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Abstract

Decarbonizing power systems necessitates both integrating substantial renewable energy and exploring flexible
resources to accommodate their inherent intermittency and variability. Building Heating, Ventilation, and Air Con-
ditioning (HVAC) systems are emerging as valuable dispatchable resources, offering flexibility for power systems
through demand response (DR) programs. As HVAC operation and occupant comfort are highly dependent on tem-
perature and humidity (T&H), their flexibility potential exhibits significant regional disparities across China’s diverse
climate. This research systematically investigates the flexibility across 5 representative city clusters (15 cities), to char-
acterize these regional attributes and inform effective guidelines for harnessing this flexibility. We find that under 3
distinct weather conditions (sunny, cloudy, and rainy), the Maximum inter-regional flexibility exceeds the minimum
by 61%, 113%, and 134%, respectively. Notably, intra-regional differences are also Substantial, reaching up to 51%,
89%, and 104% for the same weather conditions. Extending this analysis to a national scale, we evaluate the aver-
age flexibility per HVAC to be 45.1kW under extremely hot conditions and 16.1kW under hot-humid conditions. This
research identifies regional patterns: northern cities exhibit significant diurnal flexibility variations, eastern regions
demonstrate pronounced weather sensitivity, central areas show consistent weather response, western regions
present distinct city-specific characteristics, and southern cities possess stable and high flexibility. These findings
underscore the importance of considering such regional heterogeneity to prioritize efforts in leveraging urban HVAC
systems, as well as help power systems optimize the development of renewable energy in China based on comple-
mentary HVAC flexibility.

Keywords Decarbonization, Energy flexibility, Climate diversity, Urban buildings, Power systems

1 Introduction

Developing renewable energy sources (RES) is a cru-
cial pathway to achieving carbon neutrality [1]. In 2021,
the Chinese government committed to installing over
1.2TW of RES capacity by 2030 [2]. However, replacing
conventional thermal power plants with substantial RES
introduces significant output uncertainties into power
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systems while simultaneously reducing their dispatchable
regulation capacity [3]. These effects together complicate
the maintenance of the strict real-time supply—demand
balance required in power systems. Under these cir-
cumstances, power systems need to supplement regula-
tion capacities by leveraging demand-side resources [4],
a practice known as demand response (DR) [5]. Urban
buildings, which consume more than 40% of the global
energy [6], can serve not only as energy consumers but
also as valuable sources of flexibility. Among various
building loads, Heating, Ventilation, and Air Condition-
ing (HVAC) systems are regarded as the most representa-
tive resource due to their substantial energy consumption
and inherent thermal inertia of buildings, which naturally
buffers temperature changes during DR events.
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Research interest in HVAC flexibility has grown sub-
stantially [7-9], with studies exploring its application
for various grid services, including peak shaving [10,
11], operating reserves [12, 13], frequency regulation
[14, 15], and other ancillary services [16]. This interest
aligns with policy directions: the China National Energy
Administration has stipulated that typical areas should
develop DR capacities equivalent to 5% of their peak
load to establish the normalized DR resource pool by
2027 [17]. While HVAC systems are competitive candi-
dates for meeting this target, their effectiveness has not
been sufficiently addressed as HVAC flexibility varies
significantly with local climate conditions. Some stud-
ies have examined how weather affects cooling demand
[18] and developed climate-specific HVAC control
strategies such as in the subtropical climate [19], and
the comparative analysis was conducted among 4 cities
in humid climate zones [5]. However, the comprehen-
sive inter- and intra-regional disparities in flexibility
remain underexplored. This knowledge gap is particu-
larly problematic for the national-scale development of
HVAC flexibility, where climate diversity could signifi-
cantly impact implementation strategies and expected
outcomes.

The fundamental challenge in evaluating HVAC flex-
ibility lies in quantifying the maximum adjustable capac-
ity while maintaining occupant comfort [20]. While the
impacts of climate on HVAC operation and occupant
comfort are widely recognized, traditional methods for
evaluating flexibility have primarily considered tem-
perature impact alone [21-23]. Typically, these methods
define flexibility as the reduction in power consump-
tion achievable while keeping the indoor temperature
within tolerable ranges, using model analytic methods
[24], data-driven methods [25], or software simulations
[26]. As these studies mainly focus on high ambient tem-
peratures where HVAC systems contribute to peak load
events, the impact of humidity is not remarkable. How-
ever, this narrow focus and the potential for evaluation
inaccuracies severely hinder their application for investi-
gating large-scale flexibility endowments.

Humidity affects HVAC operation and occupant com-
fort in ways that cannot be ignored in comprehensive
flexibility evaluations. The total cooling load comprises
sensible load and latent load [27], which are directly
influenced by T&H, respectively. Besides, high humid-
ity also results in discomfort even at moderate tempera-
tures [28]. Although some researchers have noticed these
issues [29] and developed models to predict indoor T&H
[30], thus optimizing and controlling the HVAC systems
with the aim of energy savings [31]. The complex coupled
relationship between T&H often necessitates building
energy simulation software like EnergyPlus [32], whose
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parameter-intensive nature limits scalability for large-
scale applications.

While these studies provided insightful points regard-
ing the flexibility evaluation of HVAC systems, several
critical issues remain unaddressed. Primarily, a national
investigation necessitates analytical models that can
accurately and efficiently capture the T&H dynamics
driven by DR events. Secondly, incorporating humidity
extends the flexibility evaluation from a 1-dimensional
temperature problem to a 2-dimensional T&H challenge,
necessitating methods to identify which factor (tempera-
ture or humidity) is the dominant constraint. Thirdly, the
HVAC systems are highly sensitive to environmental fac-
tors (e.g., outdoor T&H and solar radiation), leading to
dramatic variability in flexibility across different regions.

This study provides a comprehensive evaluation of
building HVAC flexibility potential across China’s diverse
climate regions. We present first hierarchical evaluation
of the temporal and spatial flexibility of HVAC systems,
focusing on how climate diversity influences the T&H
dynamics, flexibility potential, and resource availability,
as shown in Fig. 1. We have made three novel contribu-
tions. First, we develop comprehensive analytical models
of HVAC systems to separately depict the T&H varia-
tions triggered by DR events, coupled with a “cask effect”
principle that identifies the more constraining factor
(temperature or humidity) determining the actual flex-
ibility potential. Second, we concentrate on 15 cities from
5 representative city clusters with significant geographi-
cal and climatic differences, systematically investigating
how weather influences HVAC operation, the dominant
factor, and resulting varying flexibility. Third, we scale up
the evaluation to all of China, to explore the impacts of
climate diversity on flexible resource endowment, focus-
ing on extremely hot and hot-humid scenarios to assess
the feasibility and economics of leveraging HVAC flex-
ibility in different regions.

