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ABSTRACT. The efficiency of bifacial photovoltaic modules, which can capture light from both 
sides, is significantly influenced by the reflectivity of the surrounding environment, 
for example in agrivoltaic settings. We investigate the retroreflective properties of 
grass and their impact on the energy yield of bifacial solar panels. By combining 
spectro-angular reflection measurements with computational modeling, we quantify 
the contribution of grass reflection to overall solar electricity production and evaluate 
the inaccuracies associated with the assumption that grass behaves as a diffuse 
reflector. Our results show that this assumption can lead to an overestimation of 
energy yield by up to 10%, due to the actual retroreflective behavior of grass. 
This effect is particularly pronounced for long grass configurations. The research 
underscores the importance of considering the detailed reflectance properties of 
vegetation in optimizing the placement and performance of bifacial photovoltaics 
in agricultural environments, with implications for improving the efficiency and sus- 
tainability of solar energy generation.
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1 Introduction
The advancement of solar energy technology has led to innovations designed to maximize energy 
capture efficiency. Among these, bifacial photovoltaic (PV) modules have emerged as a prom- 
ising solution to increase electricity production. 1,2 Bifacial solar panels can capture direct and 
diffuse sunlight from both the front and rear sides, efficiently utilizing light reflected from 
surrounding surfaces and the environment, thereby potentially increasing their overall power 
output. 3 Furthermore, bifacial modules present new opportunities for integration in settings such 
as agriculture (�agrivoltaics�) 4–7 and building-integrated photovoltaics. 8–11 

However, the efficiency of bifacial solar panels is intricately tied to various environmental 
factors, including the reflectivity of the surroundings, i.e., the albedo. 8,12 Reflectors are often 
evaluated using the averaged albedo, both spectrally and angularly. 8,13 The spectral dependence 
of the albedo and its influence on the yield of photovoltaic devices have been widely studied 14–17 

and must be considered for an accurate electricity yield prediction. 11
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In recent work, 18,19 we have shown the influence of the angular albedo properties on PV 
electricity generation. Spectro-angular albedo is material-dependent and can be broken down into 
three components, a glossy component, a specular or mirror-like component, and a diffuse com- 
ponent. A diffuse reflector scatters the light in all directions following a Lambertian distribution, 
a specular reflector reflects the light such as a mirror, and a glossy reflector reflects the light with 
a lobe around the mirror angle. 18 The glossy component can be modeled using the GGX theory. 20 

Together, these three components determine the angular dependence of the reflectivity. The 
model introduced in the above-cited work can provide accurate predictions of PV energy yield 
as demonstrated by comparison with experiments. 18 

However, the aforementioned model assumes macroscopically flat surfaces, such as paint or 
concrete. In the case of agrivoltaics, this assumption is not valid, as the panels are surrounded by 
crops and plants such as grass. Although individual leaves, as we will confirm in this study, are 
diffuse, and can thus be described by the model, the overall macroscopic structure results in 
different reflection properties. In addition, the reflectance is known to depend on the leaf geom- 
etry and water content. 21–23 The reflectance of grass and trees has been studied in various fields 
such as computer graphics 24 and Earth observation. 25,26 Canopies, the upper layer of vegetation 
formed by the crowns of trees or plants that provide cover and shade, are known to exhibit retro- 
reflective behavior. 27 A retroreflective surface reflects light back toward its source with minimal 
scattering, regardless of the angle of incidence. Due to the slight tilt of grass leaves, grass can be 
considered to form a canopy. In the case of canopies, the emergence of this regime of high reflec- 
tivity close to the angle of incidence is referred to as the hot spot. 27,28 As incident light hits the 
foliage (i.e., the collective leaves of a plant or tree) the light is scattered in different directions. 
Subsequently, this scattered light can hit different leaves, before exiting the canopy or being 
absorbed. The predominant route for light to exit the canopy while minimizing absorption is 
to retrace its initial path of entry, resulting in retroreflection, and therefore enhanced backscat- 
tered light intensity. 

In this paper, we explore the influence of the retroreflective properties of grass on the 
electricity yield of bifacial solar panels. Using spectro-angular reflection measurements and 
computational modeling, we quantify the contribution of grass retroreflection to bifacial solar 
panel energy production and assess the errors from assuming grass behaves as a diffuse reflector. 
In addition, by changing the morphology of the different simulated grass samples, we study the 
influence of the grass geometry on the reflection properties. This research seeks to inform strat- 
egies to optimize the placement and design of solar panels in grass-rich environments, such as 
agrivoltaics, ultimately advancing the efficiency and sustainability of solar energy generation in 
an agrivoltaic setting.

