CQ OPEN aAccsss ARTICLE

Mitigating the vicious cycle between urban heatwaves and building
energy systems in Guangdong—Hong Kong—Macao Greater Bay Area

Zhenwei Zhang,"** Hongxun Hui,*** and Yonghua Song'**

*Correspondence: hongxunhui@um.edu.mo

Received: October 14, 2024; Accepted: January 13, 2025; Published Online: April 4, 2025; https://doi.org/10.59717/].xinn-energy.2025.100080
© 2025 The Author(s). This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).

GRAPHICAL ABSTRACT

Building
9 energy
g / N

/
Air Vici Urban
conditioner e x/ 1C10US canopy

‘ cycle .
N A y layer

< .

PN y

Urban

@O  surface
layer /
v

@ Waste heat flux
© Convective heat flux
© Conductive heat flux air conditioners

@ Coefficient of performance decrease

© Electricity consumption increase (Greenfield evaporation

Waster heat from

(Anthropogenic heat from vehicles

PUBLIC SUMMARY

= The vicious cycle between urban heatwaves and growing cooling demand is already widespread in Guangdong-Hong
Kong-Macao Greater Bay Area.

= A joint model coupled with urban microclimate, building energy system, and cooling equipment efficiency are
proposed to quantitatively analysis the consequences of vicious cycle.

= A paradigm for addressing vicious cycle from building energy perspective is proposed by rationalizing building pre-
cooling and utilizing building virtual storage capabilities.
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Urban heatwaves, existing in building neighborhoods, are harsh microcli-
mate phenomena caused by human activities. With global warming and
urbanization, exacerbated urban heatwaves are increasing energy-supply
burdens and operational risks for building energy systems. At this point, a
typical vicious cycle exists among urban microclimate, building energy
systems, and cooling equipment, especially in high-density building blocks.
Thereby, we propose a joint optimization model to quantify this vicious
cycle by combining the urban canopy layer model, urban surface layer
model, building energy model, and cooling equipment efficient model.
Furthermore, optimal building energy system operation strategies are
provided to mitigate the vicious cycle, by utilizing building thermal inertia
and arranged building pre-cooling. Case studies are implemented in three
typical cities in the Guangdong-Hong Kong-Macao Greater Bay Area in
China, including Macao with high population density, Kowloon in Hong
Kong with high-rise buildings, and Nanshan in Shenzhen with high-density
urban villages. The results demonstrate that the vicious cycle raises urban
canopy temperature by 0.97-2.09°C, which correspondingly increases
building cooling energy consumption by 1.6-8.4 W/m? By mitigating this
vicious cycle based on the proposed optimization model, the energy-saving
potential of building blocks can reach 11.2%, 13.4%, and 12.3%, and save
1116.5 MWh, 1724.71 MWh, and 823.23 MWh in the three typical areas,
respectively.

INTRODUCTION

In the past few years, numerous countries, such as France, Greece, ltaly,
Spain, China, et al, have consistently witnessed the breaking of maximum
temperature records."” Notably, on July 16, 2023, meteorological measure-
ment stations in the Xinjiang region of China recorded an unprecedented
temperature of 52.2°C.° Persistent overheating results in urban heatwaves
that continue to erode physical well-being and societal functioning.” To
combat urban heatwaves, building sectors have been compelled to turn down
operational cooling temperatures and install additional space-cooling equip-
ment. From 1990 to 2016, energy for space cooling is more than tripling,
growing faster than for any other end use in buildings.” It is expected that the
global average cooling energy needs of residential and commercial buildings
will increase by 750% and 275% in 2050, respectively.” With escalating global
warming, energy-efficient, sustainable, and regulated operation of cooling
systems requires immediate attention.

Recently, extensive research has been carried out in physical modeling,
control regulation, and optimal dispatching of cooling systems. The Equiva-
lent Thermal Parameter Model (ETP) is widely employed for describing
dynamic heat transfer processes’ and establishing the numerical relation-
ship between cooling demand and ambient parameters.” Besides, consider-
ing the uncertainties of external weather conditions and indoor anthro-
pogenic heat, model-driven distributional robust optimization” as well as data-
driven reinforcement learning approaches'” are proposed to modify the ETP
inputs and outputs. Furthermore, by utilizing the building's thermal inertia and
user-adjustable comfort zone, cooling systems achieve virtual energy stor-
age capability, meaning that brief power adjustments cause no effect on
cooling demand. This capability supports cooling systems participation in
demand response to realize energy-saving,'' renewable energy accommoda-

tion,'” and peak-valley regulation.'® However, most existing research depends
heavily on meteorological forecasts or observations from weather stations as
external inputs. The reality is that the micro-scale meteorological conditions
surrounding buildings play a crucial role in determining the performance of
cooling systems. Moreover, most research simplifies the energy conversion
process between electricity and cooling based on the fixed coefficiency of
performance (COP). The reality is that excessively high operating tempera-
tures of condensing units will seriously reduce COP or even stop cooling.

In urban centers, the air temperature of building blocks is generally higher
than that in the surrounding rural hinterland, a typical urban microclimate
phenomenon known as ‘urban heat island (UHI)."“'® As urbanization
advances, urban microclimate is getting more serious and exhibits a strong
correlation with urban form, building geometry, land use, and human activi-
ties.'® Over the past decade, the urban heat island effect has become
increasingly dramatic with the global urbanization process, resulting from
massive anthropogenic heat emissions, less vegetation evaporation, heat
absorption, and retainment in hard surfaces, wind resistance, and solar radia-
tion reflected by dense tall buildings.'”* In Athens, the mean heat island
intensity (HII) exceeds 10°C, but in the very central Athens area, the heat
island intensity may reach 15°C.”' For now, UHI is further exacerbated by
global climate change leading to more frequent and extreme heatwaves,
which have been documented in more than 400 major cities around the
world.