The ongoing expansion of distributed RES (e.g., roof-
top photovoltaics and building-integrated photovoltaics)
ties buildings and power systems more closely in cities.
Given the significant regional difference in both RES and
flexibility exhibited, our research offers timely insights
for power system planners and operators, enabling them
to assess the feasibility of facilitating HVAC systems
to enhance flexibility. It also describes the sensitivity of
HVAC flexibility to varying weather conditions, thus
realizing the synergism between HVAC exploration and
RES development.

2 Methods for evaluating HVAC flexibility

Accurate evaluation of HVAC flexibility requires simul-
taneous consideration of T&H constraints, as either
parameter May Limit system adjustability. This section
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Fig. 1 Flexibility evaluation of building HVAC considering climate and geography diversity. Flexibility evaluations for HVAC systems need to account
for both T&H, which often result in different flexibility values. To guarantee occupant comfort, the lower of these two values determines the actual
flexibility. This principle is similar to the cask effect, where the shortest plank determines the cask capacity. Both outdoor climates and indoor
activities influence the T&H constraints, thereby demonstrating the regional flexibility endowments

presents our comprehensive methods, including 1) mod-
els of indoor temperature and humidity dynamics, 2)
models of HVAC system operations, 3) identification of
the dominant comfort constraint, and 4) flexibility evalu-
ation considering T&H constraints.

2.1 Model of indoor temperature and humidity dynamics
In the cooling zone, both indoor T&H maintain dynamic
balances affected by multiple factors, including outdoor
weather, indoor occupant activities, and supply air pro-
vided by HVAC systems. The real-time indoor tempera-
ture 7! and humidity W/ can be calculated according to
the following heat and moisture balance equations:

t

d TZ t t t t t t t
Pair Vb Cair —— = Mgy Cair ( Tsa - TZ )+ KenvAsf ( Toa - TZ )+ Qsolar +Nocc (Qocc+ Qeqpt)

de

d‘Vzt t t t t . .
Pair Vb_ = msa(Wsa - Wz) + NOCC (mOCC + meqpt)

dt
(2)

where p,ir is the density of air; V4, is the volume of the
building; C,;r is the specific heat of air; méa is the mass
flow rate of supply air; 77, is the temperature of supply
air; Keny is the thermal conductivity of building enve-
lope;Ags is the surface area of the building; onlar heat
gains derived from solar radiation; N/, is the number
of occupants; Qocc and Qeqpt are the average heat gen-
erations derived from occupants and equipment, respec-
tively; WY, is the humidity of supply air; #1occ and 7iteqpt

(1)
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are the average water vapor generations derived from
occupants and equipment, respectively.

2.2 Model of HVAC systems

The indoor T&H dynamics described above are driven
by HVAC systems, which deliver cooled and dehumidi-
fied supply air. The specific T&H of supply air are crucial
for calculating the indoor T&H dynamics. The energy
exchange process between the supply air and HVAC sys-
tems is described using the principle of enthalpy conser-
vation. The enthalpy of moist air 4, with temperature T,
and humidity ratio W, can be expressed as follows:

ha = CairTa + Wa(Cyy Ta + hfg) (3)

where Cyy is the specific heat of water vapor; /g, is the
latent heat of vaporization.

The mixed air (a combination of indoor return air and
outdoor air) is processed by HVAC systems to produce
the supply air. The enthalpy of supply air 4, can be calcu-
lated according to the enthalpy of mixed air /4%, and the
total cooling capacity of HVAC systems Q’,:

hga = hltna - fic/mia (4)

However, determining the specific T&H of supply air
from its enthalpy value alone is mathematically under-
constrained, as a single enthalpy value corresponds to
multiple T&H combinations. To resolve this, a simpli-
fying assumption based on engineering experience is
introduced. The supply air is assumed to have a relative
humidity (RH) of about 90%, a state typical for air leav-
ing the cooling coil saturated with water vapor. Other-
wise, if dehumidification is not required, the humidity
ratio remains constant. Therefore, the solved humidity
of the supply air must satisfy the following constraints,
and more solution details are provided in supplementary
information (S1.1).

Wsta/Wsta,s(Tsta) =09 Wsta < Wrila (5)
Wsta = Wy Wsta z Wr;a

ma

where W/ (T%) is the saturation humidity ratio at the
supply air temperature T, this dependency of T&H
complicates the solution process; Wt is the humidity of
mixed air.

After determining the T&H of supply air, the total cool-
ing load can be decomposed into its sensible and latent
components.
hes = méacair(th - Tsta) (6)

ac,s

¢ t ¢
ac]l = Yac ~ Nacs (7)
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where ¢, is the total cooling load of HVAC systems; ¢t
and ¢ , are the sensible and latent loads, respectively. The
relationships between cooling capacity and electricity
consumption are provided in S1.2.

2.3 Identification of the dominant comfort constraint
Beyond its impact on cooling load, humidity is also a
critical factor of occupant comfort. Hence, we design a
two-dimensional T&H comfort area, as shown in Fig.
S1, where the acceptable humidity threshold decreases
as the temperature grows. This prevents conditions
from becoming uncomfortably muggy, even if the tem-
perature itself is within an acceptable range.

When HVAC power is reduced during DR deploy-
ment, both indoor T&H will rise. Flexibility is lim-
ited by whichever parameter first reaches its comfort
boundary. As shown in Fig. 2, T&H dynamics are clas-
sified into 2 types according to the dominant factor:
temperature-sensitive and humidity-sensitive. The key
challenge is to efficiently identify this dominant fac-
tor. Otherwise, evaluating flexibility typically requires
a computationally expensive iterative simulation:
increase the power reduction continuously to calculate
the equilibrium states until the temperature or humid-
ity ratio first reaches its boundary, and the current
power reduction is the flexibility of HVAC system:s.

To overcome this challenge, we propose a criterion
to identify the dominant factor first based on calculat-
ing a hypothetical critical state for the supply air, which
would cause the indoor T&H to reach their respective
boundaries simultaneously. These critical states can be
expressed as follows, and specific derivations are pro-
vided in S2.

KenvAse (TE, — T) 4+ QF 1y + Niee (Qoce + Qegpt)

mﬁa Cair
(8)

cri __ rmax
Tsa = Tz -

Nécc (”hocc + meqpt)

cri max
W = wmax _ -
Mgy

)

where TS and WS are the critical states of the tempera-
ture and humidity ratio of supply air, respectively; 7,"%*
and W,"® are the acceptable maximum temperature and
humidity ratio, respectively.

