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The energy flexibility potential of short-term HVAC system
management in office buildings under both typical and extreme
weather conditions in China during the cooling season
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Abstract: To meet the challenge of mismatches between power supply and demand, modern buildings must
schedule flexible energy loads in order to improve the efficiency of power grids. Furthermore, it is essential to
understand the effectiveness of flexibility management strategies under different climate conditions and extreme
weather events. Using both typical and extreme weather data from cities in five major climate zones of China,
this study investigates the energy flexibility potential of an office building under three short-term HVAC
management strategies in the context of different climates. The results show that the peak load flexibility and
overall energy performance of the three short-term strategies were affected by the surrounding climate
conditions. The peak load reduction rate of the pre-cooling and zone temperature reset strategies declined
linearly as outdoor temperature increased. Under extreme climate conditions, the daily peak-load time was
found to be over two hours earlier than under typical conditions, and the intensive solar radiation found in the
extreme conditions can weaken the correlation between peak load reduction and outdoor temperature, risking
the ability of a building’s HVAC system to maintain a comfortable indoor environment.
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1 Introduction

The simultaneous growth in global population
and urbanization has resulted in a marked increase in
urban energy demand over the past several decades.
Furthermore, many societies must now confront
issues of sustainability and other problems caused by
reliance on fossil fuels, such as energy shortages,
greenhouse gas emissions and health problems™.
Mitigating greenhouse gas emissions and reducing
fossil fuel usage have become priorities for many
countries, and more than 454 cities and 23 regions
have committed to achieving zero carbon emissions
by the 21st century”. China aims to reach its “car-
bon peak” by 2030 and carbon neutrality by 2060.
As a result, renewable energy sources are being
developed rapidly to replace conventional energy
ones. However, the nature of many renewable ener-
gy sources can lead to undesirable changes in energy

Bl Due to its intrinsic variability ,

supply structures
renewable energy often exacerbates the discrepancy
between energy supply and demand and aggravates
the fluctuations in net system load", causing unex-

). To meet the challenge of

pected curtailment rates"”
this potential mismatching between supply and
demand, flexible load scheduling is required in order
to improve the efficiency of power grids™’.

Buildings represent a large portion of the world’s
energy consumption and associated CO, emissions,
consuming around 40% of total energy usage in
developed countries”. Since the energy demand of a
building can be shifted in time, a large potential for
energy flexibility can be achieved by low-carbon
design and energy-efficient operation in buildings,
which can in turn provide better power grid manage-
ment. The term “building energy flexibility” is
defined by Annex 67 as “the ability to manage a
building” s demand and power generation according
to local climate conditions, user needs, and energy

network requirements”".

Lu et al. ¥ have summa-
rized the general approach to achieving energy flexi-
bility, including demand-side management, demand

response, and the flexible control of resources.

TS :2096-6717(2025)04-0157-15

Under the building energy flexibility approach, Shan
et al. ¥ highlight four types of flexible management
strategies that can be used in buildings’ demand-

response processes, including demand limiting,
demand shedding, demand shifting and on-site gener-
ation. Identifying building power usage characteris-
tics 1s one of the most critical steps for revealing a
building’ s energy flexibility. To this end, with their
large proportion of energy utilization and schedulable
operation control, the ability of HVAC systems to
shift on-peak electricity demand and alleviate short-
term demand-supply mismatch events has attracted
increasing research attention"”’.

HVAC operation is regarded as the most influ-
ential energy consumer in buildings. In office build-
ings alone HVAC operation can create a —15% to
70% variation in building energy consumption annu-

ally™"

. Thus, applying different control strategies to
building HVAC systems can lead to considerable
benefits in demand side management, and this flexi-
bility potential can be further enhanced by integrating
HVAC systems with occupant behaviour control
strategies, and building thermal mass and thermal en-

" For example, Malik et al. "

ergy storage systems
found that more than half of the total air-conditioners
monitored in Australia had shown intensive energy
usage during on-peak periods, indicating a consider-
able demand response potential. Although the ability
of HVAC systems to cut down peak-time power
loads has been postulated, occupant thermal comfort
(“user needs”) should not be adversely compromised
under building energy flexibility management. As a
result, precooling/preheating and zone temperature
resets are typical methods used in HVAC operation
control that enable energy flexibility and ensure that
room temperatures are within a comfortable range.
Existing studies have already reported on the
benefits of precooling/preheating and zone tempera-
ture reset. As a natural thermal storage source,
building thermal mass is often an integral part of ener-
gy flexibility strategies. As the most straight forward
approach to achieving demand shedding, directly
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switching off HVAC cooling/heating units common-
ly responds quickly to a shedding signal without af-
fecting occupants’ short-term thermal comfort",
However, unbalanced cooling distribution issues and
the instability of zone/space thermal environments
should be considered in how to maintain spaces with-
in the comfort range when HVAC systems is partly
off 7,

