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A New Methodology to Assess
Building Integrated Roof Top
Photovoltaic Installations at
City Scales: The Tropical
Coastal City Case
As a consequence of the warm and humid climate of tropical coastal regions, there is high
energy demand year-round due to air conditioning to maintain indoor comfort levels. Past
and current practices are focused on mitigating peak cooling demands by improving heat
balances by using efficient building envelope technologies, passive systems, and demand
side management strategies. In this study, we explore city-scale solar photovoltaic (PV)
planning integrating information on climate, building parameters and energy models,
and electrical system performance, with added benefits for the tropical coastal city of
San Juan, Puerto Rico. Energy balance on normal roof, flush-mounted PV roof, and
tilted PV roof are used to determine PV power generation, air, and roof surface tempera-
tures. To scale up the application to the whole city, we use the urbanized version of the
Weather Research and Forecast (WRF) model with the building effect parameterization
(BEP) and the building energy model (BEM). The city topology is represented by the
World Urban Database Access Portal Tool (WUDAPT), local climate zones (LCZs) for
urban landscapes. The modeled peak roof temperature is maximum for normal roof condi-
tions and minimum when inclined PV is installed on a roof. These trends are followed by the
building air conditioning (AC) demand from urbanized WRF, maximum for normal roof and
minimum for inclined roof-mounted PV. The net result is a reduced daytime Urban Heat
Island (UHI) for horizontal and inclined PV roof and increased nighttime UHI for the hor-
izontal PV roof as compared with the normal roof. The ratio between coincident AC demand
and PV production for the entire metropolitan region is further analyzed reaching 20% for
compact low rise and open low rise buildings due to adequate roof area but reaches almost
100% for compact high rise and compact midrise buildings class, respectively.
[DOI: 10.1115/1.4045347]
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1 Introduction
Due to concerns on environmental pollution on a global and soci-

etal level, there has been an urge to shift the fossil fuel and nuclear
energy generation to reliable and sustainable energy sources
installed at the location of the load. Among all the renewable
energy sources, solar energy is one of the most abundant and the
cleanest energy source [1]. To support the shift to sustainable gen-
eration, integrated urban and energy planning on every aspect of the
energy demand and integration of different systems has to be con-
sidered [2]. In addition to integrated planning, a recent study high-
lights that the built environment of the future would transform
buildings into resource assets-fully self-aware, adaptive and com-
municative with added market value [3]. Present and future build-
ings: residential, commercial, or industrial sectors can have
additional value if utilized through generation at specific location
and space. Direct solar energy conversion stemming from roof
areas will play a significant role in the context of sustainable gener-
ation by a mix of renewable energies [4]. As an example, the rele-
vance of the large availability of roof surface area for some northern
cities of Spain was found to have relatively high potential for solar

PV despite lower irradiance [5]. For other locations, it has been esti-
mated that the application of solar PV technology can provide about
two-thirds of the current electricity consumption in the city of Bar-
dejov in eastern Slovakia [6] with a population of 33,000. As an
additional example, the modern residential district of Scharnhauser
Park near Stuttgart/Germany, with a population of 7000 people, was
used to calculate the potential of photovoltaic (PV) energy and to
evaluate the ratio of “own consumption” defined as the ratio of
total electricity consumption by the energy produced. Ratio of
own consumption of 17% was estimated with the total yearly elec-
tricity consumption of 10,700 MW h [7]. The electricity potential
generated from the rooftop solar PV system in the Gangnam district
in Seoul, South Korea, can be enough to supply 303,496 households
(3724.5 kW h/year/household), almost 1.5 times more than the
households in the district (202,906 households) [8].
To determine the PV potential of larger spaces, tools have also

been developed to estimate the energy production and cost of
energy of grid-connected photovoltaic applications around the
world, e.g., PV Watts developed by the U.S. National Renewable
Energy Laboratory (NREL2) as a good example. However, these
tools are single building or site specific and do not consider urban
effects for large city applications. It is therefore important to
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incorporate urban morphology to consider the urban heterogeneity
that includes the radiation trapping and shadowing due to building
heights. Also, the role of PV installation on meeting and mitigating
energy demands, mitigating Urban Heat Islands (UHIs), and conse-
quently air pollution on a city-scale are important considerations to
take into account. We find that integration into the larger built envi-
ronment and the larger utility system is just as important as other
drivers such as solar resource and cost to the use of PV to
achieve energy sustainability and resilience goals. In hot, humid cli-
mates, the coincidence of cooling load with solar resource provides
a valuable opportunity for such integration of supply with demand.
Energy demand can be influenced by socioeconomic factors;

