axes that supports the 

solar panels is mounted. Powered by interconnected 

electric motors through an innovative wireless 

communication and control system, the two axes can 

be rotated. 

To simulate the growth and production of crops 

grown under the shade of an agrivoltaic system, a 

software platform, within which a radiation and 

shading model are coupled to a generic crop growth 

simulator, was developed. The platform was designed 

to maintain and manage large sets of climate data and 

different environmental conditions using a free 

software relational database. 

The model could be used to calculate direct and 

diffuse radiation at ground level with a time step, ts = 

0.5 h and a spatial resolution of 0.12 m. These 

parameters were chosen to achieve the best 

compromise between computing time and resolution in 

time and space. In this study, the mathematical model, 

which has already been discussed in detail in a previous 

study [16] is not described. Additionally, the 

estimation of electrical energy and the equivalent 

ground ratio are presented. 
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The electricity production using the PV panels was 

calculated for all the simulations (4 scenarios within a 

39-year period) during the crop cultivation period 

(April-September), using the same meteorological 

database that was employed during the simulation of 

crop growth, but with a time step of 1 h. Electricity 

production was calculated per m2 of the PV panel; 

however, it was thereafter converted to and presented 

in per m2 of cultivated soil using the ratio of the number 

of PV panels to the cultivated area. Dupraz [17] 

proposed to use the LER (Land Equivalent Ratio), 

which was developed as an indicator of land 

productivity in agrivoltaic systems, to estimate land 

productivity under crop mixing conditions. In the study, 

the LER was used to compare agrivoltaic scenarios 

with the monoculture of corn obtained in full light. 

With the crop model, it was possible to predict 

biomass and crop yield under the influence of climatic 

factors (radiation, temperature, wind speed, and partial 

vapor pressure) as well as the amount of water and 

soil nitrogen available. The model represented the 

responses of the individual physiological processes of 

the crops to environmental variables. Thus, it 

incorporated mechanisms that drive crop dynamics, 

and generated emergent feedback characteristics. 

The simulation study was divided into three main 

steps as follows:  

(1) The calculation of shading and radiation at a 

resolution of 0.12 m for the agrivoltaic scenarios. The 

scenarios involved different panel management 

schemes, e.g., static management with the solar panel 

at a fixed-tilt angle of 30° and a two-axe configuration, 

which differed in the number of panels mounted on 

the secondary axis. A shadowless full light simulation 

scenario was also included as a baseline scenario. 

(2) The preparation of input files was characterized 

by a wider resolution range (0.12 to 0.48 m) alongside 

the calculation of the average radiation value obtained 

from 16 high-resolution pixels. To simulate the entire 

area within a reasonable calculation time, without 

significantly affecting the results, the model was run 

at a lower resolution.  

(3) The model was run taking into consideration the 

study area (144 m2 or 625 pixels). Steps 1, 2 and 3 

were then repeated over the 39-year period. 

The crop cycle was divided into the three main 

development phases: the lag phase (i.e., the period 

between emergence and the start of exponential 

growth); the crop establishment phase (i.e., the period 

between exponential growth and the formation of 

grains) and the crop maturity phase (the period between 

grain filling and crop senescence). 

The simulation of an agrivoltaic culture system 

requires a culture model that is capable of capturing the 

multiple feedback processes triggered by a fluctuating 

radiation regime as well their consequences on the 

microclimate. Thus, the use of the proposed model was 

considered to be very appropriate. Actually, the 

coupling of photosynthesis and transpiration allowed a 

dynamic response to external stresses via the 

calculation of the energy balance. This feature was 

particularly relevant when simulating a culture grown 

in an agrivoltaic system because the temporal radiation 

patterns were simulated at a high time resolution. 

In a previous study, an innovative platform was 

designed and implemented to run simulations aimed at 

optimizing agrivoltaic systems, in which electrical 

energy production is combined with arable crop 

production (northern Italy, Emila Romagna Region, 

PC) [16]. A long-term simulation, in which the corn 

yield of an agrivoltaic system and that of an open field 

were compared, highlighted that although the yield of 

the agrivoltaic system was slightly lower when water 

was not the limiting parameter, it was higher under 

drought stress conditions. Furthermore, with respect to 

the cultivation of maize under rainy conditions, the 

average maize yield of the agrivoltaic system was 

higher and more stable than that obtained under full 

light conditions, indicating that agrivoltaic systems, 

which enhance crop yields, clean energy production, 

and water savings, can play an important role in the 

energy-food-water nexus. 
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3. Passive Solar Concentrator 

Other examples of combinations of solar 

concentrators and irrigation systems in agricultural 

fields have been previously described [19].  