2 Materials and Methods

2.1 Spectro-Angular Reflection Measurements 
To perform spectro-angular reflection measurements, we used a spectrophotometer (Agilent Cary 
7000) equipped with a universal measurement accessory (UMA). This spectrophotometer has a 
tunable monochromatic light source. By sweeping over a spectral range from 400 to 1000 nm, we 
obtained the reflection spectra. A goniometer was used to measure reflection at various elevation 
angles of incidence from 30 deg to 90 deg, with 20 deg increments. The detector�s position was 
moved from 5 deg to 90 deg in 5 deg increments. Both the sample and the detector were rotated; 
the sample was to vary the angle of incidence α i and the detector was to record the reflectivity at 
corresponding angles α r . Figure 1(a) contains a schematic of this setup. The shape of the spec- 
trum remains consistent across different angles of reflection, with only the magnitude varying. 
Consequently, we measured the full spectrum for a limited number of angles, whereas for all 
other angles, we took measurements at 550 nm, in which grass has a reflection peak. 

Our samples consisted of a mixture of several grass subspecies. This mixture is typically 
used in lawns. The grass samples contained ∼20% English ryegrass (Lolium perenne), split 
evenly between diploid and tetraploid subspecies, and 30% smooth meadow grass (Poa 
pratensis). The remaining 50% consists of several subspecies of the red fescue (Festuca rubra): 
20% of trichophylla, 20% of commutata, and 10% of rubra. The longest grass blades measured 
∼10 to 12 cm, and the grass was regularly watered to prevent drying. We also measured
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individual grass leaves to confirm that the retroreflectivity of the grass is a cumulative result of 
the canopy.

2.2 Monte Carlo Ray-Tracing Simulations 
In addition to the measurements, we performed simulations using an in-house Monte Carlo ray- 
tracing model. More information on the model and its validation can be found in the master thesis 
by Horst. 29 Using this model, we computed the tabulated biderectional reflection distribution 
function (BRDF) 30 of different grass samples. Each grass sample consists of a flat, vertically 
positioned surface, with an additional flat surface placed on top at a random tilt. The height 
and tilt of these surfaces vary between samples. For the reflection of each surface, spectral data 
are taken from Russel et al. 15 for grass and from Baldridge et al. 31 for the soil. All individual 
surfaces are modeled as diffuse reflectors. We consider two different samples, one in which the 
grass is long and one in which the grass is short. The size of the simulated long grass is com- 
parable to the size of the measured grass. For long grass, leaves have a base of 4 cm and a top of 
8 cm, with a maximum random tilt of 40 deg. For short grass, leaves have a base of 2 cm and a top 
of 2 cm, with a maximum tilt of 20 deg. For both samples, the soil is represented by a flat round 
surface with a radius of 5 cm, and each sample consists of 180 grass blades. This corresponds to a 
blade density of 22,900 per square meter. Grass blade density is known to vary significantly, 32,33 

making a soil sample potentially unrepresentative. To address this, we adopted a commonly used 
value for artificial grass. 34 Figure 1(b) provides a schematic of the long grass sample. 

To compute the BRDF, we generate a bundle of 100,000 parallel rays, all uniformly dis- 
tributed across the grass surface. When a ray strikes a surface, it changes both direction and 
intensity, following the Lambertian distribution of a diffuse reflector, with its spectral magnitude 
adjusted based on the reflectance of grass and soil. We assume no transmission, so all light is 
either reflected or absorbed. Rays are considered fully absorbed if their magnitude drops below 
1% of the original. A detection dome, divided into 6 deg by 6 deg pixels for both azimuth and 
elevation angles, registers the magnitude of each ray leaving the system. After each ray has either 
been detected or fully absorbed, the BRDF is calculated for that angle of incidence. 

We calculate the BRDF for ten samples with random orientations and average the results to 
minimize the effects of randomness. This process is repeated for different elevation angles of 
incidence, from 0 deg to 66 deg in 6 deg increments. These angles capture the Sun�s elevation 
angles during summer in Germany. The azimuth angle remains constant, as the random orien- 
tation of samples eliminates its effect on the BRDF.

