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ABSTRACT 
Energy is a crucial component of the agri-food sector 

since almost 30% of the world’s energy is consumed by 
this sector. Under such circumstances, the employment 
of renewable energies can be a sustainable solution to 
mitigate the adverse environmental impacts as 
consequences of the greenhouse gas (GHG) emissions 
from the agri-food supply chain. Generation of electricity 
using photovoltaic (PV) technology to supply the power 
demand of the agriculture and food production sectors 
requires large areas of land. To solve this problem, the 
co-generation of solar PV electricity and crop production 
(agrivoltaic concept) is expected to relieve this 
restriction. An emerging agrivoltaic technology is the 
installation of concentrating PV (CPV) systems in crop 
cultivation environments to both provide the power 
demand and produce food on the same land. This study 
presents an overview of agrivoltaic systems and CPV 
technology with a special focus on the advent of CPV 
modules in agricultural environments. In this case, the 
main benefits and challenges of this technology are 
presented and discussed.   
 

Keywords: Sustainable agriculture; Crop production; 
Solar concentrators; Agrivoltaics.  

1. INTRODUCTION 
The global population follows a growing trend so that 

since the early 1960’s it has been doubled, expecting to 
reach over 9 billion people by 2050 (1). This growing 
trend is envisaged to menace the global concept of ‘Food 
Security’ which is interpreted as the major facet of 

sustainability. According to the definition presented by 
the United Nation’s Committee on World Food Security 
(CFS), food security is defined as (2):  

“All people, at all times, have physical, social, and 
economic access to sufficient, safe, and nutritious food 
that meets their food preferences and dietary needs for 
an active and healthy life”.  

There is a well-known framework that analyses the 
interconnection between water, food, and energy which 
is called WEF nexus. This framework includes synergies, 
conflicts, and trade-offs among the mentioned 
resources. The role of renewable energy technologies 
(RETs) in the WEF nexus is promising, able to address the 
trade-offs between water, food, and energy. In this case, 
the competition between sectors can be alleviated by 
offering less resource-intensive processes (3).  

Energy supply for all stages of agri-food value chains 
including crop and dairy production, forestry, post-
harvest, processing, transportation, and distribution of 
food mainly relies on fossil fuels, causing the agri-food 
production and processing sector to be a significant 
emitter of greenhouse gas (GHG) emissions (4). At the 
same time, solar energy is considered the most abundant 
renewable energy source with the greatest adaptability 
with a wide category of agricultural operations (5). Two 
main technologies which are employed to harness the 
energy coming from the sun are photovoltaic (PV) and 
solar thermal. Using PV technology, solar cells are 
utilized to directly convert solar radiation into electricity, 
while thermal collecting systems convert solar radiation 
into heat by using low- to medium-temperature 
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collectors or high-temperature concentrators (6). The 
employment of solar energy technologies (SETs) in 
agriculture and food production systems enhances 
reliability, eliminating the heavy reliance of many farm 
operations on fossil fuels and mitigating the release of 
GHG emissions to a large extent (7). 

1.1 The concept of agrivoltaics 

The co-developing of the solar PV electricity 
generation and crop production on the same land is 
called ‘agrivoltaics’ which was firstly introduced by 
Dupraz et al. (8). In this concept, the solar PV system 
structures are modified in a way to allow crop production 
at the same time and on the same land. This idea was 
firstly proposed by Goetzberger and Zastrow in 1982 (9). 
In their proposed modification, the PV array was installed 
at a height of 2 m with increased space between the 
panels, creating a situation in which excessive shading on 
the cultivated crops beneath is avoided. A schematic 
representation of a typical agrivoltaic system installed on 
an open field is shown in Figure 1.  

Figure 1. Cross-section of a typical agrivoltaic system installed on an 
open field (10). 

