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Abstract Rooftop photovoltaic (PV) panels alter the urban energy balance and affect local climate.
However, the use of simplified PV models and models lacking thorough evaluation against observational data
has resulted in conflicting conclusions related to their local climate impacts. Here, we further develop a rooftop
PV energy balance model, UCRC-Solar, and couple it to the multilayer urban canopy scheme BEP-BEM in the
Weather Research and Forecasting (WRF) model. Model extensions include updated radiative and convective
energy exchanges between both sides of the PV module and the atmosphere/roof surface. We conduct a year-
long measurement campaign in London, Canada, to provide a comprehensive meteorological and energy
balance data set for an array of tilted PV panels on a flat roof. The upgraded UCRC-Solar is evaluated
extensively against this newly collected PV module surface temperature and electricity production data, both
offline and online. Coupled mesoscale WRF simulations for Toronto, Ontario, showcase the impacts on urban
climate from different configurations of rooftop PV models. UCRC-Solar with tilted panels shows the most
notable daytime warming (~ 1.0°C) and the least nighttime cooling (~0.4°C) of the near-surface air
temperature, followed by UCRC-Solar with flat panels, and finally, the existing WRF PV model, which yields
more cooling. Unlike previous work at this scale, our approach includes all relevant physical processes and
rigorous model evaluation for extended periods across different locations. Furthermore, the updated UCRC-
Solar in WRF permits panels with any tilt, which has not previously been available at this scale.

Plain Language Summary City-wide deployment of rooftop photovoltaic (PV) panels has been
proposed as an effective mitigation strategy for urban heating since PV panels can shade the underlying surface
and generate electricity. However, the effects of PV panels on near-surface air temperature are less conclusive.
This study presents an upgraded physics-based rooftop PV numerical model UCRC-Solar and its
implementation in the Weather Research and Forecasting (WRF), a widely used numerical weather prediction
model. The updated UCRC-Solar is capable of capturing diurnal and seasonal features of PV module surface
temperature and electricity power production, both of which are collected from a full-year rooftop campaign at
the University of Western Ontario, London, Canada. Moreover, WRF experiments with different PV
configurations on flat roofs are explored in Toronto, Ontario. Results suggest that previous WRF experiments
with flat PV panels may underestimate the daytime warming penalty and overestimate the nighttime cooling
benefit, especially in the summer season. The revised modeling framework enables better quantification of the
trade-off between priorities, including heat mitigation, and reduction of building energy consumption and
associated greenhouse gas emissions.

1. Introduction

According to Statistics Canada (2024), more than 80% of the population of Canada is concentrated in urban areas,
and globally more than half of the population resides in cities (United Nations, 2018). Global climate change and
local urban development are projected to result in more frequent, prolonged, and severe heatwaves (Nazarian
etal., 2022). As aresult, the energy demand for space cooling in buildings is only expected to grow. These trends
contribute to a positive feedback loop because electricity production still partially relies upon traditional fossil
fuels. In Canada, it is estimated that buildings account for 30—40% of total energy consumption (EC) and 13% of
direct greenhouse gas (GHG) emissions (Environment and Climate Change Canada, 2022). Therefore, tran-
sitioning to a renewable energy system is crucial to achieving the Government of Canada's net-zero GHG
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emissions goal by 2050. The adoption of city-wide rooftop photovoltaic panels (RPVP) has been suggested as a
favorable option to reduce net building energy use and GHG emissions, especially in temperate climate regions
like Canada. However, the climate impacts of PV systems at local to city scales still require further investigation.

Most contemporary commercial PV modules are characterized by crystalline silicon solar cells (Fraunhofer
ISE, 2020). Traditional monofacial solar cells collect solar energy solely from the front surface of the module.
Bifacial cells, which can harness solar radiation from both sides, have also gained popularity. Commercially
available PV modules typically have a low surface albedo (~0.1) and a rated electrical efficiency of ~20% (Silva
et al., 2010). Therefore, most of the incident solar radiation is converted to thermal gain. Since PVPs have low
thermal mass, they tend to heat up and cool down more rapidly than the surrounding surfaces while shedding the
thermal energy to ambient air through convection (Broadbent et al., 2019). Such mechanisms cause the PV
surface temperature to rise considerably above ambient air during the day while also staying cooler than the air
during the night due to the high sky view factor. In urban environments, PV modules are usually arranged in rows
of flat or fix-tilted arrays on rooftops. To minimize the module efficiency loss from overheating, PVPs are often
mounted with a certain air gap between the surface beneath for elevated convective heat transfer from the rear
side. In addition to the extra (two-sided) surface area that exchanges heat with the atmosphere, photovoltaic
systems modify the overall roof energy balance due to their different material properties, partial shading of the
roof, impacts on the effective roughness of the roof, and electrical energy generation from solar radiation.
Consequently, PV systems can directly affect ambient air temperature and modulate building EC through radi-
ative exchange processes (Sailor et al., 2021). The extent of these effects also varies based on factors such as the
time of the day, local climate, and building construction materials.

Broadbent et al. (2019) measured the impacts of PV systems at a utility-scale PV farm surrounded by open
shrubland in southern Arizona for 1 year. They found that on average, daytime maximum 1.5 m air temperature is
1.3 K higher in the PV site than the nearby reference site, whereas no significant effect was observed during
nighttime. Some mesoscale modeling studies have adopted the so-called “effective albedo” approach, where the
original land surface albedo is replaced by the sum of the PV albedo and electricity generation efficiency (e.g., Ma
et al., 2017; Millstein & Menon, 2011). However, the results based on such an approach may require reevaluation
as the energy exchange from the rear side of the panel is ignored (Sailor et al., 2021). PV energy balance models
with different levels of complexity are also used in urban mesoscale studies for city-scale impacts. Masson
et al. (2014) developed a simplified PV energy balance model in the Town Energy Balance scheme where the PV
surface temperature is estimated based on a linear relationship between air temperature and available shortwave
radiation. They found summer daytime and nighttime near-surface air temperature cooling in Paris possibly due to
panel sensible heat release being estimated as a residual from the PV energy balance. Using similar assumptions,
Salamanca et al. (2016) investigated the impacts of city-scale adoption of RPVP with the multilayer urban canopy
scheme BEP-BEM (Martilli et al., 2002; Salamanca et al., 2010) in the Weather Research and Forecasting (WRF)
model. They also found near-surface air temperature and space-cooling energy reduction in Phoenix and Tucson.
Recently, Zonato et al. (2021) introduced a full energy balance RPVP model in WRF and suggested that RPVP
can increase daytime air temperature in summer and winter, but decrease summer nighttime air temperature.
However, all the above modeling studies only considered flat panels parallel to flat roof surfaces and the PV
models used often lacked systematic evaluation against observations. Heusinger et al. (2021) adapted a utility-
scale PV energy balance model, UCRC-Solar (Heusinger et al., 2020), for urban rooftop applications. The
base model has been evaluated against measurements from a utility-scale array in Arizona (Broadbent et al., 2019;
Heusinger et al., 2020) and the rooftop model with measurements from an urban rooftop PV array in
Braunschweig, Germany (Heusinger et al., 2021) and showed considerable differences between flat and tilted PV
systems at the building scale, especially during winter seasons. Regardless, the effects of tilted PV panels at the
city scale have not yet been explored.