In 1996, Paton and Davies [20] established the first 

greenhouse in Tenerife with a humidification and 

dehumidification system and they called it “the 

seawater greenhouse”. The results of their study 

showed that the system had a good water production 

performance, and basically could satisfy the growth 

requirements of the crops. 

In their study, they proposed a fully passive solar 

energy still powered by a CPC-SS (Composite 

Parabolic Concentrator) that could be used for direct 

irrigation using seawater. Compared with other hubs, 

the CPC showed better optical performance, including 

a higher acceptance angle [21]. Thus, it has been 

extensively used in solar energy applications [22]. The 

device [19] combines CPC, seawater desalination, and 

agricultural seeding, so that fresh solar-energy 

desalinated water can be transported directly to plant 

roots. It avoids the large area required for traditional 

solar desalination systems and eliminates traditional 

agricultural drip irrigation facilities, thereby greatly 

reducing costs. 

The structure of this fully passive CPC-SS that can 

be employed for direct irrigation using seawater is 

shown in Fig. 3. It consists primarily of four 

subsystems, including a transparent cover, a 

concentrator system, a seawater channel, and a 

freshwater outlet pipe. Given its simple structure, it can 

be made from transparent plastic. Thus, it is low cost, 

and it is very suitable for use in agricultural 

engineering. 

The advantage is that the entire system is completely 

passive and requires no power components. 

Additionally, it can be placed directly in seawater or 

brackish water to produce fresh water, which is then 

transported directly to the roots of soil plants, 

eliminating the traditional drip irrigation system.  

Fig. 3 represents the experimental CPC-SS system 

that was used to supply the plants with water. Its 

operating principle can be explained as follows: after 

passing through a transparent cover plate placed 

obliquely on top, sunlight enters the CPC-SS and 

reaches its reflective surface, where it is reflected into 
 

 
Fig. 3  Structure of experimental system [19]. Reprinted from [19] with permission from ASME. 
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the seawater channel and is absorbed by the black 

absorption layer within the channel. After the sunlight 

absorption, the temperature of the black absorption 

layer increases. Thus, the seawater in the channel is 

heated to evaporate, and given that water vapor is 

lighter than air, it rises until it finally reaches the 

transparent cover and exchanges heat with it. Moist air 

then releases moisture and condenses on the surface of 

the clear cover. The condensed fresh water then flows 

through the inner surface of the transparent cover and 

the reflective surface, and collects at the bottom of the 

CPC-SS. Finally, the water produced water is supplied 

to the soil at the root of the plants through the 

freshwater pipe [19]. 

The following assumptions were made during the 

simulation: 

(1) The transparent top cover was assumed to show 

100% transmission, i.e., it does not affect the 

concentration properties of the system. 

(2) Given that the black absorbent layer of the 

seawater channel was placed on the inner surface of the 

groove, which was in contact with seawater, and that 

the material of the groove was transparent, the 

reflection was considered to be effective as long as 

light was reflected off the wall of the slot. 

(3) The reflector had a reflectance of 100%. 

(4) The total number of incident lightning strikes 

was 500. 

Regarding the light path, when the angle of 

inclination of the solar rays ranged from 0° to 30°, the 

sun’s rays could be focused effectively. The energy 

analysis included the energy of sunlight (Q1) that enters 

the device, the energy to the transparent cover (Q2), the 

heat loss resulting from the reflection on the ground 

surface and the surroundings (Q3), the heat lost to the 

ground at the bottom of the device (Q4), the heat lost by 

the seawater via evaporation and convection in the 

evaporation-condensation chamber (Q5), and the heat 

lost to the ground through the fresh water (Q6). 

To test the performance of the system under real 

weather conditions, the freshwater production 

performance and operating temperatures of the system 

were investigated, and on the experiment days, the 

curves of solar irradiance as a function of time were 

recorded. During the experiments, the device was 

placed in an east-west direction, and its performance 

was tested experimentally to determine its efficiency. 

The main conclusions arrived at after the experiments 

were as follows: 

(1) The results of the optical simulation showed that 

the angle of reception of the device without tracking 

can reach approximately 35°. 