Next, we can calculate the RH corresponding to this
critical air state. By comparing its RH to the system’s
realistic operational limit (about 90% RH), we can iden-
tify the dominant constraint:

If the RH value is higher than 90%, the T&H dynamic
belongs to the temperature-sensitive type. HVAC sys-
tems are capable of providing the necessary dehumidi-
fication to satisfy the humidity constraint. Thus, the
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Fig. 2 Specific T&H dynamics of temperature-sensitive and humidity-sensitive types as the growth of DR power

temperature will reach its boundary first, becoming the
dominant factor.

If the RH value is lower than 90%, the T&H dynamic
belongs to the humidity-sensitive type. Reaching
both T&H boundaries simultaneously would require
more dehumidification than the system can physically
achieve, meaning that humidity will rise faster and vio-
late its comfort boundary first.

This criterion, illustrated in Fig. S2, allows for the direct
identification of the dominant factor without complex
simulations, significantly reducing computational require-
ments for large-scale flexibility evaluations.

2.4 Flexibility evaluation considering T&H constraints
Based on the identified dominant factor, the flexibility of
HVAC systems can be efficiently evaluated. Firstly, we cal-
culate the equilibrium indoor conditions during DR events,
ensuring that either the temperature or the humidity
reaches its comfort boundary.

méa Cair Tscari + KenvAst Téa + Qéolar + NSCC (Qoce + Qeqpl)
méa Cair + KenvAsgt

TPR =
(10)

WZDR = Wscari + Nécc (Foce + ’/heqpt)/méa (11)
where TPR and WPR represent the actual T&H of indoor
air during DR events, respectively.

Then, we can substitute the indoor T&H into the operat-

ing model of HVAC systems, so as to obtain the minimum

required cooling capacity, thus calculating the minimum
power consumption of HVAC systems. Flexibility is the dif-
ference between baseline power and minimum power.
DR t (DR _ DR
Que = Mg (i, — hg)

a

(12)

DR steady
Qac — Xac

stead: stead:
QaDcR - Qac Y QaDcR - Qac Y
wtf wtf

flex __
AP, = 7
Ncop Mpump tower

(13)

where #DR and /DR are the enthalpies of mixed air and
supply air, respectively; QPR is the minimum cooling load
of HVAC systems during DR eve{ilts; AP indicates the
flexibility of HVAC systems; QY represents the steady
cooling capacity of HVAC systems. néop is the COP of
chillers; ngutlfnp and 7V are the water transfer factors of
pumps and the cooling tower, respectively.

3 Case study design

3.1 Geographical scope and climatic scenarios

The flexibility of HVAC systems is highly dependent on
local climate and weather conditions. Given China’s vast
and diverse geography, a targeted investigation of repre-
sentative cities is both necessary and practical for deeper
analysis. Therefore, our study design focuses not only
on the broad climatic diversity across China, but also on
the more Subtle variations among Major city clusters.
Accordingly, 5 prioritized urban agglomerations (Beijing-
Tianjin-Hebei, Yangtze River Delta, Middle Reaches of
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Yangtze River, Chengdu-Chongqing, and Greater Bay
Area regions) are selected for this study. These clusters
represent five major geographic regions of China (north,
east, center, west, and south), as shown in Fig. S3. Within
these agglomerations, 15 provincial capital cities and
municipalities are chosen for a detailed analysis. The spe-
cific climate and geography information can be found in
Table 1 [33-36].

Summer typically experiences the highest electrical
loads, and the need for HVAC flexibility often coincides
with peak load conditions. Understanding the potential
HVAC flexibility during these peak demand periods is
of particular importance for DR programs, thereby our
research is conducted during the Summer months. Fur-
thermore, to account for the impact of multiple weather
conditions in addition to regional climate, we analyzed
3 typical weather conditions (sunny, cloudy, and rainy),
using data from July to August in 2023. Relevant outdoor
temperature, humidity, and global horizontal irradiance
(GHI) are introduced in the operation of HVAC sys-
tems. These data are obtained from the National Solar
Radiation Database provided by the National Renewable
Energy Laboratory (NREL) [37].

Moreover, the national evaluation is conducted to bet-
ter reveal the national flexibility endowment. Extreme
hot and hot-humid scenarios are designed to evaluate the
potential flexibility of HVAC systems. The climate data
for these scenarios were observed by 402 weather sta-
tions in China in 2023, provided by the National Centers
for Environmental Information [38].

Table 1 Information on 5 typical city clusters with 15 cities
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3.2 Building model, HVAC systems, and control
parameters

In accordance with China’s technical specifications out-
lined in GB 50736-2012, a parametric reference build-
ing model representative of a typical commercial office
was developed for cross-regional simulation studies. This
method specifically employs standardized architectural
parameters, thereby establishing a consistent baseline
for comparative analysis of climate impacts across differ-
ent geographical locations. The primary control strategy
aims to Maintain occupant comfort within defined Lim-
its. The neutral temperature setpoint is 25°C, with an
acceptable temperature range of 23°C to 27°C. A Propor-
tional-Integral-Derivative (PID) controller is simulated
to adjust the total cooling capacity provided by HVAC
systems, thereby eliminating the deviations between the
actual temperature and the setpoint. Temperatures out-
side the range result in thermal discomfort, as occupants
feel either hot or cold. Similarly, an acceptable humid-
ity range is defined, which requires the indoor humid-
ity ratio should be Maintained between 4.7g/kg, and
15.1g/kg,. The parameter configurations adhere to the
thermal comfort criteria prescribed in ASHRAE Stand-
ard 55-2023. The flexibility of HVAC systems is evalu-
ated across a 24-h cycle with a 15-min time resolution.
Detailed parameters for the building model and HVAC
systems are provided in Table S1, and the occupancy pat-
terns are shown in Fig. S4.

