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The integration of photovoltaic (PV) panels and green roofs has the potential to improve panel efficiency to produce
electricity and enhance green roof species diversity and productivity. In this review, we provide an overview of research on
the effects of green roofs on PV panel electricity production, and predict the expected effects of the PV panel on green roof
plant communities. Previous studies suggest that PV panels are more efficient above a green roof than above several types
of conventional roofs due to the cooling effect of green roofs on the temperature-sensitive PV cells. Some ecological
studies on shade suggest that shade imposed by panels may enhance the biotic productivity of green roofs. Shade is often
shown to be important for seedling survival, particularly in arid environments � so the effect of shade on plants may
depend on climate and irrigation. Previous studies also suggest that shade variations over the roof area may enhance plant
diversity, as such heterogeneity creates niches of light and moisture levels that are appropriate for a diversity of plants.
These positive effects on plant diversity may lead to increased arthropod diversity as well. Additional replicated studies are
needed to test the reciprocal effects of green roofs and PV, as past studies lacked replication. Future directions for research
that could guide the design of green roof�PV integration include the effects of irrigation, plant diversity, and green area-
to-panel ratio on the roof.
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Introduction

Both green roofs and photovoltaic (PV) panels provide

environmental benefits; PV panels provide a renewable

source of energy with low carbon emissions (Myhrvold &

Caldeira 2012), and green roofs can create more resilient

cities (Collier et al. 2013). Resilient cities are ones that

are able to tolerate environmental changes without requir-

ing complete reorganization (Collier et al. 2013), and

green roofs can improve a city’s resilience by, for exam-

ple, mitigating the urban heat island effect, reducing the

use of fossil fuel-derived energy for moderating the indoor

climate of buildings, mediating stormwater runoff, and

providing habitat for urban wildlife (Getter & Rowe

2006). These two technologies would appear to compete

for space on roofs, but a growing number of studies sug-

gest that integrating PV panels with green roofs provides

benefits to panel performance (Table 1). Not only may

green roofs improve the electrical output of PV panels

(K€ohler et al. 2007; Chemisana & Lamnatou 2014), but as

we will argue here, the presence of PV panel arrays �
which typically cover just a fraction of the roof area �
may increase the biomass and diversity of the vegetation

on green roofs in large part by providing a greater hetero-

geneity in solar radiation and soil moisture (see also Vasl

and Heim 2016). This in turn can enhance green roofs’

functions, including cooling effects and rainwater reten-

tion (Lundholm et al. 2010; Cook-Patton & Bauerle

2012), and potentially enhance arthropod diversity

(Siemann 1998). We will support this hypothesis with pre-

liminary studies of the effects of PV panels on green roofs

and the effects of shade on green roofs. While the effects

of green roofs on PV panel efficiency have been reviewed

(Lamnatou & Chemisana 2015), there are the gaps in

research on this aspect of the interaction between PV pan-

els and green roofs. In addition, this review presents evi-

dence for effects of PV panels on green roofs, an effect

that has not been considered in depth in previous studies.

Effects of green roofs on photovoltaic panel output

PV panels become less efficient in converting solar radia-

tion to electricity as their surface becomes warmer. This

drop in the conversion efficiency occurs at a roughly lin-

ear rate of 0.025% per degree Celsius at ambient tempera-

tures over 28 �C, where a PV module on a tile roof

reaches 38 �C (Ubertini & Desideri 2003). In full sunlight,

the PV conversion efficiency can be improved by 15% by

wetting the panel with water, and thus cooling its surface

by evaporation (Meral & Dinçer 2011). In addition, the

accumulation of particles on the PV collector surface also

degrades the panel efficiency, and while green roofs pro-

duce some particle pollution from pollen and substrate

erosion, the net effect of green roofs is generally a reduc-

tion in the local particle accumulation (Tan & Sia 2005;
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Speak et al. 2012). However, if the roof undergoes a

drought, the plant dieback could produce particulate mat-

ter that may increase the net particulate pollution on the

roof.

