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Abstract

In urban spaces, localised energy generation through rooftop solar has become increasingly
popular, and green roofs are often used for a range of services such as thermal insulation. In
recent years, the adoption of Bio-solar green roofs (BSGR) for both thermal insulation and
increased solar energy outputs has increased. Here we present two buildings of the same
dimensions and location, similar age and construction material, where one hosts a BSGR, and
the other a conventional solar roof (CSR) in Sydney, Australia. Each solar array hosted a range
of environmental sensors, including ambient temperature and global horizontal irradiance
(GHI). The modelled BSGR average hourly energy output was 4.5% higher than the CSR
(seasonal trends observed Spring; 4.14%, Summer; 4.16%, and Autumn; 5.21%) with BSGR
producing 14.26 MWh more than the CSR, valued at $4,526.22 AUD, and equal to 11.55 t e-
CO; greenhouse gas mitigation. Further potential for up to 1.55 t of CO; could be mitigated
by the plant material on the roof, provided the trimming of plant material during maintenance
is conducted responsibly. In this instance, the implementation of a BSGR increased the
system’s solar output by 23.88 kWh per m? of panel coverage, as well as reducing the e-CO>
emissions by 0.019 t per m? over the CSR. When compared to the results of previously
reported pilot studies and some simulations, it is evident that the implementation of a BSGR
is favourable for maximising energy production and the mitigation of GHGs.
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Highlights

e Average BSGR output 4.5% higher than CSR output across all seasons.

e Average BSGR output (kWh) was 4.14, 4.16 and 5.21% higher than CSR for Spring, Summer and Autumn.
e BSGR produced 14.26 MWh more than conventional solar, valued at $4,526.22 AUD.

e BSGR reduced 11.55 t e-CO; more than CSR. Up to 1.56 t CO, was removed by plant biomass.

® BSGR produced 23.88 kWh and reduced 0.019 t e-CO, emissions per m? of panel coverage more than
CSR.
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1. Introduction

Non-renewable energy generation, transport and consumption by urban spaces is a
significant contributor to greenhouse gas emissions worldwide [1], with urban areas
consuming between 67-76% of global energy and generating approximately 75% of the
world’s carbon emissions [2]. It has been further estimated that 50% of urban energy
consumption is attributable to heating, ventilation and air conditioning (HVAC) of buildings
[3]. The implementation of a renewable grid will play a major role in reducing future emissions
[4], however reducing demand for energy worldwide is often cited as the most effective
method to achieve climate targets [5]. In urban spaces, localised energy generation for
commercial spaces through rooftop solar has risen in popularity [6], as well as the
implementation of various technologies to reduce energy use [7]. For example, green roofs
are often used for their range of benefits such as thermal insulation, however in recent years
the adoption of Bio-solar green roofs (BSGR) for both thermal insulation and increase solar
energy outputs has been adopted [8-10].

Green roofs are rooftops that have either been purpose built or retrofitted to facilitate the
growth of vegetation. Green roof designs vary, however all consist of a vegetation layer,
growth substrate layer, drainage layer, root barrier and waterproof membrane [11]. Green
roofs are broadly divided into two categories: intensive (substrate depth > 300 mm), and
extensive (substrate depth < 300 mm) [12]. Intensive green roofs often utilise large perennial
herbaceous plants, shrubs and small trees [13] and are largely implemented for their aesthetic
and biophilic properties [14]. Intensive green roofs require high load-bearing structures and
frequent maintenance [15] due to soil depth and plant types, which leads to higher
construction and maintenance requirements and initial costs [16]. By contrast, extensive
green roofs often utilise grasses and perennial plants. Green roofs are known to provide a
myriad of ecosystem services [17], including the removal of air pollutants [13,18,19], urban
noise reduction [20-22], increases in urban biodiversity [23,24], serving as a slow-release
detention basin for stormwater retention [25-28] and reducing the thermal loading of
buildings [29-32].

Extensive green roofs allow for the integration of solar arrays, which together are often
termed Bio-solar green roofs or Solar-Green Roofs [33]. Bio-solar roofs are theorised to
provide greater energy output than conventional solar arrays due to the evapotranspiration
of the vegetation which creates a cooler rooftop microclimate [9,34], reducing solar panel
temperatures and increasing performance [35]. Bio-solar roofs can also regulate rooftop
temperatures through reduced latent heat and lower solar reflectance than conventional
concrete roofs [36].

Several experimental and modelling studies have been conducted to assess the performance
of bio-solar roofs compared to conventional solar, with varying results. Pilot-scale sized
experiments conducted by Alshayeb and Chang [37] found an increase in energy production
of 1.4% for model bio-solar roofs; where a study by Chemisana and Lamnatou [38] observed
an increase in energy production of 1.29 and 3.33% for 5 day pilot scale experiments on
Gazania sp. and sedum plots, respectively. While there are several pilot-scale studies that
complement these works, there are few that employ the use of commercial or full-scale green
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roofs for energy assessments over longer time periods. One study by Hui and Chan [35]
simulated a 2,494 m? bio-solar roof with varying physical parameters and predicted a
maximum performance increase of 4.3% over conventional solar. However, one of the few
scale experiments on bio-solar roofs conducted by Perez et al., [39] observed only a 2%
increase in performance compared to a conventional system sharing the same roof-space.