Excessive urban microscale temperatures contribute directly to the energy
consumption of the cooling system. The cooling electricity demand and aver-
age cooling penalty induced by UHI markedly increased by up to 40%” and
2.3 kWh/m?/y/°C,* respectively. Regrettably, not only is the cooling demand
in urban areas constantly rising due to the exacerbation of UHI but there is
also substantial evidence indicating that the anthropogenic waste heat
generated by air conditioners (ACs) has emerged as a significant contributor
to the intensification of UHIL**** During a heat wave, air conditioners from
urban buildings can add 20% of heat to the outside air, compared to regular
summer weather.”® In some typical cities, the waste heat emitted by air
conditioners has increased the UHI intensity by more than 2°C.”’ In Phoenix,
United States, and Madrid, Spain, the 2m temperature rises by 1.75°C* and
1.5°C to 2°C,” respectively. In Wuhan, China, the outdoor air temperature has
quantitatively been determined to rise by 2.5°C as a result of using air condi-
tioners.” Hence, there has been a clear vicious cycle between urban microcli-
mate and building cooling demand, where rising ambient temperatures cause
cooling equipment to overload, and the resulting waste heat further exacer-
bates the UHI around the building. With global warming and urbanization,
quantifying and mitigating the above vicious cycle will become the key issue
for building energy-saving and urban environmental governance.

Relying on meteorological tools and historical statistics, the relationship
between cooling energy consumption and microclimate conditions can be
quantitatively described and the existence of the vicious cycle described
above can be further verified. A numerical simulation system®' is proposed to
evaluate the impact of anthropogenic heat fluxes on urban boundary layer
climate. However, satellite and weather station measurements tend to under-
estimate the real temperature around buildings. Moreover, meteorological
simulations have large spatial scales and cannot reveal the detailed
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Figure 1. The joint model framework consists of urban microclimate model & building energy system model, and the interaction between microclimate and cooling equip-

ment.

processes of microclimate interactions with buildings in the neighborhood.
Urban canopy parameterizations are first taken into account inside a
mesoscale meteorological model, coupling a one-dimensional urban canopy
model and building energy model.*> Meanwhile, it has further been extended
to analyze the feedback mechanism on how the waste heat affects the heat
balance in the urban canopy layer.** Bueno et al,* consider that operational
weather stations are usually located in open areas, without nearby obstruc-
tions, and outside the city. They propose an urban weather generator to
calculate urban air temperatures using meteorological information measured
at an operational weather station.”” The above-mentioned studies provide
numerical analysis closer to reality for microclimate simulation and building
energy consumption prediction in urban neighborhoods. However, mitigating
the vicious cycle that occurs between microclimate and cooling systems
remains a key challenge. Some researchers have suggested increasing vege-
tation area and spreading out buildings to mitigate UHI,**** which is inappro-
priate for urban centers with dense building clusters and would be costly to
retrofit old urban areas.

Based on the above analysis, there is an obvious vicious cycle between
urban microclimate and building energy systems, especially in high-density
building blocks. Refined modeling methods and optimal operation strategies
are urgently needed to mitigate this vicious cycle. The major contributions of
this paper are threefold:

(1) A refined thermal model integrating the urban canopy layer model,
urban surface layer model, building energy model, and cooling equipment
efficiency model is proposed to quantitatively calculate the vicious cycle
between urban microclimate and building energy system. The building's
surrounding temperature distribution and dynamic energy demand can be
efficiently calculated.

(2) To mitigate the vicious cycle, a joint optimization strategy is proposed
considering the building's thermal inertia and user-adjustable comfort zone.
By pre-cooling before urban temperature rises and COP drops, it can effec-
tively avoid large amounts of waste heat emissions in periods of severe
vicious cycles.

(8) The typical cities in the Greater Bay Area that experience high tempera-
tures are selected to validate the proposed interactive model. Realistic simu-
lation cases are built based on weather station data, building data, GIS, and
historical energy consumption data. The proposed optimization strategies are
demonstrated to be effective in mitigating urban heatwaves and reducing

energy consumption in multiple building blocks.

METHODS
Urban microclimate model

To establish the numerical relationship between the building energy
system and the surrounding microclimate conditions, we applied a validated
urban thermal model,”*" consisting of urban boundary layer model, urban
canopy layer model, and urban surface layer model as shown in Figure TA.
The data of the urban boundary layer is from geostationary operational envi-
ronmental satellite (data from National Weather Science Data Centre™),
which is the initial condition and upper boundary of the canopy layer.