however, air conditioning (AC) demand is amplified in very
warm climates in the tropics or during extreme heat conditions in
temperate climates and here we seek to mitigate this demand in
order to reduce the stress on the electric grid and facilitate increas-
ing amounts of PV generation. The U.S. Department of Energy
(DOE) reports that energy consumption by heating ventilation
and air conditioning (HVAC) accounts for 63% and 36.7% of the
total electrical energy use for residential and commercial buildings,
respectively [9]. For the entire world, the building energy consump-
tion by HVAC in 2010 was 61% for residential and 40% for com-
mercial buildings [10]. Further, the energy consumption by HVAC
has been increasing due to economic growth and global climate
change. It has been estimated that energy demand for cooling
would increase by 15% over the 21st century [11], and summer
loads would increase by 10% for most U.S. buildings [12]. AC
demands peak during an extreme heat wave day and increases by
20% as compared with a normal day [13]. For the specific
context of tropical coastal locations, the extreme heat events were
studied for the Mesoamerican and Caribbean (MAC) region
defined as three consecutive days with daily maximum heat index
greater than the 97th percentile of the datasets [14,15]. In the
same study, it was reported that 144 extreme heat wave events
were recorded for entire Mesoamerican and Caribbean region out
of which 11 events were recorded for the city San Juan, Puerto
Rico for a period of 35 years (1980–2014) [14]. During an
extreme heat event, a high-pressure atmospheric system induced
southeasterly winds (as opposed to normal easterly winds) was
responsible for the recorded high summer temperatures, leading
to high rates of mortality related to heat stroke and cardiovascular
diseases as reported for San Juan during the summer of 2012
[16]. Also, the projection of the number of heat wave events per
year was estimated to be between 12 and 15 for the future climate
period of 2026–2045 for Puerto Rico [15]. Heat waves in general
would be occurring with a higher frequency and intensity in the
future, resulting in risks to the population and without air condition-
ing systems maybe at higher health risks under these conditions. For
the MAC region, a research agenda is proposed in order to better
understand and inform on appropriate mitigation and adaptation
efforts as a consequence of extreme events, to secure local infra-
structure and health of community residents [17]. It thus becomes
important to quantify energy demand requirements to maintain
human comfort level during these very warm conditions in tropical
coastal regions and to apply best mitigating strategies to reduce the
overall and peak cooling demands. Here, we explore different active
(building integrated PV systems) and passive (cool roof (CR)) tech-
nologies in order to mitigate peak demands with its added benefits
of power production at a city scale.
At least 40 GW of PV systems were installed globally in 2014, up

from 37 GW in 2013 setting a new record for the solar PV sector.
China, Japan, and USA were the three top markets in 2014. The
540 GW mark at a global level could be reached in 5 years’ time
(by 2019) [18]. The large sector of PV installation is seen in
utility-scale PV installation, accounting 57.0% and building-scale
PV accounting for 42% of the total market share in China [19].
As building-scale PV is gaining popularity because of the availabil-
ity of roof space and utility-cost savings, the importance of
geo-spatial information and 3D information, which could be
unique for each city, becomes necessary for the estimation of PV

potential for sites within urban areas. A recent development in the
estimation of PV potential in urban areas uses CityGML,3 which
describes 3D city and landscape model including geometry, seman-
tic, topology, and appearance. This model has been improved to
include PV simulations including shading of buildings in urban set-
tings [7]. However, the interaction between the urban climate and
the buildings as well as determining the ratio of demand to produc-
tion becomes essential for every urban environment and it is
missing from current analysis tools. To account for the interaction
between climate, buildings, and energy demand with PV mounted
roof, the use of non-hydrostatic version of the Weather Research
and Forecast (WRF). WRF [20] coupled to the multilayer building
energy (BEP+BEM) system [21] has been recently conducted for
the cities of Tucson and Phoenix in Arizona [22]. The results
demonstrate that the deployment of cool roofs and rooftop solar
photovoltaic panels reduce near-surface air temperature and
cooling energy demand at the scale of the metropolitan area. The
parameterization adopted here, to characterize solar photovoltaic
arrays in the multilayer BEM [22], is based on the scheme proposed
by Masson et al. [23] and assumes horizontal PV mounted roof with
reparameterizing of BEM including the balancing of sensible heat
flux through roof. However, the methodology proposed in the
present work considers horizontal PV roof (HPV) as well as tilted
rooftop PV and cool roof, modifying the roof surface temperature
as a consequence of the energy balance on roof under different con-
ditions. This study focuses on roof surface temperature for different
roof applications reporting on 2 m air temperature, AC demands,
and solar power production.
Different roofing properties and technologies influence roof