Green roofs tend to be cooler than conventional roofs

due to evapotranspiration from the planted surface, with

the extent of temperature depression varying according to

the surface albedo and other physical properties of the

two roofs (Pearlmutter & Rosenfeld 2008). The reduction

in the emitted long-wave radiation as well as in the near-

surface air temperature is expected to keep PV panels

cooler and thus operating more efficiently (Scherba et al.

2011, Figure 1).

In a Web of Science search through January 2015

[using (“green roof�” or “living roof�”) and PV], we found
no experiments with replicated plots to test this hypothe-

sis, but mathematical models and studies comparing solar

panels on green roofs and gravel or black roofs suggest

that this is the case, particularly in the summer and in

warm climates. Lamnatou and Chemisana (2015) provide

a more in-depth review of this aspect of the synergy of PV

panels with green roofs, so we only briefly summarize evi-

dence for the effects of green roofs on panel efficiency

here. An empirical study in Spain measured a 1%�3%

increase in PV electricity production for a panel above a

green roof plot compared to a panel above a gravel plot,

with the magnitude of improvement in efficiency depend-

ing on the plant species used (Chemisana & Lamnatou

2014). In another study in Germany, PV panels above a

green roof produced 7% more electricity than panels

above a bitumen roof, but an accurate comparison was not

possible in this case because the panels on the two roofs

were of different design (K€ohler et al. 2007). Chemisana

and Lamnatou (2014) noted that PV panel efficiency

improved over a green roof, in part, because the albedo of

plants was higher than that of the gravel, resulting in a

higher incidence of diffuse irradiance on the tilted panel’s

collecting surface at low sun angles. The studies men-

tioned above provide useful evidence in support of green

roofs elevating the electrical production by PV panels, but

because they were done on a single roof without replica-

tion of treatments, stronger inference can only be made

after empirical experiments with true replication are

performed.

Several other studies have used mathematical models

to compare the performance of PV panels installed on

conventional and green roofs. In a study in New York,

temperatures were measured on and underneath a simu-

lated panel, above a gravel roof and a green roof, and a

2% improvement in the electricity production was pre-

dicted based on the cooling effect of the green roof (Perez

et al. 2012). A weakness of the Perez et al. (2012) model

is that it is based on parameters estimated from very lim-

ited field data in one location on small experimental mod-

ules. If larger modules were used, it would have reduced

the possibility that the regular roof outside the border of

Table 1. Studies on the effects of green roof on PV efficiency.

Type of comparison Location Type of study
Change in efficiency

with green roof Source

Green roof vs. gravel Spain Empirical 1%�3% Chemisana and Lamnatou (2014)

Green vs. concrete Hong Kong Model 8% Hui and Chan (2011)

Green vs. bitumen Berlin, Germany Empirical 1%�10% K€ohler et al. (2007)

Moss vs. black Pittsburgh, PA, US Empirical 0.5%�(¡2)% Nagengast et al. (2013)

Pittsburgh, PA, US Model ¡0.5%

San Diego, CA, US 0.7%

Huntsville, AL, US 0.6%

Phoenix, AZ, US 1.3%

Green vs. gravel NYC, US Empirical and model 2% Perez et al. (2012)

Green vs. black Various US regions Model 0.6% Witmer (2010)

Green vs. white Various US regions Model 0.1% Witmer (2010)

Figure 1. Illustration of absorptance (ab) and reflectance (r) of light from a conventional (a) and green (b) roof with PV panels. A green
roof transforms less absorbed radiation into sensible heat and therefore remains cooler. Green and conventional roof absorptance values
based on Saiz et al. (2006).
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the module contributed to the temperatures below the PV

panels. Another model predicted much smaller effects: a

0.1%�0.6% increase in power production by solar panels

on green roofs compared to white and black roofs in vari-

ous climates across the United States, with the greatest

efficiency improvements occurring in the summer and in

Mediterranean or desert climates (Witmer 2010). Witmer

(2010) argued that a green roof would produce a greater

cooling effect than a white roof over the years, as a white

roof gets covered with dust and its albedo declines, while

the albedo of the vegetation remains relatively constant

over the years, as foliage is replaced, and it provides addi-

tional cooling through evapotranspiration. When consid-

ering both the added electricity production by the cooled

PV panels on a green roof, and the reduced electricity con-

sumption for air conditioning due to the cooling effect of

the green roof, an 8% improvement in the net electricity

demand is predicted for a building with a green roof com-

pared to a concrete roof, based on the observed data in

Hong Kong (Hui & Chan 2011). Based on models compar-

ing the electricity production in San Diego, CA; Huntsville,

AL; and Phoenix, AZ, the improvement in PV panel effi-

ciency due to green roofs’ effects is largely dependent on

the climate, and areas that do not often experience ambient

temperatures over 25 �C will not show much improvement

in electricity production (Nagengast et al. 2013).