(2) On sunny days, the fresh water production 

performance of the device was approximately 850 

g/day, and in the seawater channel, the temperature of 

the seawater could exceed 60 °C. 

(3) The efficiency of the device was approximately 

22%; however, it could be improved in future studies. 

4. Our Solar Concentrator Prototype and Its 
Collocation 

In authors’ previous study [23], new solar 

concentrator prototypes, which have flat mirrors, were 

proposed. The idea was developed, and solar 

concentrator prototypes were fabricated as previously 

described [24-27]. 

The parabolic surface is approximated by triangle 

flat mirrors. The structure of one meter of diameter is 

constructed from bars and nodes from aluminum.  

In 2019, authors published the book dedicated to the 

solar concentrators and intelligent automation of their 

production [28]. 

The structure of solar concentrator and method of its 

manufacture are patented in USA, Mexico and Spain 

[29-31]. 

The primary objective of the study was to describe 

the collocation of solar concentrators on horizontal 

roofs in Mexico, then with bean fields in Mexico and 

potato fields in Canada [32]. The type of solar 

concentrators that were employed has been previously 

described in detail [23-27]. In Fig. 4a, the design of 

one of the prototypes developed for this purpose is  



 

178

 

Fig. 4  (a) De
 

Fig. 5  Struc
concentrators
 

presented [3

prototype w

The cost o

frame and f

low, and the

order of 1-2

collocate the

in agricultur

In Mexico

end in Oct

7-month pe

However, it

solar concen

rows of crop

is no dema

months, the 

Thus, the so

the field an

April, solar 

field [32]. 

Fig. 6 sh

during the tw

The harv

rectangles in

esign and (b) s

cture of colloc
s [32]. 

32]. In Fig.

ith one meter

of materials (

flat mirrors fo

e size of the 

2 m of diame

em on the ho

ral fields as sh

o, agricultura

tober or No

eriod, solar 

t is during th

ntrators can 

ps because the

and for sun

plants are fu

olar concentr

nd stored nea

concentrators

hows the ex

welve months

vest periods 

n Fig. 7a. 

Combinatio

(a)  

solar concentra

(a)

cation of solar 

. 4b, the so

r of diameter 

aluminum ba

for the parabo

solar concen

eter. Thus, it

orizontal roof

hown in Fig. 

al activities be

ovember. Th

concentrator

he first five 

easily be u

e plants are a

light. Within

ully grown, an

rators must b

arby, and fro

s can be insta

xtent of agri

s of the year. 

correspond t

ons of Solar C

            

ator [32]. 

            

concentrators

olar concentr

is presented.

ars for the sup

olic surface)

ntrator was in

t was possibl

fs of building

5. 

egin in April,

hus, during

rs can be u

months that

sed between

absent; thus, t

n the final

nd need sunli

be removed f

om Novembe

alled in the en

icultural acti

to the grays

Concentrators

            

 
            

s with agricult

rator 

pport 

was 

n the 

le to 

gs or 

 and 

this 

used. 

t the 

n the 

there 

two 

ight. 

from 

er to 

ntire 

ivity 

scale 

Fig.
 

T

plac

(Fig

dur

acti

con

E

peri

sola

peri

dur

S

whi

harv

Fig

con

s with Agricu

 
            

            

tural fields. (a

. 6  Extent of 

The maximum

ced in the fie

g. 6). The c

ing the Apri

ivity recomm

nsidered in the

Each harvest w

iod correspon

ar concentrat

iod correspon

ing which all

Secondly, the

ich is a north

vest period p

. 8 shows

nsidered [33].

ultural Plants 

            

  (b) 

a) Structure, a

agricultural ac

m number of 

eld during th

crop is harve

il-November 

mences; thu

e present stud

was divided i

nded to when

tors can be 

nded to whe

l concentrator

situation wit

hern country c

per year is s

one of the 

 

(b) 

 

and (b) Structu

ctivity. 

f solar collect

e November-

ested two or

period when

us, three ha

dy (Fig. 7a). 

into two perio

n the plants a

used, while

en the plants

rs are remove

th potato field

characterized

shown in Fi

potato field

 

ure with solar

 

tors could be

-April period

r three times

n agricultural

arvests were

ods. The first

are small and

e the second

s are mature,

ed. 