surface temperatures, which in turn affects the surface heat flux to
the built environment. As an example, the roof surface temperature
in Miami, FL is reported to reach 60 °C, 30 °C greater than air tem-
perature, for roof surface albedo of 0.3 [24]. Thus, the use of differ-
ent roof surface applications for city-scale deployment are effective
means of reducing air temperature and energy consumptions
[22,24–28]. For tropical conditions or summer seasons, cool
roofs, by virtue of increased roof albedo, absorb less incoming
shortwave radiation than dark roofs, thereby promoting a lower
roof temperature. As a result, cool roofs reduce heat transfer into
the urban environment and into the buildings, simultaneously
decreasing near-surface air temperature and cooling energy
demands. It has been recently reported that the cool roofs (albedo
0.85) and green roofs reduce the roof surface temperature by
almost 8–10 °C [29]. Short-term simulation shows that the urban
area is more efficient in partitioning surface energy balance when
green roofs are specified as opposed to including vegetation
inside the urban core [30]. However, the net positive effect of
green roofs still unknown as some recent reports indicate that
large-scale use has adverse impacts on the air quality due to
changes in the atmospheric stability [31]. On the other hand,
large-scale PV installations (on ground) have been shown to
increase UHI effects significantly, especially during nights for all
four seasons [32]; however, the effect on rooftop PV has been
shown to decrease the temperature and UHI effects [22,23].
However, for the South Coast Air Basin of California, it was
reported that rooftop PV have a net positive effect on the thermal
storage of the buildings, an effect enhancing the existing UHI by
up to 0.2 °C [33]. On building level studies carried for the city of
San Diego, CA, maximum roof temperature reached 60 °C for
normal roof (NR) (albedo 0.25) and 40 °C for tilted rooftop PV
with a cooling load reductions potential of 4.8 W/m2 (clear days)
to 1.6 W/m2 (under cloudy days) [34]. The observations and the
simulations showed that the air quality became worse after the
wind strength weakened and its direction disturbed due to strong
UHI; these are conditions that led a convergence zone persisting
over an urbanized area caused very high concentrations of pollut-
ants, thereby affecting hospital respiratory admissions counts

3https://www.opengeospatial.org/standards/citygml
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[35,36] and higher risk of human morbidity [37,38] due to heat
stroke. Documented examples of the relations between discomfort
index based on poor air quality and UHIs were reported for
several locations. In Dali district of Taiwan, it was found that
high UHI worsens the air quality, thus significantly increasing hos-
pital admissions [36]. In other studies, it was determined that
compact cities amplify the overall human discomfort by amplified
UHI placing the population at higher risk [39]. For the costal trop-
ical city of San Juan, Puerto Rico, it was recently reported that at an
increase in UHI by 1 °C increases the Human discomfort index by
5% [40]. In the context of the coastal tropical cities such as those in
the Caribbean, relevant science questions are how do the regional
warming climate and the local urbanization effects interact?;
how do these interactions change with different building roofing
technologies as mitigation options? and what may be the impacts
of these two variables in social value variables such as energy
and human comfort? The first question has been addressed by
other researchers such as Comarazamy et al. [41] and
Velazquez-Lozada et al. [42], reporting that urbanization has a
larger effect in the maximum surface temperatures while a changing
regional climate in the hydrological cycles. This study will focus on
the second and third question and study the comprehensive effect on
2 m air temperature, UHI, energy demands, and PV power potential
as mitigation option for urban settings of tropical coastal environ-
ments, an important consideration to capitalize on environmental
and energy sustainability stemming from roof areas.
As a case study, this study considers the San Juan Metropolitan

Area (SJMA) of the Island of Puerto Rico, as a representative of
tropical coastal urban environments. SJMA has a population of
over 1.25 million containing nearly one-third of the overall popula-
tion of the Island of Puerto Rico. The total coverage area for the city
is 575 km2 and electrical energy per capita is 282 kW h/year. The
case study of the city of San Juan, Puerto Rico is considered due
to the potential of this city to undergo rapid changes as part of
the transformation post Hurricane Maria.4 According to Puerto
Rico Integrated Resource Plan 2018–2019 report, the renewable
and alternative sources needs to increase by 20% by 2035 [43].
We thus investigate environmental and energy sustainability of

urban coastal tropical city utilizing different roofing technologies.
The changes in roof surface temperature for normal roof, horizontal
PV roof, tilted PV roof, and cool roof are utilized to investigate 2-m
air and roof temperatures along with energy demands. The radiation
parameters are further utilized to study the potential of PV power
output.
The structure of this contribution is as follows. Section 2 presents

the methods used describing the proposed energy balance for
normal flat roof, horizontal PV on the roof, and tilted rooftop PV.
Section 3 elaborates the results and highlights different cooling
load reduction potential for different roof applications, along with
PV power potential. Section 4 summarizes the main conclusions
and future works.