In this study, we present an upgraded version of the rooftop photovoltaic energy balance model UCRC-Solar, now
revised to permit tilted panels. This new version accounts for mutual shading between adjacent PV rows, radiation
exchange with improved view factor calculations, and new options for convective heat transfer. A detailed
measurement campaign is carried out for a rooftop array of tilted PV panels at the University of Western Ontario
(UWO) over a full year to provide new data for model evaluation. The newly evaluated model is subsequently
coupled to the multi-layer BEP-BEM scheme in WREF to investigate the adoption of RPVP at the city scale.
Mesoscale simulations with UCRC-Solar and WRF-PVP were run to compare the two rooftop PVP schemes on
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Figure 1. Schematics of tilted PV-roof-sky view factor calculation when the horizontal distance between two adjacent PV

rows (b)is (a) b < #(ﬂ) or(b)b > #(ﬂ) L and p are the length and the tilt angle of one PV module, respectively. IT;

represents plane i by z; and the length of one PV row x (into the page). The distance between two adjacent PV row planes is
y = b sin(f) and the minimum row distance is b;, = L cos(f).

the effects of near-surface air temperature and building energy use during a contemporary summer and a winter
period in Toronto, Canada.

2. Model Description of UCRC-Solar

The energy balance equation of the PV module is based on Jones and Underwood (2001):

dr, .
Cmoduled—;’V = SWmt + LWPV - QH,pv - Pout' (1)

Here, Cpoqule iS the heat capacity per unit area of the module (J K~' m=2), T,y is the module surface temperature
(K), SW,, is the total shortwave radiation received by the upper surface of the module (W m™2), LW;V and QO
are the net longwave radiation and sensible heat flux on both sides of the module (W m~2), respectively, Py, is the
electricity power production (W m~2), and dt is the model time step (s).

The heat capacity of the module is defined as the sum of the heat capacity of each individual layer, usually
composed of a glazing, a cell, and a backing layer. The model design is kept as monofacial solar cells to avoid
complications in multiple shortwave radiation reflection calculations. Below we introduce the updates in the new
model version in detail.

2.1. View Factor Calculation

All radiative emission and reflection is assumed to be isotropic and tracked with view factors. Since PV modules
are usually arranged in rows of fixed-length arrays, a new view factor calculation scheme for parallel surfaces is
introduced (Hottel & Sarofim, 1967; Sparrow, 2018; Wu, 1995). The planes occupied by the PV surfaces are
divided into 8 patches (IT;) . Figure 1 shows the two possible geometric schematics based on the PV row spacing.
Consequently, view factor from PV to PV (¥, _, ,,) is determined analytically by the PV module length (L),
length of one PV row (L), spacing between two adjacent PV rows (b), and the tilt angle of the module (f),
analogous to the approach of Krayenhoff and Voogt (2007). PV sky view factors from either side (Wpy1_, oy»
Wpy)  sky) are found similarly by assigning a very large length to the sky patches I1; and Ilg, that is, z, = 10° m.
The roof view factor from either side of the PV surface is calculated from the summation rule:

\ijv —1f = 1- lev —pv \va —sky* (2)

Finally, the PV view factor from the roof is determined from the reciprocity relation:
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Apy
lI}rf —pv — <A_i>lppv — rf* (3)

Here, the surface area fraction of the PV relative to the roof is derived from

A L
pv
—=-. 4
A, b 4)
In the case of flat panels on flat roofs, that is, # = 0°, view factor calculation is simplified to
levT—» f = levl—> sky = Wi pvt = lIlpv - pv = 0.0,
Tva—» sky = levl—> =1 (5)
L L
V7 =

f— pvl — b9lPrf—> sky =1- E

2.2. Shortwave Radiation

In Heusinger et al. (2021), total shortwave radiation received by the upper side of the PV module is defined as
follows:

cos (6 1+ cos(f) 1 — cos(p)
SWior = [ SWeie - <W(9h))> + SWage - (#(ﬂ) +SW, oy <%> (1= apy), (6)
zh
Y ht 11

where SWy;, and SWy; are the direct and diffuse portions received by a horizontal surface from the total
downwelling shortwave radiation (SW, ). a,; is the albedo of the roof surface. 8, 8., and § are the incidence angle
of the direct beam (°), zenith angle (°), and tilt angle of the module (°), respectively. Finally, a,,, is the albedo of
the upward surface of the module. Term I is the geometric factor that represents the ratio of the direct solar beam
on a tilted surface to that on a horizontal surface, whereas terms II and III are the view factors from an unob-
structed upper PV surface to the sky and to the roof, respectively. Therefore, Equation 6 is only valid for a single
PV row or wide-spaced PV solar farms that lack the need to account for shading loss. In a multi-row PV layout on
the building roof, however, shadow effects from adjacent rows and to the underlying roof surface have to be
considered due to limited available plan areas. Given that south-facing solar panels with an optimal tilt angle tend
to be the most efficient in electrical energy production in the northern hemisphere (e.g., Rowlands et al., 2011),
the relative shadow height (hg,,q) and length (I,,4) for such oriented panels are adopted from Appelbaum and
Bany (1979):

- (192

cos(6y) L
3 sin(6,) |sin(ry,)| sin(®)\ ( b
=1 = (SRS () ®

to simplify geometric relations. Here, y, is the solar azimuth angle (°) defined from —90° to 90°. The relative
shaded area is Agaq = Hghad * Lshaa-

In contrast to the ideal case where global shortwave radiation (SW)) is considered for reflection gain to the panels
from the roof, the roof-reflected solar radiation (SW,;) is also modified to include the shading effect of PV
panels:

SWier = (SWair - (1 = Rihaa) + SWaigr - (it = sky)) * et ©
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where the shaded roof fraction is adapted from Varga and Mayer (2021):

Ry = L cos(f) + L sin (ﬁ)b~(tan (0.4) cos(¥4)) ' (10)

With the new view factor calculation scheme, Equation 6 is updated to

cos (6
SWtot = SWdir : ( h) : (1 - Ashad) + SWdiff : (‘ijvT—> sky) + SWref : (q}va—> rf) : (1 - apv)' (1 1)
cos(6,,)

The albedo of the upper surface of the panel varies across the day based on Fresnel's law of reflection and the
index of refraction of the glazing. More details on the determination of a,,, can be found in Chapter 5 of Duffie and
Beckman (1980).

2.3. Longwave Radiation

The net longwave radiation on the PV module is re-formulated to include one-time reflection from other surfaces:

LW;V= LWl—>pV + LWl—»rf—>pv + LWl—>pv/—>pv

I
LWy o + LW,

f — pv’a pv

I ( 1 2)
~LW,, + LW

pv = pv'—> pv

+Lva —1f — pv

I

pv' = pv’

+LW_
—

v

Here, LW/ is the downwelling longwave radiation from the sky and LW, represents the longwave emission from
adjacent PV modules. Term I represents the absorption of direct incident and roof- or PV-reflected downwelling
longwave radiation. Term II is the total contribution of the longwave emission from the roof, whereas term III is
that of the PV itself. Term IV is the absorption of adjacent PV longwave emission. Since the front and rear sides of
the PV module are involved in the longwave radiation exchange, each term includes contributions from both
surfaces. The detailed equation with view factor and surface emissivity is given in Supporting Information S1.