Empirical studies have suggested that the differences between bio-solar and conventional
solar system performance is variable. There is the possibility that through the use of internal
control roof spaces in some studies, the cooling effect of the green roof on the local
microclimate could be influencing the control sites, and therefore reducing the observable
effect. In addition to this, there are limited studies that have been conducted on roofs of a
commercial scale, with the assessment of bio-solar being largely attributed to small subplots
with low plant species diversity or leaf area index (LAI), which is known to have an effect on
evapotranspiration and the insulative properties of green infrastructure [40,41]. Here we
present the unique opportunity to compare two roofs that are spatially unconfounded, with
near identical construction and dimensions, with similar age and rooftop infrastructure. In
this study we utilise a commercial scale bio-solar roof, as well as an independent control roof
in Sydney, Australia to determine the independent effect of a bio-solar installation through
both empirical observations and simulations.

2. Methodology
2.1 Site description

This study aimed to compare the solar energy output of sister buildings [42] in Barangaroo,
Sydney, Australia. Daramu House was constructed in 2019 and hosted the bio-solar green
roof. International House hosted a conventional solar array and was constructed in 2017.
These two buildings are the first multi-story commercial timber office buildings in the country
and employed near-identical rooftop infrastructure, with differences owing to building
maintenance unit (BMU) model and design, exhaust vent placement and machine room
design.

This study commenced in Mid-Spring (October), 2020 and concluded in Autumn (May), 2021
for a total of 237 days. For this period, the Barangaroo district received an average of 6.66
sun hours and 4.08 mm of rain per day, with an average evaporation rate of 5.93 mm/day
[43]. Average daily temperatures in this region ranged between 9 and 27.43°C [43] during the
study period.

Both roofs had a total rooftop surface area of 1,863.35 m?, with 593.96 m?and 567.44 m? of
solar panel coverage, for the bio-solar and conventional roofs, respectively. Each building
employed 0.8 m thick, grey concrete slabs as the bio-solar roof foundation, or roof surface.
The bio-solar roof employed an extensive design with a variable substrate depth of 0.1 t0 0.12
m and hosted a planted area of 1,460.7 m? (78.4% total roof space). On the bio-solar roof,
solar panels covered 40.66% of the planted space (Figure 1).



Figure 1. Aerial image of the study site (centre image). Daramu House (bio-solar; left two panels) and
International House (conventional solar; right two panels). Sister buildings were near-identical with the
exception of roof surface cover (plant material vs concrete). Plant material covers all regions of below panel
areas on the bio-solar roof.

The bio-solar roof hosted over 15,000 individual plants and utilised a selection of native
grasses and herbaceous plants to attract a diverse faunal community [44], with an estimated
LAl of 4.35 [9]. The bio-solar roof also utilised a sub-surface irrigation system to water the
green roof on a varying seasonal schedule between 3:30 pm and 7:30 pm. Specifications for
the two roofs in relation to their biodiversity, thermal and stormwater properties have been
previously described in [44], [9] and [45], respectively.

2.2 Solar arrays

As construction was completed in 2019 and 2017 for the bio-solar and conventional roofs
respectively, the two buildings used different solar panels. Along with other differences
between buildings, this required that a series of corrections were made to the data to
facilitate accurate comparisons between buildings.

The bio-solar roof employed 332 MAXEON 3 solar panels (SunPower, Australia; pNom 395W,
efficiency 22.6%) and the conventional roof employed 346 NeON2 solar panels (LG, Australia;
pNom 320W, efficiency 19.5%; see Supplementary Table 1 for full specifications). The bio-
solar and conventional roofs amounted to 131.14 kWp and 110.72 kWp solar systems,
respectively. Both buildings utilised four three-phase inverters (27.6k-AUOOONNU2,
SolarEdge, USA), rated to operate at 98% efficiency.

Prior to construction, each roof was modelled to estimate solar exposure, and the optimal
panel layout. Building architects and solar engineers designed differences between panel
layouts to account for the presence of the greenery in order to facilitate planting,
maintenance and plant survival. On the bio-solar roof, solar panels were divided into several
sections. The majority of panels (248) were situated above the main planted area, arranged
with an azimuth of 0° (North-facing) and tilt angle of 15°. The remaining panels (84) were
arranged between rooftop infrastructure, with an azimuth of 90° (East-facing), and a tilt angle
of 2°. On average, the centre of the solar panels were 1 m above the substrate surface (~0.8



m above the leaf zone) due to consideration associated with promotion of plant growth and
ease of maintenance.