ds in Canada,

d by only one

ig. 7b, while

ds that was

r 

e 

d 

s 

l 

e 

t 

d 

d 

, 

, 

e 

e  

s 



 

 

Fig. 7  (a) Th
 

Fig. 8  Initia
 

The agri

September, 

agricultural 

characterize

conditions 

electricity u

possible to 

efficiency w

for the ins

Canada is f

example, in 

in April-Ma

July and run

Authors 

(MicroEquip

solar concen

the producti

[35]. The so

agricultural 

and to rea

generation a

agricultural 

Canada has

main results

hree harvests o

al stage of pota

icultural acti

and from

activities we

d by rain an

that do no

using solar co

use the solar

will be not ver

stallation of 

from March 

Ontario, the 

ay [30], while

ns through fal

also prop

pment Techn

ntrators given

ion of differe

olar concentr

fields, espec

lize the dua

and crop pro

harvest, the

s also been 

s of microequ

Combinatio

(

over a 12-mont

ato field [33]. 

ivity lasted 

m October 

ere performe

nd snow, wh

ot favor the

oncentrators. 

r concentrato

ry high. Thus

the solar 

to Novembe

potato planti

e the harvest 

ll [34]. 

osed the 

ology) for th

n that this te

ent types of m

rators can be

cially bean f

al advantage

oduction at a 

eir use in 

suggested. A

uipment devel

ons of Solar C

(a)          

th period in M

 

from April

till April,

ed; this perio

hich are wea

e generation

Although it

ors; however,

s, the best pe

concentrators

er (Fig. 7b).

ing season be

season begin

use of M

he manufactur

echnology all

microcompon

e collocated w

fields in Me

es of electri

minimal los

potato fields

Additionally,

lopment for s

Concentrators

 
            

Mexico; (b) One

l to 

no 

od is 

ather 

n of 

was 

, the 

eriod 

s in 

For 

egins 

ns in 

MET 

re of 

lows 

nents 

with 

exico 

icity 

ss of 

s in 

the 

solar 

con

stud

ensu

des

5. C

T

agri

tren

Aut

incl

com

agri

invo

type

Ind

was

inex

coll

Ac

T

UN

Re

[1]

[2]

[3]

s with Agricu

         (b)

e harvest perio

ncentrator pr

dies related

uring minim

cribed. 

Conclusion

The combin

icultural plan

nd in envir

thors analyze

luding Mexi

mbination of

icultural crop

olving the co

es of vegetab

ia, Northern I

s to describe t

xpensive sola

located on ho

knowledge

This work

NAM-DGAPA

ferences 

Kussul, E., B
González, M
Concentrator
17: 93-103.
Ravi, S., Mac
Jain, R., El
“Colocation O
and Agricul
383-92. 
Sekiyama, T

ultural Plants 

od in Canada. 

roduction as 

to collocat

mal loss of 

ns 

nation of s

nts on the sam

ronmental sc

e this situatio

ico. Several 

f renewable 

ps were revie

ombination of

bles exist in 

Italy, Spain, a

the developm

ar concentrat

orizontal roof

ements 

was partl

A-IT102320 p

Baydyk, T., Esc
M. T., and W
rs Manufacture 

cknick, J., Lobe
lchinger, M., 
Opportunities f
ture in Dryla

., and Nagashi

 

well as th

tion method

agricultural 

solar concen

me piece of l

cience and 

on for differe

studies rel

energy gen

ewed. Many s

f PV panels w

the USA, Fr

and México. O

ment of compa

tor prototypes

fs or in agricu

ly supporte

project. 

calante Estrada,
Wunsch II, D. 

and Automatio

ell, D., Field, C
and Stoltenbe

for Large Solar 
ands.” Applied 

ima, A. 2019. 

179

he results of

ds aimed at

harvest are

ntrators and

land is a new

engineering.

ent countries,

lated to the

neration and

such systems

with different

rance, Japan,

Our objective

act, light, and

s that can be

ultural fields.

ed by the

, A., Rodríguez
2019. “Solar

n.” Open Phys.

C., Ganesan, K.,
erg, B. 2016.
Infrastructures

d Energy 165:

“Solar Sharing

9

f 

t 

e 

d 

w 

. 