2.4. Sensible Heat Flux
The sensible heat flux is

QH’PV = (hl + hi) : (Tpv - Tair)y (13)
where /! and k! are the convective heat transfer coefficients (W m~2 K~!) for the front and rear sides of the
module. Similar to the original UCRC-Solar model version, the Thermal Analysis Research Program or TARP

scheme (Walton, 1983) is used to calculate the convective heat transfer coefficient, but slight modifications are
applied. Here, a forced (hf) and a natural (4,) component on both sides of the module are used:

he = hy + hy. (14)

The forced convection component is based on Sparrow et al. (1979):

PU\?
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where the wind direction modifier Wy is setto 1.0. P and A are the perimeter (m) and the surface area (m?) of one
PV module. (Tests were also done with the dimension of one row of PV modules, but inferior results were
obtained.) U is the horizontal wind speed (m s~') and a minimum threshold of 0.5 m s~! is applied for exchange
coefficient computations. One of the major differences between flat and tilted rooftop PV systems is the distance
between the PV module and the roof and the support structure on the rear side of the module, which could have
major impacts on sensible heat release and the value of the surface roughness multiplier, R;. Flat PV modules tend
to be installed closer to the roof than tilted ones. For example, the PV site in Germany consists of parallel arrays to
the roof with a ~ 10 cm distance in between which leads to R, values of 1.0 (Heusinger et al., 2021). Here, the
tilted PV arrays at UWO are raised approximately 2.0 m above the roof surface leading to more efficient
convective heat exchange. As a result, the effective roughness multiplier R is set to 1.1 (smooth) and 2.0 (rough)
for the front and back sides of the tilted panels, and to 1.0 (very smooth) for both sides of the flat panels, to account
for the installation structure variability (Walton, 1981).

The natural convective coefficient is taken from Walton (1983). For the front side when 7},, — Ty, > 0.0 or the

rear side when T,, — T <0.0, it is formulated as follows:

_ 9.482|Tp, — Ty |’

" 7.282 —|cos(B)| (16)

For the front side when T,,, — T, <0.0 or the rear side when T, — Ty > 0.0, the natural convective coeffi-

cient is

_ 1810|T,, — Ty |

=—— P = 17
" 1382+ |cos(B)| a7
2.5. Electrical Power Production
Modeled electricity production is kept as in Heusinger et al. (2020):
Poul = Schll : ’7pv min[l’ I nref(Tpv —298. 15)]’ (18)

where 7, is the rated efficiency of the PV module calibrated at the reference temperature of 25°C and solar
radiation of 1000 W m™2. The working efficiency is assumed to vary linearly with the module temperature. The
temperature coefficient, #,.¢, is usually between 0.2%°C~! and 0.5%°C™! for silicon PV modules (Kaldellis
et al., 2014). Similar to SW,,, in Equation 11, shortwave radiation transmitted through the glazing layer and
absorbed by the cell surface is modified to:

cos(6;,)

SWeen = M’(Swdir' ((:05(9)
zh

) (1 = Agpaa) - (7@ ir

(19)
+SWaitr + (Ppvi—sky) - (B iy

+SWref : (leVT—H'f) : (”a)rcf)'

Here, M is the air mass modifier after King et al. (2004) and (za) is the transmissivity-absorptance product of the
glazing for direct, diffuse, and roof-reflected solar radiation (Duffie & Beckman, 1980).

3. Measurement Campaign and Model Evaluation
3.1. Site Description and Instrumentation Setup

To collect meteorological data for a rooftop array of tilted photovoltaic modules, we conducted a detailed
measurement campaign from 21 September 2023 to 25 September 2024. The campaign was carried out on the
roof of the Amit Chakma Engineering Building (ACEB; 43°00” 14.34"N 81°16/34.54"”W) at the University of
Western Ontario (UWO), London, Canada. The ACEB is aligned approximately north-south (356 — 176°) and has
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Figure 2. (a) Aerial image of the ACEB (Amit Chakma Engineering Building) on the campus of University of Western
Ontario showing the dense PV array mounted on the upper and lower roofs (Imagery from Google Earth (2023)). The red
rectangle denotes the area where measurements were made. (b) Cross section of the measurement setup.

a two-level roof, with both roofs covered by dense PV arrays. The array on the lower roof (top of the 4th floor,
southernmost part of the roof) consists of 6 rows of PV panels at a fixed angle (14°, south aspect) along with two
rows of panels that are mounted in a frame that allows the PV panel angle to be manually set at a select number of
angles. The building roof surface is a modified bituminous membrane on a structural steel deck. The surrounding
buildings are of equal or lower heights. The PV arrays are composed of 331 LG Electronics LG-385 bifacial solar
panels. The panels are grouped into 3 sections serviced by Sungrow and Fronius inverters.

Measurements were made near the middle of the fixed array on the lower portion of the roof (Figure 2a) using two
towers, one extending upwards above the array and one located below the PV panels. Measurements of the ra-
diation balance of the PV panel, between row (BR) building roof surface, and below the array (BA) just above the
roof surface were made (Figure 2b). Incident short- and longwave radiation was measured directly beneath a PV
panel beginning in December 2023 (black box in Figure 2b). Net radiation of the combined PV and building
surface was monitored from a tower-mounted sensor. Along with the radiation balance terms, above and below
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Table 1
Summary of the Measured Variables in the Campaign

Variable® Unit Instrument/source Manufacturer Model Uncertainty Where mounted Model I/O

— From rooftop setup —

SW,, LW, W m=2 4-Component net radiometer Kipp and Zonen CNR4 5-20 pv/ (W m—2) Above array Input
SWy, LW, -
Lerf,B n W m~2 Pyrgeometer Apogee SL-510 +5% (daily total) Below array -
Lerf,BR W m2 Pyrgeometer Apogee SL-510 +5% (daily total) Between rows -
Serf,BA W m~2 Thermopile pyranometer Apogee SP-510 +5% (daily total) Below array -
SWrif,BR’ SWrTf,BR W m~2 Thermopile pyranometer Kipp and Zonen CMA6 5-20 pv/ (W m™2) Between rows -
U ms~'; ° 2D sonic anemometer” RM Young 85,000 +2% or 0.1 m s~! (speed) ~ Above array Input
+2° (direction) -
Anemometer” RM Young Wind +0.5 m s~! (speed) Input
Sentry +5° (direction) -
i K Fine-wire thermistor (aspirated) Apogee ST-200 +0.2°C Above array Input
TR K Infrared radiometer Apogee SI-1H1 +0.2°C* Between rows Input
Tffﬁa a K Infrared radiometer Apogee SI-111 +0.2°Ct Below array Input
i K Thermocouple Omega Type-T max[£0.5°C,0.4%] Back of panel Output
Ty K Platinum Resistance PV panel sensor’ Campbell Scientific CS-241 +0.3-0.4°C Back of panel Output
Toyrad K Infrared radiometer Apogee SI-111 +0.2°C" Below panel Output
— From other sources —
Pr kPa Nearby weather station - - - - Input
Py kWh®  Facilities Management of UWO - - - - Output

*Below-array air temperature and wind profile were also measured but not used for model evaluation. "Added on 18 June 2024. “The original instrument was a cup and
vane but was replaced by just a cup. *Added on 23 May 2024. °P,,, in W m~2 is obtained by dividing the data in kWh with surface areas of the PV arrays associated with
the inverter. "'When target and detector AT < 20 °C and #0.5 °C otherwise.

panel air temperature, wind speed and direction measurements were made as well as the kinetic temperature of the
PV panels from a fine wire thermocouple and (later in the project) a back-of-panel platinum resistance ther-
mometer. All variables were recorded every 15 min throughout the campaign, except during equipment mal-
function from March 25 to 4 April 2024, and a download error from June 1 to 10, 2024. To track snow presence on
the roof, a trail camera was installed on 17 February 2024, although there were some snow events prior to the
installation. Hourly local atmospheric pressure (Pr) is obtained from a nearby weather station (WSN;
43°02'00.00”N 81 °09/00.00” W, Environment and Climate Change Canada, 2024). A summary of measured
variables is listed in Table 1.