4 Results and analysis

This section presents a comprehensive analysis of HVAC
flexibility potential in urban buildings across China’s
diverse climate regions. The results are presented in

City clusters Cities Location Average Average
temperature (July) RH (July)
Beijing-Tianjin-Hebei Urban Agglomeration Beijing (BJ) 39°54'N 116°23'E 23-34°C 75%
Tianjin (TJ) 39°08'N 117°12'E 24-34°C 75%
Shijiazhuang (5J2) 37°87'N 114°25'E 23-34°C 74%
Yangtze River Delta Urban Agglomeration Nanjing (NJ) 32°30'N 118°47'E 26-34°C 69%
Hangzhou (HZ) 30°14'N 120°12'E 26-36°C 71%
Shanghai (SH) 31°15'N 121°23'E 27-35°C 71%
Hefei (HF) 31°86'N 117°28'E 25-33°C 79%
Middle Reaches of the Yangtze River Urban Agglomeration Wuhan (WH) 30°35'N 114°19°E 26-34°C 78%
Changsha (CS) 28°13'N 112°56'E 26-36°C 77%
Nanchang (NC) 28°40'N 115°51°E 27-35°C 69%
Chongging-Chengdu City Group Chongging (CQ) 29°33'N 106°32'E 26-35°C 58%
Chengdu (CD) 30°40'N 104°04'E 23-32°C 78%
Guangdong-Hong Kong-Macao Greater Bay Area Guangzhou (GZ) 23°80'N 113°17'E 26-35°C 78%
Hong Kong (HK) 22°21'N 113°91'E 26-32°C 81%
Macao (MO) 22°08'N 113°34'E 27-32°C 83%
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a structured manner to offer a clear understanding of
how HVAC flexibility is characterized and influenced
by climatic factors. Firstly, we analyze the indoor T&H
without DR events, which affect the subsequent T&H
dynamics. Secondly, we identify the T&H dynamics and
investigate the impacts of regional climate diversity and
local weather conditions. On this basis, the flexibility
of HVAC systems is evaluated according to the identi-
fied T&H dynamics. Moreover, the cumulative duration
of flexibility is analyzed to reveal the availability across
different regions under different weather conditions. To
investigate the influencing mechanisms of outdoor cli-
matic parameters, we compare the indoor humidity ratio,
T&H dynamics, and flexibility between varying outdoor
T&H and solar radiation. Finally, the evaluation is scaled
up all over China, and we further explore the flexibility
endowments of building HVAC systems considering cli-
mate diversity.

4.1 Baseline indoor T&H profiles
Figure 3 (a)-(f) illustrates the baseline indoor T&H pro-
files for 15 cities under 3 distinct weather conditions
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during normal operations. These profiles are crucial for
subsequent dominant factor identification and flexibility
evaluation.

Indoor temperature is actively controlled by HVAC
systems, which adjust the cooling load to eliminate
the temperature deviations from the neutral setpoints
(25°C). Therefore, temperature generally remains at the
setpoint throughout the day, with only a few exceptions.
To be specific, if the outdoor temperatures fall below the
setpoint, the HVAC systems will be turned off. In such
cases, the indoor temperature gradually decreases driven
by outdoor temperature rather than the HVAC systems,
leading to lower temperatures from neutral setpoints
during nighttime hours (e.g., BJ, TJ, and SJZ).

In contrast, the indoor humidity shows significant fluc-
tuations due to passive control mechanisms. Humidity
levels tend to be lower during the daytime but show con-
siderable increases during nighttime hours, often exceed-
ing acceptable Limits. Average day-night differences can
be as high as 2.76 g/kg,. Additionally, indoor humidity
levels in most cities are sensitive to weather conditions,
displaying a notable growth from sunny to rainy days.
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Fig. 3 Indoor T&H profiles of 15 cities. a-c Temperature profiles under sunny, cloudy, and rainy conditions; d-f Humidity profiles under sunny,
cloudy, and rainy conditions; g-h Average humidity ratios in the daytime and nighttime



Qi et al. Carbon Neutrality (2025) 4:22

These phenomena can be attributed to a reduction in
sensible load, which is primarily influenced by outdoor
temperature and GHI. As these factors decrease at night
or on rainy days, the cooling capacity required for a sen-
sible load decreases. This reduction in sensible load often
leads to decreased dehumidification capacity, thus result-
ing in higher indoor humidity. These results highlight a
tight coupling between sensible and latent loads, under-
scoring the necessity to decouple them for a more accu-
rate description of T&H dynamics during DR events.

Given that the temperature is consistently maintained
at its neutral setpoint, humidity levels emerge as crucial
factors influencing T&H dynamics. Specifically, when the
initial indoor humidity approaches the boundary of the
acceptable range, the T&H dynamics become increas-
ingly sensitive to humidity. Overall, northern and cen-
tral cities generally exhibit lower daytime humidity levels
compared to other regions. However, during the night-
time, cities with lower humidity levels are predominantly
found in the southern and central regions. These differ-
ences may contribute to distinct flexibility potentials
among cities.

4.2 Climatic influence on T&H dynamics
According to the indoor T&H profiles, the specific T&H
dynamics at different time instants are identified, as illus-
trated in Fig. 4. These results provide a crucial foundation
for the subsequent evaluation of HVAC system flexibility.
The T&H dynamics demonstrate notable spatial-tem-
poral characteristics. Typically, the temperature-sensitive
type mainly occurs during the daytime (07:00-19:00).
This observation aligns with the T&H profiles, indicat-
ing lower daytime humidity levels. Conversely, humid-
ity-sensitive dynamics are prevalent during nighttime,
regardless of weather conditions. In general, the occur-
rence of temperature-sensitive type declines from sunny
to cloudy to rainy weather conditions, corresponding
with rising outdoor humidity. More importantly, the ana-
lyzed city clusters also exhibit unique spatial patterns in
the T&H dynamics, encompassing both intra- and inter-
regional differences.

1) Beijing-Tianjin-Hebei Urban Agglomeration: This
agglomeration, characterized by a temperature mon-
soon climate, exhibits the highest frequency (31%) of
temperature-sensitive type, attributable to its lower
average annual humidity compared to other regions.
Besides, nighttime outdoor temperatures here are
lower than in other city clusters, Making the HVAC
systems inactive 21.8% of the time. This suggests
that exploiting the flexibility of HVAC systems dur-
ing nighttime in this area is nearly infeasible, despite
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the growing demand for regulation capacities (e.g.,
accommodation of offshore wind power). Moreover,
some differences are observed among the 3 cities. For
instance, regarding the distribution of temperature-
sensitive type, SJZ shows less sensitivity to weather
variations, whereas BJ is highly affected.

2) Yangtze River Delta Urban Agglomeration: Situated
in a subtropical monsoon climate zone and border-
ing the temperate monsoon climate area, this region
displays a combination of northern and southern cli-
matic characteristics. Specifically, while temperature-
sensitive dynamics are dominant during daytime on
Sunny days, humidity-sensitive dynamics completely
prevail on cloudy and rainy days. However, the 4 cit-
ies demonstrate divergent behaviors without a con-
sistently discernible pattern. For instance, the per-
centage of temperature-sensitive type can remain
high even on cloudy and rainy days, Such as 37.5% on
cloudy days in HZ and 33.3% on rainy days in NJ.