There are various criteria that agrivoltaic systems are 
classified based on including the type of the system 
(closed or open), type of the structure 
(interspace/overhead PV, integrated with greenhouses), 
the tilt of the PV modules (fixed, one-/two-axis tracking), 
type of the PV modules (opaque, semi-transparent, 
bifacial) and type of the application (grassland farming, 
arable farming, horticulture, and aquaculture). 
According to this classification, agrivoltaic systems can 
be installed on both open-field farms or integrated with 
protected crop cultivation greenhouses. Considering the 
structure, the interspace PV is mainly installed in pasture 
and arable farming, while overhead PV is more suitable 
for horticulture.  

1.2 Benefits and challenges of agrivoltaic systems 

Despite the pass of over three decades from when the 
concept of agrivoltaic was introduced, this technology is 

 
1 Photosynthetically active radiation (PAR) 

still in the initial phases of development with plenty of 
room for technical advancements and new sectors of 
utilization. According to Pascaris et al. (11), although 
agrivoltaic systems can offer potential benefits, several 
obstacles still exist in the way of the adoption of this 
technology. Some of the main points that should be 
considered are the long-term productivity of the land 
with the desired certainty, the potential of the market, 
and the flexibility requirement for the predesigned 
system to incorporate different scales. As discussed in 
this study, these adoption barriers can be handled by 
precise planning and mutually beneficial land 
agreements between two participants of the solar and 
agriculture sector. Agrivoltaic systems have also an 
effective role in the WFE nexus. In this realm, the plants 
cultivated beneath the sunshade of PV modules can 
benefit from effective water/rain redeployment, wind 
mitigation, temperature deviations protection (12), 
reduction in evapotranspiration, perfection in soil 
moisture, security in contrast to climatic uncertainty and 
risky happenings such as hailstones. Although providing 
desirable levels of sunlight for the growth of plants is an 
important concern, under hot climate conditions, high 
intensity of solar radiation can cause adverse impacts as 
a consequence of supra-optimal air temperature and low 
humidity (13).  

In this study, the integration of concentrating PV 
(CPV) modules in agrivoltaic systems is investigated and 
associated benefits and challenges are introduced. 
Additionally, main concluding points along with the 
prospects for implementation of this technology in crop 
cultivation environments are presented and discussed. 

2. LIGHT ABSORPTION AND PHOTOSYNTHESIS  

Plants and algae are photosynthetic organisms that 
utilize electromagnetic radiation from the visible 
spectrum to drive the synthesis of sugar molecules (14). 
The energy of specified wavelengths of light is absorbed 
by special pigments in chloroplasts of plant cells, 
resulting in a reaction of the molecular chain known as 
light-dependent reactions of photosynthesis (15). The 
most desired wavelength of visible light for 
photosynthesis1 lies within the blue range (425–450 nm) 
and red range (600–700 nm). In this regard, those 
wavelengths of light that fall outside of these ranges are 
not utilized by most plants, and longer wavelengths can 
cause heat build-up in plant tissues. Leaves of plants 
absorb some part of light energy and convert it to 
chemical energy at the first stage of photosynthesis 
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during light-dependent reactions. As depicted in Figure 
2, this chemical energy is stored 
in carbohydrate molecules which are synthesized 
from carbon dioxide (CO2) and water (H2O) (16). 

 

Figure 2. Photosynthesis process (17).  

The photosynthetic efficiency which is equal to the 
fraction of light that is converted to chemical energy by 
plants is usually 3-6%, where the remaining portion is 
primarily dissipated as heat with a very small fraction (1-
2%) which is re-emitted (18). It is worthy to be noted that 
photosynthetic efficiency depends on several 
parameters including light frequency, light intensity, 
amount of leaf area that captures the light, temperature, 
water availability, and the concentration of the CO2 in 
the atmosphere. Comparing with PV modules, the 
conversion efficiency of light to electricity is 
approximately between 6-20% (19).   