3.2. Data Processing

Since the information on the module heat capacity is unavailable, its value is adopted from Jones and Under-
wood (2001) for the monocrystalline-type cell. Both Euler (df = 15 s) and Newton (df = 15 min) time-stepping
schemes were tested. Euler's method solves Equation 1 for module surface temperature prognostically using the
heat capacity and needs small time steps (up to 600 s, Table 8 in Heusinger et al. (2020)), whereas Newton's
method can adopt a coarser time step (~30min) and determines T}, diagnostically assuming negligible heat
capacity until temperature differs less than a threshold (0.001 K in our case) between iterations. Given that the
model requires direct and diffuse solar radiation as separate inputs, similar to Krayenhoff and Voogt (2007), an
hourly diffuse partition model in Chapter 8 of Igbal (1983) was adopted to determine the diffuse portions (ﬁ,iff)
from measured total downwelling shortwave radiation (SW‘I"S). In addition, a clear-sky solar model (Bird &

Hulstrom, 1981) was used to calculate the theoretical maximum limit of direct shortwave radiation (SWg*) :
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SWP = SWE + SWai,
X (20)
vagirS

min[ (1 — fyier) SW™, SWH2].
The calculated albedo of the front surface of the PV module varies between ~0.03 (midday) and ~0.19 (sunrise/
sunset) in February and between ~0.03 (midday) and ~0.18 (sunrise/sunset) in July in London, Ontario.

To get the true between row or below array roof surface temperature (7,), the infrared temperature from the
sensor (Tyfaq) is corrected from

GTff,rad = erfGT?f + (1 - Srf)\yskyo-Tgky + (1 - erf) (1 - \Fsky)epvlaTgw
1
- (T‘:fm — (1= )%y Thy — (1 — )1 — \"sky>emT‘;v)4 @
f — 5
€rf

where o is the Stefan-Boltzmann constant (W m~2 K=%), the sky temperature is acquired from the downwelling
longwave radiation, Ty, = (LWl/U)%, and the sky view factor (W) is obtained from the fisheye images (Figure
S1 in Supporting Information S1) with the software RayMan (Matzarakis et al., 2000). It should be noted that the
temperatures between rows and below arrays do not directly correspond to sunlit or shaded patterns due to the
complex time-varying nature of shade variations, which may lead to some uncertainties in roof surface tem-
perature as an offline model input. The emissivity of the front PV side is measured with a prototype of the
emissivity box from Porter and Voogt (2009). Because of the close proximity between kinetic (7},,) and infrared
(Tpv,raa) temperature of the PV panel, the emissivity of the rear side of the module (e, ) is set to 0.95. Its effect is
also ignored in Equation 21 for roof surface temperature correction for simplicity. T}, from the original ther-
mocouple exhibits a minor spike around 17:45 LST, possibly due to its exposure to direct sunlight through the
spacing between PV cells. Thus, T}, used for model evaluation is corrected from Ty, ,q before the new platinum
resistance PV panel sensor is added on 23 May 2024.

The power output data were provided by the Facilities Management of UWO at 5-min intervals from November to
April and at 15-min intervals throughout the rest duration of the measurement campaign. The PV modules have a
monofacial efficiency of ~18%, whereas additional gain from the rear side at specific tilted angles varies ac-
cording to solar position. Based on the view factors from the rear side to the sky and to the roof, we estimated that
an average of ~10% of bifacial gain is feasible when the PVs are tilted at 14°. Thus, the standard energy con-
version efficiency is adjusted to 20% to account for additional rear gain.

The parameters used in the model evaluation run are listed in Table 2. To assess model performance, linear
regression between modeled and measured module surface temperature (7},,) and electrical power production
(Pyy) 1s used to determine systematic model errors; The coefficient of determination (Rz), mean-bias-error

(MBE), mean-absolute-error (MAE), and root-mean-square-error (RMSE) were calculated to evaluate goodness-
of-fit.

3.3. UCRC-Solar Evaluation
3.3.1. Module Surface Temperature and Power Output

To demonstrate the feasibility of UCRC-Solar under varying solar angles and synoptic weather conditions, we
highlight the observed meteorological forcing conditions and model evaluation during a winter month (February)
and a summer month (July) in 2024, both featuring mostly clear skies. In February, the observational site records
an average air temperature of 0.85°C and a wind speed of 2.06 m s~!. Periodic snowfall events are documented,
with the daily minimum air temperature consistently dropping below 0.0°C (Figure Al). During clear-sky days,
daily maximum 7y, is around 20.0°C and can reach 15.0—20.0°C warmer than the air; nighttime 7},, evolves
closely with the ambient air and is often ~3—4°C cooler. During cloudy conditions, the amplitude of diurnal 7}, is
much smaller, sometimes staying within +2°C of the air temperature.

With the PV panels tilted at 14° over flat rooftops, an additional ~30% of direct shortwave radiation gain can be
harvested compared to flat panels (Term I in Equation 6, Figure S2a in Supporting Information S1). Figure 3
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Table 2

Parameter Setup for UCRC-Solar Evaluation

Parameter Symbol Value Unit

— PV and roof properties —
Module length L 2.064 m
Module width w 1.024 m
PV array length [ 20.48 m
Distance between 2 adjacent PV rows b 3.083 m
Tilt angle of the module p 14°
Azimuth angle of the module Yh 0°
Upper surface emissivity Epvt 0.90 -
Lower surface emissivity® Epv) 0.95 -
Module heat capacity® Cnodule 5,720 K~' m™2
Index of refraction of the glazing layer” n 1.398 —
Solar conversion efficiency at standard test conditions® Moy 20.0%
Solar conversion temperature coefficient Nref 0.37%
Albedo of the roof surface® ay 02—
Emissivity of the roof surface® €f 0.95 -

— Derived view factors —

From PV to PV W = o 0.0302 -
From upper side of PV to sky Wovt— sky 0.9270 —
From upper side of PV to roof Woyos @ 0.0428 —
From rear side of PV to sky Wl @y 0.0071 —
From rear side of PV to roof Wovy - of 0.9628 —
From roof to upper side of PV Wi = vt 0.0287 —
From roof to rear side of PV Wit & pvl 0.6446 —
From roof to sky P & oy 0.3267 —

“The values of these parameters are based on estimation or literature.

shows the observed and modeled PV surface temperature (7},,) and electricity power output (P,,,) with the Euler
time-stepping scheme. UCRC-Solar is able to clearly reproduce the diurnal cycle evolution. The slopes of linear
regression of both 7}, and P, are close to 1.0, indicating low systematic errors. The values of R?, MBE, and
RMSE all lie within close range to the previous evaluation results (Heusinger et al., 2020, 2021). The differences
between modeled and measured PV surface temperatures are mostly within +2 K (gray dashed lines in Figure 3),
except during sudden downwelling shortwave radiation fluctuation and heavy snowfall conditions.