Effects of photovoltaic panels on green roofs

Herbaceous species compete for water, nutrients, and

light (Grime 1977). Objects that block the sunlight will

affect the soil moisture, soil temperature and radiation.

Moreover, the PV-induced shade should cause greater

heterogeneity in these physical factors (Figure 2). All

these should affect species assemblages and the commu-

nity structure in a given area. This can happen at a very

small scale in a harsh environment, such as a dry Medi-

terranean climate. Therefore, the shade imposed by PV

panels can have an effect on a green roof’s plant commu-

nity. Predictions of how the physical presence of PV

panels affect the plant and animal community structure

can be formulated based on how canopy affects under-

story communities.

Research on nurse plants, adult plants which provide

shelter to seedlings (Callaway 1995) can provide some

insight on the effects that PV panels may have on green

roof plants. On the other hand, there are differences in the

type of shade provided by nurse plants and objects, and

they may have different types of effects on plants, so stud-

ies of green roof-integrated photovoltaic panels (GRIPV)

have the potential to provide useful information on the

effects of abiotic shade on plant communities.

Positive interactions between plant species are most

important in harsh environments (Bertness & Callaway

1994), where the interactions make the environment less

harsh, and in areas with high disturbance, where a posi-

tive relationship between densities of two species is pos-

sible (Brooker & Callaghan 1998). Extensive green

roofs are harsh environments because they typically

have a shallow substrate with a low availability of water

and nutrients, and they are often exposed to high wind

speeds � so positive interactions between PV panels and

plants would be expected to be important in this environ-

ment. Moreover, PV panels, compared to nurse plants,

would tend to provide more positive than negative

effects to the affected species, as the panels do not com-

pete for resources.

PV panels may enhance soil moisture by providing

shade, and the dew collected on the panels would drip in

concentrated areas surrounding the panel, increasing

moisture heterogeneity, and creating microhabitats suit-

able for a diversity of plants. The PV panels would also

provide shelter from wind, potentially enhancing plant

growth. Sheltering by the panels may also prevent the

wind dispersal of annual seeds from the roof, encouraging

the maintenance of annual plant populations on a roof

from year to year. The ability of PV panels to capture

seeds would depend on the placement and size of the PV

frame, the angle of the panels, and height of the panels

above the substrate.

The PV array’s design also affects the pattern of shad-

ows cast, but in general, the shade produced by panels

will be unlike the shade produced by shrubs or

shade cloth. Trees and shrubs produce the patchy shade

(Breshears & Ludwig 2010). The shade variability and

the location throughout the day depend on the canopy

shape (Blank & Carmel 2012) and the height and the den-

sity in woodlands (Breshears & Ludwig 2010). Unlike

trees and shrubs, typical PV panels would create 100%

interception of the direct solar radiation, but depending on

the size of the array, shade on a particular plant might last

for only a few hours throughout the day. Complete shade

for a portion of the day is likely to have different effects

from the partial shade experienced by understory plants

Figure 2. Illustration of the shade from photovoltaic panels in different locations on the roof throughout the day (three boxes on left)
will create a heterogeneous shade environment with different durations of shading on different areas of the roof (box on right).
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throughout the day. The GRIPV system is expected to be

spatially heterogeneous in shade cover; some parts of the

roof will receive shade from the nearest panel while others

will also receive shade from neighboring panels, and other

parts will not receive shade at all (Figure 2). The result

will be a highly heterogeneous environment with multiple

niches, in a relatively small area, that will support a large

number of plant species.