The urban canopy layer, which is the area above ground level up to 1.5
times the height of the building, directly interacts with the building energy
system.* In microscale meteorological models (below Tkm in diameter),
the temperature distribution in the urban canopy layer is influenced by the
type of underlying surface, which affects the transfer and accumulation of
heat flux around the building. To simulate the approximate microclimate
conditions of buildings at different locations, we horizontally divide the urban
canopy into different building blocks based on the density, height, and type of
buildings (data from the Institute of Geographic Sciences and Natural
Resources Research, CAS)” and the green space distribution (data from
OpenStreetMap).*' For each building block, the urban canopy layer absorbs
and accumulates both natural and anthropogenic heat sources, and trans-
fers heat flux with the urban boundary layer and surface layer, described as:

CIGR.UC
dt
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where 8, and 8,., are the temperature of urban canopy layer and surface
layer in block R, respectively; 8, is the temperature of urban boundary layer;
6., is the indoor temperature of building k ; p and ¢, are the density and
specific heat capacity of air, respectively; V.. is the control volume of urban
canopy layer; A,, is the plan area of urban canopy layer in block R, including
the sum of the areas of roof surfaces A, , artificial ground surfaces A, , and
vegetated surfaces A, ; A, is the total area of wall in block R; g, is the
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The temperature distribution in July of Macau

Figure 2. Climate change, energy consumption and
building characteristics of Macao.

w
w
T

w w
- N
T
ek

N N w
[ee] O o
¥
i
o]

Temperature (°C)

N N
[=)) ~
T
1
T

N
4]

2016 2018 2020

Year

2012 2014

8)

Electricity consumption in Macau (GWh)

234.0 389.2 466.8 544.4
Dec
Nov
Oct
Sep|
Aug
Jul
Jun
May}
Apr
Mar
Fer|

Jan

311.6 622.0

Month

Buildings in Macau Peninsula and Taipa island

B1aLClB17
‘B13!r&;\~‘%‘

between the upper surface and the depth
having a constant temperature. For each
building block, solar radiation is the primary
heat source in the urban surface layer.
However, due to the heat storage properties of
artificial surfaces, the wind resistance of high-
density buildings, and the lack of green
spaces, the accumulated heat in the urban
surface layer cannot be effectively diffused,
resulting in a continuous temperature rise. The
heat transfer process among the urban
surface layer, the urban canopy, and buildings
is described in (6):
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where Y p.c:AXgq A, is the sum of the thermal
mass of the wall and other surfaces; B, is
albedo in block R; I, is the solar radiation
intensity; k., and kj, are the conductivities of
vegetated and man-made surfaces, respec-

2016 2018 2020

Year

2012 2014

airflow rate from urban boundary layer in block R, described in (2);** q,.. is

the ventilation rate from indoor of building k, described in (3); E,,, is the
anthropogenic heat density in block R, which is calculated based on popula-
tion density;” Q,,.«. IS the total waste heat of air conditioner estimated to
block R, described in (4); h,., is the convective heat transfer coefficient
between the external surface and the urban air in block R, described in (5).”°

The equation (1) shows the heat flux balance in the urban canopy layer.
The remaining terms on the right-hand side represent the convective heat
flux from the urban boundary layer, the waste heat flux of air conditioners, the
convective heat flux from building indoors, the anthropogenic heat flux, and
the convective heat flux from the external surface. The parameters calcula-
tion process is as follows:

Qruvr = [(LR - XO.R) LR] (1 - Ap R) UE.R (2)
Qisp = ACHq x Agr X Hy (3)
Qe = Y, (14 COP)P,. 4)

keR
Rae = 5.7 +3.8Usx (5)

where L, is the averaging length scale; x,, is the length scale of order; A, , is
building plan area density; U, is the mean wind speed; ACHj, is the air
change time; A, is the lateral area of heat exchange between the control
volume and its surroundings; H, is the average building height; COP, is the
coefficient of performance of air conditioner of building k; P,.. is the electric-
ity power of air conditioner of building k.

The urban surface layer, which is an approximate calculation of the aver-
age temperature of all surfaces, includes the urban underlay, building walls,
and roof surfaces. The control volume of the surface layer refers to the depth

tively; 8,,,, and 8,,,, are the vegetated and
man-made subsurface temperatures at effec-

tive depth Ax, respectively; H,, and H,, are the heat transfer coefficient of
roof and wall of building k, respectively; g,,, and g, are the evapotranspira-
tion heat flux and long-wave radiation heat flux to the sky, respectively. The
remaining terms on the right-hand side represent solar insolation, the
convective heat flux of vegetated and man-made ground surfaces, the
convective heat flux of urban canopy layer air, the convective heat flux of
building internal air, the evapotranspiration heat flux, and long-wave radiation
heat flux to the sky.

Building energy system model
Building thermal model illustrates the estimated process through which the
indoor temperature varies with the surrounding microclimate conditions, the
internal anthropogenic heat and cooling capacity of air conditioners, as
depicted in Figure 1B and described in (7):
pcpvk:s% =
+0C,Gris(Brie — Brs) + ArAcols
+E o Nf,A., —COP,-P,,.
ke, ,Rey,.

(HiwAew +Hi A (Brs — Bis)

)

where V, is the control volume of building k; a, is the solar transmittance;
A is the total area of a window of building k; E,., is the internal anthro-
pogenic intensity of building k; Nf, is the number of building stories. The
remaining terms on the right-hand side represent the convective heat flux
from the roof surface and wall surface, the ventilated heat flux from air
change required, the transmission of the solar insolation through the window,
the internal heat generation from the equipment and occupants, and cool
generation from air conditioners.