2.3 Photovoltaic Yield Simulations 
The computed BRDF for each angle of incidence is then implemented in the ray tracing model 
presented by Pal et al. 18 and Rikhof et al. 35 to calculate the yield of photovoltaic devices. For this, 
as shown in Fig. 1(c), a 1 × 1 m 2 east-west facing bifacial PV module is placed 25 cm above a 
5 × 5 m 2 reflector. The module is assumed to have a fill factor of 0.85 and an open circuit voltage

Light
source

5 m

module

1 m

N

(a) (b) (c)

i r

Fig. 1 (a) Schematic of the goniometer setup used to perform the spectro-angular reflection mea- 
surements. The source, rotating sample stage, and rotating detector are indicated. (b) Schematic 
of a grass sample as created for the Monte Carlo ray tracing model. Each blade is modeled as a flat 
vertical surface with a width of 0.5 cm, a non-tilted bottom of 4 cm, and a 40-deg zenithally tilted top 
of 8 cm. The blades are randomly azimuthally rotated. (c) Schematic of the configuration used as 
input for the ray tracing software of 18 to calculate the yield of the east-west facing vertical bifacial 
module. The 1 × 1 m 2 module is placed 0.25 m above the 5 × 5 m 2 reflector.
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of 730 mV. Under standard AM1.5G conditions, the simulated panel has a short-circuit current 
density of 34.37 mA∕cm 2 , calculated by integrating over the external quantum efficiency (EQE). 
This results in 213 Wp for a 1 m 2 panel. The panel has a bifaciality of 98.8%. These parameters 
match those used by Russel et al. 15 We assume that the open circuit voltage and the fill factor 
remain constant, and we do not consider temperature changes in the module. We consider four 
distinct configurations for the reflector beneath the panel: two with the BRDF of grass, as com- 
puted by the Monte Carlo ray-tracing model for long and short grass, respectively; one where we 
take grass to be a diffuse reflector; and one without any reflector present. Irradiance data can then 
be used to calculate the normalized specific yield of this configuration. As irradiance data, we use 
data measured at an agricultural solar farm in Aasen, Germany (47 59′ 00″ N, 8 33′ 00″ E), from 
Next2Sun Technology GmbH. The grass at this farm was mowed on July 5, 2022. To compare 
the yield before and after mowing, we consider the irradiance data from July 2 and July 8, 
as these days were similar in solar irradiance and temperature.

3 Results

3.1 Results of the Reflection Measurements and Ray-Tracing Simulations 
Figure 2(a) contains a picture of a grass sample inside the spectrophotometer. In Fig. 2(b), we 
show the spectrum of the grass sample for an angle of incidence of α i ¼ 70 deg and a reflection 
angle of α r ¼ 50 deg. The spectrum exhibits the characteristic features of grass, including a 
prominent peak at 550 nm and high reflection in the infrared region between 700 and 1000 nm. 
In Fig. 2(c), the angle-dependent reflection properties of a single grass blade are shown. The 
Lambertian behavior of the reflectance, as fitted, confirms that single grass leaves scatter the 
light diffusely. By contrast, Figs. 2(d)–2(f) shows that for a full grass sample at various angles 
of incidence, the canopy�s obscuring structure causes the most scattered light to be reflected back 
toward the source. This is also evident in the lower magnitude in the BRDF when comparing the 
full samples, as shown in Figs. 2(d)–2(f), to the single leaves as shown in Fig. 2(c). In these 
graphs, blue and green dots represent a cross-section of the three-dimensional BRDF, computed 
using the Monte Carlo ray-tracing model. The simulations show similar retroreflective effects to

Experiment Angle of  incidence Numerical short grass Numerical long grassLambertian fit

(a)

(b)

(c)

(e)

(d)

(f)

Fig. 2 (a) Picture of the grass inside of the goniometer setup. The grass is on a stage that can 
rotate to change the angle of incidence. The detector is shown in the top left of the picture. The 
white scale bar represents ∼15 cm. (b) Measured spectral reflectance of the grass sample at an 
elevation angle of incidence of α i ¼ 70 deg and a reflection angle of α r ¼ 50 deg. (c) Measured 
angular reflection of single flat grass leaves. The red solid line is a Lambertian fit. (d)–(f) Measured 
and computed angular reflection of grass for an angle of incidence of (d) 70 deg, (e) 50 deg, and 
(f) 30 deg. In each case, for the numerically calculated reflection, the short grass has a bottom of 
2 cm, a top of 2 cm, and a maximum tilt of 20 deg and the long grass has a bottom of 4 cm and a top 
of 8 cm and a maximum tilt of 40 deg. The BRDF of the simulations has been multiplied by a factor 
of 5 to match the numerical aperture of the experiments.
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those observed in the experiments. The differences between experiments and simulations can be 
attributed to the fact that the morphology of the simulations and the measured grass are not the 
same. In the simulations, because all surfaces are flat, more light is reflected at grazing angles. 
This effect is particularly pronounced in the long grass simulation at a 30-deg incidence angle, as 
shown in Fig. 2(f). Close to a normal incidence, as shown in Fig. 2(d), there is a good match 
between the experiments and the simulations, and the structure of the grass has less influence on 
reflection. For the simulation, the reflection curves are not completely continuous; this is caused 
by deviations in the sample structures. Although averaging reduces these variations, some dis- 
crepancies in the reflection curves remain. 