2 Methods
Energy balance is carried out for normal roof (Eq. (1)), horizontal

PV roof (Eq. (10)), and tilted PV roof (Eq. (12)). These conditions
are schematically represented in Figs. 1 and 2. For normal roof, the
heat flux from the roof surface is balanced by the incoming solar
radiation both shortwave and longwave and heat transfer by convec-
tion from the roof surface. The computed sol–air temperature
(Eq. (5)) of the normal roof is a function of albedo (α), incoming
solar radiation (I ), the heat transfer coefficient (hc and hr), the
ambient temperature (Ta), and the radiant temperature of sky (TR).
The roof surface temperature is computed from sol–air temperature
by utilizing Eq. (17).
The surface energy balance of a horizontal PV roof is given by

Eq. (10), where Epv is the power produced by PV panel. The tem-
perature of PV panel is assumed to be the surface temperature of
the horizontal PV roof given by Eq. (11). The sol–air temperature
in this case is dependent on ambient temperature and solar radiation,
which is converted to surface temperature utilizing Eq. (17).
Finally, the surface energy balance of the tilted PV roof assumes

that the radiation from the back of the PV panel is absorbed by the
roof along with the incoming longwave radiation from the sky
which is balanced by the outgoing radiation and convective heat
flux from the surface of tilted PV roof. The sol–air temperature in
this case is dependent on PV temperature, air temperature, the
heat transfer coefficients, and surface albedo. Each of the parame-
ters in the equations is defined in the nomenclature section. The
following equations are per unit collector area (m2) and per unit
time (s).
Surface energy balance over flat (normal) roof

arI + εskyσT
4
R − εsσT

4
s − hc(Ts − Ta) = −k

dTs
dx

(1)

hr = εσ(Ts + TR)(T
2
s + T2

R) ≅ 0.4hc when I > 0

≅ 0.3hc when I < 0 (2)

hc = 4Ua + 5.6 (3)

TR = 1.2Ta − 14

−k
dT
dx

= (hc + hr)(T
′
s − Ts) (4)

where T ′
s= sol–air temperature [44,45].

From Eqs. (1)–(4), the surface temperature of normal roof is

T ′
s = Ta +

αrI

h0
−
hr
h0

(14 − 0.2Ta) (5)

Energy balance over PV

(τa)PV I = Epv + UPV (TPV − Ta) (6)

EPV = [εR − μ(TPV − Tref )]I (7)

Fig. 1 Surface energy balance for normal roof, horizontal PV roof, and tilted PV roof

4The Puerto Rico state legislature adopted a bill that would set a 100% renewable
portfolio standard (RPS) by 2050 as part of a broader package of energy reforms
(https://www.utilitydive.com/news/puerto-rico-passes-100-renewable-energy-bill-as-it-
aims-for-storm-resilien/551303/)
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UPV = 24.1 + 2.9Ua (8)

From Eqs. (6)–(8), the surface temperature of PV panel is [46]

TPV =
UpvTa + I[(τα)PV − εR − μTref )]

Upv − μI
(9)

Surface energy balance over horizontal PV roof

(τa)PV I = Epv + (hc + hr)(Ts − Ta) − k
dTs
dx

(10)

T ′
s = Ta +

(τα)PV I
h0

−
Epv

h0
(11)

Surface energy balance over tilted PV roof

arI2 + εskyσT
4
R1 − εsσT

4
s − hc(Ts − Ta) = −k

dTs
dx

(12)

where I2 is the radiation from back of the tilted PV panel to roof and
is given by

I2 = (hc + hr)(TPV − Ta) (13)

hr = εσ(Ts + TR1)(T
2
s + T2

R1) ≅ 0.4hc when I2 > 0

≅ 0.3hc when I2 < 0 (14)

TR1 = 1.1Ta − 5 (15)

From Eqs. (4), (11)–(15), the surface temperature of tilted PV
roof is [44]

T ′
s = Ta +

arI2
h0

−
hr
h0

(5 − 0.1Ta) (16)

The final roof temperature for normal roof, horizontal PV roof,
and tilted PV roof are calculated using Eq. (17).

Ts = T ′
s −

Ur

h0
(T ′

s − Tref ) (17)

where Ur is the heat loss coefficient of roof

Tref = 24 ◦C, εR = 15% μ = 0.07% ◦C−1

αr= 0.85. For normal roof and 0.3 for cool roof [13] and Δx=
17 cm (from original BEP_BEM) [46], (τα)PV= 0.855, where k is
thermal conductivity used from Table 1 for each LCZs.
Ta, Ua, I are used from the WRF outputs.
To quantify the building energy demands on different roof appli-

cations, this study employs an urbanized version of WRF model
[20], a numerical weather prediction system developed by the
National Center for Atmospheric Research. The two urban
schemes used in this work are the building effect parameterizations
(BEPs) [47] and the building energy model (BEM) [48] that takes
into account the shadowing and radiation trapping effects within
urban canyons and computes heat fluxes between the indoor and
outdoor sides of each buildings accounting the presence of air con-
ditioning systems, windows equipment, and occupancy inside the
building’s room. It uses indoor heat fluxes based on an hourly
schedule to quantify the combination of these components to the
building energy budget. The surface temperature of roof in
BEP-BEM was modified to incorporate the proposed changes as
depicted by Eq. (5) (twice), (11), and (16) to represent normal
roof (average albedo of roof 0.15), cool roof (roof albedo 0.7), hor-
izontal PV roof, and tilted PV roof, respectively. Modification of
roof surface temperature on BEM due to different roofing applica-
tion with the energy balance on PV and roof is presented in Fig. 2.
To resolve the interaction between the land surface and the atmo-
sphere, the Noah land surface model [49] is used. The Noah land
surface model makes use of land use classes to determine
thermal, radiative, and hydrological properties of the land surface.
The modified urbanized WRF model is set up to run at a spatial

