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1 Introduction
The International Energy Agency (IEA) declared the rapid
growth of electricity demand from building air conditioning (AC)
as one of the most critical and often overlooked energy issues of
our time [1]. The demand for cooling has recently grown to about
10% of total electricity globally. The IEA predicts that energy for
cooling of buildings will account for 30% of the total demand by
2050 without additional policy interventions beyond the 2015
United Nations Paris Agreement. A common factor for most tropical coastal cities, where AC demand can often exceed 50% on the
total energy budget [2], can be directly impacted by a changing
climate.
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In one of qualitative studies, Caribbean islanders described their
personal experiences and perceptions about climate change as
increased average temperatures, the severity of weather events,
and changes in rainfall patterns [3]. Caribbean sea surface temperature is observed to be increasing [4] and so is the extreme heatwave
events [5], which, in tropical and subtropical regions, will tend to
increase the peak energy demands for air conditioning putting
both the energy infrastructure and vulnerable population at high
health risks. The medium global CO2 emission scenario (representative concentration pathway (RCP) 4.5), which projects rising radiative forcing, reaching 4.5 W/m2 by the end-of-the-century, may
increase energy demand between 31 and 62.5% of the current
climate for the Caribbean region. This increase has been projected
to be a cooling peak energy demand of 8.15 GW for the Caribbean
as derived from a multi-model ensemble [6]. Analysis done with
higher resolution downscaling for New York city with “business
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Air conditioning (AC) demand has recently grown to about 10% of total electricity globally,
and the International Energy Agency (IEA) predicts that the cooling requirement for buildings globally increases by three-fold by 2050 without additional policy interventions. The
impacts of these increases for energy demand for human comfort are more pronounced
in tropical coastal areas due to the high temperatures and humidity and their limited
energy resources. One of those regions is the Caribbean, where building energy
demands often exceed 50% of the total electricity, and this demand is projected to increase
due to a warming climate. The interconnection between the built environment and the local
environment introduces the challenge to ﬁnd new approaches to explore future energy
demand changes and the role of mitigation measures to curb the increasing demands for
vulnerable tropical coastal cities due to climate change. This study presents mid-ofcentury and end-of-century cooling demand projections along with demand alleviation
measures for the San Juan Metropolitan Area in the Caribbean Island of Puerto Rico
using a high-resolution conﬁguration of the Weather Research and Forecasting (WRF)
model coupled with Building Energy Model (BEM) forced by bias-corrected Community
Earth Systems Model (CESM1) global simulations. The World Urban Database Access
Portal Tool (WUDAPT) Land Class Zones (LCZs) bridge the gap required by BEM for
their morphology and urban parameters. MODIS land covers land use is depicted for
all-natural classes. The baseline historical period of 2008–2012 is compared with
climate and energy projections in addition to energy mitigation options. Energy mitigation
options explored include the integration of solar power in buildings, the use of white roofs,
and high-efﬁciency heating, ventilation, and air conditioning (HVAC) systems. The impact
of climate change is simulated to increase minimum temperatures at the same rate as
maximum temperatures. However, the maximum temperatures are projected to rise by
1–1.5 °C and 2 °C for mid- and end-of-century, respectively, increasing peak AC demand
by 12.5% and 25%, correspondingly. However, the explored mitigation options surpass
both increases in temperature and AC demand. The AC demand reduction potential with
energy mitigation options for 2050 and 2100 decreases the need by 13% and 1.5% with
the historical periods. Overall, the demand reduction potential varies with LCZs showing
a high reduction potential for sparsely built (32%), and low for compact low rise (21%)
for the mid-of-century period compared with the same period without mitigation options.
[DOI: 10.1115/1.4051160]
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the integration of renewable energy resources by 100% by
2050 [29].
The evaluation of energy demands at larger urban scales has either
focused on the use of statistical [30,31] or process-based models
[32,33]. The absence of interaction between weather and building
is one of the limitations of these approaches and could amplify in
the context of changing climate. An approach to resolve this limitation is by coupling weather prediction to Building Energy Models
(BEMs) [7,34,35]. However, the computation cost and lack of
urban morphology and its corresponding parameters have limited
the studies to a few events or in cases to short periods (<1 season).
Here, we present the impacts of climate change and energy mitigation measures on 2-m air temperature and cooling energy demand
reduction potential for the dense population region of SJMA for an
extreme emission scenario for a multi-year period. The impact of
climate change is compared with historic periods (2008–2012) for
late rainfall seasons (LRSs) (August to November) of the San Juan
Metropolitan region of Puerto Rico for both mid (2048–2052) and
end centuries (2092–2096). Similar work has been reported for
New York City (NYC) where peak air conditioning demand is
expected to rise by 27% by end-of-century periods under the RCP
8.5 scenario [7]. However, the impacts of different energy mitigation
measures to combat extreme heat and peak air conditioning demand
become as important as the impacts of climate change alone. Also,
cities around the world are exploring cool roofs, solar PV, and
energy efﬁciency measures to reduce the carbon footprints as well
as improve grid resiliency. Besides, understanding of potential
energy demand reduction measures, which can serve as indispensable information for the end-users, the projection of energy
demand can also help to delineate areas (or regions) where high
reduction potential can occur and could serve as a guide for future
recommendations and policies. Recommendations for a combination of building-integrated energy mitigation measures such as
cool roof, higher coefﬁcient of performance (COP) HVAC
systems, and titled solar PV are based on past works done by
Pokhrel et al. 2020 [26,28] where each individual option was
assessed. Here, we assess the combination of all energy mitigation
options under long-term climate projections.