3. CONCENTRATING PHOTOVOLTAIC MODULES 

Concentrating photovoltaic (CPV) modules are 
capable of concentrating a significant number of solar 
rays on a small PV cell through utilizing lenses or curved 
mirrors. The Fresnel lenses are amongst the most widely-
used owing to their light weight, small volume and 
relatively low cost. These lenses, basically made of 
polymethylmethacrylate (PMMA) or silicone on glass 
(SOG), feature small concentric grooves on their surface 
which act as prisms to precisely focus the light on the 
solar cell. On the other hand, curved mirrors, especially 
parabolic trough or dish concentrators, focus light on 
solar cells placed at the focal line or point. Reflectivity of 
the mirror, absorptivity of the receiver, incident angle 
and tracking error can influence the performance of 
these systems (20). Figure 3 shows the schematic of a 
Fresnel lens and a concentrating mirror used as CPV 
modules. CPV’s cells can convert about 46% of incident 
solar power to electricity while the rest is often wasted. 
III-V triple-junction solar cells, made of semiconductor 
materials on top of each other, have been used 
commercially in CPV systems to attain efficiencies over 
40%. As shown in Figure 4, triple cells are usually a 
combination of Gallium Indium Phosphide (GaInP) in the 
top layer, Gallium Indium Arsenide (GaInAs) in the 
middle layer, and geranium (Ge) as the bottom layer. 

Miscellaneous materials are used in solar cells to 
augment efficiency through the capture a larger portion 
of the solar spectrum (21). 

 

 
Figure 3. CPV modules using; a) Fresnel lens, and b) Point-focus 

parabolic mirror (22). 
 

 

Figure 4. Triple-junction GaInP/GaInAs/Ge solar cells and their 
efficient wavelengths (21). 

CPVs can be classified in terms of optics, tracking 
system, concentration factor, and cooling system (Figure 
5). Regarding optics, refractive (lenses) and reflective 
(mirrors) systems might be linear or point-focus, 
proportional to the application. In terms of the tracking 
system, CPVs are mainly divided into two groups of one-
axis and two-axis, the second of which can trace the sun 
rays in two directions to hold the CPV module 
perpendicular to them and attain the maximum incident 
radiation. 

Concentration ratio (CR), often stated in the units of 
suns, illustrates how far the incident solar radiation flux 
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rises on solar cells and is categorized into low 
concentration (≤ 10 suns), medium concentration (10-
100 suns), and high concentration (100-2000 suns). Low 
concentration PV systems (LCPVs) usually employ linear-
focus systems like holographic or luminescent and do not 
require any trackers, whereas medium concentration PV 
systems (MCPVs) are mostly composed of parabolic 
trough or linear Fresnel lenses along with a single or dual-
axis tracking system (21).  

 
Figure 5. CPV classification criteria (21). 

Last but not least, high concentration PV systems 
(HCPVs) with high optical efficiencies need to make use 
of dual-axis tracking systems and high-efficiency multi-
junction solar cells. The last two kinds generally have to 
be accompanied by cooling systems. They are 
implemented not to allow the fall of PV cell efficiency 
due to temperature increase over limits and cell 
degradation. The cooling can be done either passively by 
using air convection or actively by conduction and a 
cooling fluid through a heat exchanger. While the former 
is adopted in MCPVs and needs roughly large areas to 
dissipate heat with no need of supplement power, the 
latter such as microchannel heat sinks, heat pipes and 
impinging jets are commonly utilized in HCPVs and 
photovoltaic/thermal (PVT) systems to reuse the heat in 
other applications (22). 

4. APPLICATIONS OF CPV MODULES IN 
AGRIVOLTAICS 

CPV modules have to be installed at an elevated 
height (5 m or higher) to provide sufficient space for crop 
growth, livestock movement, activities of farmers, and 
farming machines (23). However, the problem of shading 
on crops might hinder their premium-quality growth. 
Distinct studies have suggested favorable approaches to 
undermine this concern, amongst which two solutions 
are of more efficiency. 