, 

e 

d 

s 

t 

, 

e 

d 

e 

 

e 

z 
r 
 

, 
. 
s 
: 

g 



Combinations of Solar Concentrators with Agricultural Plants 

 

180

for Both Food and Clean Energy Production: 
Performance of Agrivoltaic Systems for Corn: A Typical 
Shade-Intolerant Crop.” Environments 6: 65. 

[4] Nonhebel, S. 2005. “Renewable Energy and Food Supply: 
Will There Be Enough Land?” Renew. Sustain. Energy 
Rev. 9: 191-201.  

[5] Fthenakis, V., and Kim, H. C. 2009. “Land Use and 
Electricity Generation: A Life-Cycle Analysis.” Renew 
Sustain. Energy Rev. 13: 1465-74. 

[6] Marrou, H., Guilioni, L., Dufour, L., Dupraz, C., and 
Wery, J. 2013. “Microclimate under agrivoltaic systems: 
Is Crop Growth Rate Accepted in the Partial Shade of 
Solar Panels?” Agric. For. Meteorol. 177: 117-32.  

[7] Goetzberger, A., and Zastrow, A. 1982. “On the 
Coexistence of Solar-Energy Conversion and Plant 
Cultivation.” Int. J. Sol. Energy 1: 55-69.  

[8] Scognamiglio, A. 2014. “Photovoltaic Greenhouses: A 
Feasible Solution for Islands? Design, Operation 
Monitoringand Lessons Learned from a Real Case Study.” 
Presented at the 6th World Conference on Photovoltaic 
Energy Conversion, Kyoto, Japan. 

[9] Nagashima, A. 2005. Sunlight Power Generation System. 
Japan Patent No. 2005-277038. 

[10] Dupraz, C., Marrou, H., Talbot, G., Dufour, L., Nogier, 
A., and Ferard, Y. 2011. “Combining Solar Photovoltaic 
Panels and Food Crops for Optimising Land Use: 
Towards New Agrivoltaic Schemes.” Renew. Energy 36: 
2725-32. 

[11] Dinesh, H., and Pearce, J. M. 2016. “The Potential of 
Agrivoltaic Systems.” Renew. Sustain. Energy Rev. 54: 
299-308. 

[12] Leon, A., and Ishihara, K. N. 2018. “Assessment of New 
Functional Units for Agrivoltaic Systems.” Journal of 
Environmental Management 226: 493-8. 

[13] Roy, P., Nei, D., Orikasa, T., Xu, Q., Okadome, H., 
Nakamura, N., and Shiina, T. 2009. “A Review of Life 
Cycle Assessment (LCA) on Some Food Products.” J. 
Food Eng. 90: 1-10. 

[14] Frischknecht, R., Itten, R., Sinha, P., De Wild-Scholten, 
M., Zhang, J., Fthenakis, V. et al. 2015. Life Cycle 
Inventories and Life Cycle Assessment of Photovoltaic 
Systems. International Energy Agency (IEA) PVPS Task 
12 Report T12-04. 

[15] Basset-Mens, C., and van der Werf, H. M. G. 2005. 
“Scenario-Based Environmental Assessment of Farming 
Systems: The Case of Pig Production in FranceAgric.” 
Ecosyst. Environ. 105: 127-44. 

[16] Amaducci, S., Yin, X., and Colauzzi, M. 2018. 
“Agrivoltaic Systems to Optimize and Use for Electric 
Energy Production.” Applied Energy 220: 545-61. 
10.1016/j.apenergy.2018.03.081.  

[17] Dupraz, C., Talbot, G., Marrou, H., Wery, J., Roux, S., 

Liagre, F., et al. 2011. “To Mix or Not to Mix: Evidences 
for the Unexpected High Productivity of New Complex 
Agrivoltaic and Agroforestry Systems.” In Proceedings 
of the 5th World Congress of Conservation Agriculture: 
Resilient Food Systems for a Changing World.  

[18] Majudmar, D., and Pasqualetti, M. J. 2018. “Dual Use of 

Agricultural Land: Introducing ‘Agrivoltaics’ in Phoenix 

Metropolitan Statistical Area, USA.” Lands Urban Plan 

170: 150-68. 

http://dx.doi.org/10.1016/j.landurbplan.2017.10.011. 

[19] Ye, H. L, Zheng, Y. J., Zheng, H. F., and Liang, S. 2020. 