The CSR did not have the same biological considerations as the green roof; hence the solar
panels were arranged accordion-style, with the majority of panels arranged with an azimuth
of 90° or 270° towards the centre of the roof space (145 East-facing and 145 West-facing).
This layout was chosen by solar engineers to maximise sunlight exposure, as determined by
modelling procedures prior to installation, similar to those presented in Section 2.3. Similar
to the bio-solar roof, additional panels (56) were positioned between building infrastructure,
with an identical layout to those towards the centre of the building. All panels utilised a tilt
angle of 5° and were on average the centre of the panels were positioned 0.4 m above the
concrete slab surface.

2.3 Solar modelling

Prior to analysis, a 3D model of the Barangaroo district was developed to estimate the average
yearly incident solar irradiance on each rooftop (Figure 2) using the Rhino 6 modelling
software (Rhino3D, USA) and DAYSIM in Grasshopper’s Honeybee plug-in (Grasshopper3D,
USA). Solar radiation calculations were based on the Sydney CBD Representative
Meteorological Year (RMY) file (Sydney.947680, EnergyPlus, Australia). The model predicted
the bio-solar roof would receive 6% more annual solar radiation than the conventional roof
due to the reflectance and shading caused by the local urban geometries (Table 2,
consideration 2).
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Figure 2. Rhino 6 3D model of; A) the Barangaroo district to determine the effect of urban geometries on
reflectance and shading; B) the as-built bio-solar array; C) the conventional solar array; D) the average annual
solar radiation received for each rooftop. Pink regions correspond to the panel layout for each roof, yellow
regions represent the roof surface irrespective of plant/concrete coverage. Model dimensions are not to scale.
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2.4 Data collection and corrections

Each solar array hosted a range of environmental sensors including ambient temperature and
global horizontal irradiance (GHI). All environmental and solar data was uploaded to the
SolarEdge monitoring platform for management. This monitoring platform could retrieve
time-matched environmental measurements such as temperature from the local NSW
Government weather station situated at Observatory Hill (Gauge 066062: approximate 590
linear meters).

Solar energy output data was collected from the SolarEdge monitoring web-platform on a
fortnightly basis to coincide with on-site fortnightly onsite inspections. Solar energy outputs
were collected for each inverter and summed each fortnight for both buildings. Rooftop
pyranometers recorded GHI as the average hourly light intensity for each site.

Four corrections were applied to the gross energy output of the BSGR to account for
differences between the two systems, resulting in a total reduction of the recorded energy
output of ~19.8%. First, to account for differences in system capacity (BSGR: 131.14; CSR:
110.72 kWp), the BSGR output was reduced by ~15.54% (Table 1; Consideration 1). BSGR
outputs were then reduced by a further 1.2% to account for losses associated with the age of
the panels that were on CSR (Table 1; Consideration 5), and 3.1% to account for differences
in panel efficiency (Table 1; Consideration 6). Output reductions for efficiency and age were
based on the known differences or degradation rates of the two systems, as per the
manufacturer specifications. Lastly, to account for differences in the temperature coefficients
of the two systems (BSGR: -0.29%/1°C; CSR -0.38%/1°C above 25°C), BSGR energy outputs
were reduced by 0.09%/°C for each 1°C panel temperatures were above 25°C (Table 1;
Consideration 7) (See Supplementary Figure 1 for an infographic detailing these corrections).

As this study utilised the unique opportunity to analyse an in-situ commercial BSGR with a
spatially unconfounded CSR of nearly identical size, two considerations involving convection
air flow could not be addressed (Table 1; Considerations 8 and 9). Above and below panel
convection could potentially influence the cooling potential of the system, and therefore
energy output. However, both rooftops were modelled prior to construction, and for each
roof the optimal layouts were chosen to maximise energy yield, along with facilitating
planting, survival, and ease of maintenance of plant material on the BSGR. Therefore, while
this study cannot quantify the effect of above and below panel convection, comparisons were
made inclusive of these differences in roof design. It is likely that other commercial scale
BSGRs would utilise panel designs based on these criteria. It is also known that in the
surrounding region, most CSR solar arrays are designed similarly to the CSR in this study
(based on satellite imagery).



Table 1. List of considerations and variance between buildings/solar arrays. Each consideration was either addressed (Yes), excluded (No) or
randomised (N/A) based on the scope of the project. Specific issue is described in bold and the response in italics.

Considerations

Addressed

Comments

1. System Capacity

2. Insolation: Shading

3. Insolation: Soiling

4. Insolation: Array layout

5. Module: Degradation
losses

6. Module: Panel efficiency

7. Module: Temperature
coefficients

8. Convection: Below panel

9. Convection: Above panel

10. Mismatch Losses

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

N/A

The peak nominal power of each roof was different, with a variance in system size of 20.42 kWp
(15.54%). Bio-solar roof energy output was reduced by ~15.54% to account for the difference between
system sizes.