2 Methods
2.1 Simulation Setup. The ﬂowchart shown in Fig. 1
describes this study’s overall methodology. We use a highresolution conﬁguration of the Weather Research and Forecast
(WRF) model [36] coupled with a modiﬁed multi-layer urban
canopy and BEM parametrization as a tool to study changes in
building cooling demand under climate change conditions. The
bias-corrected runs of the Community Earth Systems Model
version 1 (CESM1) [37] datasets are used as initial and boundary
conditions. The regional-scale biases due to having coarse spatial
resolution and limited representation of some physical processes
are corrected in CESM1 with the bias correction method developed
by Skamarock et al. [36]. Their work adjusts CESM outputs by
combining a 25-year (1981–2005) mean annual cycle from
ERA-Interim reanalysis and a 6-hourly perturbation period representing the climate signal. The bias correction removes the mean
annual bias while retaining the day-to-day climate variability
from CESM as follows:
CESMBC = ERAI(mean) + CESM′
Regional modeling forced with bias-corrected CESM was shown
to improve results for the North Atlantic and the North America
[38]. Speciﬁcally, temperature over the Caribbean region showed
a decreased cold bias when all boundary condition variables were
corrected with reanalysis data. Sea surface temperature from biascorrected CESM is updated daily.
Since this study concerns peak energy demand for a tropical
coastal city, urban morphology (land cover land use (LCLU)) and
Transactions of the ASME

Downloaded from http://asmedigitalcollection.asme.org/sustainablebuildings/article-pdf/2/2/021004/6700530/jesbc_2_2_021004.pdf by guest on 05 October 2022

