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solvents but also the constituting materials 
do not necessarily display any harm for 
health or environment. On the other side, 
alternative existing photovoltaic technolo-
gies involve considerably more environ-
mentally questionable and toxic chemicals 
in the layer stacks and their production.[1] 
And such a factor may play out for applica-
tions in buildings or anywhere within reach 
of intelligent lifeforms or food production.

Thus, to achieve market penetration 
within a wide-scale and high-volume 
application for OPV, which would be the 
necessary precondition for any economies of 
scale and therefore major price reductions, 
requires finding an application, where 
its specific properties offer clear advan-

tages over any other technology in the market. The internet-of-
things applications could be viewed as one potential market for 
increased usage of OPV. However, this very market lacks behind 
the expectations, and thus there might be considerable doubts 
in the overall market size. Second, IoT may require rather small 
devices as compared to power applications. Hence, IoT might 
not offer the chance for scaling up OPV sufficiently, to obtain 
competitive prices for penetration into other markets. Further-
more, it is required to address the question where does OPV dis-
play an advantage over the application of silicon PV in IoT, even 
if costs do not matter? Thus, even though there are plenty of 
applications foreseeable for IoT or smart buildings, it remains 
a question, whether these markets could provide a break-
through for OPV. For the latter, sheer quantity or rather sheer 
area of photovoltaic modules may be required. At the same time, 
besides silicon PV, also perovskite PV provides comparable per-
formances with efficiencies of roughly 25% power conversion 
efficiency (PCE) for very small devices in the lab[2] and 16% PCE 
for small modules[3] (which may approach the size of a standard 
silicon solar cell). Currently, OPV is still lagging behind these 
numbers with above 18% for small lab-scale devices[4] and 
12% for small modules.[3] Under such strong competition and 
difficult markets, the question is, what then to do with OPV?

2. The Strategy for a Way Forward

While traditional photovoltaic applications might not be in 
reach for a competitive product based on OPV, the situa-
tion changes, when carefully selecting an application in line 
with the specific advantages of OPV. At this point, we could 
even go one step further: what generally needs to be consid-
ered as a downside for reaching high-level power-conversion 
efficiencies, namely the incomplete absorption throughout a 
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1. Introduction

Organic photovoltaics (OPV) combines advantages like usage of 
earth-abundant materials, compatibility with high-throughput 
roll-to-roll (R2R) processing, as well as a low energy demand in 
production (low embedded energy cost) and thus short energy 
pay-back times. OPV panels can be fitted to any size, and shape 
(flexibility and conformity) and—evenly important—many colors. 
While OPV has been long-term considered as a game changer 
due to its potentially low prices, so far this promise did not suc-
cessfully come to fruition and even might never do so with the 
advent of perovskite photovoltaics, which can still promise close 
to the same features (except for being colorful), but with signifi-
cantly higher efficiencies. However, one big advantage of OPV is 
that it may not only be processed from environmentally friendly 
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broad wavelength range severely limiting the photocurrent 
generation, can even be turned into a blessing. In contrast to 
any inorganic semiconductor and hybrid perovskites, organic 
semiconductors or conjugated molecules and polymers do 
show over the wavelength (respectively photon energy) limited 
absorption bands, leaving room for the absorption of the plants 
below/above ≈730 nm/1.7 eV. The simple solution is to use this 
semi-transparent window of non-absorption for a combination 
with agriculture. Thus, using transmitted light for plant growth 
may essentially turn the weakness of a limited absorption band 
into an advantage for dual use on the same land.

In order to leave as much light as possible for the plants 
growing underneath the photovoltaic modules, it will be neces-
sary to move the absorption window of the active layer material 
entirely away from the visible into the near-infrared (NIR) part 
of the electromagnetic spectrum.

The benefits from such an approach can be manifold for both 
sides of the equation: at first, the costs of the PV system would 
not need to include costs for land acquisition anymore, as the 
land already is in use for agriculture. Besides the immediate 
costs of land acquisition, which mostly impact more developed 
nations, there are also zoning issues that can be circumvented, 
as countries might forbid installation of PV on agricultural land, 
therefore making more land available for PV applications, which 
are not hundreds of kilometers away from habitation, like in 
entirely uninhabited deserts. As next, such a photovoltaic instal-
lation would replace traditional greenhouses as well as polytun-
nels, swapping these investment costs directly, by which the 
PV system would be made more competitive or even make the 
usage of greenhouses or polytunnels financially viable, where 
they would have been not viable before. On top of that, there is a 
manifold of benefits for the agricultural side of the equation that 
come along with a precise control of the climatic conditions for 
the plants. For example, in semi-arid and arid climates, where 
irrigation is essential for doing any agriculture, greenhouses, and 
polytunnels can strongly reduce evaporation losses and therefore 
reduce watering requirements. In addition, the electricity genera-
tion could be used to keep humidity at a stable level by the appli-
cation of active ventilation systems with humidity recuperation. 