Modules across and between roofs will experience shading differently due to urban geometries. Solar
modelling was employed, and the observed performance was plotted against a standardised light profile
through linear regression analysis. This aimed to achieve a standardised performance based on simulated
light conditions within the confines of the seasonal light observed for each site.

Modules were impacted by soiling differently due to tilt, age and cleaning routines. Each roof was visually
inspected fortnightly for the duration of the study and soiling was monitored. In instances where soiling
was observed, building management organised cleaning which was conducted prior to the proceeding
fortnight’s inspection.

Module azimuth of each roof resulted in different insolation that PV panels were exposed to. Pane/
azimuth could not be changed for this study, however building architects and engineers consulted solar
models to determine the optimal layout for each building with respect to the physical properties of each
roof. Differences in azimuth and tilt were attributed by design teams to the specific physiological
requirements of the green roof.

System age differed between roofs and the calculated efficiency of each system varied between
manufacturers. The panel age difference between systems was accounted for by reducing the output of
the panels on the green roof (~1.2%) for equivalence with the conventional roof.

Module efficiency differed between solar arrays. The modules used on the green roof were rated 22.6%
efficient compared to 19.6% on the conventional roof. As such, green roof outputs were reduced by ~3.1%.

Modules will respond to temperature fluctuations differently. The temperature coefficients of the BSGR
and CSR modules were -0.29%/°C and -0.38%/°C, respectively for temperatures over 25°C. In instances
where BSGR panel temperatures exceeded 25°C, output was reduced by the difference in temperature
coefficients (0.09%/°C) to simulate output losses similar to the panels deployed on the conventional roof.
Module azimuth (Green roof: North ballast layout; Conventional roof: East-West accordion layout)
resulted in different convective heat transfer opportunities on the rear surface of the panels. Module
temperatures will be impacted by this. The effect of convective heat transfer was not specifically
addressed in this instance, and therefore the comparisons made can only be representative of the two solar
arrays as built. Temperature variation of panels attributable to building design has been previously explored
and directly linked to the function of the green roof through evapotranspiration [9].

Module tilt (Green roof: 15° and 2°; Conventional roof: 5°) resulted in different convective heat transfer
opportunities on the front surface of the panels. Module temperatures will be impacted by this. Module
tilt could not be manipulated in this study and therefore convective heat transfer could not be equalised.
Therefore, convective heat transfer owing to tilt was not assessed. The comparisons made are thus
representative of the two solar arrays as built.

No two modules will be electrically identical which incurs mismatch losses. These will limit the PV
performance. Electrical mismatch losses are inherent in a multi-panel system. It is assumed in this study,
and all studies on commercial systems, that mismatch losses would be randomly distributed across the
roofs and any effects associated with panel mismatch were therefore be randomised within this design.

2.5 Analysis

2.5.1 On-site measurements

Both solar exposure (expressed as GHI), as well as temperature were recorded locally for each
roof. Both roofs were equipped with pyranometers, as well as ambient and panel
temperature sensors. GHI was recorded for each building on a continuous timescale and
averaged hourly. Both panel and ambient temperatures were recorded on a continuous



timescale and averaged hourly. All on-site data was collected weekly though the online
SolarEdge monitoring platform.

2.5.2 Regression analysis

To determine the theoretical performance of each roof under a standardised lighting
scenario, a multiple linear regression model was generated for hourly energy output using
GHI, roof, and season as predictors. The model was as follows: Energy output (kWh) = (GHI x
0.0817) + (Bio-solar Roof x 0.978) + (Spring x 2.682) + (Summer x 2.009) + 0.613 (Intercept),
with an R? of 0.90 (p < 0.0001) (R? or coefficient of determination represents the proportion
of variance in energy output that is explained by the predictors of the model, on a scale of O-
1). The model output was then used to compare the estimated performance of each roof
under standardised on-site conditions. Input GHI spanned from 25 W/m? (minimum daytime
irradiance) to the maximum shared irradiance for both roofs per season (745, 796, and 752
W/m? for Spring, Summer and Autumn respectively). Results were deemed significant at a =
< 0.05 (a or significance level represents the probability of the analysis yielding a Type | error,
that is the risk of a false-positive result).

2.5.3 Alternative performance metrics

In addition to energy production, solar systems are often described in respect to their
economic and environmental/social benefits. In this sense, the energy outputs of both
buildings can be described in relation to the energy savings in dollars, as well as the mitigation
of e-CO;, (carbon dioxide equivalent greenhouse gasses) emissions related to the use of
renewable energy as opposed to energy from a fossil fuel powered grid. Additionally, plant
matter on a green roof could also contribute to the removal of ambient CO, through
photosynthesis and biomass growth, with the total CO, removal/mitigation being relatable to
the CO; abatement from planting of urban trees.