as usual” (RCP 8.5) scenario predicts a signiﬁcantly higher
maximum total peak cooling demand of 3.65 GW by the
end-of-century, an increase of 27.3% over the historical period of
2006–2010 [7]. Results on suburban Melbourne, Australia,
located in a temperate/oceanic climatic region in which more
energy currently are used to heat buildings rather than cooling,
are simulated to decrease the gas demand (mainly used for
heating) by 22% and increase in peak electricity demand (mainly
used for cooling) by 84.5% by the end-of-century. The study considers tripling the number of AC ownerships by the
end-of-21st-century [8]. Some of these studies concern particular
states or regions, and the impacts estimated depend crucially on
local conditions. A common question for planners, utility operators,
and energy service providers is the projection of additional generation capacity required to meet the future energy demands.
Consequently, policies and programs addressing mitigation are
rapidly growing in Latin America and the Caribbean [9,10]. The
United Nations Environmental Program (UNEP), through its Economic Commission for Latin America and the Caribbean studies
(ECLAC), has demonstrated that renewable energy sources would
play an essential role in these regions contributing to improving
the inhabitant’s quality of life. UNEP and the World Bank have
several projects dealing with mitigating climate change (by reducing energy consumptions) in regional areas, where the reduction
of total electricity demand by 31% can be achieved by only improving the efﬁciency of appliances and heating, ventilation, and air
conditioning (HVAC) equipment, and utilizing renewable energy
resources like solar and wind [9]. There has also been a great
deal of work on efﬁcient building design to reduce energy loads,
and the applications would differ based on speciﬁc geographic locations or the building sector [11]. High annual energy savings in
building levels can be achieved by passive design [12], better
thermal insulation [13], improved ventilation [14], improved efﬁciency of equipment and technology [2], increasing indoor
cooling set-points [15], use of white or green roofs [16] among
others. Aggressive policies aimed at upgrading only heating/
cooling systems and appliances could result in decreased electricity
use as low by 28%, potentially avoiding the installation of new generation capacity [17].
The integration of energy technologies should consider supporting the shift to sustainable generation for urban and optimum
energy planning [11]. A recent study highlights that the built environment of the future would transform buildings into resource
assets-fully self-aware, adaptive, and a two-way communication
with the electric grid (to optimize operating cost) that add market
value to the assets [18]. In addition to this, the stricter
de-carbonization regulation would open doors to innovative
designs and renewable energy integration in all building sectors.
The free space available on rooftops can be used with full potential
for energy services to achieve the de-carbonization goals and
increase the building value. For city-scale deployment, different
types of roof applications (cool roof, green roof, and photovoltaic
(PV) roof) on buildings have shown to reduce air temperatures
and energy consumptions [19–24]. One such means is rooftop PV
installations, which shows to decrease the temperature and urban
heat island (UHI) effects [19,25] especially reducing day time
UHI and peak energy demands [26]. It shows that a higher albedo
of a tilted PV shaded roof can act as a radiant barrier that reﬂects
thermal radiation from the roof surface [27]. Radiant barriers
have widely used to reduce radiant heat transfer from the roof to
building which recently has been promoted by US DOE and
Florida Solar Energy Center (FSEC).
In this work, we evaluate mitigation options (a combination of
cool roof, titled PV, and efﬁcient HVAC systems) based on the
recommendations for reducing peak demands (with a reduction
potential of 33%) from earlier studies by Pokhrel et al. [26,28]
for San Juan Metropolitan Area (SJMA) of Puerto Rico. This
study may also support public energy policy such as the Puerto
Rico Integrated Energy Resource Plan (IRP) which aims to
increase energy efﬁciency in the island by 25% by 2030, and

urban parameters (provided by a look-up table) become an essential
component in urban canopy models like building effect parameterization (BEP) and BEM, which provides momentum and energy
exchange with the atmosphere. For major US cities, National
Urban Database and Access Portal Tool (NUDAPT) [39] is typically used for deﬁning urban morphology and its corresponding
parameters in urban physics parameterization. Limitations of
NUDAPT classiﬁcation for Puerto Rico led us to use World
Urban Database Access Portal Tool (WUDAPT) Land Class
Zones (LCZs) [40]. For this work, we use the WUDAPT LCZs
for the SJMA of Puerto Rico, which has been validated with
LANDSAT 8 imagery for surface albedo by an earlier study [26].
The smallest domain of urbanized WRF was set up to run at a
ﬁner spatial resolution of 1 km over the eastern region of SJMA.
Two nested domains of 5 km and 25 km resolution parent domain
consist of a larger area to capture synoptic conditions consisting
of countries of Mesoamerican and the Caribbean region and the surrounding ocean. For planetary boundary level 50 vertical levels 35
of which are below 2 km height are used in the atmospheric component with a time-step of 45 s for the coarsest domain, and each
nested domain has three-time-steps per parent domain calculation.
The model parameterization used follows the past work done
[7,26] and is tabulated in Table 1.
2.2 Numerical Experiments. Peak 2-m-air temperature and
energy demands for Puerto Rico occur during the LRS covering
August to November. During LRS, both extreme temperature
events and peak energy demands exist for the entire island [49]. In
this study, simulations are evaluated only for ﬁve LRSs, from 2008
to 2012 (considered as historic or current), from 2048 to 2052 (considered as mid-century), and from 2092 to 2096 (considered as
Table 1 Model physics parameterizations used in WRF
simulations
Model physics
Land surface model
Cumulus
Microphysics
Urban canopy
Shortwave radiation
Longwave radiation
Planetary boundary
layer (PBL) scheme