resolution of 1 km by 1 km over the SJMA, where the highest urban
density and variability in land cover and land use is found. Two
nested domains of decreasing grid spacing (5 km and 1 km) are
embedded in areas of interest with a 25 km resolution parent
domain as depicted by Fig. 3(a). The model was configured to
use the rapid radiative transfer modal for longwave radiation [50],
the Dudhia scheme for shortwave radiation [51], the Mellor–
Yamada–Janjic planetary boundary layer scheme [52], the Kain–
Fritsch cumulus parameterization [53], and the WSM6 microphys-
ics [54]. The urban morphology and topography for SJMA are rep-
resented by World Urban Database Access Portal Tool
(WUDAPT), LCZs as shown in Fig. 3(b) previously developed
by Pokhrel et al. [13]. Figure 3(b) also locates San Juan Interna-
tional Airport (SJIA) and indicates compact high rise (CHR) (1),
compact low rise (CLR) (2), and open low rise (OLR) (3) LCZs
in the region. It depicts that for SJMA, there is abundant compact
low rises with scattered compact high rises, and sparsely built
LCZs are dominant more at higher altitudes (altitude is represented

Fig. 2 BEP and modified BEM
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by yellow contours). Building heights of Fig. 3(c) show a more
homogeneous region with heights of 3–10 m with scattered build-
ings with more than 25 m heights. Initial and boundary conditions
used include six-hourly re-analysis with 250 km horizontal resolu-
tion, National Center for Environmental Prediction (NCEP-FNL)
model for a period of Sep. 29 to Oct. 8, 2014, which represents a
high temperature event in between, previously studied by Pokhrel
et al. [13,40].

The methodology used in this study involves computing the
roof temperature for all roof applications and modify this changes
in urban physics (BEP_BEPM) in urbanWRF. Heat diffusion equa-
tion is solved to compute the temperature in the roof layers in
original BEM [21]. However, at the inner most layer and outdoor
surface (roof surface), the temperature is defined by solving
surface energy budget equation in BEM to compute surface temper-
atures. Our formulation just changes the roof surface temperature

Table 1 Urban parameters used in WRF simulations

Parameters Units
Compact
H rise

Compact
M rise

Compact
L rise

Open
H rise

Open
L rise

Large
L rise

Sparsely
built

Urban fraction % 100 95 90 65 65 85 30
Roof heat capacity J/m3 K 1.95E6 2.4E6 2.219E6 1.95E6 2.219E6 2.4E6 8.916E6
Roof thermal conductivity W/m K 1.1538 0.937 0.649 1.1538 0.649 0.937 0.1615
Roof albedo % 13 18 15 13 13 18 13
Roof emissivity % 91 91 91 91 91 91 91
Roof width M 15 17.5 9 32 105 28.8 10
Ground heat capacity J/m3 K 3.84E6 4.14E6 4.425E6 4.88E6 5.07E6 4.20E6 5.833E6
Ground thermal conductivity W/m K 0.4004 0.4004 0.4004 0.4004 0.4004 0.4004 0.4004
Ground albedo % 15 15 16 17 18 16 19
Ground emissivity % 95 95 95 95 95 95 95
Wall heat capacity J/m3 K 1.698E6 4.266E6 3.945E6 2.5E6 3.94E6 2.4E6 15.8E6
Wall thermal conductivity W/m K 1.1538 0.937 0.649 1.1538 0.649 0.9375 0.1615
Wall albedo % 25 20 20 25 25 25 25
Wall emissivity % 90 90 90 90 90 90 90
Road width m 15 12.7 5.7 37.5 12.4 32.5 10
Building height m 25 17.5 6.5 25 6.5 6.5 6.5
Building area fraction % 50 40 40 20 20 20 16
Coefficient of performance of AC system 3 3 3 3 3 3 3
Target temperature of AC system K 297 297 297 297 297 297 298
Heat generated by equipment W/m2 36 30 25 20 15 36 10

Fig. 3 WRF domain configuration (a), WUDAPT LCZs (b), and building heights with elevation for SJMA (c)

Journal of Engineering for Sustainable Buildings and Cities FEBRUARY 2020, Vol. 1 / 011004-5

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/sustainablebuildings/article-pdf/1/1/011004/6447682/jesbc_1_1_011004.pdf by guest on 14 D

ecem
ber 2019



(at outer layer) by solving energy balance equation at the roof
surface. The modified version of BEP_BEM utilizes the energy bal-
ances over roof surface with empirical correlation for longwave and
convective flux with fixed temperature at the interior, i.e., Eqs.
(1)–(5) to formulate roof surface temperature. This modification is
done in order to evaluate the response to changes in 2 m air temper-
ature and AC demand for PV applications in roof as compared with
the normal roof. The effect of different roof applications is studied
for temperature and air conditioning demand for SJMA with
WUDAPT LCZs. Then, the radiation parameters, output of urban
weather research and forecast (uWRF), is further studied to find
the power production with PV installation on roof for both horizon-
tal and tilted PV. For this purpose, the isotropic diffuse model, for
the direct, diffuse, and ground reflectance components of solar radi-
ation on the tilted and horizontal surface (as shown in Eq. (18)) is
used.