3) Middle Reaches of the Yangtze River Urban Agglom-
eration: Also situated in a subtropical monsoon cli-
mate zone, this region is distinguished by its central
location. Temperature-sensitive dynamics achieve
the highest prevalence (48.6%) on Sunny days and
exhibit a consistent decrease from Sunny to rainy
conditions. This Suggests that, compared to the
Yangtze River Delta Urban Area, distance from the
ocean is a key factor of T&H dynamics. Among the
3 cities, WH is the most temperature-sensitive, with
this dynamic reaching up to 62.5% on sunny days. In
comparison, CS exhibits lower temperature sensitiv-
ity, potentially influenced by its more southerly and
westerly position.

4) Chongging-Chengdu City Group: These repre-

sentative western cities also demonstrate distinct

responses to weather changes. Notably, the 2 cit-
ies exhibit the most distinct intra-cluster differences
among all city clusters, primarily due to their sig-

nificant outdoor temperature differences. CQ with a

hotter climate shows minimal variation in its T&H

dynamics across the 3 weather conditions, with simi-

lar distributions of temperature-sensitive periods. On
the contrary, CD not only exhibits clear distinctions
in its response to weather differences but also experi-
ences lower nighttime temperatures, often leading to

HVAC systems deactivation.

Guangdong-Hong Kong-Macao Greater Bay Area:

This region is located near the boundary between

Subtropical and tropical monsoon climates, char-

acterized by prolonged hot and humid conditions.

Under Such circumstances, the humidity-sensi-

tive type consistently dominates across all kinds of

weather conditions, accounting for approximately

w
=
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Fig. 4 The identified T&H dynamics of 15 cities under 3 weather conditions. a Beijing-Tianjin-Hebei Urban Agglomeration; b Yangtze River Delta
Urban Agglomeration; ¢ Middle Reaches of the Yangtze River Urban Agglomeration; d Chongging-Chengdu City Group; @ Guangdong-Hong

Kong-Macao Greater Bay Area
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Fig. 5 Flexibility profiles and distributions of HVAC systems in 15 cities under 3 weather conditions. a-b Sunny; ¢-d Cloudy; e-f Rainy

84% of the time. Overall, this southern region also
displays a decreasing trend in the occurrence of tem-
perature-sensitive types from Sunny to rainy days.
However, this pattern is less obvious when examining
individual cities. For instance, T&H dynamics in GZ
are completely humidity-sensitive on cloudy days. In
contrast, 2 h exhibit humidity-sensitive features on
rainy days, illustrating the less consistent patterns in
coastal cities.

4.3 Characterizing the HVAC flexibility endowment

Following the identification of T&H dynamics, the flex-
ibility of HVAC systems is further evaluated as depicted
in Fig. 5. It should be noted that flexibility is also related
to the baseline power of HVAC systems, which can be
found in Fig. S4. Therefore, the flexibility rate also serves
as a critical index to reflect the potential flexibility. For

example, while the nighttime flexibility in southern cities
is considerably lower than daytime flexibility, the corre-
sponding flexibility rates remain Substantial at 15%—20%.
Overall, both flexibility and the associated flexibility rate
decrease from sunny to rainy conditions, aligning with
initial expectations.

Besides, the availability of flexibility is also an impor-
tant criterion that indicates how long the flexibility is
available throughout the day. While HK and MO provide
all-weather flexibility, several other cities (e.g., SH, HF,
WH, NC, and CQ) can also provide extended flexibility
on sunny days. But on cloudy and rainy days, this avail-
ability diminishes sharply.

1) Beijing-Tianjin-Hebei Urban Agglomeration: The
flexibility evaluation results reveal a prominent fea-
ture: minimal regulation potential during non-work-
ing hours, consistent with the T&H dynamic identifi-
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Fig. 6 The flexibility availability across 15 cities: a-c Duration curves of flexibility rate under sunny, cloudy, and rainy days; d Distribution of flexibility
and duration time

cation. Despite this limitation, Substantial flexibility
is observed during working hours, with median val-
ues reaching about 30kW, 25kW, and 20kW on
sunny, rainy, and rainy days, respectively. Moreover,
significant variations in flexibility within this region
can be indicated by large interquartile ranges (IQR)
and cannot be ignored. This highlights the need to
consider temporal characteristics. In general, these 3
cities exhibit similar performance in flexibility, with
SJZ performing marginally better than BJ and TJ.

2

) Yangtze River Delta Urban Agglomeration: Dif-
ferences in flexibility are more pronounced in this
region. SH is unique in exhibiting relatively stable
flexibility across the 3 weather conditions. The per-
formance of the other 3 cities varies, sometimes
exceeding that of northern cities and at other times
falling short. Taking HZ as an example, its mean flex-
ibility is approximately 28kW on cloudy days, but
this decreases by nearly 50% on rainy days. A posi-
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tive aspect is that these cities demonstrate smaller
intraday flexibility fluctuations and longer availability
periods compared to northern cities. As a result, cit-
ies in this agglomeration should focus on the intra-
regional disparities and their own unique response to
weather variations.

Middle Reaches of the Yangtze River Urban Agglom-

eration: Flexibility in the 3 cities aligns with their

T&H dynamics, showing a distinct decreasing trend

from sunny (mean~35kW) to rainy (mean~ 19kW)

conditions. Overall flexibility and availability are
comparable to the average across the five city clus-
ters. Notably, WH demonstrates strong compara-
tive performance, ranking first in mean flexibility on
sunny days and fourth on cloudy days. Despite this,
the intra-region differences are not markedly distinct.

This suggests that insights derived from geographi-

cally proximate cities within this agglomeration may

be more relevant than comparisons with distant
coastal cities.

4) Chonggqing-Chengdu City Group: As Suggested by
the T&H dynamics, differences in flexibility between
the 2 cities are indeed very distinct. CQ exceeds the
average level while CD falls below it. For example, the
mean flexibility in CQ is nearly double that in CD on
cloudy days. These findings highlight the significance
of accounting for intra-regional differences in regions
with distinct geographical features, such as western
China.

5) Guangdong-Hong Kong-Macao Greater Bay Area:
A prominent advantage in southern cities is their
reduced sensitivity to weather variations. Although
flexibility in GZ is lower than in HK or MO, their
own values remain relatively consistent across 3
weather conditions. Furthermore, HK and MO can
offer 24-h flexibility availability. Crucially, in these
cities, the nighttime flexibility rates can exceed day-
time values, which is beneficial for integrating sub-
stantial offshore wind power. These unique charac-
teristics emphasize the potential for prioritizing the
exploration of HVAC system flexibility in southern
cities, where utilization rates are notably higher than
in other regions.