Under cloudy conditions, shortwave radiation may be subject to rapid change due to fast-moving clouds, whereas
PVP exhibits a lagged thermal response (Jones & Underwood, 2001). Given the daytime energy balance of the
tilted PV module is largely driven by the total solar radiation and by its partitioning between direct and diffuse
components (Figure S3 in Supporting Information S1), high levels of model sensitivity on T, are expected when
the forcing data are at 15-min interval, as observed during February 12—-14 (Figures A1 and 3). These model errors
could be attenuated when finer temporal resolution of forcing data are available or when coupled to an atmo-
spheric model.

Starting early on February 17%, a fast-moving snowstorm was reported in London. The continuous snowfall
gradually covered the top surface of the PV modules, thereby blocking the absorption and transmission of
shortwave radiation to the PV cell. As aresult, there was considerable overestimation of both T}, and P, (orange
dots in Figure 3). The observed PV surface temperature remained approximately 0.0°C until midday, whereas the
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Figure 3. Time series of observed (dots) and modeled (lines) (a) surface temperature (7},,) and (c) electrical power output
(Pyy) of the PV module in February 2024; scatter plot of observed and modeled (b) T},, and (d) P, at 15-min interval for
February 2024. Gray dashed lines in (b) indicate observed T},, = 2°C. Orange dots in panels (b, d) are during 10:00-12:30 LST
on the 17" when the top surface of the PV module is covered by snow.

simulated T,, was substantially higher from presumed solar radiation interactions (Figure 3b). Similarly, UCRC-
Solar's prediction on electrical power (~100 Wm_z) was about 2-3 times greater than the observed values
(~50 Wm_z) (Figure 3d). Nevertheless, the overestimation quickly diminishes approaching midday when the
accumulated snow vacates the panel surface. In the following days, despite the presence of snow on the roof (but not
in the model), much higher agreement between observed and simulated values is found. Thus, as long as the
snowfall is not heavy and continuous, UCRC-Solar can quickly recover despite its lack of explicit snow treatment.
In the rare event of an extended period of snowfall, wherein the upward PV surface may be buried in snow for
several days, its temperature can remain well below 0.0°C throughout the daytime with limited electricity pro-
duction (e.g., January 14-21 in Figure S4 in Supporting Information S1).

July is predominantly characterized by clear-sky conditions with a mean Ty, of 22.1°C and U of 1.3 m s~!

(Figure A2). The average daily solar radiation is around its annual maximum with daylight duration of
approximately 15 hr. The PV module surface temperature reaches its daily maximum (~ 50.0°C) around noon and
can be 20.0—25.0°C higher than the air, whereas nighttime 7, is ~2—4°C cooler than the ambient air.

The comparison between observed and modeled T,, and P, for July is shown in Figure 4. In contrast to cooler
seasons, additional direct shortwave radiation gain from a tilt angle of 14° diminishes to almost zero (~5%)
except during early morning and late afternoon (Figure S2b in Supporting Information S1). The values of MBE
and RMSE in July are similar to those in February, although a sudden yet consistent spike for T, is recorded
during midday on July 7. A systematic overestimation of P, is observed in the early morning and late afternoon
in both July and February. Such outcomes could result from the lack of explicit treatment of the bifacial char-
acteristic of the PV module. However, since the effects are minimal, we argue this trade-off between compu-
tational complexity and time and model accuracy is justified, especially on annual and city-wide scales.

3.3.2. Euler Versus Newton Scheme

Figure 5 shows the comparison between Euler's and Newton's time-stepping schemes in four separate seasons. In
the winter (DJF), T, lies within —20.0—25.0°C, whereas the range rises to 5.0—60.0°C in the summer (JJA). In
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Figure 4. Time series of observed (dots) and modeled (lines) (a) surface temperature (7,,,) and (c) electrical power output
(Pyy) of the PV module in July 2024; scatter plot of observed and modeled (b) T}, and (d) Py, at 15-min interval for July
2024. Gray dashed lines in panel (b) indicate observed T,,, + 2°C.

shoulder seasons (MAM and SON), T, falls between —10.0 and 50.0°C. In general, both methods produce
similar metrics, with MBE smaller than +£0.5°C, MAE smaller than 1.5°C, and RMSE smaller than 2.0°C. It is
worth noting that Euler's method tends to have smaller MAE and RMSE given its inclusion of the small storage
term in energy balance of the PV module. Across four seasons, summer (JJA) exhibits the highest MAE and
RMSE values when solar radiation reaches its peak of the year, although the interquartile range normalized RMSE
(NRMSE) shows comparable values across all seasons. Such results highlight the importance of solar radiation
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Figure 5. Scatter plots of observed and modeled surface temperature of the PV module (7)) with (a~d) Euler and (e-h)
Newton method for (a, e) December—January—February (DJF), (b, h) March—-April-May (MAM), (c, g) June-July—August
(JJA), and (d, h) September—October—-November (SON).
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and is discussed again in Section 4.3.1 for coupled online model evaluation in WRF. In summary, the updated
UCRC-Solar is able to effectively capture 7}, and its variability across both diurnal and monthly time scales.

In terms of running time, it takes about 1.8 s to run a month of data with the Euler time-stepping scheme at 15-s
intervals with Intel 17-8700. With Newton's method, 0.18 s is needed for a full month at a 15-min temporal
resolution. Given the fine timestep in WRF (O ~ 10 s), we only implemented the Euler method to ensure
computational efficiency in the following coupling between UCRC-Solar and BEP-BEM.

4. Model Coupling and Application in WRF
4.1. BEP-BEM-UCRC-Solar Coupling

The newly evaluated model is then coupled to the multi-layer urban scheme BEP-BEM in WRF version 4.3.3
(Skamarock et al., 2019). To enable and run UCRC-Solar, the following input variables for each urban category
are needed: plan area density of the PV system on the roof (f;, ), length of the PV module (L), tilt angle (8), and the
distance between two adjacent PV rows (b). The length of one PV row (L,,,,) is modified from the default 20.0 m
to 20.48 m to accommodate the observation site. The coupling procedure between UCRC-Solar and BEP-BEM
follows the previous setup by Zonato et al. (2021) with minor modifications of the roof energy balance.

To keep the shortwave treatment of the roof surface consistent between UCRC-Solar and BEP-BEM, total
incident solar radiation on the roof follows Equation 9. The direct portion of the incoming longwave radiation to
the roof surface is a combination of atmospheric downwelling radiation and downward components emitted by
the PV:

LWy = LW ¢+ LW,, _ 1, o)

(Wrr o ) LW, + (1 = sky)GTgv'

It should be noted that the shadow patterns and view factors from Equations 9 and 22 are derived with respect to
the roof area situated directly beneath or in between the PV rows. In this way, one can neglect the necessity to
distinguish the energy balances between sunlit and shaded portions of the roof, thereby keeping an average roof
surface temperature. As a result, the relation between b, L, and Sov should strictly follow

L cos(f)
fo =T (23)
to ensure the whole roof is covered by rows of equally spaced solar panels.