I = Ibrb + Idrd + (Ib + Id)rr (18)

Equation (18) is used with Eq. (7) to give the PV power output both
for a horizontal surface and a tilted surface of 20 deg. Where I is the
radiation on a tilted and horizontal surface, Ib is direct, and Id is the
diffuse radiation. The radiation components of the beam (direct),
diffuse, and ground reflectance is given in Eq. (19)

rb =
sinδ sin (ϕ − β) + cos δ cos(ϕ − β) cos ω

sin δ sin ϕ + cos δ cos ϕ cos ω

rd =
1 + cos β

2
rr =

1 − cos β
2

(19)

The different urban parameters used in the WRF simulations are
presented in Table 1.

3 Results
3.1 Model Validation. The offline version of roof temperature

(Ts) is presented for different roof applications, namely, NR, hori-
zontal PV roof (HPV), tilted PV roof (TPV), and cool roof (CR) as
shown in Fig. 4 with an input from urban WRF variables. The roof
temperature is seen to be maximum for NR and HPV reaching as
high as 50 °C, whereas for tilted PV roof and cool roof the maximum
temperature reduces by 8–13 °C, respectively. The minimum tem-
perature however is the same for normal roof and cool roof,
whereas it is higher by 2–3 deg for HPV roof. The maximum roof
temperature for NR, HPV roof, and TPV roof is also measured to
be 60 °C, 58 °C, and 42 °C for a hot summer day in the city of San
Diego, CA [34]. In another study, on the similar day in the city of
Chicago, the maximum roof temperature for cool roof was measured
to be 40 °C [55], consistent with our results. The results of modified
version of BEP_BEMfor 2 mair temperature for different roof appli-
cation including the original version of BEP_BEM (without modifi-
cation) is compared with the observation from SJIA in Fig. 4(b). To
validate the simulated temperature (estimator) with the observation
(SJIA), linear regression was applied both for modified BEP_BEM
and original BEP_BEM including the residuals. Both models
appear tofit the datawell and the residuals appear to be randomly dis-
tributed around zero indicating that themodels describe the datawell.
Therefore, the graphical evaluation of the fits (of Fig. 4) does not
reveal any obvious differences between the two models. However,
the fits and residuals fail to capture the slight overestimation of
2 m air temperatures for some days for modified roof surface temper-
ature of BEP_BEM and are attributed to low wind speeds during
these days. For the purpose of this study, that is to evaluate the
response of PV applications of roof on 2 m air temperature and AC
demand difference, this assumption (changes in roof surface temper-
ature due to PV installation) is followed in all configurations in order
to create a consistency in the formulations. In previous studies,

Fig. 4 Roof temperatures and 2 m air temperature (a), modified urban WRF and SJIA and original WRF, 2 m-air temperature (b),
linear fit of modified WRF 2 m air temperature and SJIA temperature with its residuals (c), and linear fit of original WRF 2 m air
temperature and SJIA temperature with its residuals (d )
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temperature, humidity, wind speed, wind direction, and potential
temperature have been validated for the same input data. In addition
to the metrological variables, the air conditioning demand from
urbanWRF have also been comparedwith the utility records and val-
idated with Energy Plus™ software [13]. The global horizontal irra-
diance of WRF for dense urban settings of New York has recently
been validated with the observational records for clear, cloudy, and
overcast conditions [56]. We use the similar approach to compute
total radiation on horizontal and tilted surfaces.

3.2 Temperatures and Urban Heat Island. The UHI for San
Juan, Puerto Rico is studied to increase at a rate of 0.06 °C per year
and estimated to reach as high as 8 °C by 2050 [42]. In order to

understand the role of roof applications on UHI, a time series of
2-m air temperature for densely populated and sparsely populated
region (as delineated in Fig. 2(b)) is presented in Fig. 5 along
with spatial plots of maximum and minimum temperatures as repre-
sented in Fig. 6. For densely populated region, the maximum tem-
perature is simulated to be higher than 30 °C for NR and HPV roof
but less than 30 °C for sparsely populated region. The minimum
temperature for densely populated region is higher by 2 °C com-
pared with the sparsely populated region. Also, the minimum tem-
perature for densely populated region for HPV roof is simulated to
be 0.25 deg higher than NR during 8 a.m. LST. In other words,
HPV slightly reduces the daytime UHI, whereas it increases the
peak night time UHI. NR, HPV, TPV, and CR show maximum
2 m air temperature in the decreasing order, where TPV reduces it