Parameterization
NOAH LSM [41]
Kain–Fritsch (off in D03) [42]
WSM 6 [43]
BEP [44]
BEM [45]
Dudhia [46]
RRTM [47]
Mellor–Yamada–Janjic (MYJ) [48]

end-of-century) to capture LRS variability of current, mid-century,
and end-century period, respectively. We consider a worst-case projection based on RCPs [50] a “business as usual” (RCP 8.5) scenario,
which projects rising radiative forcing, reaching 8.5 W/m2 by the
end-of-the-century. The simulation covers two sets of experiments:
normal conditions and mitigation alternatives. The normal condition
represents normal roof conditions as in BEM, and mitigation alternatives covers building-integrated passive systems such as cool roof
(albedo changed to 70% for each LCZ from its normal value in the
urban parameterization look-up table; Table 3), and active systems
such as higher COP (for each LCZ is changed to 3.5 from 3, provided
in Table 3), and tilted solar PV in roofs (50% of roof area for
mid-of-century and 100% of roof area for end-of-century) based
on their reduction potential for the same region. The passive
building-integrated mitigation options considered here have been
previously studied [26]. For a roof with tilted PV, the approach
follows a recent study by Pokhrel et al. [26] where the building
roof temperature of BEM has been adjusted using modiﬁcations
based on the energy balance of roof including tilted PV. Table 2 presents both building parameters and AC input parameters used in
BEM for each LCZ. The input building parameters include details
of building properties, whereas AC parameters include loads from
people, equipment, and operational schedules. The key parameters
with their corresponding values used in this work are gathered
from different sources [26,28,39,51–53]. The impacts of individual
mitigation measures are discussed in detail in previous work by
Pokhrel et al. [26,28] for short-term periods; however for longer
periods, the impact of individual mitigation measures would
require expensive computation resources. For this reason, we
adapted the combination of the mitigation measures: cool roof, efﬁcient HVAC systems, and solar PV (tilted) to study its combined role
for long-term projections. Besides the combined reduction potential,
these mitigation measures are chosen based on the Puerto Rico
Energy Bureau report (IRP, PREPA 2019),1 where Puerto Rico
passed a public policy bill to increase efﬁciency measures by 40%
and installed renewable generation to 100% by 2050. All numerical
experiments assessed were based on static land surface morphology
similar to the reference period of 2008–2012, which consists of
WUDAPT LCZs for urban classes and MODIS LCLU for natural
classes. WRF region of interest with a two-way nesting domain is
plotting in Fig. 2 with a coarser domain at 25 km and a ﬁner
domain at 1 km resolution where the LCZs for urban classes and
MODIS LCLU are shown in Fig. 2 for the ﬁner domain of 1 km.

1

https://www.edf.org/media/puerto-ricos-irp
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Fig. 1 The overall methodology adopted in this study

Table 2 Daily electricity air conditioning demand (observed and simulated) for SJMA in GW-h for late rainfall seasons

Periods/LCZ
2010 (observed)
2010
2050
2050 + options
2100
2100 + options

Compact high
rise

Compact mid
rise

Compact low
rise

Open
low rise

Sparsely
built

Total

% change

1.393
1.530
1.234
1.681
1.361

0.450
0.501
0.400
0.556
0.446

7.850
8.824
6.798
9.907
7.717

0.624
0.717
0.541
0.819
0.627

0.500
0.574
0.433
0.655
0.501

8.960
10.815
12.145
9.405
13.617
10.652

N/A
12.298
−13.042
25.906
−1.520

Fig. 3 Kernel density estimates of (a) daily maximum temperature, (b) relative humidity, and (c) wind for historical simulation period (2008–2012) for every LRS for observations and WRF simulation