Such effort is usually not done for greenhouses or polytunnels 
due to the additional costs for energy that would have to be pro-
vided from the outside. In turn, better controlled humidity is 
enabling a higher crop yield, especially for those plants, which 
stop photosynthesis at too low moisture levels, to prevent drying 
out. Such conditions normally occur in the middle of the day 
in warm and arid or semi-arid climates when solar irradiation 
is at its peak. Furthermore, a reduction in evaporation reduces 
the risk of soil salinization, which is till date a major problem of 
many areas requiring irrigation for agriculture.

These points make a deployment of transparent photovoltaic 
polytunnels especially attractive for developing nations in semi-
arid and arid climate like Africa’s countries along its and in its 
large deserts like the Sahara and the Namib. The same should 
apply also for the dryer regions of the Indian subcontinent.

Also, temperature control in these greenhouses or polytun-
nels would be easier, as on the one hand, the solar modules 
already reduce the heat influx from absorbing part of the solar 
irradiation, and on the other hand, part of the generated elec-
tricity could be employed for air ventilation.

In such a scenario, the photovoltaic modules would actually 
upgrade the value of land by its double usage. On the other 
hand, this application thus would also increase the available 
land area for utility-scale PV installations by multiples of its 
current amount. Figure  1 summarizes a number of the men-
tioned aspects in a schematic depiction. Even if the double 
use is not in the focus of the consideration, locally generated 
electricity may provide sufficient benefit for upgrading existing 
greenhouses and consumers nearby.

Currently, the interest in this topic is rising and there are by 
now a few reports[5] on the use of Si-PV for agrivoltaics. The 
challenge Si-PV is facing in this context is connected with it 
being in-transparent, rigid, and brittle in nature. Such installa-
tions obviously cannot cover the full area, or are only compatible 
with crops that require low light intensities. Furthermore, such 
installations are by necessity quite heavy, as they have to bear 
the load of full-size Si-PV modules and are thus not as quickly 
installable or removable. We on the other hand are advocating 
for installations that can be quickly installed or removed., that 

Figure 1. Schematic depiction of the advantages of the proposed agrivoltaics approach. The current situation in scenarios of irrigation dependent agricul-
ture (left) versus the situation of an agrivoltaic application scenario (right), in which specific properties of organic photovoltaics provide a perfect match.
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is, in the case of dryland agriculture, whereupon sowing irriga-
tion is deployed and upon deployment large OPV polytunnels 
could be installed, that cover these fields and which can be 
quickly removed before harvest is due. Therefore, as the first 
step for OPV agrivoltaics, we advocate for deployment of OPV-
polytunnels in arid and semi-arid climates to re-green deserts 
and other drylands and make them arable for a long-term and 
sustainable agriculture. The added value will be to provide 
access to cheap electricity to rural communities inhabiting such 
areas. Thus, OPV agrivoltaics could be considered as one major 
step toward the sustainable development goals (SDGs) of the 
United Nations. Due to the combination of the benefits of sus-
tainable agriculture, reduced irrigation and water consumption 
as well as sustainable energy generation, obviously not only the 
elimination of hunger (SDG 2) and the provision of clean energy  
(SDG 7) follow as a direct consequence, but indirectly also most 
other SDGs will be positively and sustainably influenced.

The benefits from a specific OPV development for agrivol-
taics could then—in a second step—be transferred toward the 
building-integrated OPV (BIOPV) sector. The aforementioned  
transparency for plants in the visible spectrum range is 
obviously a benefit for energy producing building glazing.

However, since most glazing is vertical, the angle of inci-
dence is somewhat unfavorable leading to a reduced potential 
in power generation. Though organic solar cells exhibit only 
a minor dependence of the performance on the angle of inci-
dence as all thin film photovoltaic technologies,[6] when the 
angle of incidence is basically parallel during the most sun 
intense hours of the day, as is the case in latitudes between 

the tropic of Cancer and tropic of Capricorn, still only indirect 
irradiation can be collected in the middle of the day. There are 
also two targets for a sustainable city development, which are 
in direct opposition to efficient usage of any PV technology, 
these are densification, that is, closely built as well as taller 
buildings, resulting in mutual shading between buildings. The 
other target is vertical gardens along facades of buildings,[7] 
these obviously would compete with space for solar energy 
generation, though this actually could be alleviated with the 
developments that have to be made for organic agrivoltaics. 
While in dense cities potentially compromises will have to 
be made, BIOPV applications will certainly benefit from the 
herein promoted agrivoltaics with OPV.