The cooling equipment efficiency model illustrates the effect of microcli-
mate conditions on the operational efficiency of cooling equipment, depicted
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Maximum urban canopy temperature in blocks of Macau Peninsula and Taipa island
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Figure 3. The vicious cycle impact in Macao.

in detail in Figure 1. We conducted tests on two different brands of air condi-
tioners at various ambient temperatures to evaluate their performance.
Based on the collected data, we derived an approximate numerical relation-
ship between the coefficient of performance of the air conditioner and the
ambient temperature, described in (8):

cop 3.6, if 6,,, < 35°C @
“71-0.01076° ,+0.79018,,,— 11.0058, if6,,, > 35°C

surt

The optimization model is proposed to arrange air conditioner operation
schemes to achieve vicious cycle mitigation and energy saving. For each
building block, the objective function is to minimize power consumption, as
described in (9).

minF, = Z Z PyaciAt

ey kewpk

©)

Besides, the optimization model needs to satisfy the above constraints in
(1,2,3,4,5,6,7,8),in addition to the operating capacity constraints of the air
conditioner and the user's adjustable comfort constraints, described in (10,
11,12):

P;:;nc < Pka@»f < Pkm:27Vk € WR.M\v/t € Y, (1 O)
~DRise < Praor = Prsert <URia, Yk € Vi€ an
9:]7; < Gk-rS-r < ka:7Vk € q)R.MVt ey, (] 2)

where F; is the objective function of block R; At is the optimization time step;
Prir and Pr= are the minimum and maximum operating capacity constraints
of air conditioners in building k, respectively; DR,,. and UR,.. are the down-
ramp rate and up-ramp rate constraints of air conditioners in building k,
respectively; g, and ;% are the lower and upper indoor temperature of

building k, respectively.

JOINT OPTIMIZATION MODEL DEMONSTRATION

Our joint model framework consists of an urban microclimate model and
building system model, as presented in Figure 1. To numerically simulate the
interaction of multi-type building clusters with their surrounding microcli-
mate, we zone the urban underlying surface based on building density, build-
ing type, and vegetation cover in the horizontal direction. Moreover, the urban

vertical space is divided into urban boundary layer, urban canopy layer, and
urban surface layer, as shown in Figure TA. The temperature of the urban
boundary layer is the data from geostationary operational environmental
satellite, which is the initial condition and upper boundary of the canopy
temperature. The urban canopy layer is a geographic space that directly
affects human activity and health, while its shape is also influenced by build-
ing type. Sensible heat balance for the urban canopy layer includes the
advection heat flux from the urban boundary layer, the convective heat flux
from the external surface, the waste heat flux of the air conditioner, and the
anthropogenic heat flux. Besides, sensible heat balance for the urban surface
layer includes the solar insolation, the convective heat flux of vegetated and
man-made ground surfaces, the convective heat flux of urban canopy layer
air, the convective heat flux of building internal air, the evapotranspiration
heat flux, and long-wave radiation heat flux to the sky.

The building energy model describes the heat flux balance inside a room,
as shown in Figure 1B. The cooling generated by the air conditioner needs to
offset convective heat flux from the roof surface and wall surface, the venti-
lated heat flux from air change, the transmission of solar insolation through
the windows, the internal heat generation from the equipment and occupants.
Simultaneously, the air conditioner is involved in energy system optimization
in conjunction with the building's virtual energy storage. However, the air
conditioner is merely an inefficient heat carrier, meaning that more waste
heat needs to be generated and transferred outdoors to keep the room cool.
In the summer, solar radiation heats the entire city through short-wave radia-
tion. The rising urban canopy layer temperatures drive the use of air condi-
tioners while generating large amounts of waste heat. Unfortunately, heat
fluxes, including solar radiation, air conditioner waste heat, and anthro-
pogenic heat, are accumulated within the high-density building stock due to
building wind resistance and surface reflection. As time progresses and solar
radiation intensifies, the heat accumulation in the limited space will push the
urban canopy layer temperature to a spike.

Even worse, heat waves will damage the coefficient of performance (COP)
of air conditioners. As in Figure 1C air condensing units are installed on the
outer surface of the wall, resulting in its operating conditions being directly
influenced by the urban surface layer. Inside the air conditioner, the refriger-
ant completes compression, evaporation, expansion, and condensation to
achieve the transfer of heat flux between indoor and outdoor areas. Cycle 1-2-
3-4-1 in Figure 1D depicts the physical states and energy changes of the
refrigerant cooling process. For operating air conditioners, COP is related to
evaporating temperature and condensing temperature. There is no signifi-
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Figure 4. The optimization results in three typical building blocks (B1, B2, B8), in Macao.

cant change in evaporative temperature as the room temperature is always
kept within the comfort zone of the user. In contrast, the cooling air for the
condenser tube originates from the surface of the wall, so the heat flux gath-
ered at the surface layer will be fed into air condensing units, as in Figure TE.
When the temperature around the air condensing unit rises significantly, the
refrigeration cycle will enter the process 1-2'-3'-4'-1. As can be seen from the
pressure-enthalpy diagram, the compressor consumes more power with less
cooling capacity accompanying the evaporation process, which undoubtedly
exacerbates the decline in COP. To simulate the realistic operating condi-
tions of air conditioners, we provide experimental data of two typical brands
in the enthalpy difference chamber and fit the numerical relationship between
ambient temperature and cooling capacity, as shown in Figure TF. When the
ambient temperature is less than 43°C, the air conditioner can maintain satis-
factory efficiency. As the ambient temperature continues to rise, the energy
efficiency of the air conditioner decreases rapidly as a quadratic function.

QUANTITATIVE ANALYSIS AND OPTIMAL DISPATCH IN MACAO

Macao is one of the most representative cities in the Greater Bay Area in
terms of hot and humid meteorological conditions. In the past decade, the
temperature in Macao has been rising continuously due to the influence of
global warming Figure 2A. The hot climate leads to almost year-round cool-
ing demand in Macao. Furthermore, the highest population density in the
world (20,800 people/km?) and a thriving tertiary sector (92.3% of GDP in
2022) make it the most energy-intensive in the Greater Bay Area, with dense
clusters of buildings being the largest energy-end. Based on the climatic
characteristics and forms of energy use, the distribution of energy consump-
tion in Macao is characterized by a clear seasonal and year-on-year growth
(Figure 2B). Notably, in July, electricity consumption for building cooling
already surpasses 60% of the total electricity consumption. The building GIS
data of the Macau Peninsula and Taipa island are depicted in Figure 2C.