To calculate the financial value generated through the use of the solar arrays on each building,
the net output of each roof was multiplied by the retail energy costs (AUD $317.5 MWh) as
described by the Australian Energy Regulator (AER) for the time period [46]. The mitigation of
greenhouse gas emissions was calculated using the NSW National Greenhouse Accounts
Factor of 0.81 kg e-CO2/kWh [47], and the CO;removal potential of the plant material on the
bio-solar roof was estimated according to Shafique et al., [48]. A translation of clean energy
produced to “trees planted” equivalents was calculated using the ratio of 0.0117:1 trees per
kWh as outlined by US EPA [49].



3. Results and Discussion
3.1 Observed difference between Bio- and Conventional solar

The Rhino 3D solar model predicted an annual GHI exposure difference between the BSGR
and CSR of 6% due to surrounding buildings both blocking and reflecting light. However,
during the 237 days of this study, the measured light exposure was both greater than the
Rhino model predicted, and varied significantly between seasons. On average, the BSGR
received 4.37 and 61.31% more GHI than the CSR in Spring and Autumn respectively, whilst
receiving 5.67% less GHI in Summer (Figure 3A). While the current analysis did not incorporate
the Winter months, or the full date range of Spring, the observed solar exposure was more
than double (15.72%) that predicted by the Rhino 3D predictive model. It is therefore evident
that conducting on-site monitoring for environmental variables such as GHI and temperature,
which are two key factors in solar energy outputs, are paramount for these types of
assessments.
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Figure 3. Mean = SEM hourly GHI reported by on-site pyranometers during each season for both roofs. Within season variance in light
availability are largely attributed to urban geometries, and between season variance to seasonal day-arc. During Spring and Autumn, the
BSGR received an average of 4.37% and 61.31% more GHI than the CSR, however in Summer the CSR received an average of 5.67% more
GHI than the BSGR.

For the duration of this study, the BSGR maintained an average ambient temperature 1.00,
1.12 and 0.72°C cooler than the CSR (Figure 4A) for Spring, Summer and Autumn respectively.
However, during peak GHI hours (11 am-2 pm inclusive (Figure 3)), the BSGR ambient
temperatures were only 0.44, 0.95 and 0.26°C cooler than the CSR (Figure 4A). Despite
ambient roof temperature not being substantially different between buildings, a previous
study conducted by Fleck et al., [9] on the same two roofs found a significant difference
between the two rooftop microclimates (the temperature gradient ~1m from the surface of
the roof/plant foliage). One unexplored aspect from this previous study was the potential
cooling effect of the BSGR on the solar array. Below-panel temperatures were up to 6 and
11°C cooler on the BSGR than the CSR during Spring and Summer, respectively. In this study
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however we observed a substantial reduction in solar panel temperature during peak GHI
hours, which aligns with the previously reported below-panel temperatures [9]. This effect is
more likely due to the evapotranspiration and reduced latent heat/solar reflectance of the
plant material than panel orientation, where plant foliage may apply a foliage-specific drag
coefficient [50], slowing or reducing the total airflow beneath panels, and thus reducing the
effect of below-panel convection to some degree. However, as this was not specifically
measured in the current study the effect of below-panel convection cannot be excluding as a
contributing factor.
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Figure 4. Mean + SEM hourly ambient (A) and panel temperatures (B) reported by on-site temperature sensors during each season for both
roofs. The ambient rooftop and panel temperatures of the BSGR were on average 1.00, 1.12 and 0.72°C and 1.50, 2.10 and 2.88°C cooler
than the CSR in Spring, Summer, and Autumn, respectively. During peak GHI hours (11:00 to 14:00 inclusive), ambient and panel
temperatures on the BSGR was on average 0.44, 0.95 and 0.26°C and 4.68, 4.95 and 4.98°C cooler than the CR in Spring, Summer and
Autumn, respectively.

The BSGR panel temperatures were 1.50, 2.10 and 2.88°C cooler than those on the CSR in
Spring, Summer and Autumn, respectively, however during peak GHI hours, the BSGR was
4.68, 4.95 and 4.98°C cooler for the same time period (Figure 4B). These temperature
reductions are significant as solar panel performance decreases above 25°C [40]. In this study,
the temperature coefficients of the BSGR and CSR were -0.29 and -0.38% for each 1°C above

25°C. It is therefore evident that the BSGR was able to mitigate performance loss due to
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temperature by 1.36, 1.44 and 1.44% during peak GHI hours in Spring, Summer and Autumn
respectively.
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Figure 5. Mean = SEM hourly energy output (kWh) during each season for both roofs. The BSGR generated an average 32.52, 21.25 and
107.29% more kWh than the CSR during Spring, Summer and Autumn respectively. Differences between BSGR and CSR maximum power
outputs were 25.14, 20.35 and 29.8 kWh for Spring, Summer and Autumn respectively.