The BRDF is shown for both short and long grass in Fig. 3. Figures 3(a) and 3(e) show the 
model-generated samples, whereas Figs. 3(b)–3(d) and 3(f)–3(h) illustrate the tabulated BRDF 
for increasing angles of incidence for short and long grass, respectively. The angle of incidence is 
indicated by the yellow line in the figure. For both types of grass, the reflection forms a lobe 
around the angle of incidence, thus indicating a hot spot. Because the leaves in long grass are 
longer and more tilted, the canopy effect is more pronounced, leading to greater retroreflection 
than in short grass. This is especially apparent for the closer-to-grazing angles of incidence, 
where the short grass reflects more light upward compared with the long grass. Closer to normal 
incidence, the reflection intensity for both types of grass is comparable. In this case, as the grass 
is largely vertical, many of the rays hit the soil, which diffusely scatters light equally for both long 
and short grass.
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Fig. 3 (a) Example of short grass as created by the model with a bottom of 2 cm, a tilted top of 
2 cm, and a maximum tilt of 20 deg. (b)–(d) Simulated 3D BRDF average of 10 samples with short 
grass for various angles of incidence. (e) Example of long grass as created by the model with a 
bottom of 4 cm, a tilted top of 8 cm, and a maximum tilt of 40 deg. (f)–(h) Simulated 3D BRDF 
average of 10 samples with long grass for various angles of incidence. (i) Heatmaps of the simu- 
lated BRDF of the short (top row) and long grass (bottom row) for angles of incidence between 
0 deg and 66 deg with a step size of 6 deg.
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3.2 Results of the Yield Simulations 
To estimate bifacial solar panel yield in an agricultural environment and quantify the impact of 
mowing, we simulated the yield of a vertical east-west facing panel placed above a horizontal 
reflector. For the reflection surface, we used the computed BRDF of the long and short grass. 
Figure 3(i) shows the full BRDF for all angles of incidence relevant to the elevation of the Sun in 
Germany. For comparison, we also show the simulated yield of a module without a reflector. To 
quantify the error from assuming that grass reflects diffusely, we also simulate a configuration 
with a diffuse reflector using the spectral reflection of grass. We compare the results from the 
simulations to power generation data from a 4.1 MWp agricultural solar farm from Next2Sun 
Technology GmbH. Figure 4(a) contains a picture of this solar farm which is located in Aasen, 
Germany. The irradiance data used for the simulations were collected at this solar farm and are 
shown in Fig. 4(b). The data were collected on a vertically oriented surface at hourly intervals. 

The grass at this agricultural solar farm was mowed on July 5, 2022. In the days following 
mowing, the plant�s yield increased by up to 6.6%. This increase can only partly be attributed to 
an increase in irradiance. Figure 4(b) shows the measured yield of the solar farm on July 2, before 
mowing. The east-west orientation of the modules results in two distinct peaks in energy yield: 
one in the morning and another in the afternoon. There is a noticeable drop near noon when the 
Sun is at its highest point in the southern sky, illuminating the edge of the bifacial PV module. 
Figure 4(b) also shows the simulated yields for various reflector types. As expected, direct sun- 
light, represented by the configuration without a reflector, contributes the majority of the total 
yield. However, when assuming diffuse grass reflection, the yield over the day is overestimated 
by 10.5% compared with the simulation with the BRDF of long grass. This overestimation is 
particularly noticeable around midday when the incoming sunlight is parallel to the module. 
At its peak, the PV panel generates 0.91 W per W p under direct sunlight. When a configuration 
with a reflector is considered, assuming diffuse reflection from grass, the peak output increases 
to 0.96 W per W p . When we instead consider the more realistic BRDF for long grass, the peak 
output of the panel reaches 0.92 W per W p . The minimum output, occurring at solar noon, 
is 0 W per W p , 0.11 W per W p , and 0.02 W per W p for the three configurations, respectively. 
For the measured yield, at its peak, the plant produces 0.62 W per W p , which is lower than the 
simulated values due to power generation limitations. These can be attributed to the inverter 
or the grid to avoid congestion issues. During solar noon, the plant produced 0.16 W per W p . 
These results are summarized in Table 1. The average difference in the yield throughout 
the day between the configuration where we consider diffuse grass and realistic grass is 
0.041 W per W p .