Finally, the energy flux to the atmosphere from the RPVP system is the area-weighted sum from both surfaces.
For instance, the total sensible heat flux of the system, Q. is computed as

Apv
Onor = Qpyr + A O pvs

Jov

24
= QH,rf + (COS(ﬂ)) : QH,pv-

4.2. Roof Energy Balance Evaluation

To justify the adoption of an averaged roof surface energy balance in WRF-BEP-BEM, we present the com-
parison between measured and model formulation of incident shortwave (S erf) and longwave (LWIlf) radiation
on the roof surface beneath the PV arrays.

Depending on the solar position, the pyranometers placed below the PV arrays or between the PV rows may be
directly illuminated during the day or not. To demonstrate that the solar radiation received by the roof falls within
a reasonable range, the diurnally averaged evolution of § Wllf in March is shown in Figure 6. Over the month, the
portions below-array (SW,,) are often exposed to the direct solar beam while those between-row (SW 5z)

always remain in the shade. As a result, modeled SWif based on Equation 9 lies in the middle, effectively
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capturing the average condition between sunlit and shaded roof surfaces.
During other months, however, both pyranometers may be completely in the
shade (e.g., February from Figure S5 in Supporting Information S1), which
makes the comparison unfavorable.

The comparison between measured and calculated incident longwave radia-
tion on pyrgeometers placed between-row (LWff’BR) or below-array
(Lerf,B A) for March is shown separately in Figure 7. The calculated values
5 are derived using Equation 22, with measured T}, and view factors from
\ Equation 21. Both sets of calculations exhibit a consistent agreement with the
observed data. The minor daytime overestimations and nighttime un-
\ derestimations may result from the misattribution of longwave emissions
1

1001 ,/IJ \ from ancillary surfaces (e.g., support structure I-beam in Figure 2b) to the PV
0- y module. Such surfaces generally have a higher thermal capacity and exhibit a

more moderated diurnal temperature fluctuation than the PVP. To verify,

Figure 6. Monthly mean diurnal cycles of the incoming shortwave radiation
to the roof in March 2024. The shaded areas represent plus and minus one

standard deviation of the mean.

1I2 1I6 2I0 2I4 thermal images of the RPVP system were taken on 18 June 2024 (Figure S6 in
Hour Supporting Information S1). The daytime images suggest that ancillary sur-
faces could be at 10—15°C cooler than the PV module. Moreover, the ab-
solute discrepancy is relatively minimal (~ 15 W m~2), which remains within
the operational accuracy of the pyrgeometer (Table 1). The above evaluations
of Serf and LWﬁf confirm that the choice of using one energy balance for the
roof is reasonable for model coupling in WRF.

4.3. Mesoscale WRF Simulations
4.3.1. WRF-BEP-BEM-UCRC-Solar Model Evaluation

To test and evaluate the coupling procedure and illustrate the impacts of city-wide adoption of different PV
implementations, two 10-day simulations with predominately clear-sky conditions, February 3—-12, 2024 and July
19-28, 2024, are run for the city of London, Ontario. The initial and boundary conditions are taken from the fifth-
generation ECMWF atmospheric reanalysis (ERAS) data at 1-hourly intervals and spatial resolution of 0.25°
(Hersbach et al., 2020). Details on the model configuration and land-use data can be found in Jiang et al. (2025).
The grid cell at which UWO is located is chosen as the model analysis point.

(a) (b)
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K E
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Figure 7. Monthly mean diurnal cycles of the incoming longwave radiation to the (a) below array and (b) between row
portion of the roof in March 2024. The shaded areas represent plus and minus one standard deviation of the mean. The black
dotted line (obs corr) in panel (a) includes a systemic correction from Stastny et al. (2023) to the original data (obs).
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Figures 8 and 9 show the comparison between the observed and modeled results in the two runs. Given that the
energy balance of the PV module is driven by solar radiation during the day, we excluded timestamps when
surface solar radiation between observed and model runs are larger than 10% (orange dots in Figures 8 and 9) for
statistical metrics calculation. The results show that the coupled model is capable of capturing both diurnal and
daily evolution of module surface temperature and electricity production in both seasons reasonably well, pro-
vided modeled incoming shortwave radiation is accurate, with a higher sensitivity of P, to local solar conditions.
The downgraded statistical metrics compared to the offline evaluations are not issues with the PV model physics
or coupling to WRF, rather mainly come from the differences in large-scale ERAS and point-source meteoro-
logical forcing data (e.g., cloud cover), as shown from the comparison of the two in Figures S7 and S8 in
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Figure 9. Time series of observed (lines) and Weather Research and Forecasting (WRF) (line with dots) (a) surface
temperature (T},,) and (c) power output (P,,) of the PV module; scatter plot of observed and WRF (b) T, and (d) P, at 30-
min interval during July 19-28, 2024; orange dots in panels (b, d) indicate conditions when differences between observed and
modeled SW, are larger than 10.0% (excluded from the statistical metrics calculation).
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Table 3

Comparison Between WRF-PVP and UCRC-Solar

Component Term

WRF-PVP UCRC-Solar

— PV physics —
SWiot Apy
LWy, LWy o py

Pou SWeen

O pv h'+ Rt
— Roof physics —

Ry SWk

0.11 Varies according to Fresnel's law and index of refraction of the glazing

A(T* — T4)? ne-time reflection between and auxiliary surfaces (Equation
heaa - (T4 — T2) One-ti flection b PV and auxili rf: (Equation 12)
pv
SW, SW, transmitted through the glazing and absorbed by the cell surface (Equation 19)

DOE-2 model TARP scheme

(1 -5 V) SW, Explicit treatment of shading patterns (Equation 9)

(1 = fu) LW, + Jiw"Tgv With updated view factors from roof to sky and to PV (Equation 22)

ah — o
rad — T-e T—er®
pvl Ef
pvl. I f

Supporting Information S1. One can further improve the evaluation metrics by identifying other timestamps with
larger differences in ambient air temperature or downwelling longwave radiation. Since our objective is to test
UCRC-Solar and its coupling to WREF, rather than whether the whole WRF modeling system accurately captures
these observation outputs, we therefore conclude that the coupling is successful and proceed to the final aspect of
the model application.

4.3.2. Inter-Model Comparison

To explore the impacts of different rooftop PV models and PV tilt angles on local climate in fully coupled
simulations, summer (July 1-18, 2024) and winter (November 27-15 December 2023) cases in contemporary
Toronto are simulated with WRF-BEP-BEM with the same model configuration as Jiang et al. (2023). The land-
use categories based on local climate zones (LCZs) and urban fractions for the innermost model domain are
shown in Figure S9 in Supporting Information S1. ERAS reanalysis at hourly intervals is taken as the initial and
boundary conditions. Model integration starts at 00:00 UTC for 17 days. The last 7 days with predominately clear-
sky conditions are chosen as the analysis periods.