For each season, the average hourly energy output for the BSGR was 16.85 + 0.76 (SEM),
15.66 £ 0.58 and 14.30 + 0.74 kWh, whereas the CSR outputs were 12.71 £ 0.58, 12.92 + 0.48
and 6.90 + 0.32 kWh (Figure 5), although it appears that these performance differences are
predominantly driven by solar exposure (Figure 3). However, despite the variance in GHI
exposure between seasons, and the clear effect of the urban geometry (which can be seen in
Fig 3: Spring; 8 am-10 am and 1 pm-3 pm, Summer; 9 am-11 am and 1 pm-3 pm, Autumn; 8
am-3 pm), in instances where the solar exposure was approximately equal, the energy output
of the BSGR was substantially higher than the CSR. The BSGR produced an average of 17.71
and 17.32 (Spring), and 16.45 and 14.47 (Summer) kWh more energy than the CSR (Figure 5)
at 11 am and 12 pm, respectively. This was likely due to differences in panel temperature,
caused by the evapotranspiration effect of the BSGR and the resulting cooler microclimate
[9,51] (Figure 4A and B). Differences in solar irradiance aside (Figure 3), the BSGR in this study
had a LAI of 4.35, which would likely have increased the cooling potential of the BSGR to a
higher degree than those BSGRs studied previously [38,52]. However, due to the
discrepancies in solar exposure, it is difficult to isolate the primary causative effect for the
increased energy output of the BSGR, where the BSGR produced an average of 32.52, 21.25
and 107.29% more energy for Spring, Summer, and Autumn, respectively (Figure 5). As such,
the observed system performance of both systems was modelled under standardised lighting
conditions to eliminate the effect of the increased solar exposure recorded on the BSGR.
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3.2 Modelled difference between Bio-solar and Conventional solar

To eliminate variability caused by the effect of urban geometries and seasonal day arc, a
multiple linear regression model was employed using GHI, roof and season as predictors
(Figure 6). Under standardised lighting scenarios, the BSGR outperformed the CSR by 4.14,
4.16 and 5.21% for Spring, Summer and Autumn, respectively. For the duration of the study,
on average, the BSGR produced 4.5% more energy than the CSR at any given light level.
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Figure 6. Daytime irradiance versus energy output reported by on-site sensors during each season for both roofs. Lines depict fitted multiple
linear regression model: Energy output (kWh) = (GHI x 0.0817) + (BSGR x 0.978) + (Spring x 2.682) + (Summer x 2.009) + 0.613 (Intercept)
with R? = 0.90 (p < 0.0001).

Previous literature comparing PV system performance varies in the metrics by which system
efficiencies have been reported, with authors reporting either total energy output for a given
period, or the average difference in system performance for a specified period (Table 2). Most
studies have been conducted on small experimental or pilot scale systems, with few testing
in-situ commercial scale BSGRs with the appropriate controls. The performance differences
presented here are higher than those previously reported from both experimental and pilot
scale studies BSGR (Table 2).

The study that achieved the closest average system performance to ours was conducted by
Hui and Chan [35] in Hong Kong (K&ppen climate type Cfa), who reported a 4.3% increase in
performance by a BSGR when compared to an internal control roof. This study used
simulations and modelling to estimate the performance increase of a commercial BSGR,
reporting an increase of 8.3% in the total energy output compared to a simulated CSR [35].
While the average performance difference between Hui and Chan’s study and the efficiencies
reported here are similar, the total energy produced varies substantially.

Table 2. Comparison of previous literature to this study in respect to; study location, Képpen climate classification, study type, study

duration, bio-solar array size/panel coverage (m?), comparison made, and difference in solar energy output between treatments. Results
are reported as total energy output (tot) or average difference in system performance (sys).
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Study Location Képpen Type Duration Size Comparison Result
This study Sydney, Cfa Experimental & 8 months 593.96 m? Commercial bio-solar vs 4.5% (sys)
Australia Simulation (237 days) independent conventional 23.83% (tot)
PV
Nagengast et Pittsburgh, USA Cfa Experimental & 16 months 87 m? Model bio-solar vs internal 0.8-1.5% (tot)
al., [53] Simulation PV-black roof
Kohler et al., Germany Cfb Pilot Experiment 12 months Undisclosed Variable model bio-solar vs 6.5% (tot)
[54] internal PV-bitumen roofs

Perez et al., New York City, Cfa Pilot Experiment & 10 months Undisclosed Bio-solar vs internal PV 2.42% (tot)
[39] USA Simulation gravel

Hui & Chan, Hong Kong Cfa Pilot Experiment & 1 days Undisclosed Bio-solar vs internal 4.3% (sys)
[35] Simulation 12 months 2,494 m? conventional PV 8.3% (tot)

Chemisana & Spain BSk Pilot Experiment 5 days 1.69 m? Model bio-solar vs internal 1.29-3.33%
Lamnatou, PV gravel (tot)