3

=

4.4 Weather-dependent characteristics of HVAC flexibility
Ensuring the availability of flexibility is essential for
power systems with a high penetration of RES. Accord-
ingly, we examine both the Magnitude and duration
of flexibility that HVAC systems can provide under
3 weather conditions. The flexibility rate is defined as
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the flexibility expressed by the proportion of the base-
line power. To facilitate a consistent comparison across
scenarios, the duration curves of the flexibility rate are
plotted in the order of decreasing magnitude, as illus-
trated in Fig. 6 (a)-(c). The sensitivity to weather varia-
tions is illustrated in Fig. 6 (d).

1) Sunny conditions: Primary distinctions among city
clusters Mainly Lie in the duration time, as flexibil-
ity is usually the highest among 3 weather conditions.
While the Magnitudes of flexibility vary significantly,
their flexibility rates are broadly comparable as
shown by the middle portions of the duration curves.
SH, HE, WH, HK, and MO exhibit the longest dura-
tion at 24 h, whereas SJZ shows the shortest at 11 h.
Excluding the sharp variations at the beginning and
end of the curves, the flexibility rates on Sunny days
remain relatively stable. This Suggests that most cit-
ies can provide at least 10% of their baseline power as
flexibility for the majority of the available period.

2) Cloudy conditions: The differences in flexibility char-
acteristics among city clusters become more pro-
nounced. BJ, T], and SJZ maintain a very short dura-
tion (less than 12 h). Although their flexibility rates
are still high, the magnitude of flexibility is limited.
Remarkable intra-regional variations are observed in
the Yangtze River Delta. For instance, SH’s duration
can reach up to 24 h, whereas HZ’s duration is Lim-
ited to 16 h. A similar disparity also exists in central
China, where WH (24h) and CS (17h) represent the
longest and shortest durations, respectively. In the
west, CD demonstrates both the shortest duration
and the lowest average flexibility, remarkably under-
performing CQ. In contrast, HK and MO maintain
both high flexibility rates and long durations, while
GZ shows a marked reduction in flexibility.

3) Rainy conditions: The variability in flexibility poten-
tial becomes even more pronounced, reflected by
greater divergence in the duration curves. Mean-
while, the flexibility durations in rainy conditions
are usually the shortest among the 3 weather condi-
tions. Counterintuitively, the flexibility duration for
BJ, TJ, and SJZ has increased compared to their per-
formance on cloudy days. HK and MO again exhibit
their high resilience, Maintaining 24-h flexibility
availability. Conversely, most other cities experience
varying degrees of decline, with SH being the least
affected.

In Summary, the sensitivity of HVAC flexibility to
weather conditions varies across different regions
in China. For applications requiring consistent and
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all-weather flexibility, cities Such as MO, HK, SH, HZ,
and CS represent the most promising candidates for
large-scale deployment. On the contrary, CQ, NC, and
HF display high variability across 3 weather conditions,
which could introduce uncertainty into grid regulations
that rely on their flexibility. Notably, geographical prox-
imity does not guarantee similar performance in flex-
ibility, a trend particularly evident in coastal regions. The
intra-regional disparities observed in the Yangtze River
Delta and the Greater Bay Area provide strong evidence
for this conclusion. These findings emphasize the signifi-
cance of accounting for climate diversity when evaluating
the integration of flexible resources into power systems.
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4.5 Mechanisms underlying the impact of climate diversity
on flexibility

In order to investigate the mechanisms of climate diver-
sity and how it affects flexibility, this section analyzes the
interplay between outdoor climate variables (tempera-
ture, RH, and GHI), indoor conditions (humidity ratio,
T&H dynamics), and the resulting flexibility potential, as
illustrated in Fig. 7.

The increase in outdoor temperature or GHI leads to a
higher cooling load, which in turn enhances the HVAC’s
dehumidification effect and reduces the indoor humid-
ity ratio. On the contrary, a higher outdoor RH increases
the moisture content of the injected fresh air, thereby
increasing the indoor humidity ratio. These relationships,
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Fig. 7 The impacts of outdoor temperature, RH, GHI on indoor humidity ratio, T&H dynamic, and flexibility: a-d humidity ratio; e~h T&H dynamics;

il flexibility
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depicted in Fig. 7 (a)-(d), explain the observations that
indoor humidity levels are typically lower during the day
than at night.

Higher indoor humidity levels lead to the T&H dynam-
ics being more sensitive to humidity. As shown in Fig. 7
(e)-(h), distinct thresholds separate 2 operational areas,
a temperature-sensitive area (indicated in purple) and a
humidity-sensitive area (indicated in pink), respectively.
GHI serves as a proxy for weather conditions, with high
values corresponding to sunny days and low values to
cloudy or rainy days. Critically, the temperature thresh-
old at which the T&H dynamic from humidity-sensitive
to temperature-sensitive dynamics decreases as GHI
increases. This indicates that temperature-sensitive
dynamics, which are more favorable for flexibility provi-
sion, are prevalent on sunny days.

While higher GHI (i.e., sunny weather) generally cor-
relates with greater available flexibility, it also drives a
simultaneous increase in cooling loads. This creates a
complex trade-off: the conditions that generate the most
flexibility also coincide with periods of high electric-
ity demand, which is often when that flexibility is most
needed by the power system. Furthermore, the influence
of outdoor T&H on flexibility is less clear compared to
the humidity ratio and T&H dynamics. Humidity-sensi-
tive dynamics, in particular, severely constrain potential
flexibility. For instance, under low GHI conditions (e.g., 0
and 0.3 kW/m?), available flexibility is nearly zero at low
outdoor temperatures. However, as GHI increases (e.g.,
to 0.6 or 0.9 kW/m?), the relationship becomes highly
non-linear, with significant flexibility emerging across a
wide range of conditions. Consequently, predicting flex-
ibility potential from outdoor weather variables alone is
challenging.

In summary, while the causal links between out-
door weather and indoor T&H dynamics are relatively
straightforward, their combined effect on system flex-
ibility is complex and non-linear. This complexity under-
scores the necessity of performing detailed, model-based
evaluations to accurately quantify the available flexibility
from HVAC systems before their large-scale integration
into power grids.

4.6 Flexibility endowments under extremely hot
and hot-humid conditions

The above mechanism analysis highlights the complexity
of flexibility evaluation. While the flexibility evaluation
is conducted in representative developed cities, it limits
the guiding significance to other regions. To this end, we
further analyze the T&H dynamics and investigate the
flexibility endowments in China under extreme weather
conditions, when power systems face not only a surge
in total load but also a shortage in flexible regulation
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capacities. Under such circumstances, power systems
tend to seek additional flexibility to enhance their own
resilience, and these results can provide valuable infor-
mation on whether it is feasible to explore flexibility in
building HVAC systems.