3 Results
3.1 Model Evaluation. Historical period simulations are evaluated against the San Juan International Airport (SJIA) station for
daily maximum temperature, relative humidity, and wind speed
(Fig. 3). Simulated results compared against Kernel density estimates (KDEs), an approximation of a dataset’s distribution. The
airport station reported a mean daily maximum of 27.6 °C with a
standard deviation of 3.59 °C. WRF simulations result, interpolated
using nearest neighbor, showed a mean daily maximum of 26.9 °C
(2.5% error) with 3.84 °C standard deviation (7% error). These
021004-4 / Vol. 2, MAY 2021

results are consistent with Ortiz et al. [7] for New York city,
which found less than 1% and 10% error on the mean of daily
maximum temperatures and standard deviation, respectively. Relative humidity, in general, is underestimated in the WRF simulation
for values less than 40% and higher than 80%. The bimodal nature
of the relative humidity is observed in the weather station at 73 and
82%. The bimodal nature is also captured in WRF simulation at 57
and 73%. Wind speed for both observation and simulation has a
mean of 4.8 m/s; however, the maximum wind speed is underestimated by the simulation for values higher than 8 m/s by 1–
1.5 m/s. The simulated maximum wind speed of 15 m/s compares
Transactions of the ASME
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Fig. 2 (a) WRF simulation domain and (b) WUDAPT + MODIS derived land use index inside
D03 with elevation contours. MODIS LCLU of 2, evergreen broadleaf forest; 8, woody savannas; 9, savannas; 10, grasslands; 12, croplands; 17, water and WUDAPT LCZs; 31, compact
high rise; 32, compact mid rise; 33, compact low rise; 34, open high rise; 36, open low rise;
38, large low rise; and 39, sparsely built. The black dot inside the circle in (b) represents
the location of SJIA.

with 23 m/s with observation. Overall, we consider this validation
of the simulated environmental variables reasonable acceptable
for the purpose of this study.

3.2 Spatial Temperature and Cooling Load Projections.
Peak temperature projections are presented as anomalies increase

or decrease over the historical period of 2008–2012 over the midand end-of-century (Fig. 4). The anomalies for 2050 and 2100
show an increase of peak temperature by 1–1.5 °C and 2.5 °C,
respectively, for the delineated San Juan Metropolitan region. The
increase in temperature is uniform for the urban region as well as
for natural land cover. The mitigation options adopted here reﬂect
maximum changes in the urban area representing cooling effects,

Fig. 5 Peak AC peak demand anomalies for mid-of-century (2050–2010) and end-of-century (2100–2010) without mitigation options and with mitigation options (2050+mitigation options-2010 and 2100+mitigation options-2010) as shown
in left panel. The right panel shows minimum AC demand anomalies accordingly.
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Fig. 4 Mean of peak temperature anomalies [Tmax(2050)−Tmax(2010)] for mid-of-century (2050) and end-of-century
[Tmax(2100)−Tmax(2010)] (2100) without mitigation options and with mitigation options (2050+mitigation options-2010)