Fig. 5 Average 2-m air temperature for densely and sparsely populated region for Sep. 29 to Oct. 8, 2014

Fig. 6 2 m-maximum temperature (14 LST) for NR, HPV, TPV, and CR, 2 m minimum temperature (6LST) for NR and the minimum
temperature difference for HPV-NR and TPV-NR
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by 2 °C and CR reduces it by 4–5 °C at compact low rise LCZs
compared with NR. The minimum temperature, however, for NR
is 26 °C, whereas the difference of minimum temperature for
HPV with NR indicates an increase in UHI by 0.5–0.75 °C. The
increase in night time UHI for HPV is due to the absence of radia-
tive cooling from HPV roof as compared with NR. There are,
however, no significant changes in night time UHI for TPV and CR.

3.3 Impacts on Air Conditioning Demand. The average total
air conditioning demand for each LCZ on a day for the entire SJMA
is shown in Table 2, for different roof applications. The W/m2 is per
horizontal grids and includes both built and non-built surfaces.
However, the sum of AC demand for each LCZs is multiplied by
building area fraction in order to compute the total AC demand of

Table 2, which has been previously used by Pokhrel et al. [13].
Compact high rise and compact low rise together represents more
than 85% of the total air conditioning demand for the region.
TPV and CR decreases the total demand by 4% and 12%, respec-
tively; however, HPV roof increases the demand by 3%. The
increase in AC demand for HPV roof is attributed to net increase
in UHI during night and morning hours. The peak AC demand
for normal roof follows the LCZs distribution, height of 20 W/m2

at compact high rise, 10–12 W/m2 at compact low rise, and
6–8 W/m2 at open low rise as presented in Fig. 7. In previous
studies [13], the total AC demand for the same time period is com-
pared with the utility data and it was found to be very comparable
with this study. We are collaborating with the Puerto Rico Power
Authority to share hourly data of electrical energy demand, which
will allow us to extract the AC hourly demand using well-known
methods for baseline loads [57].
Peak AC demand savings of 0.5–1 W/m2 is simulated for the

TPV and 1.5–2 W/m2 for CR, respectively, for compact low rise
LCZ. The peak demand savings potential for tilted PV and CR
for some location in the metropolitan area is equivalent to 8%
and 16%, respectively. However, the peak demand reduction poten-
tial for HPV roof is very insignificant and is not presented in Fig. 7.

3.4 Photovoltaic Power Potential. Radiation components are
the important parameters in estimating the PV power potential. The
output from urban WRF for shortwave direct normal (SWDDNI),
shortwave direct diffuse (SWDDIF), downward shortwave
(SWDOWN), and total radiation (as estimated utilizing Eqs. (17)
and (18) on tilted surface of 20 deg (Total I) is presented in
Fig. 8. For the entire simulation period, large cloud cover is

Table 2 AC demand per day for different LCZs and roof
applications

LCZ/roofs

AC demand GW h/day

NR HPV TPV CR

LCZ1 3.08 3.01 2.92 2.81
LCZ2 1.2 1 0.94 0.89
LCZ3 17.22 18.17 16.79 15.14
LCZ4 0.142 0.135 0.13 0.126
LCZ6 1.41 1.44 1.3 1.165
LCZ8 0.09 0.09 0.08 0.073
LCZ9 0.68 0.72 0.675 0.62
Total 23.822 24.565 22.835 20.824

Fig. 7 Peak AC demand (normal roof) and peak AC demand savings for normal roof-tilted PV roof and
normal roof-cool roof

Fig. 8 Radiation components for grid point closest to SJIA
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simulated during late morning and midafternoon hours. However,
for tilted surface, early morning and late afternoon hours are simu-
lated to have more incoming radiation than the horizontal surface.
Daily solar total radiation on a titled surface of 20 deg is 8.7%

more than the daily solar radiation on a horizontal surface for
SJMA for a day on the month of October as shown in Fig. 9. The
values of daily solar total radiation are comparable with those esti-
mated by open source tools such as PV Watts,5 which estimates
average daily solar radiation for SJMA for the month of October
for horizontal and 20 deg tilted surface to be equal to
5.25–5.88 kW h/day, respectively. However, the modeled results
are 5.75 and 6.25 kW h/day with an overestimation of 0.5 and
0.37 kW h/day for both horizontal and tilted surfaces, respectively.
Hourly average AC demand and PV power production for large