According to building density, height, and use type, we divide the buildings in
the whole territory of Macao into 20 typical building blocks. For each block,
the proposed model is implemented to quantitatively analyze and calculate
the results of the interaction between microclimate and building energy
systems. Further, we propose optimization strategies to mitigate the above
vicious cycle.

The numerical analysis of the proposed vicious cycle in Macao is depicted
in Figure 3, including the microclimate temperature distribution, building
energy consumption, and cooling equipment efficiency. First, influenced by
the vicious cycle, the maximum urban canopy temperatures in high-density
building blocks, e.g., B1, B7, B8, and B9, are significantly higher than those in
surrounding mid-density building blocks (Figure 3A). The main reason for this
phenomenon is that high-density building blocks have higher wind resis-
tance, more wall surfaces, and less green space, resulting in more anthro-
pogenic waste heat and solar radiation heat accumulating in the canopy
layer. Relative to the neighboring low-density building blocks, this tempera-
ture difference even exceeds 1.52°C in Macao. More seriously, under the
same urban boundary layer conditions, high-density building blocks continue
to experience rapid temperature increases during the midday period due to
the vicious cycle (Figure 3C). This phenomenon reflects that during the
midday period, the rise in temperature and solar radiation causes ACs to emit
more waste heat, and the wind resistance in high-density building blocks
prevents effective heat diffusion, exacerbating the temperature rise. More-
over, the temperature increase is more marked in the urban surface layer,
owing to the much lower heat capacity. Comparing the high-density building
block B9 with the low-density building block B5, the maximum temperature
gap has reached 4.45°C (Figure 3D).

Second, the vicious cycle further exacerbates the cooling demand of indi-
vidual buildings while raising the urban temperature. Figure 3B depicts the
total electricity consumption in one day of cooling demand for the whole

6 The Innovation Energy 2(2): 100080, April 14,2025

www.the-innovation.org/energy


https://www.the-innovation.org/energy
https://www.the-innovation.org/energy
https://www.the-innovation.org/energy

@)

Energy saving (MWh) and percent (%) in Macau Peninsula

w07 1 58.3

ARTICLE

Energy saving potential (MWh) for building blocks in Kowloon

WS
\ 10% eeeefeeneeeennenennneeibe JIL 24.8 l(m\) 137.4
273.
3 @ | ]|, | .. 28.8 85
276 4 100.4 us 60.5
. 598 _— L e o\ ®8
”.6 B1 B2 B3 B4 B5 Bé B7 B8 B9 B10 35'9
223
O Energy saving (MWh) and percent (%) in Taipa island 553 22.8 8"1’24 3
15.6
\ 31.0 @ 3 249
1.5 157 ( 8.5
~
(‘8 10% ;
213 Q 53 279 126
3@ 5% sesesseen (8 ; 47. 9 35.3 266
0% 1812813514 515 B16817818B16620
@g 33.9
\
Energy saving potential (MWh) and percent (%) for building blocks in Nanshan
74 #
o % % ©)
.fb 62 71
ﬁﬁ ‘ %00 : Increase i823.231
—_ 800 Ebecrease ' : :
/ 67 6566 S 700} ETol
% 600 ! ! i
45 ‘ 63‘9 £ s00
©
@ 400
; ’ 8584 ! ? 300
S 83 & 200
, 92 ) g 100]

o

B10 B20 B30 B40 B50 B60 B70 B80 B90
Building block 1-94

Figure 5. The energy saving potential for each building blocks.

territory of Macao. Based on the equation (7), it can be inferred that the elec-
tricity consumption of ACs is related to several key factors: ambient tempera-
ture (especially canopy and surface layer temperatures), solar radiation inten-
sity, indoor anthropogenic heat density, and the structural parameters (espe-
cially building floors and area). Compared to residential buildings in BT,
commercial buildings in B3, B4, B15, and B16, whose larger size and heat
transfer area result in significantly higher total energy consumption. To
further analyze the impact of the vicious cycle, 10 building blocks in the
Macau Peninsula are chosen to calculate the cooling power consumption per
unit area, which have the same boundary layer conditions and urban anthro-
pogenic heat density (Figure 3E). Excluding the effect of building parameters,
B1 consumes an additional 4.66 W/m? compared to the climate-friendly B5,
representing an increase of 42.8%.

Third, the air conditioner is installed on the building surface, and its operat-
ing ambient temperature is approximated as the temperature of the urban
surface layer. At midday, not only does wind resistance cause solar radiation
to accumulate on the urban surface but also the temperature rise in the
urban canopy reduces the rate of surface heat diffusion. As depicted in Figure
3D, the maximum temperature of the urban surface layer in the Macau
Peninsula exceeds 45°C, even in the high-density blocks B1, B8, and B9,

where the temperature exceeds 50°C. Therefore, during periods of high solar
radiation intensity and canopy temperatures, the COP of air conditioners will
decrease as the temperature of the urban surface layer rises (Figure 3F). In
B8, the COP reaches its lowest point, dropping briefly below 1.5, which is only
41% of its normal operation. Regrettably, periods of COP decline typically
coincide with periods of increased demand for cooling in buildings, thereby
amplifying electric peak loads and shocking the power supply system.