(a) (b)

Fig. 4 (a) A picture of the agricultural solar farm in Aasen. (b) The simulated yield of a 1 × 1 m 2 PV 
panel on top of a 5 × 5 m reflector with the BRDF of the long grass (green) and when the grass is 
assumed to be diffuse (blue). The simulation for the case without a reflector is also shown in black. 
The irradiance data, as shown in yellow and belonging to the right y -axis, used to perform these 
simulations were obtained on July 2, 2022, by Next2Sun GmbH. In red, the measured specific 
yield of Next2Sun�s agricultural solar plant in Aasen 3 days before the mowing of the grass. The 
power generation is capped at 62% of the watt peak by the inverter to avoid net congestion.
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The simulation exhibits significant fluctuations in power generation, especially during the 
morning and afternoon hours. These fluctuations result from the use of hourly irradiance data, 
whereas the simulation operates at 5-min intervals, continuously updating the Sun�s position. 
Around the solar noon, when irradiance remains relatively stable, these fluctuations are minimized. 

The decrease in power generation at solar noon is more pronounced in the simulation com- 
pared to the measurements. This discrepancy is likely due to the higher amount of diffuse light 
scattered by the sky and surroundings in the measured scenario, which the simulation cannot 
fully capture. The simulation assumed only direct irradiance and did not include diffuse irradi- 
ance. In addition, the simulation setup is limited to a 5 × 5 m 2 reflector, with no other elements or 
structures surrounding the panel that might contribute to the scattering of light. By contrast, real- 
world measurements are influenced by a more complex environment where diffuse light from 
various sources enhances the total irradiance on the panel. The restrictions on maximum power 
generation imposed by the inverter and the grid make the comparison between simulation and 
measurements more challenging. Unfortunately, no days near the mowing date had comparable 
irradiance conditions without power generation limits. This lack of unrestricted data complicates 
the validation of the simulation model, making it harder to draw direct comparisons or conclu- 
sions. Despite this, the simulation using the same irradiance data and BRDF for short and long 
grass shows that the short grass configuration yields 1% more than the long grass. As illustrated 
in Fig. 3, long grass reflects a higher ratio of light back toward the source. Consequently, less 
light reaches the solar panel, resulting in a slightly reduced yield compared to short grass and 
only marginally higher than the no-reflector scenario. When using the BRDF of short grass for 
the reflector and irradiance data on July 8, 2022, post-mowing, the increase in the simulated 
electricity yield is 6.9%, closely matching the measured increase of 6.6%. This suggests that 
maintaining short grass and mowing regularly could increase the yield of the plant. It should 
be noted that mowed grass also reflects a somewhat different spectrum as is typically evident 
by the more yellow color. This effect was not taken into account in this study and would require 
accurate spectral albedo measurements before and after mowing. The effect of fluctuations in the 
spectral albedo has been studied by Barragán Sánchez-Lanuza et al. 36

4 Conclusion
We have studied both experimentally and computationally the hotspot retroreflective effect of 
grass caused by its canopy. Using the computed three-dimensional BRDF, we calculated the 
yield of a bifacial solar panel under near-realistic conditions. Our results show that assuming 
diffuse grass leads to an overestimation of the yield by up to 10.5%. Simulation data indicate 
that long grass contributes only marginally to solar panel yield, favoring short grass for higher 
yield. Future research could be devoted to the investigation of the impact of various types of 
crops on photovoltaic yield considering their full spectro-angular reflectance properties. In addi- 
tion, it would be instructive to study how additional environmental factors, such as water content 
and weather effects such as wind, influence grass and other crop reflectance. Our findings high- 
light the importance of considering these nuanced factors when forecasting solar panel output in 
agricultural environments. Furthermore, our study contributes to the broader discourse on the 
integration of renewable energy in agricultural systems, highlighting the need for customized 
approaches to maximize efficiency and sustainability.

Table 1 Minimum and maximum value of the yield as a ratio of the W p value for 
the measured yield and the different simulated configurations. For the measured 
yield, the maximum yield value is low due to power generation limitations.

Configuration Minimum yield (W ∕W p ) Maximum yield (W ∕W p )

Measured yield 0.16 0.62

No reflector 0 0.91

Diffuse grass 0.11 0.96

Realistic long grass 0.02 0.92
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