A base simulation with no RPVP is conducted as well as three simulations with 100% rooftop PV coverage, each
with a different PV model setup: (a) WRF-PVP (f = 0°, Zonato et al. (2021)), (b) UCRC-Solar flat (f = 0°), and
(c) UCRC-Solar fixed-tilted (# = 14°). The heat capacity, emissivity, and energy conversion efficiency of the PV
modules are set to 5,720 J K~! m~2, 0.79 (upward), 0.95 (downward), and 19%, respectively, for all PV simu-
lations, enabling meaningful inter-model comparison. Panel albedo in UCRC-Solar varies based on solar position
according to Fresnel's law which differs from the fixed value of 0.11 in WRF-PVP. The differences between each
PVP simulation and the base simulation showcase the RPVP effects. A brief summary of the key differences in
model physics and parameter inputs is given in Table 3. The two base simulations are evaluated for 2m air
temperature in Figures S10 and S11 in Supporting Information S1 with observations from three local weather
stations which show comparable results to Jiang et al. (2023).

Figure 10 shows the spatial map of the impacts on near-surface air temperature with different schemes of rooftop
solar panels during daytime (a—c) and nighttime (d—f) in July. All experiments indicate moderate differences in
temperature change magnitude and spatial extent. According to WRF-PVP, despite a minor warming signal
(~0.4°C) near south-west corner of the map, the majority of the urban areas display a clear cooling signal up to
~0.6°C in the daytime. Both UCRC-Solar flat and tilted schemes suggest predominately daytime warming
signals, up to ~0.5°C and ~1.0°C, respectively. Moreover, the tilted scheme shows greater intensity and
geographic spread compared to the flat scheme. During nighttime, all experiments display a cooling signal, up to
~0.8°C in some large low-rise neighborhoods. Nevertheless, the cooling area's spatial extent is diminished in
both UCRC-Solar experiments relative to WRF-PVP.
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Figure 10. Summertime 7-day averaged 2m air temperature differences (AT,,,) during daytime (10:00-15:30 LST) between
(a) WRF-PVP, (b) UCRC-Solar flat, (c) UCRC-Solar tilt and the reference run in Toronto. Panels (d—f) show the nighttime
(22:00-03:30 LST) differences. The numbers denote the average changes for grid cells with urban fraction larger than 0.6.

Across different neighborhoods, Figures 11a—11c show the changes in 2m air temperature in the three dominant
urban-type LCZs in Toronto: LCZ1 (compact high-rise), LCZ6 (open low-rise), and LCZ8 (large low-rise).
During the daytime, UCRC-Solar tilt shows the largest warming potential over all LCZs, up to ~0.75°C in LCZ1
and LCZ8, followed by ~0.5°C in LCZ6 during 06:00-16:00 LST. UCRC-Solar flat exhibits a more dampened
daytime warming extent, especially in LCZ6, whereas WRF-PVP shows almost no change, except a warming
spike at 13:00 LST. In contrast to warming, WRF-PVP generally displays a cooling effect, with a peak reduction
of ~0.5°C around midnight. The diurnal patterns are less smooth for LCZ1 compared to LCZ6 and LCZS8 possibly
due to averaging over a much smaller number of grid cells and the close proximity of LCZ1 neighborhoods to the
lake shore in Toronto. These results suggest that current WRF experiments on the adoption of city-wide flat
rooftop solar panels may underestimate their daytime warming and overestimate their nighttime cooling potential
in the summer, and that tilted panels may further enhance daytime warming and reduce nighttime cooling relative
to flat panels. Regarding changes in building energy consumption (EC in Figures 11d—11f), all three PV models
show a similar reduction in daytime EC, up to ~0.2 MW km~2 in LCZ6 and ~0.4 MW km~2 LCZ8 at 16:00 LST.
The average daily reduction ranges within 3—19%, in alignment with a previous study in Chicago (Tan
etal., 2023). The similar diurnal patterns in EC possibly come from the small variation in roof surface temperature
with 100% solar panel coverages and thus the exposure to solar radiation is limited. During the day, electricity
generated by the PV panels can sufficiently offset the building energy use in LCZ6 and LCZ8 while it also
manages to overcome the peak cooling consumption for LCZ1 (solid lines in Figures 11h and 11i). Caution should
be exercised when comparing the absolute power production between the three PV schemes (dashed lines in
Figures 11h and 11i) given the simpler treatment of SW,;; (equivalent to SW|, Table 3) in WRF-PVP, although
the tilted scheme of UCRC-Solar may potentially outperform WRF-PVP with a more optimal tilt angle.

In terms of changes in grid-averaged surface energy balance terms, the addition of RPVP increases net shortwave
radiation (SW* in Figure 12b) due to the lower panel albedo compared with the underlying roof (0.13 for LCZ1 and
LCZ6,0.18 for LCZ8). Specifically, the lower albedo calculated from UCRC-Solar during the midday (~0.03) and
the minor additional solar gain from the tilt (5%) lead to higher solar radiation absorption than UCRC-Solar flat and
WREF-PVP. Given the low thermal mass and a 19% energy conversion efficiency, surface temperature of the
module rises rapidly, exceeding the bare roof in the base simulation, causing an overall decrease in the net longwave
radiation (LW* in Figure 12¢). A majority of the thermal gain is then released as sensible heat into the air. Because
of the adoption of different forced convection coefficient (hf) formulations in WRF-PVP (DOE-2 model from
Booten et al. (2012)) and UCRC-Solar (TARP scheme), WRF-PVP suggests the least efficient panel sensible heat
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Figure 11. Summertime 7-day averaged differences between rooftop solar panel experiments and the reference run in panels
(a—c) 2m air temperature (7'5,,), (d—f) building energy consumption (EC), and (g—i) PV electricity power production (P,
dashed lines) and the ratio between P, and EC (solid lines) in these experiments in Toronto. Panels (a, d, and g) show the
profiles in LCZ1 (compact high-rise), (b, e, and h) in LCZ6 (open low-rise), and (c, f, and i) in LCZ8 (large low-rise).

exchange with ambient air followed by flat and tilted schemes of UCRC-Solar. As a result, a larger diurnal
amplitude is observed between the differences of T}, and Ty, in WRF-PVP (Figure 12a), which corresponds to
peak daytime total Qj; reduction by ~50 W m~2 (Figure 12d). Conversely, both UCRC-Solar flat and tilt increase
Oy by ~70 W m~2 and ~50 W m™2, respectively. It should also be noted that the characteristics of the roof on
which PVP is mounted matter; in the case of a cool roof with high albedo, the addition of RPVP can cause an overall
increase in both daytime Qy and EC (Brown et al., 2020). Additionally, variations in latent and ground heat flux
(Figures 12e and 12f) are similar among the three, due to limited surface moisture and similar shading patterns on
the roof.

In the winter, given a shorter daylight length and the flux density of peak incoming solar radiation is only ~70% of
that in the summer, the effects of rooftop PVP on local climates are much smaller (Zonato et al., 2021). All three
sets of simulations show almost no change in ambient air temperature (+£0.2°C) during both daytime and
nighttime over urban areas (Figure S12 in Supporting Information S1). The changes in diurnal cycles of 2m air
temperature (Figures S13a—S13c in Supporting Information S1) and energy balance terms (Figure S14 in Sup-
porting Information S1) are around half of those in the summer. It is worth noting that the diurnal cycles of EC are
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Figure 12. Summertime 7-day averaged (a) differences between module surface temperature and 2m air temperature

(Tyy — Tap) inrooftop solar panel experiments and the differences between these experiments and the reference run in grid-

averaged (b) net shortwave radiation (SW*), (c) net longwave radiation (LW*), (d) sensible heat flux (Qy), (e) latent heat
flux (QF), and (f) ground heat flux (Qg) for grid cells with urban fraction larger than 0.6 in Toronto.

opposite to those in the summer (Figures S13d—S13f in Supporting Information S1), with a minor daytime in-
crease from shortwave shading and a nighttime decrease from longwave trapping. In addition, electricity pro-
duction from the PV panels is not able to fully satisfy the heating demand, especially for LCZ1 and LCZ6 (Figures
S13g-S13i in Supporting Information S1). Nevertheless, given that the winter season in Toronto is dominated by
cloudy conditions, the average effects of RPVP on ambient air and building energy use could be even more
attenuated.