“Sustainable Agriculture Irrigation System Using a Novel 

Solar Still Design with a Compound Parabolic 

Concentrator Reflector.” Journal of Solar Energy 

Engineering 142 (3): 1-18.  

[20] Paton, C., and Davies, P. A. 1996. “The Seawater 

Greenhouse for Arid Lands.” In Proceedings of the 

Mediterranean Conference on Renewable Energy 

Sources for Water Production, Santorini, 10-2. 

[21] Welford, W. T., and Winston, R. 1978. The Optics of 

Non-imaging Concentrators: Light and Solar Energy. 

New York: Academic Press. 

[22] Zhu, Z., Zheng, H., Wang, Q., Chen, M., Li, Z., and 

Zhang, B. 2018. “The Study of a Novel Light 

Concentration and Direct Heating Solar Distillation 

Devices Embedded Underground.” Desalination 447: 

102-19. 

[23] Kussul, E., Baidyk, T., Makeyev, O., Lara-Rosano, F., 

Saniger, J. M., and Bruce, N. 2007. “Development 

of Micro Mirror Solar Concentrator.” WSEAS 

Transactions on Power Systems 8 (2): 188-94. 

[24] Kussul, E., Baidyk, T., Makeyev, O., Lara-Rosano, F., 

Saniger, J. M., and Bruce, N. 2008. “Flat Facet Parabolic 

Solar Concentrator with Support Cell for One and More 

Mirrors.” WSEAS Transactions on Power Systems 8 (3): 

577-86. 

[25] Kussul, E., Makeyev, O., Baidyk, T., Saniger Blesa, J., 

Bruce, N., and Lara-Rosano, F. 2011. “Adjustment of 

Solar Concentrator Support Frame.” In Proceedings of 

the International Conference on Innovative Technologies, 
Bratislava, Slovakia, 314-6. 

[26] Kussul. E., Makeyev, O., Baidyk, T., Saniger Blesa, J., 

Bruce, N., and Lara-Rosano, F. 2011. “The Problem of 

Automation of Solar Concentrator Assembly and 

Adjustment.” International Journal of Advanced Robotic 

Systems 8 (4): 150-7. 

[27] Kussul, E., Makeyev, O., Baidyk, T., Saniger Blesa, J., 

and Bruce, N. 2012. “Ericsson Heat Engine with 

Microchannel Recuperator for Solar Concentrator with 

Flat Mirrors.” International Journal of Energy 6 (4): 

165-77. 



Combinations of Solar Concentrators with Agricultural Plants 

 

181

[28] Baydyk, T., Kussul, E., and Wunsch, D. 2019.  
Intelligent Automation in Renewable Energy. Berlin: 
Springer. 

[29] Kussul, E., Baidyk, T., Lara-Rosano, F., Saniger Blesa, J., 
Ascanio, G., and Bruce, N. 2014. Method and Device for 
Mirrors Position Adjustment of a Solar Concentrator. 
USA Patent 8,631,995 B2.  

[30] Kussul, E., Baidyk, T., Lara-Rosano, F., Saniger Blesa, J., 
and Bruce, N. 2013. Concentrador Solar. Patente No 
309274, Mexico, Prioridad de 18.04.2008, Fecha de 
concesión 26 de Abril de 2013. (in Spanish)  

[31] Kussul, E., Baydyk, T., Saniger Blesa, J., Bruce, N., Lara 
Rosano, F., and Rodríguez Mendoza, J. 2015. Dispositivo 
de soporte para concentrador solar con espejos planos. 
Patente ES2525276, España, fechas de prioridad 

21.07.2014, fecha de la concesión 25.09.2015. (in 
Spanish)  

[32] Kussul, E., Baydyk, T., Olvera-Tapia, O., and Rodriguez 
Andrade, J. 2019. “Comparison of Collocation of Solar 
Concentrators with Bean Fields in Mexico and Potato 
Fields in Canada and Micromechanical Equipment for 
Their Production.” Journal of Energy and Power 
Engineering 13: 24-31. 

[33] Web1. Accessed August 22, 2020. 
https://www.hometalk.com/13598891/how-to-grow-potat
oes?expand_all_questions=1. 

[34] Web2. Accessed August 22, 2020. 
http://www.ontariopotatoes.ca/growing-potatoes-1. 

[35] Kussul, E., Baidyk, T., and Wunsch, D. 2010. Neural 
Networks and Micro Mechanics. Berlin: Springer. 

 