To minimize the risk of unacceptable thermal
environments during the demand-response period,
researchers have looked into the effectiveness of zone

1. " quantified the ener-

temperature resets. Chen et a
gy flexibility of a maximum peak power reduction by
up to 25% of the maximum cooling power demand.
Furthermore, by simultaneously resetting zone air
temperature, supply air temperature, chilled water
temperature and condenser water temperature, the
short-term curtailment approach can reduce building
cooling demand by 23%-47% , depending on occu-
pant comfort limits"®. Wang et al. "” investigated the
spinning reserve capacity of a rising room air tempera-
ture setpoint (up to 3 °C) in Hong Kong and reported
a link between reserve capacity and temperature rise
that contributed more than 68% to the spinning
reserve capacity required by the power grid in Hong
Kong. In addition to HVAC systems and building
thermal mass, outdoor weather is also a factor that
influences a building’ s energy flexibility. For exam-
ple, Yin et al. " simulated the hourly demand
response potential of indoor air temperature setpoint
resets in both commercial and residential buildings,
and the results highlighted the decreased demand
response potential in the presence of extreme outdoor
air temperatures.

Additionally, one typical precooling/preheating
strategy utilizes the thermal charging capacity of
building thermal mass to shed/store heat before the
occupied period or demand response period, and this
is more commonly applied in commercial buildings
with larger building thermal mass and more dynamic
incentives to lower/shift peak demand"”. Xu et al. *”’
reported that the precooling strategies can reduce
chiller power by 80% during on-peak hours in office
buildings without thermal comfort complaints. Jiang
et al. ™ likewise developed a deep reinforcement

learning framework to reduce HVAC electricity cost

and peak demand of a single-zone office building that
was able to save 6%-8% of monthly electricity
costs, and Hu et al. ** developed a thermal-based
self-learning model to examine the demand response
potential of residential air conditioners. These latter
results revealed that the combination of room
temperature reset and precooling was able to reduce
electricity consumption by 26 % during the peak-time
period of a typical summer day without sacrificing
indoor thermal comfort. However, the effectiveness
of precooling strategies on building load shifting is
also influenced by contextual factors.

5] examined the

For example, Stopps et al.
load-shifting capacity of a pre-conditioning strategy in
high-rise residential buildings using HVAC runtime
data and found that the overall impact on load de-
mand reduction was not effective. However, the
load-shifting potential of the pre-conditioning strate-
gy varied in suites with different orientations. Simi-
larly, Turner et al. ' evaluated the electricity load-
shifting potential of integrating precooling and build-
ing thermal mass. They found that although the pre-
cooling could effectively shift on-peak cooling load,
its effectiveness was largely dependent on climate
zone and local outdoor weather.

Growing numbers of extreme weather and cli-
mate events have been reported™®’, especially high
daily outdoor temperatures®. Dai et al. ¥} compared
the differences in AC usage behavior in China be-
tween the extremely hot summers and normal sum-
mers and found differences between both the frequen-
cy of use and the duration of operation by air condi-
tioner users in each type of summer. Considering the
theory of building thermal dynamics, HVAC energy
consumption and indoor thermal conditions can be
largely influenced by the outdoor thermal environ-
ment, which can result in the effectiveness of build-
ing energy flexibility that relies on precooling/pre-
heating and zone temperature reset strategies.

Previous studies relevant to building energy flex-
ibility and demand response mainly focus on the flexi-
bility potential of a given strategy and its correspond-
ing effects on indoor thermal comfort. Although the
effects of certain energy flexibility strategies could be
various due to the variation of climate and building

structure, the performance and applicability of ener-
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gy flexibility strategies under different climate condi-
tions are nonetheless understudied. Hence, the nov-
elty of this article is to evaluate building energy flexi-
bility potential under different local outdoor climates
and local building regulations on building envelops in
China specifically, including one extreme weather
condition. Three flexibility strategies are studied, in-
cluding pre-cooling, zone-temperature reset, and par-
tial shutdown. The energy flexibility under five typi-
cal climate zones and one extreme climate condition
are compared. The following section first describes
the details of simulation modeling and data input.
Section 3 then analyzes the energy flexibility of three
typical flexibility strategies under various local cli-
mates and extreme weather conditions, followed by a
discussion regarding the effect of outdoor climate on

building energy flexibility in Section 4.