This type of heterogeneity on the roof, created by a

mixture of PV-shaded and non-shaded areas (Figure 2),

can also allow competing species to coexist, partly because

plants do not reach a size that allows them to compete, as

they are limited by light (Valladares & Niinemets 2008),

but also because different species perform best at different

levels of light (Callaway 1994; Zavala et al. 2000). Since

shade and its effects benefit some species, but are detri-

mental to other species, a heterogeneous environment with

different levels of shade, as would be found on a green

roof partially shaded by PV panels, would be expected to

produce a diverse plant community, relative to a homoge-

nously sunlit roof.

Studies of non-PV shade on green roofs

It is useful to examine the effects of shade on green roofs,

separately from other habitats, because the shallow sub-

strate of green roofs undergoes dramatic changes in mois-

ture, which may interact with the shade to affect plants.

There have been few studies of shade on green roofs.

These studies suggest that shade, by affecting abiotic con-

ditions on green roofs, in turn affects germination, growth

rates of the plants, and the plant composition. Some of the

species most commonly used on green roofs germinate at

specific light levels (Benvenuti & Bacci 2010), and some

green roof species produce greater cover in shaded areas,

while others produce more cover in non-shaded areas

(Getter et al. 2009). Over time, areas with different levels

of light and reflectance can achieve different plant compo-

sitions (Dewey et al. 2004).

Studies comparing abiotic characteristics between the

shaded and non-shaded areas of green roofs found contrast-

ing results. One study found that sunny plots captured more

water when watered, indicating that the substrate moisture

was initially lower in these plots (MacIvor & Lundholm

2011), while another study found that the substrate mois-

ture was higher in sunny plots (Getter et al. 2009).

Although sunny plots were drier in the study of MacIvor &

Lundholm (2011), they were also cooler than shaded plots.

Since this study was not specifically designed to measure

the effects of shade, and plots were in a gradient of shaded

to sunny, it is possible that other factors contributed to this

trend (MacIvor & Lundholm 2011). The substrate moisture

is not affected by abiotic conditions alone. Favorable con-

ditions under PV panels can create a negative feedback

loop, where high substrate moisture contributes to

increased vegetation growth, causing decreased substrate

moisture under the panels (Bousselot et al. 2013).

Studies of GRIPV

Placing PV panels over green roofs can be one way to

directly test the effects of shade on green roofs, but until

now there have been very few studies of the effects of PV

panels on green roofs, and these studies lack replicate

plots, which limits inference. Nevertheless, they still pro-

vide useful evidence of how PV arrays should affect the

plant and animal community structure. K€ohler et al.

(2007) compared vegetation communities on a green roof

in Germany before and after the PV panel installation,

and between a green roof area with, and a separate green

roof area without, PV panels on a single roof. Their results

suggest that there is higher plant diversity, increased plant

height, and lower sedum cover under panels, and that

some species benefited from the presence of PV panels.

Similarly, a study of a large green roof including sections

with PV panels in London suggested that the proportion

of bare ground decreased over a season in open areas,

while under PV panels, the proportion remained consis-

tently low (Nash et al. 2016). Nash et al. (2016) also found

that plant diversity and vegetation height was generally

higher at the low edge of PV panels compared to other

areas of the green roof, though results varied by season.

On a green roof in Boulder, Colorado, USA, PV pan-

els were placed along one side of a roof and plant popula-

tions under the PV panels were compared to the other part

of the green roof that was not shaded by panels (Bousselot

et al. 2013). They found that the soil moisture was higher

in the unshaded area, because there was less vegetation,

and in turn lower water use in this area (Bousselot et al.

2013). Overwinter survival was higher under panels

(Bousselot et al. 2013), indicating that panels may provide

benefits also in cold and moist climates, where protection

from drought stress is not needed. Vegetation cover was

higher under panels only in substrate without zeolites, a

microporous mineral structure which holds nutrients less

effectively (Bousselot et al. 2013), possibly because with-

out nutrient limitation, non-shaded plants could also

achieve maximum growth. Dry weight was lower under

PV panels than in the exposed area, but the water weight

was higher in the vegetation under panels, with zeolites in

the substrate (Bousselot et al. 2013), indicating that more

water was available to plants under panels.