The first approach, mostly in open farming lands, 
uses a parabolic glass panel covered with a multi-layer 

polymer dichroitic film which reflects the light in the NIR 
region on solar cells located in the parabolic local line and 
transmits the red and blue light which consists the vital 
wavelength bands for the plant’s growth. To elaborate 
more, these panels merely let pass the photons which 
are located in the PAR region, namely the blue region in 
the range of 420-460 nm and the red region in the range 
of 630-670 nm, as shown in Figure 6. Within these two 
wavelength bands, lie the absorption peaks of 
chlorophyll a and chlorophyll b of plants which are 
fundamental for photosynthesis. Hence, the remaining 
bands are reflected on solar cells to generate electricity. 
This selective solar spectrum-splitting technique can not 
only mitigate the shading problem but also provide crops 
with higher qualities. Liu et al. (24) implemented the 
same approach using a polymer film based on Ta2O5, 
TiO2, and SiO2 along with a dual tracking system and 
reported taller and bulkier plants containing more 
soluble sugar and higher net photosynthetic rate. 
Another notable result was a 2-4 ˚C decrease in the 
temperature at the surface of leaves causing a 26% fall in 
evaporation of water. 

 

Figure 6. a) Schematic and b) Transmitting wavelengths of solar 
spectrum-splitting technique (24). 

In the second approach, which is commonly used for 
covering the roofs of greenhouses, highly transparent 
solar-tracking lamellae or Fresnel lenses concentrate the 
direct sunlight on solar cells located beneath them at the 
focal point or line for electricity production and transmit 
the diffuse sunlight to the ground for the growth of crops 
(Figure 7). The daily light requirements of plants vary 
widely but diffuse sunlight is roughly able to supply most 
of them (25). Although the diffuse sunlight is shadowless 
for plants, the tracking of the CPV module creates a 
dynamic shaded area (26). Wu et al. (27) utilized this 

ISSN 2004-2965 Energy Proceedings, Vol. 23, 2021



 5 Copyright © 2021 ICAE 

system by a row of Fresnel lenses in a Chinese 
greenhouse and concluded that the maximum power 
generation efficiency was about 18% while no 
detrimental change occurred for crops cultivation. In 
another study, Apostoleris et al. (25) made use of a 
transparent tracking CPV made of Fresnel lenses along 
with high-efficiency cells on a greenhouse roof with 
consideration of light requirements of plants and 
illustrated that this system not only can generate 
comparable electricity to normal PV systems, but also it 
supplies an adequate amount of light for most crops. 
Furthermore, Sonneveld et al. (28) carried out a research 
on retaining the heat load of a greenhouse low by using 
an absorption cooler employing a Fresnel CPV module on 
its roof, and finally showed that cooling a greenhouse 
can result in a 90% fall in water consumption required for 
cultivation.  

 

Figure 7. a) Schematic of a highly transparent CPV module, and b) 
CAD drawing of two point-focus and linear CPVs using Fresnel lenses 

in a greenhouse (29,30). 

5. CONCLUSIONS AND PROSPECTS 

The main focus of this study is to provide an overview 
of solar energy utilization in agriculture for co-
production of electricity and agricultural crops. Among 
the different technological solutions, an emerging 
technology is using CPV modules that can be installed in 
open fields as well as in greenhouses. Considering the 
literature, very few studies have been conducted on this 
type of agrivoltaic systems and very few of the CPV 
modules have been commercialized. In some cases, 
specific solar splitting spectrum films have been utilized 
to improve the growth trend of crops by providing light 
at the PAR range and providing NIR for electricity 
generation by the PV cell. In HCPVs, the main limitation 
is the necessity of using a two-axis sun tracker that can 
impose additional costs. However, it is estimated that 

this can be compensated by an increase in the 
production of electricity and crops. The investigated 
studies show that Fresnel lenses are more appropriate 
concentrators for use in agricultural environments 
mainly because of their transparency. However, there is 
still room for technical and economical improvements of 
CPV modules for their specific use in cultivation 
applications.  

REFERENCES 
1.  Gorjian S, Ebadi H, Najafi G, Singh Chandel S, Yildizhan 

H. Recent advances in net-zero energy greenhouses 
and adapted thermal energy storage systems. Sustain 
Energy Technol Assessments [Internet]. 2021 Feb 1 
[cited 2021 Feb 23];43:100940. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S221313
8820313680 

2.  Food Security | IFPRI : International Food Policy 
Research Institute [Internet]. 2021 [cited 2021 Aug 4]. 
Available from: https://www.ifpri.org/topic/food-
security 

3.  Lee L-C, Wang Y, Zuo J. The nexus of water-energy-
food in China’s tourism industry. Resour Conserv 
Recycl. 2021;164:105157.  