Mitigating the vicious cycle between urban microclimate and building
energy systems is the key issue for energy saving and environment friendly.
For most high-density building blocks, retrofitting buildings, expanding green
space, and reducing population are costly or even difficult to achieve. Our
joint optimization model supports urban thermal mitigation from the
perspective of energy system operation. By exploiting virtual building energy
storage and the user-adjustable comfort temperature, the optimized air
conditioner operation scheme no longer follows the ambient temperature
variation completely. We choose three typical building blocks to describe the
details of the optimization process, containing mid-rise high-density B1, high-
rise low-density B2, and high-rise high-density B8, as shown in Figure 4.

In case 1, the power demand curve for air conditioners is observed to
follow the trend of urban canopy temperature to maintain a stable indoor
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Figure 6. Buildings, COP and energy consumption characteristics of building blocks in Kowloon and the optimization result in three typical building blocks (B13, B16, B22).

temperature. At midday, the temperatures of the urban surface layer and
canopy layer rise with the intensity of solar radiation, which directly leads to
COP loss and higher electricity demand. In this dynamic interactive process,
the continuous emission of waste heat from air conditioners will further
aggravate the urban heat wave. During the period of 12:00-14:00, the peak
power is already around three to five times greater than the valley, as
depicted in Figure 4A-C column 2. Simultaneously, a large amount of waste
heat is released into the building's surrounding air, resulting in a significant
temperature rise. In particular, this vicious cycle is more severe in the high-
rise high-density building blocks. According to Figure 3D, the COP of high-rise
high-density B8 only reaches 52% of that in B2 at midday. By comparing the
midday maximum temperatures in Figure 4 A-C column 3, we observe a
temperature difference of 0.97°C between neighborhoods with high-density
and low-density building blocks. Briefly, Case 1 illustrates that air condition-
ers have to sacrifice energy efficiency to meet cooling demand in the conven-
tional operation mode, while continually exacerbating the urban heat waves.

In Case 2, we arrange the building pre-cooling based on the thermal inertia
characteristics, which can provide an energy buffer to maintain the indoor
temperature without a noticeable change (Figure 4 A-C column 4). Thus, the
building's thermal inertia offers virtual energy storage to support load shifting
of air conditioners during the conflicting periods of urban microclimate and
building cooling demand. The blue line depicts two typical features of the air
conditioner optimization results. On the one hand, building pre-cooling occurs
before the COP drops to keep the air conditioner operating at a higher energy
efficiency level. On the other hand, the peak loads of air conditioners are
shifted before the higher urban temperatures come, ensuring that the waste
heat is shifted and released in advance. In other words, we employ the
proposed joint optimization model to break the vicious cycle from the energy
system side and mitigate the extreme heat waves during the midday hours.
For example, in Figure 4A(2) & (3), the peak-to-valley difference of the mid-
rise high-density B1's electricity demand is effectively reduced, easing the
maximum temperature of the urban canopy down by 0.15°C.
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Figure 7. Buildings, COP and energy consumption characteristics of building blocks in Nanshan and the optimization result in three typical urban villages (B50, B86, B54).

The proposed model can effectively mitigate the vicious cycle between
urban microclimate, building energy systems, and cooling equipment opera-
tion. The previous analysis of three typical blocks highlights that the optimal
control of air conditioners can reduce urban overheating and energy
consumption. The building energy saving volume and percent for Macao are
presented in Figure 5A & B. The optimization in a single day can save approx-
imately 1116.5 MWh, which accounts for 8.2% of the total cooling electricity
consumption in Macao. Notably, the energy-saving potential of each building
block is associated with the building characteristics. It is evident that the high-
density building blocks B1, B6, B8, and B9, which experience a more severe
vicious cycle, exhibit a higher energy-saving potential of over 10%. Therefore,
facing the challenges posed by global warming and advancing urbanization,
building energy saving should not only focus on the energy side, but also
devote greater attention to the interaction between building energy and
surrounding microclimate conditions.

QUANTITATIVE ANALYSIS AND OPTIMAL DISPATCH IN KOWLOON,
HONG KONG

Hong Kong, as the financial, transport, and trade center of the Greater Bay
Area, owns one of the highest building densities worldwide. Particularly, the
Kowloon area, which occupies a mere 47 km? (equivalent to 4.2% of Hong
Kong's total land area), accommodates 30.1% of the city's population (2021).
The population density of Kowloon is 44,926 people/km® The exploding
population has resulted in the gradual proliferation of numerous high-rises
and high-density buildings. Therefore, we select Kowloon as a representative
case of Hong Kong. According to building density, height, and use type, we
divide the buildings into 39 typical building blocks, as depicted in Figure 6A(T).
For each block, the proposed model is implemented to quantitatively analyze
and calculate the results of the interaction between microclimate and build-
ing energy systems.