Indirect and direct effects of PV on green roof

arthropods

The effects of PV panels on plant biomass and diversity

on green roofs may affect the arthropod community on

the roof. We provide some examples from studies of the

effects of plant diversity and biomass on arthropod com-

munities on the ground, as these can provide some insight

into the expected effects of plant community changes on

arthropod communities on a green roof. An increase in the

plant diversity and the biomass may cause an increase in

the overall arthropod abundance and the diversity (Had-

dad et al. 2001; Haddad et al. 2009). If the presence of PV

panels also causes greater diversity of vegetation height,

this can also create a diversity of microhabitats that may

affect the abundances of specific arthropod species (Joern

1982), and the abundance and the diversity of spiders

(Greenstone 1984; McDonald 2007). A comparison of

arthropod abundances near PV panels and in open areas

of a green roof suggested that the spider abundance was
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higher near panels, while Hymenoptera and Diptera abun-

dances were higher in the open, and beetle abundances

were similar between the two zones (Nash et al. 2016).

If the integration of PV panels with a green roof will

result in higher plant diversity, this may also lead to a

decrease in herbivore density, via reduction in the density

of the host plant species (Wilsey & Polley 2002; Duffy

et al. 2007; Haddad et al. 2009), or an increase in the her-

bivore abundance because of the increased availability of

resources overall (Haddad et al. 2001). Predator abun-

dance is expected to increase with increasing plant bio-

mass (Haddad et al. 2009). Given the complexity of

interactions among the different trophic levels, it is diffi-

cult to make predictions about the indirect effects of pan-

els via plant communities on arthropod communities.

In addition, PV panels may have direct effects on

arthropod communities, as some species choose to forage

or oviposit in the microclimate created by the panels. The

positive microclimatic effects of panels on plant commu-

nities may apply to some arthropods as well. Studies in

ground level habitats suggest that arthropod richness

would be higher in the shade than in the sun (L�opez-
G�omez & Cano-Santana 2010), and particularly when

non-shaded environments are dry and warm, some spider

taxa may benefit from the temperature and the moisture

effect of shade (Uetz 1979). In addition, a study of the

effects of forest thinning suggests that more heteroge-

neous environments, created by heavily thinning forests

in this case, may have a higher abundance of ground-

dwelling arthropods than fully shaded environments (Yi

& Moldenke 2005). On the other hand, the polarized light

produced by PV panels may attract certain aquatic insects

that attempt to lay eggs on such surfaces, and other insect

species that use polarized light in orientation during

migration (Horv�ath et al. 2009). Thus, the panels could

act as an ecological trap for these insects, increasing their

population size on the roof temporarily, but potentially

reducing their population size on a larger spatial scale.

Conclusions and future directions

While previous empirical studies of GRIPV have contrib-

uted to our predictions of the effect of PV panels on green

roofs, the lack of true replicates separated in space has

created a confounding effect between the location and the

treatment, and consequently, has limited strong inference.

Therefore, replicated studies where plots are randomized

or randomized within blocks are necessary to strengthen

our inference of the effects of PV panels on green roofs.

Nonetheless, combining evidence from these studies, on-

ground studies of non-PV shade, and ecological theory,

we can hypothesize that PV would have a positive effect

on the growth of some plant species in dry environments,

and that a mixture of areas with different degrees of shade

and no shade will enhance the plant diversity on a green

roof.

In addition to testing these hypotheses, future studies

can provide information that will help optimize designs

for GRIPV to maximize the PV panels’ efficiency. Plant

species diversity, and traits, such as shade tolerance of the

specific species chosen, may affect the panel efficiency.

The watering regime of plants may also affect panels

directly by affecting the temperature of the panels, and

indirectly by affecting the plant species selection and the

plant biomass. The ratio of green roofs to panels could

also affect the green roof’s ability to cool the panels, while

also affecting the diversity of microhabitats available for

plants and insects. There may be a tradeoff between

obtaining the optimal PV panel efficiency, with a watered

roof that is green year round, and creating a diverse native

green roof that provides habitat for local species of plants,

insects, and birds, but is brown part of the year, and not

transpiring year round. Future studies first need to deter-

mine the overall effects of PV panels on green roof com-

munities, and second determine how specific

characteristics of the panels and green roof interact with

each other.
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