4.  The future of food and agriculture–Trends and 
challenges. Rome; 2017.  

5.  Gorjian S, Ebadi H, Trommsdorff M, Sharon H, Demant 
M, Schindele S. The advent of modern solar-powered 
electric agricultural machinery: A solution for 
sustainable farm operations. J Clean Prod [Internet]. 
2021 Apr;292:126030. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S095965
262100250X 

6.  Gorjian S, Ebadi H, Calise F, Shukla A, Ingrao C. A review 
on recent advancements in performance 
enhancement techniques for low-temperature solar 
collectors. Energy Convers Manag [Internet]. 2020 
Oct;222:113246. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S019689
0420307901 

7.  Gorjian S, Singh R, Shukla A, Mazhar AR. On-farm 
applications of solar PV systems. In: Gorjian S, Shukla 
A, editors. Photovoltaic Solar Energy Conversion 
[Internet]. First. London: Elsevier; 2020. p. 147–90. 
Available from: 
https://linkinghub.elsevier.com/retrieve/pii/B978012
8196106000065 

8.  Dupraz C, Marrou H, Talbot G, Dufour L, Nogier A, 
Ferard Y. Combining solar photovoltaic panels and 
food crops for optimising land use: Towards new 
agrivoltaic schemes. Renew Energy [Internet]. 2011 
Oct;36(10):2725–32. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S096014
8111001194 

9.  GOETZBERGER A, ZASTROW A. On the Coexistence of 

ISSN 2004-2965 Energy Proceedings, Vol. 23, 2021



 6 Copyright © 2021 ICAE 

Solar-Energy Conversion and Plant Cultivation. Int J Sol 
Energy [Internet]. 1982 Jan 24;1(1):55–69. Available 
from: 
http://www.tandfonline.com/doi/abs/10.1080/01425
918208909875 

10.  Fraunhofer ISE. Agri-Photovoltaik: Chance für 
Landwirtschaft und Energiewende [Internet]. 2020. 
Available from: 
https://www.ise.fraunhofer.de/content/dam/ise/de/
documents/publications/studies/APV-Leitfaden.pdf 

11.  Pascaris AS, Schelly C, Pearce JM. A First Investigation 
of Agriculture Sector Perspectives on the 
Opportunities and Barriers for Agrivoltaics. Agronomy 
[Internet]. 2020 Nov 28;10(12):1885. Available from: 
https://www.mdpi.com/2073-4395/10/12/1885 

12.  Marrou H, Guilioni L, Dufour L, Dupraz C, Wery J. 
Microclimate under agrivoltaic systems: Is crop growth 
rate affected in the partial shade of solar panels? Agric 
For Meteorol. 2013;177:117–32.  

13.  Emmott CJM, Röhr JA, Campoy-Quiles M, Kirchartz T, 
Urbina A, Ekins-Daukes NJ, et al. Organic photovoltaic 
greenhouses: a unique application for semi-
transparent PV? Energy Environ Sci [Internet]. 
2015;8(4):1317–28. Available from: 
http://xlink.rsc.org/?DOI=C4EE03132F 

14.  McCree KJ. The action spectrum, absorptance and 
quantum yield of photosynthesis in crop plants. Agric 
Meteorol [Internet]. 1971 Jan 1 [cited 2021 Oct 
20];9(C):191–216. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/0002157
171900227 

15.  Liu J, van Iersel MW. Photosynthetic Physiology of 
Blue, Green, and Red Light: Light Intensity Effects and 
Underlying Mechanisms. Front Plant Sci. 
2021;12(March).  