3. Limits, Current Status, and Next Steps

As we have now laid out our vision for a bright future of OPV, it 
is time to assess, which parameters such technology should have. 
The properties are largely determined by the necessities of plants 
to be able to have as much light as possible for photosynthesis. 
This requires high transparency of the photovoltaic module in 
the range between 1.77 to 3.55  eV, as this is the region of the 
solar spectrum where the photosynthetic activity takes place. 
Based on the general idea of the Shockley–Queisser–Limit for 
photovoltaics, that is, a box-shaped external quantum efficiency, 
we calculated the maximally obtainable efficiency for such given 
limitations. A very encouraging efficiency of ≈17% at a bandgap 
of 1.125  eV displays a local theoretical limit, see Figure  2.  

Figure 2. Photovoltaic parameters (short circuit photocurrent, open circuit voltage, fill factor) and resulting power conversion efficiency for a solar cell based 
on the Shockley–Queisser–Limit for an absorption window starting with an onset energy (band gap) given by the x-axis of the graph and ending at 1.77 eV.
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Note that this is not the global maximum, but since smaller 
bandgap organic semiconductors should exhibit a higher rela-
tive energy loss, it should be the more smart choice. These 
results were obtained by using the following equations for 
calculation.
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While the Shockley–Queisser–Limit has to be regarded as 
the ultimate limit for application of photovoltaics in agriculture, 
it should be mentioned here that additional losses may apply 
for OPV due to the specific properties of organic semiconduc-
tors. This performance loss by in total few absolute percent 
does originate from energy, respectively open circuit voltage 
(VOC), losses which may be attributed to a) considerable exciton 
binding energies, which have to be overcome for successful 
charge generation processes and to b) increased recombina-
tion losses in organic solar cells of smaller bandgap, due to the 
overlap of the vibronic energy levels of the ground state, which 
may interfere more severely with the charge transfer state at 
the decisive charge separating step (compare with Benduhn 
et  al.).[8] While the first may result either in smaller photo-
current or photovoltage, the latter adds to the non-radiative 
losses of solar cells and thus to a reduced VOC.

With these given constraints, where are we at the moment? In 
Figure 3 the chemical structures of various low bandgap active 
layer materials are shown and in Figure  4 their normalized 
absorbance is plotted in comparison to the normalized photo-
synthetic activity of a chloroplast of a green plant. Among these 
are a few candidates that already show a very minor overlap with 
the spectrum of chloroplasts: only one is found among the elec-
tron donors: C3-DPPTT-Te.[9] In case of electron acceptors, there 
are indeed several candidates that are suitable: IEICO-4F,[10] 
IEICO-4Cl,[11] IXIC-4Cl,[12] Y14,[13] and DTPC-DFIC.[14] The latter 
represents an interesting special case, as it exhibits a second 
absorption peak matching closely to the spectral region where 
chloroplasts have an activity minimum. This might allow for 
a correspondingly higher photocurrent and performance, with 
only minor detriment to plant growth. As all of these materials 
exhibit a small spectral overlap with the chloroplast absorption, 
they do not yet present a perfect fit. Thus, organic chemists are 
invited and invoked to develop new electron donors and accep-
tors, which will fulfill the requirement of exhibiting a sufficiently 
large absorption window to be employed for plant growth.

Besides the optical requirements for the photoactive layer, 
it will be of high importance to develop semi-transparent 

electrode materials which provide significantly increased trans-
mission in the NIR spectral range (specifically between 1.13 and 
3.5  eV) as compared to the existing ones. Hence, we see the 
development of such materials that fulfill these requirements 
as an important additional challenge, which should be tackled 
to reach a bright future for OPV.

In summary, three important design parameters result from 
the above consideration:

1. Active layer materials ideally show an absorption window  
between 1.13 to 1.77 eV

2. Charge transport layers and transparent electrodes should  
be transmitting the light in the range of 1.13 to 3.5 eV

3. Transparent electrodes have to replace opaque ones and 
current collectors are to be minimized in area

Figure 3. Chemical structures of various low bandgap donors and accep-
tors reported throughout the literature.[9–15] EH: Ethylhexyl.

Adv. Energy Mater. 2021, 11, 2002551
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4. Conclusion
In conclusion, employing OPV for agricultural greenhouses and 
polytunnels may be the key for a proper market development of 
this PV-technology, since all the properties—may it official be 
an advantage or disadvantage—of organic solar modules could 
be played outright: The device flexibility resulting from the 
low total thickness of the layer stack will enable its application 
in a similar way as polytunnels, being used today in agricul-
ture. If the absorption range of such active layer materials is 
placed properly around those of the plants, the situation shifts 
from competition to synergism, as part of the energy provided 
by the photovoltaic system could be used to have better con-
trolled humidity levels and temperatures inside greenhouses 
and polytunnels. Finally, such easy to install agrivoltaic units 
could contribute beyond the means of food production toward 
sustainable development in rural areas that suffer from aridity, 
by providing clean energy to the communities around.
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