(38]

Osma-Pinto & Colombia Af Pilot Experiment Undisclosed 15 m? Model bio-solar vs internal 0.9-1.7%
Ordéfiez- PV-black roof (sys)
Plata [55]

Ogaili & Portland, USA Csb Pilot Experiment 3 months 6.6 m? Model bio-solar vs internal 0.8-1.2%
Sailor, [11] PV-black/white roof (sys)
Alshayeb & Kansas, USA BSk Pilot Experiment 12 months 14.7 m? Model bio-solar vs internal 3.3% (sys)
Chang, [37] PV-black roof 1.4% (tot)

Kaewpraek et Thailand Am Pilot Experiment 1 months 13.58 m? Model bio-solar vs internal 2% (sys)

al, [56] PV-grey roof 5% (tot)

Differences between previous findings and the results presented here may be influenced by
study duration or plant selection. For many studies ([53], [54], [39], [37]), the inclusion of the
winter months may have reduced the difference in system performance either due to the
cooler weather reducing the impact of the BSGR, or reduced solar exposure reducing the
performance of both systems. It is potentially possible that the inclusion of winter months in
the current study would have also reduced the average system performance and possibly the
total energy output difference. However, for the Spring, Summer and Autumn months, our
reported average efficiencies are higher than previously reported. Additionally, many past
studies have utilised plants from the genus Sedum for their experimental BSGRs [35,38]. This
Crassulacean species has substantially lower LAl and practical planting densities [44] than
many commercial in-situ systems, such as the one tested in the current study. A higher LAI
and planting density would substantially increase the evapotranspiration effect, reduce latent
heat, and increase the solar reflectance of the BSGR [40,41], thus improving the thermal
regulation properties of the space [57].

It is therefore plausible that the installation and use of BSGRs in similar regions and climates
of the world to the current work would stand to gain substantial increases in electrical energy
generation BSGR, as well as benefit from the numerous additional services that BSGRs provide
to building occupants. As such, while the results presented here are directly representative
of the Eastern Australian coast and similar Cfa climates, the quantified benefits of a BSGR to
provide a cooler microclimate for sustained increases in solar energy output can be applied
globally.
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3.3 Alternative Performance Metrics

For the period observed, the BSGR and CSR produced 74.05 and 59.80 MWh of renewable
energy, with the BSGR producing 23.83% more energy than the CSR. Based on the retail
consumer market price outlined by the AER [46], the BSGR and CSR offset the purchase price
of energy by $23,511.52 and $18,985.29 AUD, respectively. The implementation of a green
roof therefore served to increase the economic benefits of the solar array by 23.84%
($4,526.22 AUD; Figure 7).

While these values may appear small when compared to the scale and capital cost of the two
commercial systems tested, there is a significant push by governments worldwide for the
adoption of localised renewable energy within urban environments [58]. In the short term, it
is expected that the financial savings gained through the use of a solar or bio-solar roof would
increase from what was observed here due to growing insecurities in the energy market,
especially in countries with unstable energy markets [59].
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Figure 7. Performance difference between BSGR and CSR using alternative metrics. Axis-Y1 demonstrates the e-CO, mitigation of each
system (BSGR; 59.98 t e-CO,, CSR; 48.43 t e-C0O,), and Axis-Y2 demonstrates the price offset (BSGR; $23,511.52, CSR; $18,985.29, in SAUD)
of each system. The BSGR and CSR roofs are represented in green and grey, respectively.

Based on the total energy generated by each roof, the bio-solar and conventional roofs were
able to mitigate greenhouse gas (GHG) emissions of 59.98 and 48.43 t e-CO; respectively,
based on the Australian National Greenhouse Accounts Factor (NGAF) [47]. The increase in
bio-solar energy production equates to an e-CO; offset of 11.55 t greater than that associated
with the conventional roof (Figure 7). These GHG emission calculations are based on the
consumption of purchased electricity or loss from the grid, and therefore localised energy
generation for each building would offset these emissions by reducing reliance on the grid.
Additionally, the bio-solar roof hosted over 15,000 individual plants, which innately remove
CO; from the atmosphere through photosynthesis during growth. Estimates derived from the
literature [48,60] suggest that the green-components of the BSGR could have removed up to
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1.56 t of CO; from the atmosphere and stored this carbon in the form of biomass gain over
the duration of the study (237 days). This would increase the e-CO; mitigation potential of a
similarly sized bio-solar roof to 13.10 t for the same period. Colloquially, the mitigation of
GHG emissions is often reported as an equivalent to number of “trees planted”. Here we
observe equivalent tree plantings of 866.41 and 699.62 trees for the bio-solar and
conventional roofs, respectively. With the inclusion of the photosynthetic removal of
atmospheric carbon, the BSGR has an equivalent carbon capture/abatement to planting
192.49 urban trees and growing them for 10 years.