16.  Nadal M, Flexas J. Variation in photosynthetic 
characteristics with growth form in a water-limited 
scenario: Implications for assimilation rates and water 
use efficiency in crops. Agric Water Manag [Internet]. 
2019 May;216:457–72. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S037837
7418314197 

17.  Intro to photosynthesis (article) | Khan Academy 
[Internet]. 2021 [cited 2021 Oct 21]. Available from: 
https://www.khanacademy.org/science/ap-
biology/cellular-energetics/photosynthesis/a/intro-
to-photosynthesis 

18.  Maxwell K, Johnson GN. Chlorophyll fluorescence—a 
practical guide. J Exp Bot [Internet]. 2000 
Apr;51(345):659–68. Available from: 
https://academic.oup.com/jxb/article-
lookup/doi/10.1093/jexbot/51.345.659 

19.  Mathur S, Jain L, Jajoo A. Photosynthetic efficiency in 
sun and shade plants. Photosynthetica [Internet]. 2018 
Mar 1;56(1):354–65. Available from: 
http://ps.ueb.cas.cz/doi/10.1007/s11099-018-0767-

y.html 
20.  Khamooshi M, Salati H, Egelioglu F, Hooshyar Faghiri A, 

Tarabishi J, Babadi S. A Review of Solar Photovoltaic 
Concentrators. Karamanis D, editor. Int J Photoenergy. 
2014;2014:1–17.  

21.  Maka AOM, O’Donovan TS. A review of thermal load 
and performance characterisation of a high 
concentrating photovoltaic (HCPV) solar receiver 
assembly. Sol Energy. 2020 Aug;206:35–51.  

22.  Sripadmanabhan Indira S, Vaithilingam CA, Chong K-K, 
Saidur R, Faizal M, Abubakar S, et al. A review on 
various configurations of hybrid concentrator 
photovoltaic and thermoelectric generator system. Sol 
Energy. 2020 May;201:122–48.  

23.  Miskin CK, Li Y, Perna A, Ellis RG, Grubbs EK, Bermel P, 
et al. Sustainable co-production of food and solar 
power to relax land-use constraints. Nat Sustain 
[Internet]. 2019 Oct 7 [cited 2021 Mar 5];2(10):972–
80. Available from: https://doi.org/10.1038/s41893-
019-0388-x 

24.  Liu W, Liu L, Guan C, Zhang F, Li M, Lv H, et al. A novel 
agricultural photovoltaic system based on solar 
spectrum separation. Sol Energy [Internet]. 2018 Mar 
1 [cited 2021 Mar 5];162:84–94. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S003809
2X17311350 

25.  Apostoleris H, Chiesa M. High-concentration 
photovoltaics for dual-use with agriculture. In: AIP 
Conference Proceedings [Internet]. American Institute 
of Physics Inc.; 2019 [cited 2021 Mar 5]. p. 050002. 
Available from: 
http://aip.scitation.org/doi/abs/10.1063/1.5124187 

26.  Araki K, Lee K-H, Yamaguchi M. Analysis of impact to 
optical environment of the land by CPV. AIP Conf Proc. 
2016 Sep;1766(1):90002.  

27.  Wu G, Yang Q, Zhang Y, Fang H, Feng C, Zheng H. 
Energy and optical analysis of photovoltaic thermal 
integrated with rotary linear curved Fresnel lens inside 
a Chinese solar greenhouse. Energy [Internet]. 
2020;197:117215. Available from: 
https://doi.org/10.1016/j.energy.2020.117215 

28.  Sonneveld P. POSSIBILITY OF CLIMATE CONTROL OF A 
GREENHOUSE WITH CONCENTRATING SOLAR POWER 
SYSTEM - A CONCEPT DESIGN. In: Acta Horticulturae. 
International Society for Horticultural Science (ISHS), 
Leuven, Belgium; 2014. p. 55–61.  

29.  Hirai D, Okamoto K, Yamada N. Fabrication of highly 
transparent concentrator photovoltaic module for 
efficient dual land use in middle DNI region. In: 2015 
IEEE 42nd Photovoltaic Specialist Conference (PVSC). 
2015. p. 1–4.  

30.  Sonneveld P, Zahn H, Swinkels G. A CPV System with 
Static Linear Fresnel Lenses in a Greenhouse. AIP Conf 
Proc. 2010 Oct;1277(1):264–7.  

 

ISSN 2004-2965 Energy Proceedings, Vol. 23, 2021