Three typical building blocks are selected to give a detailed optimization
analysis, including a mid-rise mid-density block (B13), a high-rise high-
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in Figure 6A(3). Additionally, Figure 5C illus-
trates the calculation of the energy saving
potential of the entire Kowloon area, indicat-
ing that the joint model framework consists of
urban  microclimate model and building
system model can achieve a one-day electric-
ity saving of 1,724.71 MWh.
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density block (B16), and a high-rise mid-density block (B22), as depicted in
Figure 6. In the selected typical day, solar radiation and boundary layer
temperature have two peak periods at 12:00-13:00 and 14:00-15:00. Case 1
illustrates the interaction among COP, electricity consumption of air condi-
tioners, and canopy layer temperature in the vicious cycle. First, excessively
high ambient temperatures result in heat dissipation efficiency reducing of air
conditioner, meaning that the air conditioner consumes the same amount of
electricity but produces less cooling capacity, as previously analyzed. This
phenomenon is even more pronounced in the high-rise high-density block
(B16) in Kowloon, as the COP drops even to 40% (Figure 6A(2)). Second, due
to the combined effects of higher ambient temperature and COP loss, air
conditioners have to increase operating power to maintain a constant indoor
temperature. In three typical building blocks, it can be observed that the peak
load of air conditioners is 2 to 3 times higher than the valley (Figure 6B-D
column 2). Third, the air conditioner, as a heat porter, generates cooling
capacity while emitting a significant amount of waste heat into the building
surroundings. In the same boundary condition, the canopy temperature of the
high-rise high-density block (B16) increases by 1.91°C compared to the high-
rise mid-density building block (Figure 6B-D column 3). This is because the
high-density building has greater wind resistance, allowing a significant
accumulation of waste heat, solar heat, and anthropogenic heat inside the
block. Eventually, under the vicious cycle, the energy density of B16 is
increased by 51% compared to B22, as shown in Figure 6A(3).

By utilizing the proposed optimization model in case 2, air conditioners are
arranged to pre-cool the building and release the building thermal inertia,

have been categorized into 94 blocks based

on architectural characteristics, as depicted in
Figure TA. Furthermore, three typical blocks have been selected for detailed
analysis and optimization, comprising two high-density urban villages (B50,
B86 shown in Figure 7B & C), and a contrasting low-density block (B54
shown in Figure 7D).

Urban villages consisting of dense mid-rise buildings (e.g., B50 and B86),
exhibit the typical vicious cycle impact and greater optimization potential. In
Case 1, before optimization, factors including building wind resistance, waste
heat, anthropogenic heat, and the lack of green space contribute to elevated
urban canopy temperatures. Compared to the low-density block B54, the
maximum temperature in the urban villages B50 and B86 increased by 1.1°C
and 1.66°C, respectively (Figure 7B(3) & C(3)). Meanwhile, the increase in
urban temperature caused the COP loss in air conditioner operation. As
depicted in Figure 7D, the COP is only 30% of the rated value during the
midday hours. At this time, the power consumption of the air conditioner
increases rapidly under the combined effect of the increase in urban temper-
ature and the COP shrinkage. Especially at 13:00-14:30, when the vicious
cycle intensifies, the maximum peak load even exceeds five times of the
valley (Figure 7B(2) & C(2)). In addition, from Figure 7A(3), it can be observed
that although almost all the urban villages are residential buildings, they still
have high energy consumption density due to the vicious cycle.

Similar to Macau and Hong Kong, effective mitigation of the vicious cycle in
urban villages can be achieved by applying the proposed optimization model
in Case 2. It is worth noting that buildings in urban villages consist of mid-rise
residential buildings with small thermal inertia. Therefore, to meet the
requirements of transferring waste heat and indoor comfort, the air condi-
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tioner power of urban villages B50 and B86 is adjusted more frequently, as
shown in Figure 7B. Meanwhile, higher density block B86 demonstrates the
effectiveness of the proposed model, achieving a reduction of the maximum
temperature by 0.48°C (Figure 7C(3)) and a reduction of the energy
consumption density by 12.3% (Figure 7A(3)).

Compared to urban villages with high-density buildings, B54, a low-density
building block in Nanshan District, is less impacted by the vicious cycle. In
Figure 7D, it can be noticed that in B54 the urban canopy temperature spikes
are lower and the curve is smoother compared to the urban villages B50 and
B86. Besides, comparing the air conditioner operating curves and indoor
temperature changes in Case 1 and Case 2, it is illustrated that the virtual
energy storage capacity of the building can support the air conditioner to
maintain a low output level during the COP reduction period while meeting
the comfort demand of the users. Finally, Figure 5D-E illustrates the calcula-
tion of the energy-saving potential of the entire Nanshan area, indicating that
the proposed joint optimization model can achieve a one-day electricity
saving of 823.231 MWh.

SENSITIVITY ANALYSIS

This paper focuses on the vicious circle between urban microclimate and
building energy systems, for determining building blocks, its severity is
directly influenced by city-scale meteorological conditions, particularly
temperature, wind speed, and solar radiation. Here, the high-rise, high-density
building block B8 on the Macau Peninsula is selected for sensitivity analysis.
First, the meteorological parameters of the Macau Peninsula on a summer
day in 2020 are selected as inputs for the reference scenario (RS). Then, the
test scenarios are set up respectively based on the principle of variable
uniqueness: the input temperature is adjusted downward by 25% as temper-
ature test scenario 1 (TST1); the input temperature is adjusted upward by
25% as temperature test scenario 2 (TST2); the input solar radiation is
adjusted downward by 25% as solar radiation test scenario 1 (TSST1); the
input solar radiation is adjusted upward by 25% as solar radiation test
scenario 2 (TSS2); the input wind speed is adjusted downward by 25% as
wind speed test scenario 1 (TSW1); the input wind speed is adjusted upward
by 25% as wind speed test scenario 2 (TSW2). The contribution of the vicious
cycle to the urban canopy temperature increases under the different test
scenarios described above is depicted in Figure. 8A-C.