In this subsection, we concentrate on the specific
instant when the dry-bulb or wet-bulb temperature
is the highest across all weather stations. The high-
est dry-bulb temperature scenario always indicates
sunny weather and the largest baseline cooling load,
as shown in Fig. 8 (a). The scenario of maximum wet-
bulb temperature, which is contributed by both T&H,
is more complicated than the dry-bulb temperature, as
depicted in Fig. 8 (b). For instance, its corresponding
weather can be cloudy or rainy, even Sunny days, which
further formulates different T&H dynamics. Flexibil-
ity, evaluated under the 2 scenarios, is represented by
the maximum capacity and shown in Fig. 8 (c) and (d).
The fundamental calculation of DR capacity is consist-
ent with the HVAC flexibility evaluation methodology
described in Sect. 2, which involves determining the
maximum power reduction achievable by HVAC sys-
tems while rigorously maintaining indoor temperature
and humidity within predefined comfort ranges. More
details are provided in S3.

China’s vast geographic diversity leads to significant
regional variations in Maximum temperatures. In some
regions, e.g., BJ, the Maximum temperature exceeds
38°C. However, in cooler regions, e.g., Tibet, the value is
even lower than 25°C. In these cooler regions, there is lit-
tle cooling demand, and thus, no flexibility can be pro-
vided by HVAC systems during summer. Obviously, there
is no need to exploit flexibility from HVAC systems in
these regions.

In eastern hot regions, the temperature completely
dominates T&H dynamics. Interestingly, higher DR
capacities always occur in regions where Maximum tem-
peratures are lower than 35°C, like the northeast region.
The findings are consistent with the above results that
flexibility does not increase proportionally with rising
outdoor temperatures. In most regions of eastern China,
the Maximum capacities range between 35-44kW, there
are few differences in the flexibility, indicating that power
systems can facilitate HVAC systems to enhance regula-
tion capabilities under extreme hot weather.

The scenario with the highest wet-bulb temperature,
which typically corresponds to hot and humid condi-
tions, shows district differences compared to the dry-
bulb temperature scenario. On the one hand, the values
of wet-bulb temperature are lower than those of dry-bulb
temperature. On the other hand, the distributions of wet-
bulb temperatures are a Little different, i.e., the whole
western regions are below 24.1°C, and the maximum



Qi et al. Carbon Neutrality

(2025) 4:22

Dry-bulb
Temperature (°C)

16.8 -25.5
25.6-31

31.1-33.9
[ 3-35
I 35.1-359
I 36-368
Bl 369-375
Bl 376-38
Bl 38.1-405

0 375 750 1,500 km

Maximum
Capacity (kW)

B 31-22
| 21--12
A1--2
1-4
5-14
15-24

[ 25-34

P 35-44

B 45-54

0 375 750

1,500 km

Page 15 0of 19

Wet-bulb
Temperature (°C)
7.7-122
12.3-16
[ 16.1-19.2
[ 193-219
0 22-241
I 242-259
B 25-275
Bl 276-204
Bl 205-316

0 375 750 1,500 km

Maximum
Capacity (kW)

Bl 33--26
Bl 25--18
B 17--10
I 9-2

-2

3-10
o -8
Bl 19-26
M 2732

0 375 750

1,500 km

Fig. 8 Spatial distribution of meteorological conditions and corresponding DR capacities across China. a Maximum dry-bulb temperature
distribution indicating the extremely hot scenario; b Maximum wet-bulb temperature distribution indicating the hot-humid scenario; € Maximum
DR capacities under extremely hot scenario; d Maximum DR capacities under hot-humid scenario. The red areas with positive values indicate
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values mainly concentrate on the central regions. There-
fore, we can see the maximum capacities in the western
regions delineated above are almost between —1-2kW,
meaning that the flexibility of HVAC systems is hard to
explore on cloudy and rainy days. Given that the north-
west regions exhibit partial DR potential on hot days,
they should carefully consider the economics of utiliz-
ing HVAC systems. For those cities with dominant sunny
weather, the HVAC systems can be considered as a feasi-
ble supplementation.

In eastern China, humidity dominates the T&H
dynamics in most regions, except in the central regions.
Central regions are neither coastal nor cool, their dry-
bulb temperature mainly contributes to high temperature
rather than humidity. As a result, humidity has a smaller
impact on HVAC systems, and their T&H dynamics still
belong to the temperature-sensitive type. Under Such

circumstances, the central regions also exhibit great DR
potential, with Maximum capacities reaching as high as
32kW. Then, in terms of regions classified as humidity-
sensitive type, flexibility increases as proximity to the
sea decreases, so most coastal regions possess higher DR
capacities. However, northeastern regions exhibit signifi-
cant decreases from the dry-bulb temperature scenario
to the wet-bulb temperature scenario, indicating there
are distinct flexibility fluctuations with weather changes.
Most importantly, the maximum capacity demonstrates
very significant variations in neighboring regions, even
though the wet-bulb temperatures are similar. This
underscores the necessity of incorporating humidity and
accounting for regional differences.

Overall, the maximum capacities in the wet-bulb tem-
perature scenario are much lower than in the dry-bulb
temperature scenario. However, the former can even



Qi et al. Carbon Neutrality (2025) 4:22

reveal more flexibility characteristics. On the one hand,
RES like photovoltaics tend to fluctuate more frequently
due to the weather conditions, the power systems may
still face challenges on regulation capacity insufficiency,
and need to pay attention to the DR potential on cloudy
or rainy days. On the other hand, the wet-bulb tem-
perature scenario can provide a more comprehensive
reference to evaluate the feasibility and economics of
exploiting HVAC flexibility, as their flexibility perfor-
mance in the dry-bulb temperature scenario is very
similar.

5 Discussion and conclusion

This research develops and applies a comprehensive
framework for evaluating the flexibility of urban HVAC
systems. By incorporating both T&H impacts, the frame-
work improves evaluation accuracy and is Suitable for
national-scale application. We applied this framework
to evaluate HVAC flexibility in 15 Major Chinese cities
across 3 distinct weather conditions. The results reveal
that T&H dynamics vary significantly with climate, which
in turn affects the magnitude and duration of flexibility.
Further analysis of outdoor climatic parameters dem-
onstrates the complex and climate-dependent nature of
HVAC flexibility. Extending this evaluation across China,
we map the flexibility endowment of urban buildings as
shaped by climate diversity, highlighting the necessity
of a comprehensive evaluation that accounts for varying
weather conditions.