office represented as CHR, multifamily low rise apartment repre-
sented as CLR, and single family detached unit represented as
OLR for both HPV and TPV is shown in Fig. 10. The floor areas
for large office (CHR), multifamily low rise apartment (CLR),
and single family detached (OLR) unit are 41,549 ft2 (3860 m2),
10,404 ft2 (967 m2), and 3602 ft2 (335 m2) taken from US DOE ref-
erence buildings.6 For large office (Fig. 10(a)), hourly demand
peaks at 463 kW with daily AC demand reaches 6790 kW h/day
whereas productions are 2670 and 3032 kW h/day for horizontal
and tilted PV, respectively. For multifamily (Fig. 10(b)), the
hourly demand peaks at 31 kW with the daily demand as
467 kW h/day, whereas production is 667 and 744 kW h for HPV
and TPV, respectively. Demand and production for single family
detached unit (Fig. 10(c)) are 190, 250, and 260 kW h, respectively,
with a peak demand of 13 kW.
Figure 11 presents weekly AC demand for normal roof, HPV

roof, and TPV roof and available roof area for each LCZs in the

region of interest consisting entire SJMA. It is simulated that for
high rise and midrise, the demand is close to power production
given the small total roof area. However, for CLR and OLR, the
AC demand is 20–22% of the power production potential, indicat-
ing that 22% of the suitable roof area is enough to meet the total AC
demands for the CLR and OLR LCZs.

4 Conclusions and Future Studies
Our goal in this study is to investigate environmental and energy

sustainability of an urban coastal tropical city utilizing different
building integrated roofing technologies. Tropical coastal cities
are experiencing rapid energy growth due to economic development
and a rapid changing climate. This study utilizes the changes in roof
surface for normal roof, horizontal PV roof, tilted PV roof, and cool
roof to investigate 2-m air and roof temperatures along with AC
energy demands. The radiation parameters are further utilized to

Fig. 9 Spatial profile of daily solar total radiation on a horizontal and tilted surface for SJMA

Fig. 10 Hourly average AC demand and PV power from horizontal PV and titled PV for large hotel (a), multifamily low rise apart-
ment (b), and single family detached unit (c). For the entire simulation period of Sep. 30, 2014, to Oct. 7, 2014.

Fig. 11 Weekly AC demand in GW h, weekly power output from
horizontal PV and tilted PV in GW h with available roof area for
total CHR, compact midrise (CMR), CLR, OLR, large low rise
(LLR), and sparsely built (SB) LCZs

5https://pvwatts.nrel.gov/
6https://www.energy.gov/eere/buildings/commercial-reference-buildings
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study the PV power potential. A new methodology is presented that
represents the integration of solar PV technologies in buildings and
scale up to the whole city. The WUDAPT LCZs for the SJMA is
represented mostly by compact low rises, sparsely built and open
low rises with scattered areas of compact high rises. The case
study of the city of San Juan, Puerto Rico is considered due to
the potential of this city to undergo rapid changes as part of the
energy transformation post Hurricane Maria. The peak roof temper-
ature is seen to be maximum for NR and HPV reaching higher than
54 °C, whereas for tilted PV roof and cool roof the maximum tem-
perature reduces to 46 and 41 °C, respectively. As a result, the
reduction in peak AC demand is simulated to be 8% for tilted PV
roof and 16% for cool roof for some locations in SJMA. Horizontal
PV does not show significant changes in peak AC demand com-
pared with normal roof; however, the daily demand for HPV is
seen to increase by 3% and decrease by 4% and 10% for TPV
and CR, respectively. For the month of October 2014, the daily
total radiation on a tilted surface is 5.5–6.5 kWh/m2 for SJMA,
which is 6–10% higher than daily total radiation on a horizontal
surface. Finally, the ratio of AC demand to PV power production
for compact high rise and compact midrise LCZs is close to 1;
however, for compact low rise and open low rise, it is 0.2. The pro-
posed methodology of PV power potential and cooling load mitiga-
tion alternatives may have similar results in other tropical coastal
cities, although the magnitude would be different depending on
the size, form, and function of the urban coverage. Future studies
will be focused on utilizing both active and passive building inte-
grated technologies for mitigating heat during extreme conditions
for different climate change scenarios.

Nomenclature
I = total solar radiation
ar = abrobtivity of roof
hc = convective heat transfer coefficient
hr = radiative heat transfer coefficient

Epv = PV power production
Ib = beam or direct radiation
Id = diffuse radiation
Ta = ambient temperature

Troom = room temperature
Tref = reference temperature
Ts = surface temperature

TPV = temperature of PV panel
TR = radiant temperature of horizontal surface
TR1 = radiant temperature of tilted surface
Ua = wind speed
Upv = PV loss coefficient
Ur = heat loss coefficient of roof
Ts′ = sol–air temperature
β = tilt
δ = declination

Δx = roof thickness
ɛs = emissivity of surface

ɛsky = emissivity of sky
ɛR = reference module efficiency
μ = temperature coefficient
σ = Stefan Boltzmann constant

ταPV = transmitivity of glass and absorptivity of PV panel
ϕ = latitude
ω = hour angle

Acronym

LCZs = local climate zones
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