2 Methods

To evaluate the energy flexibility of office build-
ings with typical HVAC flexibility management strat-
egies in the different climate conditions of China, we
simulated the HVAC power load shifting and shed-
ding potential in the cooling season (July and August)
of a real prototype office building in five major cli-
mate conditions and one extreme climate condition,
considering three previously mentioned typical short-
term HVAC flexibility management strategies.

2.1 Energy flexibility indicators

Methods of assessing energy flexibility have
been established by existing studies to quantify build-
ing energy flexibility. However, the energy flexibili-
ty indicators used in these quantification methods
vary depending on building control objectives. Lu et
al. " have summarized the main energy flexibility in-
dicators for evaluating flexibility capacity by consider-

]

ing building power/energy reduction®, financial

, building thermal mass™”’,

and renewable energy generation”".

CO, emission™!

cost™®,
In this study we
use three indicators to assess the energy flexibility of
HVAC flexibility-management strategies under dif-
ferent outdoor climate conditions, including peak
load reduction rate during the on-peak period, energy
consumption reduction rate, and the ratio difference
of peak load during the on-peak period. The parame-

ters adopted to build the flexibility indicators are

shown in Fig. 1.
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Fig. 1 The energy flexibility indicators used

Peak load reduction rate during the on-peak peri-
od ( F; is adopted to indicate the load shedding ability
of a given flexibility control strategy (Eq. (1)), and
energy consumption reduction rate (Fj) illustrates
the difference in the overall HVAC energy consump-
tion before and after applying flexibility management
strategies (Eq. (2)).

P base — P

Ppcak,basc

Fp= R 100% (1)

where, F; is peak load reduction rate during the on-
peak period (2: 00 PM to 6: 00 PM as identified in
this study) (76 ), and P e and P g are the peak
loads of the baseline case and the flexibility case
(kW), respectively.

Emse —F e
= 100% (2)
Ebasc

where, F is the rate of reduction of energy consump-
tion of the HVAC system (%), and E,,. and E,, are
the energy consumption of the HVAC system for the

Fp

baseline case and the flexibility case (kW-h), respec-
tively.

Apart from the potential of lowering peak load
and overall energy consumption, a system’ s load-
shifting ability is also an important indicator for as-
sessing the effectiveness of a flexibility strategy. For
this purpose we use “the reduction rate of peak load
during the on-peak period” to present the energy flex-
ibility of the peak load shifting of the baseline case
and the flexibility case (Eq. (3)).

Ron—pvak,be\sv - Ron—pcak,ﬂv % 100% (%)

R on-peak_base

Fr=

where, F is the difference in the ratio of peak load
during the on-peak period (2:00 PM to 6:00 PM as
identified in this study) (%), and R, e e and
R, pear ne are the ratios of peak load during the on-peak
period of the baseline case and the flexibility case, re-
spectively.

2.2 Local weather conditions

China spans across several climate zones. Its na-
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tional code Code for Thermal Design of Civil Build-
ing (GB 50176—2016) divides China into five major
climate zones, the severe cold (SC) zone, the cold
zone, the hot summer and cold winter (HSCW)
zone, the hot summer and warm winter (HSWW)
zone, and the temperate zone, which are classified
by the average temperature of the coldest month (Jan-
uary) and the hottest month (July) historically. To
evaluate the energy flexibility of office buildings in
different climate zones under different flexibility con-
trol strategies, we used the average annual weather
data of five typical cities in the five climate zones:
Harbin for the SC zone,
Chongqing for the HSCW zone,

and Guangzhou for the HSWW

Beijing for the cold zone,
Kunming for the
temperate zone,
zone.

The Chinese Standard Weather Data (CSWD)
was used for simulations of typical weather condi-
tions as it has already been used extensively in build-
Although

CSWD data represent the long-term means regarding

ing energy simulation studies in China.

weather variables, there certainly is real-world vari-

21 Tn addition, in order to as-

ance from year to year
sess the impact of extreme weather on building ener-
gy flexibility, we used the measured weather data
collected in the extremely hot summer (July and Au-
gust) of 2022 in Chongqing, China (HSCW zone),
during which the consecutive days with a maximal
outdoor temperature higher than 35 °C numbered 32.
Researchers have yet to reach a consensus as to what
constitutes the extremely hot period. However, the
most common one adopted is the period of at least
three consecutive days with a daily maximal outdoor
temperature higher than 35 °C “" %/,

2.3 Building and simulation description

A prototype building model was established in
EnergyPlus software based on an actual office build-
ing. This building has 27 stories with an occupied
area (HVAC operating) of 40 068 m*. The model
and floor layout are shown in Fig. 2.