This framework addresses a critical gap in prior
research, which often overlooked the role of humidity in
favor of temperature alone. The absence of humidity can
lead to inaccurate results and potentially compromise
occupant benefits, thus hindering the large-scale utiliza-
tion of HVAC systems across diverse regions.

Previous studies have also predominantly focused on
HVAC performance on Sunny days, where flexibility
potential tends to be similar across different locations.
Nevertheless, our findings demonstrate that significant
inter-regional differences emerge under varying weather
conditions. As HVAC systems are among the loads most
sensitive to weather, examining their response under
diverse weather conditions is critical before large-scale
exploration. Our results have identified several cities that
exhibit robust and all-weather flexibility, Such as SH, HK,
and MO, Making their HVAC systems prime candidates
for integration as regular grid regulation resources. On
the contrary, cities Like CQ, NC, and HF demonstrate
polarized performance, with high flexibility on Sunny
days but significantly less on rainy days. This implies
that relying on HVAC systems as the dominant flexibility
Supplier in these cities May lead to insufficiency during
cloudy or rainy periods. Furthermore, although our study
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examines 3 representative weather conditions, their
annual frequency varies by location. For instance, sunny
days dominate summer in MO, whereas cloudy days are
more prevalent in HZ. Therefore, when exploring city-
level flexibility, detailed consideration of local weather
patterns is necessary.

In addition to climate, significant performance dis-
parities exist even among geographically proximate
cities. In our studied 5 city clusters, only the Beijing-
Tianjin-Hebei and Middle Reaches of the Yangtze River
clusters exhibit strong intra-regional similarities. This
finding further emphasizes the need to consider local
characteristics in policy and resource planning [39], as
directly transposing strategies from one city to another
may be ineffective. Our analysis also indicates that
coastal proximity is a key factor. Coastal cities usually
display heightened sensitivity to humidity, resulting in
distinct flexibility performance. These differences, how-
ever, can be advantageous [40]. For example, system
frequency support from other provinces is in progress
in China Southern Power Grid, which can reduce the
overall frequency regulation capacity demand by taking
full use of the regional differences.

A broader examination of flexibility endowments across
China further emphasizes the regional distinctions dur-
ing typical summer conditions and peak demand scenar-
ios. By examining performance under extreme dry-bulb
and wet-bulb temperatures, we can obtain a preliminary
judgment of the feasibility of exploiting HVAC systems.
Western regions with low ambient temperatures (such
as Tibet and the west of Sichuan) are generally unsuit-
able. Northeastern and northwestern regions, along with
Inner Mongolia, offer flexibility primarily on sunny days,
limiting their application scenarios.

Comparatively, most other regions show considerable
potential, though both inter- and intra-regional remain
significant. Combined with the analysis of 5 typical city
clusters, we propose the following region-specific consid-
erations for developing HVAC flexibility:

1) Northern China: Characterized by large diurnal tem-
perature variations, these cities show notable day-
night variations in flexibility. They would benefit
from integrating complementary flexible resources,
such as electric vehicles [41], to compensate for low
HVAC flexibility at night and create a more robust
grid resource pool.

2) Eastern China: Many cities in this region possess
high flexibility potential but also high sensitivity to
weather variations, necessitating careful evaluation
under different weather conditions to determine the
appropriate positioning for HVAC systems. Mean-
while, the DR markets also actively incorporate
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weather-adjusted baselines to prevent under- or
over-estimations of response capacities.

3) Central China: These continental cities show a con-
sistent decrease in flexibility from sunny to rainy
days. Initial policy efforts should be directed toward
funding pilot programs. The key task is to quantify
specific flexibility and further assess the economic
and technical feasibility of exploration.

4) Western China: This region displays the greatest het-
erogeneity in flexibility, driven by a combination of
climate, terrain, and altitude. A case-by-case evalua-
tion for each potential city is essential. Correspond-
ingly, the DR strategies need to be tailored according
to the flexibility characteristics, aimed at exploiting
more flexibility.

5) Southern China: These cities offer the most sta-
ble flexibility, as high ambient humidity levels make
them less sensitive to weather and diurnal changes. It
is recommended to design more diverse and reliable
DR market products to fully utilize their long-dura-
tion flexibility from HVAC systems. For cities other
than the high-performing examples (HK and MO),
their focus should be on examining the gaps in these
benchmarks.

Actually, regional differences in resource characteris-
tics are already reflected in the development of supply—
demand interactions in China. For example, northern
China typically employs virtual power plants (VPPs)
[42], integrating resources such as RES, energy storage,
and diesel generators. Southern China mainly concen-
trates on multiple flexible loads, which are classified and
aggregated to participate in DR programs [43]. However,
the role of flexibility differences has yet to be fully incor-
porated into these frameworks. As China’s electricity
market matures, it is vital that new policies and market
designs account for the regional characteristics of domi-
nant flexible resources like HVAC systems [44].

The research’s main limitations are the availability of
detailed climate data and building information. We have
found that outdoor T&H has a profound impact on the
performance of HVAC systems, yet our weather data
lacks granularity. In reality, T&H conditions can vary
considerably within the same city. Besides, specific build-
ing details and HVAC system parameters are also essen-
tial for accurate flexibility evaluation. For finer-grained
evaluations, such as those focused on small urban blocks
or neighborhoods, more detailed climate and building
data would improve accuracy, with some studies even
factoring in microclimate effects [45]. Moreover, the
research limits the comprehensive evaluation of year-
round temporal characteristics by focusing solely on
summer data. Multi-seasonal evaluations can provide
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more holistic information to assess the feasibility and
economics of leveraging large-scale HVAC flexibility.
Our results illustrate how humidity and climate diversity
could affect the flexible resource endowment of build-
ing HVAC systems in China. Incorporating humidity
in flexibility evaluation not only enhances accuracy but
also helps meet occupant comfort requirements during
DR events, which is one of the most difficult obstacles
to promoting large-scale implementations. Historically,
resource endowments, such as water, solar, and wind,
were utilized to evaluate the economics of RES develop-
ment. Our findings emphasize the importance of also
accounting for regional differences in HVAC flexibility.

To better match the development of RES, flexible
resource endowments like HVAC systems need to be
incorporated into future energy roadmaps [46]. For prov-
inces or cities with specific spatial and temporal demands
of regulation capacities, the flexibility provided by HVAC
systems can be examined for compatibility. For example,
the Guangdong-Hong Kong-Macao Greater Bay Area
faces challenges accommodating offshore wind power at
night, where leveraging HVAC flexibility could be ben-
eficial. Although we recognize that not all countries or
regions have such diverse climates as China, our results
suggest that the differences in flexibility under different
weather conditions are also crucial globally as efforts
toward decarbonization continue.
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