5. Discussion

Urban canopy models (UCMs) based on the “urban canyon” concept have been developed and utilized exten-
sively in mesoscale and regional climate models to represent the urban surface and its energy exchange processes
with the atmosphere at mesoscale (e.g., Martilli et al., 2002; Masson, 2000). To investigate the impacts of
mitigation strategies like rooftop photovoltaic panels, process-based PV models have been developed and coupled
to UCMs (Masson et al., 2014; Zonato et al., 2021). Our implementation of UCRC-Solar in BEP-BEM differs
from the previous RPVP models at this scale because outputs from UCRC-Solar have been robustly and rigor-
ously evaluated both offline and online for extended periods and for different locations. Furthermore, it offers the
option of tilted panels which has not been available in urban environment context.

However, simplification of the urban geometry and morphology has to be made for UCMs to be computationally
efficient. For example, all buildings are assumed to have flat roofs in BEP-BEM (Martilli et al., 2002; Salamanca
etal., 2010). In real cities, however, most residential neighborhoods have sloped roofs while many light industrial
and commercial buildings have more extensive flat roofs. Thus, PV panels parallel to tilted roofs on detached
houses are common in contemporary North American cities. Heusinger et al. (2021) demonstrated that such
combinations can lead to elevated Ty compared to tilted PV modules over flat, horizontal roof surfaces, due to
limited convective heat release from the rear side of the panel. This suggests that the realistic daytime warming
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potential with 100% tilted RPVP may not be as large as Figure 10c for Toronto, although this effect could be
partially compensated for by higher longwave radiation exchange between the warmer PV surface and the urban
atmosphere and nearby urban structures.

We only explored one configuration of 100% rooftop PVP and one tilt angle of 14°, although the fractional
variation in RPVP may not exert a linear influence on the local climate due to the complex radiation exchange
between the roof and the PV surface. For tilted RPVP, such a high coverage may not be realistic given the direct
shading effects from the adjacent PV arrays. However, the optimal layout of the RPVP is beyond the scope of the
current study. Furthermore, the solar conversion efficiency of the module is set to 19%, representing the
contemporary commercially available PV cells. Nevertheless, recent laboratory research has engineered small-
scale PV cells with efficiency as high as 50% (Green et al., 2021). This level of conversion efficiency would
limit the PV thermal gain which further changes its modulation of ambient air temperature. In addition, other
thermal or radiative properties of the PV module and the underlying roof surface can also modify the energy
balance of the combined RPVP system. These aspects introduce uncertainties in quantifying RPVP effects on
local cooling or warming potentials and building energy use which calls for a holistic approach to evaluate and
prioritize heat mitigation, building EC, and potentially air quality.

6. Conclusion

City-scale deployment of rooftop photovoltaic panels has been proposed as an effective mitigation technology to
reduce greenhouse gas emissions, potentially mitigate urban heat, and reduce building energy use by introducing
shade on building surfaces. However, application of simplified PV models and models lacking thorough (or any)
evaluation against measured data has led to a diversity of conflicting conclusions. Unlike building EC, which is
clearly reduced during daytime in summer by rooftop photovoltaic panels according to multiple studies, changes
in near-surface air temperature resulting from rooftop PV implementation remain less clear.

To improve the physical representation of rooftop photovoltaic panels (RPVP) and better assess its climate effects
at neighborhood and city scales with mesoscale models, we made substantial updates to a rooftop PV model,
UCRC-Solar. Significant model extensions including mutual shading from neighboring PV arrays, 3D view
factor calculations, detailed longwave radiation exchanges, and updated convective heat transfer coefficients
were introduced to account for fixed-tilted solar panels on flat roofs. Due to the lack of high-quality long-term
data on RPVP systems, a new measurement campaign was carried out on a rooftop PV installation at the Uni-
versity of Western Ontario in London, Ontario, Canada. The year-long campaign provided a comprehensive data
set for the evaluation of a rooftop array of tilted photovoltaic system.

Module surface temperature and electrical power output modeled by the updated UCRC-Solar model performed
very well relative to our novel measurements under various climatic conditions. Subsequently, the model was
coupled with the multi-layer urban canopy scheme BEP-BEM in WRF and tested again against the same
observational data set. Two 10-day, ERAS5-driven WRF simulations were run for London, Ontario. Evaluation
metrics such as MAE and RMSE for T, from the WRF runs grew modestly compared to offline results. This is
attributed to differences in forcing conditions between local point-sourced observations and the spatially coarser
ERADS reanalysis and subsequent WRF-generated meteorology, particularly the downwelling shortwave radiation
and its interaction with clouds, rather than issues with model physics or model coupling.

Finally, WRF simulations were run for Toronto, Ontario with more detailed urban land-use data based on LCZs.
In the summer, UCRC-Solar with tilted panels shows the most notable daytime warming (~ 1.0°C) of the near-
surface air temperature among the three experiments, followed by UCRC-Solar with flat panels (~0.5°C), and
finally the existing WRF PV model (Zonato et al., 2021). During the nighttime, the opposite trend is found with
WRF-PVP exhibiting the most nighttime cooling potentials both in magnitude (~0.8°C) and spatial extent,
followed by flat and tilted schemes with UCRC-Solar. Across different urban neighborhoods, compact high-rise
(LCZ1) exhibits the largest change in both ambient air temperature and building energy use as a result of rooftop
PV implementation, followed by large low-rise (LCZ8), and finally open low-rise (LCZ6). The effects of RPVP
on local air temperature in the winter are negligible due to limited solar radiation. We conclude that previous
studies may have underestimated daytime warming potential while overestimated nighttime cooling potential
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from RPVP during summer. Such results are highly sensitive to the convective heat transfer formulation in the PV

model and more sensitivity experiments are needed to better quantify the impacts of the variety of RPVP systems

on local urban climate.

Appendix A: Meteorological Conditions

Figures A1-A2 show observed meteorological conditions at 15-min intervals during February 2024 and July

2024, respectively.
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Data Availability Statement

The source code of the Weather Research and Forecasting (WRF version 4.3.3) model can be downloaded from
https://github.com/wrf-model/WRF/releases/tag/v4.3.3 (Skamarock et al., 2019). The ERAS reanalysis data are
publicly accessible from the Research Data Archive at the National Center for Atmospheric Research via https://
doi.org/10.5065/BH6N-5N20 (European Centre for Medium-Range Weather Forecasts, 2019). The observation
data from the campaign, UCRC-Solar source code, and WRF output used to generate figures in the manuscript are
archived at https://doi.org/10.5683/SP3/FG4WC2 (Yin et al., 2024).
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