To simplify the simulation process, we divided
the building layout into eight occupied zones depend-
ing on four building orientations. The envelope struc-
ture thermal performance of this building prototype is
based on the regulations for buildings that are subject

to trade-off judgement in General code for energy ef-

Staircase & Staircase
Toilet Zone Zone
Occupied
Corridor Zone 4

Occupied
Zone 7

Occupied Occupied
Zone 6 Zone 5

Fig. 2 Views of the building model and floor layout

ficiency and renewable energy application in build-
ings (GB 55015—2021)"". The simulated building’s
shape coefficient and window-wall ratio are 0.1 and
0.6, respectively, which satisfies the requirements
in GB 55015—2021. Since the building design code
is different for each climate zone, the thermal charac-
teristics of the prototype building in each climate zone
are listed in Table 1, and they all satisfy the local
building energy efficiency standards in GB 55015—
2021.

The internal disturbance and schedule of this
model also followed the regulations in GB 55015—
2021. The occupant density was set to 10 m”/per-
son, and the power density of lighting and equipment
are 9 W/m” and 8 W/m” respectively. The occupan-
cy, lighting, and electrical equipment usage profile
can be found in Fig. 3. Finally, the chiller and venti-
lation systems of the HVAC system were set to oper-
ate from 07:00 to 19:00 with the indoor temperature
setpoint at 26 °‘C on working days.

1.0 Occupancy = = Lighting Electrical equipments

0.8 -

Usage rate

o o

-~ (=2}
T

o
)

SHF SIS S %@ & m@ =
Time

Fig.3 Occupancy, lighting, and electrical equipment

usage rate schedules

2.4 Energy flexibility strategies
rescheduling an HVAC

system’ s operation profile is an effective approach to

As mentioned above,

achieve flexibility in load shifting and shedding, par-

ticularly when integrated with a passive thermal stor-

[35]

age source such as building thermal mass™. To as-
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Table 1 Thermal characteristics of the prototype building under different weather conditions

U/[W/(m* K)]

Thermal inertia index D Window Solar Heat

Climate zone City condition

External wall Window Roof External wall Roof Gain Coefficient
SC Harbin 0.34 1.4 0.25 3.59 3.24 0.35
Harbin limit <0.35 <1.4 <0.25

Cold Beijing 0.48 1.8 0.4 3.22 2.74 0.35
Beijing limit <0.5 <1.8 <0.4 <0.35

HSCW Chongqing 0.75 2.1 0.4 2.9 2.74 0.3

Chongqing (extreme) 0.75 2.1 0.4 2.9 2.74 0.3
Chongqing limit <0.8 <2.1 <0.4 >2.5 >2.5 <0.3

HSWW Guangzhou 1.45 2.4 0.4 2.61 2.74 0.2
Guangzhou limit <l1.5 <2.4 <0.4 >2.5 >2.5 <0.2

Temperate Kunming 1.45 2.5 0.55 2.61 2.52 0.3
Kunming limit <1.5 <2.5 <0.8 >2.5 >2.5 <0.3

sess the effect of outdoor climate on the energy flexi-
bility potential of short-term HVAC management in
office buildings, this study concentrates on three typi-
cal energy flexibility strategies under different local
summer climate conditions, including pre-cooling,
zone temperature reset, and partial shutdown. The
requirement of indoor thermal comfort during the oc-
cupied period is considered in the analysis of the flexi-
bility strategy application.

Under the baseline case, the office building is
occupied from 08: 00 to 18: 00 from Monday to
Friday. The chiller is operated from 07:00 to 18:00
on workdays, and the ventilation system 1s shut
down one hour later (07:00 to 19:00) to secure indoor
air quality. The indoor temperature setpoint is set to
be 26 °C for occupied areas on working days during
the cooling season (July and August).

The basic chiller and ventilation system opera-
tion schedules under the three flexibility strategies
are the same as the baseline case. However, each
flexibility case adopts one HVAC setting adjustment

scheme, as shown in Table 2.

Table 2 HVAC settings for the different flexibility

strategies
o 13:00—18:00
Flexibility strategy 07:00—13:00 )
(on-peak period)
Pre-cooling 24°C 28°C
Zone-temperature reset 26 C 28 °C
Partial shutdown 26 °C Off

Current research mostly uses the time range
prior to operating hours or the valley period before
For
, the pre-cooling period is typically

peak demand as the pre-cooling period™ * %",

office buildings™’

set to be from 05:00 to 14:00. Therefore, under the
pre-cooling case, the indoor temperature setpoint in
occupied areas was set to be 24 °C until 13:00, before
the peak hours, then to 28 °C from 13:00 to 18:00 on
workdays.