whereas the non-urban locations show a similar increase as of 2050
and 2100. The cooling effects are lower than −0.5 °C for 2100 and
as high as −2 °C for 2050 in SJMA. The reduction potential of
maximum temperatures by 2050 is much higher than in 2100, as
expected. The results presented help understand the impacts of mitigation options under the warming climate of 2050 and 2100. For
2050 and 2100, the mitigation options reduce the urban temperature
by 2.5–3 °C as compared to without mitigation options for the same
period. The results show that the reduction potential is much higher
than the increase in both mid- and end-of-century temperatures.
Climate change impacts simulated to increase minimum temperatures (not shown) at the same rate as maximum temperatures;
however, the mitigation options proposed here have a small reduction potential as compared with peak temperatures.
The increase in maximum and minimum AC demands is presented
as anomalies with respect to the historical period (Fig. 5). The spatial
distribution of the increase of peak AC demand per municipality is an
essential metric for utilities as it is indispensable for the planning of
generation and transmission resources. Besides, the mitigation
options (a combination of cool roof, tilted PV, and higher COP
HVAC equipment) highlight the regions where maximum demand
reduction potential can be achieved. The peak AC demand increase
for 2050 and 2100 is 1.5 W/m2 and 3 W/m2, respectively, for San
Juan municipality, which represents an increase of peak demand
by 12.5% and 25%, respectively. The minimum anomalies simulated
present an increase by the same amount, however, have a much
higher reduction potential of 21% and 35% for 2050 and 2100,
respectively. For the mid- and end-century reduction potential, mitigation options are much higher by 3.5–4 W/m2, surpassing the
increase of 1.5–3 W/m2 for the same period as shown by
maximum anomalies (Fig. 5). Mid-of-a-century and end-of-century
mitigation options reduce the minimum AC demand by 1 W/m2.
Urban cooling reﬂected in 2050 with combined mitigation options
for peak AC demand anomalies of −3 W/m2; however, it reduces
to −1.5 W/m2 for 2100. The mitigation options for minimum AC
demand for 2050 and 2100 are not enough to meet the new increased
AC demand for the same period. The mitigation options, however,
show a cooling effect of reducing the peak AC demand by 2 W/m2
for peak demand, whereas the minimum AC demand reduces by
0.5–1 W/m2 as compared with the historical period.
3.3 Mean Maximum Temperature and Total AC Demand.
In addition to the spatial distributions of temperatures and peak
AC demands, the peak temperatures and peak AC demands projections for the entire metropolitan region are relevant indicators for
021004-6 / Vol. 2, MAY 2021

weather services and utility managers as they may serve for the
planning of mitigation and generation and transmission resources
for the future. Herein, we present probability density functions for
three climate periods with and without mitigation options (a combination of cool roof, tilted PV, and higher COP HVAC equipment)
(Fig. 6). Daily maximum temperatures (in °C) for the entire highdensity region in SJMA have mean values at 31.2, 32.2, and
33.2 °C for 2010, 2050, and 2100, whereas the mitigation options
reduce them to 31.0 and 31.8 °C for 2050 and 2100, respectively.
The mitigation measures reduce the maximum temperature threshold of extreme hot events of San Juan (where maximum daily temperature is between 30.1 and 35.0 °C, representing 86–99 percentile
and 32.2 °C threshold as 90 percentiles [47,54]) as shown in
Fig. 6(a). The tail of the peak AC demand (in GW) for the same
region with mean at 1.49, 1.61 (8% increase), and 1.72 (16%
increase) for 2010, 2050, and 2100, whereas the mitigation
options reduce it to 1.2 (decrease of 20%) and 1.295 GW (13%)
for 2050 and 2100 as compared with 2010. The reduction potential
for 2050 and 2100 as compared to without mitigation adaptation
decreases the peak by 25%.
The combination of mitigation options (cool roof, tilted PV, and
efﬁcient HVAC system) has a high reduction potential that varies
with each LCZ in the metropolitan region. The total daily demand
is compared with monthly observation records for the entire
island using data from the Puerto Rico Electric Power Authority2
for the historic period of the LRS covering the years of 2008–
2012. Electric energy per capital is ﬁrst calculated from the
record and is multiplied by total population of SJMA for 2010.3
It is assumed that most of the energy used in the residential and
commercial sectors is in air conditioning to maintain human
comfort in the buildings sector [55], a common factor for most tropical coastal cities, where air conditioning can often exceed 50% on
the total energy budget [2]. Thus, the total electricity consumption is
factored by 60% to account for electricity consumption by the air
conditioning system for SJMA. The resulting daily for the historic
period of 2010 (which is the average of daily demands for LRS for
2008–2012) is presented as observation in Table 2. The present-day
BEP + BEM scheme assumes that all spaces inside the buildings
undergo air conditioning, but it is a fact that some indoor spaces
are not cooled and some buildings are not even equipped with
AC systems. To represent this reality, the building area fraction
as a function of LCZ classes is thus introduced which is a