The inclusion of photosynthetic removal of atmospheric CO; in the calculation of GHG
mitigation potential of green and bio-solar roofs will, however, be reduced by biomass
management by green roof maintenance. The removal of atmospheric CO; through
photosynthesis is primarily driven by biomass accumulation, both above and below ground
[61]. However, for commercial green roofs, maintenance is usually performed whereby plant
material is maintained at certain heights, especially when grown around solar modules. The
removal of plant biomass, and the disposal of plant material will largely determine the CO;
removal potential of a green roof, where biomass burning or composting will lead to the
reemission of a proportion of the stored carbon [62]. Additionally, some carbon is
sequestered by the plant roots into the substrate, and made available to rhizospheric
microbes [61], and thus transferred to the substrate’s labile carbon pool. From the labile
carbon pool, there is the potential for microbial biomass to consume this carbon and respire
or emit volatile organic compounds back into the atmosphere [61,63]. It is therefore essential
that further research be conducted on how green and bio-solar roof biomass management
will affect the carbon sequestration potential of this promising technology.

Lastly, a factor unexplored here that would serve to increase the e-CO; emission performance
of bio-solar roofs is the inherent ability of green and bio-solar roofs to insulate buildings
[9,48,63]. The thermal insulation effect of green and bio-solar roofs has been shown in
experimental studies to have the potential to reduce annual building energy consumption by
15.1% in warm Mediterranean climates [64]. To date, few studies have successfully
determined the energy saving potential of green and bio-solar roofs from experimental
studies on commercial systems, and it is therefore recommended that further research be
conducted on medium-large scale commercial projects to determine this effect across a range
of climates.

4, Conclusions

Here we present the largest known commercial BSGR solar energy study to date. BSGR
average energy output was 4.5% greater than the CSR, and the total energy output was
23.83% higher. The BSGR served to reduce the greenhouse gas emissions of the building
through off-setting fossil fuel powered energy consumption by an additional 11.55 t e-CO,,
with the potential for up to 1.55 t of additional CO; being mitigated by the plants on the roof.
This increase in energy output equates to $4,526.22 AUD and an equivalent of 192.49 “trees
planted” and grown over 10 years in an urban setting. The inclusion of a green roof over a
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conventional solar array served to increase the energy output of the system by 23.88 kWh,
reduce the GHG emissions by 0.019 t e-CO2 and produced an additional $7.62 AUD per m? of
solar panels deployed for the duration of the study. The effect of the BSGR during the winter
months, however, is unknown, and it is therefore recommended that future studies along the
Eastern Australian coastline, or similar climates, conduct long term monitoring studies on in-
situ commercial scale BSGRs and CSRs.
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Supplementary Material

Supplementary Table 1. Specifications of the photovoltaic panels used on the BSGR and CSR.

Roof type Bio-solar Conventional
Panel model SPR-MAX3-395 LG320N1K-V5
Manufacturer Maxeon LG

Solar Cells 104 Monocrystalline Gen 3 60 Monocrystalline / N-type
Dimensions (mm) 1046 x 1690 x 40 mm 1016 x 1686 x 40 mm
Nominal Power (pNom in W) 395 320

Power Tolerance (%) +5/0 +3/0

Panel Efficiency (%) 22.3 18.7

Rated Voltage (V) 65.4 33.3

Rated Current (A) 6.04 9.62
Open-Circuit Voltage (V) 75.6 40.8
Short-Circuit Current (A) 6.57 10.19

Power Temp Coefficient (%) -0.29 /°C -0.38 /°C
Voltage Temp Coefficient (%) -0.236 /°C -0.28 /°C

Current Temp Coefficient (%) 0.058 /°C 0.03 /°C




Correct for system capacity:
Reduce output by ~15.54% to “size match”
smaller CSR system.

The CSR did not require any Correct for age difference:
corrections as the BSGR was Reduce output by 1.2% to artificially “age” the

. . newer system using the manufacturer
larger in size (kWp), more specificaione:
recently constructed, more
efflc|ent |n Conver“ng Solar Correct for panel efficiency:

Reduce output by 3.1% to reduce the efficiency

energy, and possessed a of the newer panels to match the “older
better temperature coefficient. technology” on the CSR.

Correct for differences in temperature
coefficients:

Reduce output by -0.09%/1°C above 25°C to
mimic the output loss experienced on the CSR.

Conduct analysis on the corrected “raw” data to determine differences in
i buildings without correcting for solar exposure
To account for variance in solar exposure between sites: t
Conduct a multiple linear regression model to determine the performance of

each roof based on a “standardised lighting scenario” using GHI, roof and season
as predictors.

Supplementary Figure 1. Methodological infographic depicting the sequence of corrections applied to
the BSGR to reduce the raw energy output to a state in which it is representative of the CSR energy
output based on various factors and differences in system design.
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