When comparing temperature increases across different test scenarios, it
is clear that the vicious cycle is most sensitive to solar radiation. As depicted
in Figure 8B, the temperature difference caused by equal-amplitude solar
radiation adjustments reaches 0.513°C during midday hours. Compared to
other parameters, the primary factor in the exacerbation of the vicious cycle
by excessively high solar radiation intensity is twofold: First, solar radiation
severely increases the temperature of the urban surface layer in building
blocks with extensive man-made surfaces. The constant absorption of heat
by building walls not only heats the urban air but also reduces the energy effi-
ciency of air conditioners. Second, solar radiation heating indoor tempera-
tures through windows causes higher indoor cooling demand, which in turn
emits more waste heat into the surrounding environment. In contrast to solar
radiation, the effects of urban temperature and urban wind speed exhibit
consistent intra-day characteristics. Smaller effects are observed during the
hot midday hours, while larger effects are seen during the cooler morning and
evening hours. Notably, the impact of wind speed changes is more
pronounced. At 18:00, a 25% decrease in wind speed will result in an addi-
tional 0.461°C temperature increase compared to the reference scenario.
Especially in high-density building blocks, a reduction in urban-scale wind
speed further exacerbates the accumulation of anthropogenic heat around
buildings.

The above analysis discusses the impact of the current vicious cycle
between urban microclimate and building energy systems on the Guangdong-
Hong Kong-Macao Greater Bay Area. Furthermore, as depicted in Figure 2,
the average temperature in Macao during July has increased by 1°C over the
past decade. Given the intensification of global warming, it is crucial to
account for the risks of climate change in the coming decade scenario. Based
on the IPCC predictions and Macao's temperature trends, we set the future
scenario (FS) to reflect a 1.5°C increase compared to the reference scenario
(RS). Simulation results for high-rise and high-density building blocks in
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Macao are presented in Figure 8D-F. The data shows that the vicious cycle
between building neighborhoods and rising temperatures intensifies as the
city's temperature increases. In the future scenario, the urban canopy
temperature rises uniformly, as depicted in Figure 8D. This temperature
increase also affects the urban surface layer, which directly interacts with the
canopy layer, further deteriorating the operating conditions of air-condition-
ing condensing units. As a result, the operational efficiency of air condition-
ers will decline more severely in future scenarios, particularly during midday
hours. Additionally, the temperature rise leads to higher building cooling
demands, while the reduced operating efficiency of air conditioning systems
exacerbates energy consumption. As can be seen in Figure 8F, the building
energy consumption rises by 8.3% under the influence of the vicious cycle
when the temperature of the future scenario increases by 1.5°C.

DISCUSSION

Urban heatwaves have swept through major cities around the world, and
human activities are still increasingly exacerbating the risk of extreme urban
microclimate. Particularly in the building energy sector, a vicious cycle
between growing cooling demand and urban heat waves has become
evident. In this study, an optimization model coupled with an urban microcli-
mate model, a building energy system model, and a cooling equipment effi-
ciency model are proposed to quantitatively describe the consequences of
this vicious cycle. And, the proposed mitigation strategies are validated in the
Guangdong-Hong Kong-Macao Greater Bay Area, which has typical high
temperature and high humidity climatic conditions.

Our study points out that the vicious cycle between urban heatwaves and
building energy systems is already widespread in dense building blocks. In
cases of Guangdong-Hong Kong-Macao Greater Bay Area, waste heat emit-
ted from building energy systems tends to accumulate in urban neighbor-
hoods, leading to a temperature difference of 0.97-1.91°C between high-
density and low-density building blocks. This temperature rise directly
impairs the efficiency of cooling equipment, resulting in only 30% to 52% of its
rated value during peak heatwaves. Consequently, the building energy system
has to consume more electricity to maintain a cool room, under the double
pressure of temperature rise and COP drop. The resulting peak loads are 3 to
5 times higher than the valley and the average energy consumption increases
by 42.8% to 51%.

We provide a paradigm for addressing global urban heat waves from a
building energy perspective. Our proposed model demonstrates that the
utilization of virtual energy storage in buildings can effectively mitigate the
vicious cycle without retrofitting existing buildings. By rationalizing building
pre-cooling before urban temperature rises and COP drops, it prevents to
emitting of significant amounts of waste heat, which would otherwise exac-
erbate urban heatwaves and increase energy consumption. The proposed
optimization strategy supports typical building blocks in the Guangdong-
Hong Kong-Macao Greater Bay Area to reduce the urban heatwaves by
0.48°C, reduce the average energy density by 13.4%, and effectively shift the
peak loads.

Our findings indicate a novel direction in the field of building energy system
optimization, specifically focusing on the interactions with urban microcli-
mate. Through the Guangdong-Hong Kong-Macao Greater Bay Area cases,
our optimization model shows significant effectiveness in high-density
commercial buildings, high-rise high-density office buildings, and high-
density urban villages. By implementing the proposed strategy, the energy-
saving potential of building blocks can reach 11.2%, 13.4%, and 12.3%, and
save 1116.5 MWh, 1724.71 MWh, and 823.23 MWh in the three typical areas,
respectively.

Persistent global warming and urbanization are exposing cities to
increased climate risks, health crises, and energy shortages. Interdisciplinary
urban research, covering urban weather, energy systems, and building
sectors, has become more urgent than ever. On the one hand, the planning,
construction, operation, and management of energy and building systems
need to consider the impact on urban microclimate. Renewable energy, new
materials, intelligent and refined management technologies, advanced
prediction and control technologies, and efficient energy conversion and
utilization technologies are essential for achieving sustainable, green, and
healthy urban development. On the other hand, urban policymakers need to

ABiauj uonpnouu| ay|

J—

The Innovation Energy 2(2): 100080, April 14,2025 1




www.the-innovation.org/energy

ARTICLE

establish interdisciplinary communication platforms and big data fusion and
sharing systems to prompt interdisciplinary research. Additionally, market
regulations and policy incentives are crucial to encourage active participation
in urban governance.
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