2

https://aeepr.com/en-us
https://www.census.gov/

3
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Fig. 6 Probability density function (PDF) of (a) mean daily maximum temperature and (b) mean peak AC demand for densely
packed region of SJMA

4 Conclusions and Future Work
Tropical coastal cities are at higher risks of increasing temperatures due to global warming for the compounded effects of an
uncomfortable environment and increases in building energy
demands to mitigate warmer and humid conditions. The Caribbean
is one of those regions where building energy demands often exceed
50% of the total electricity demand and is projected to increase due
to the warming climate. In this study, we project future energy
demand changes and the role of mitigation measures to curb the
increases in energy demands for vulnerable tropical coastal cities
due to climate change. This study presents mid-of-century and
end-of-century cooling demand projections along with demand alleviation measures for the case of the San Juan Metropolitan Area of
Puerto Rico using a high-resolution conﬁguration of the Weather
Research and Forecasting model coupled with BEM. Increases of
maximum temperatures are projected to rise by1–1.5 °C and 2 °C
for mid- and end-of-century, respectively, consequently increasing
peak AC demand by 12.5 and 25%, respectively. Mitigation options
explored considered a combination of cool roof, higher COP for
AC, and use of building-integrated solar PV panels, surpasses
both increases in temperature and AC demand. The AC demand
reduction potential with mitigation options for 2050 and 2100
decreases peak demand by 13% (1.41 GW) and 1.5% (0.163 GW)
from the historical periods (of about 10.815 GW). The demand
reduction potential varies with LCZs showing high reduction potential for the sparsely built region (32%) and low for compact, low rise
(21%) for a mid-of-century period as compared with the same
period without mitigation options. Also, the daily maximum temperatures (in °C) for the high-density region of SJMA have mean
at 31.2, 32.2, and 33.2 for 2010, 2050, and 2100, whereas the mitigation options reduce it to 31.0 and 31.8 for 2050 and 2100,

respectively. For 2050 and 2100, the mitigation options reduce
the urban temperature by 2.5–3.0 °C as compared with without mitigation options. The projection of peak and total cooling demand
may be similar for other tropical coastal cities, although the magnitude would be different depending on the size, form, and function of
the urban coverage.
We outline some limitations of the study and possible areas for
future improvements. The proposed mitigation options reduce
peak temperatures and AC demands; however, the increase of AC
ownership may also depend on the rise of warmer mean temperatures [60]. BEM outputs take into account 100% AC ownership
for each LCZ. Our assumption of 50% AC ownership could be
improved with actual data from the local utility. Other limitations
like assumptions of historic LCLU for future periods used in
BEM could be improved by building different scenarios of LCLU
changes and following recommendations from public urban planners. Also, it is reported that the COP of AC systems decreases
by 2.5–4.5% with a rise of 4 °C temperature difference between
conditioned space and outdoors [61] which could lower the peak
COP 9–10% for Caribbean regions and that the COP depends on
the part load of the conditioned space. The uses of BEM for a constant COP are a limitation of BEM, and future work will be focused
on modiﬁed BEM that accounts for dynamic COP of buildings in
order to improve the results. Most of these limitations could be
addressed by reliable observation records both for building parameters and AC parameters used in BEM. Also, a strong correlation
was observed between minimum temperatures and AC demand
[47]. Future works can rely on studying the relationship of AC ownership with mean and minimum temperatures and proposing means
to reduce the demands for these conditions. Future studies should
may also emphasize impacts on vulnerable populations to warmer
urban environments. We hope this study serves as a template and
encourages similar studies in other coastal tropical cities to plan mitigation measures for a warming climate.
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product of building area fraction and conditioned fraction. For
compact high rise, compact midrise, compact low rise, open low
rise, and sparsely built region, the building area fraction is tabulated
in Table 3, whereas the conditioned fraction of 0.5 for all urban
LCZs is used. These products are then used for every grid cells
(1 km by 1 km2) in SJMA to compute the total electrical AC
demands. These methods are consistent with a total conditioned
fraction of 50%, close to previous studies for example, 60% for
Tokyo [56] and Madrid [57] and 65% for Phoenix [58] and 50–
60% for urban classes of Xu et al. [59]. The summary of mean
daily AC demand for each LCZ for the entire densely packed
region of SJMA (Table 2) shows the increase of AC demand by
12.3% and 26% for mid-of-century and end-of-century as compared
with 2010. The demand increase varies with LCZs. For example,
the increase in demand for LCZ39 (sparsely built) for 2100 as compared with 2010 is 32%, whereas, for LCZ31, the increase is 21%.
The reduction potential with and without adaptation of mitigation
options for 2100 for the same LCZs is 24% and 19%, respectively.
The difference in demand and reduction potential with mitigation
adaptation can serve as an asset for the utility company and
energy providers to delineate areas where high reduction potential
occurs. There is a 20% over estimation for daily electric AC
demand for simulation as compared with the observed utility
record for current climate (2010), as tabulated in Table 2. This is
mainly due to the assumption of 100% AC ownership at SJMA.

Input parameters for BEM-building parameters
Parameters
Urban fraction
Roof heat capacity
Roof thermal conductivity
Roof albedo
Roof emissivity
Roof width
Ground heat capacity
Ground thermal conductivity
Ground albedo
Ground emissivity
Wall heat capacity
Wall thermal conductivity
Wall albedo
Wall emissivity
Road width
Building height
Building area fraction

Units

Compact H rise

Compact M rise

Compact L rise

Open H rise

Open L rise

Large L rise

Sparsely built

%
J/(m3 K)
W/(m K)
%
%
M
J/(m3 K)
W/(m K)
%
%
J/(m3 K)
W/(m K)
%
%
M
M
%

100
1.95 × 106
1.1538
13 & 70
91
15
3.84 × 106
0.4004
15
95
1.698 × 106
1.1538
25
90
15
25
50

95
2.4 × 106
0.937
18 & 70
91
17.5
4.14 × 106
0.4004
15
95
4.266 × 106
0.937
20
90
12.7
17.5
40

90
2.219 × 106
0.649
15 & 70
91
9
4.425 × 106
0.4004
16
95
3.945 × 106
0.649
20
90
5.7
6.5
40

65
1.95 × 106
1.1538
13 & 70
91
32
4.88 × 106
0.4004
17
95
2.5 × 106
1.1538
25
90
37.5
25
20

65
2.219 × 106
0.649
13 & 70
91
105
5.07 × 106
0.4004
18
95
3.94 × 106
0.649
25
90
12.4
6.5
20

85
2.4 × 106
0.937
18 & 70
91
28.8
4.20 × 106
0.4004
16
95
2.4 × 106
0.9375
25
90
32.5
6.5
20

30
8.916 × 106
0.1615
13 & 70
91
10
5.833 × 106
0.4004
19
95
15.8 × 106
0.1615
25
90
10
6.5
16

Input parameters for BEM AC systems

Transactions of the ASME

COP of AC system
Target indoor temperature
Comfort range of indoor temperature
Target indoor humidity
Comfort range of indoor humidity
Occupants per ﬂoor
Initial and end times of AC systems
Peak heat generated by equipment
Diurnal proﬁle of heat generated by equipment (1–24 h)

K
K
kg/kg
kg/kg
People/m2
h
W/m2

3 & 3.5
3 & 3.5
3 & 3.5
3 & 3.5
3 & 3.5
3 & 3.5
297
297
297
297
297
297
2
2
2
2
2
2
0.01
0.01
0.01
0.01
0.01
0.01
0.002
0.002
0.002
0.002
0.002
0.002
0.02
0.01
0.0032
0.0032
0.001
0.01
1–24
1–24
1–24
1–24
1–24
1–24
36
30
25
20
15
36
0.25, 0.25, 0.25, 0.25, 0.25, 0.25, 0.25, 0.5, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 0.5, 0.15, 0.25, 0.25, 0.25, 0.25

3 & 3.5
298
2
0.01
0.002
0.00043
1–24
10
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Table 3 Urban parameters used in urban WRF simulation
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