Under the zone-temperature reset case, the in-
door temperature setpoint in occupied areas was auto-
matically reset from 26 °C to 28 °C for 5 hours from
13:00.

Under the partial shutdown case, the simulated
building was closed to deal with a simulated emergen-
cy event. Considering that the effect of solar heat
gain and building thermal mass discharging on build-
ing flexibility can be impacted by building orientation
and local solar radiation, we simulated the strategy of
partially shutting down the HVAC systems of indoor
zones facing west and occupancy in these zones was
set to unoccupied. The shutdown schedule was from
13:00 until the end of the day, and the HVAC sys-
tem operation schedule and occupancy in the remain-
ing zones was unchanged relative to the baseline
case.

2.5 Typical and extreme climate conditions

The hourly average outdoor dry bulb tempera-
ture of five major climate zones and one extreme hot
condition in July and August is summarized and
shown in Fig. 4. Based on this, Kunming in the tem-
perate climate and Harbin in the SC climate present
the lowest outdoor temperatures, and Chongqing,
Guangzhou, and Beijing cities present the highest
outdoor temperatures during the cooling season. As
expected, the hourly average outdoor dry bulb tem-

perature of the Chongqing extreme condition was the
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highest among all conditions. Fig. 5 demonstrates
the hourly outdoor dry bulb temperature ratio of all
conditions. Those above 35 °C account for nearly
40% of total summer hours in the Chongqing ex-
treme summer condition. On the contrary, the out-
door dry bulb temperatures in the five typical climate
conditions are mostly lower than 30 °C.
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Fig.4 Hourly average outdoor dry bulb temperature of

five typical conditions and one extreme condition
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Fig.5 Percentage of hourly outdoor dry bulb
temperature of five typical conditions and one extreme

condition

Fig. 6 compares the hourly average total solar
radiation of all climate conditions in July and August,
and we can see that the distribution of total solar
radiation of five cities in typical climate conditions is
similar. For the extreme condition case, the overall
total solar radiation is obviously higher than other
typical climate conditions; the peak total solar
radiation at noon is over 200 W/m” higher than that
of other conditions. Again, the extreme summer
condition of Chongqing presents a proportion of total
solar radiation higher than 550 W/m® than other
conditions, as shown in Fig. 7.

To quantify the cooling demand of different cli-
mate conditions, the monthly cooling degree days
during the cooling season (July and August) based on
26 °C (CDDZ26) are shown in Table 3. With the con-

tinuously hot outdoor condition, the cooling degree

°
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——Beijing
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Total solar radiation/(W/m2)
g
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Time
Fig. 6 Hourly average total solar radiation of five typical

conditions and one extreme condition
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Fig.7 Percentage of hourly average total solar radiation

of five typical conditions and one extreme condition

Table 3 Cooling degree days in five cities with typical and

extreme outdoor climates

City Climate condition CDD26
Kunming 0
Guangzhou 155
Chongqing 133
Beijing 48
Harbin 6
Chongqing (extreme) 438

day in Chongqging extreme climate condition was
much higher than the other conditions, which indi-
cates a stronger cooling demand.

As previously mentioned, the outdoor thermal
conditions of five cities in different climate zones pres-
ent discrepancies in amplitude and temporal scale due
to geographic location, which may potentially result
in a difference in load shifting/shedding effectiveness
when applying the same energy flexibility strategies.
Furthermore, a considerable discrepancy was found
in the outdoor temperature and solar radiation be-
tween Chongqing typical and extreme summer condi-
tions. Thus, this intensive outdoor thermal condition
may potentially impact the final performance of ener-

gy flexibility strategies.
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3 Results

In this section, we compare the overall energy
consumption characteristics in different climate zones
in order to reveal the load shifting/shedding potential
of the three flexibility management strategies (as in
Fig. 3). The prototype building’ s baseline HVAC
operation power loads in the five cities are shown in
Fig. 8. The patterns of the HVAC power loads
were similar, experiencing a surge at the beginning
and reaching stable level during the occupied period.
Since this study mainly investigates flexibility during
the on-peak period, the focus is on the HVAC opera-
tion management during the occupied period (08:00
to 18:00).

In the baseline cases, the peak power load of
HVAC systems mainly appeared in afternoons (the
on-peak period), though a slight decrease in HVAC
power load was observed at noon due to lower occu-
pancy. Fig. 9 compares the differences in peak pow-
er load time, peak load, and energy consumption of

the 6 total climate conditions. For Guangzhou,

1400

w9 ®
s 28 3 & 8
S 3 38 3 &
T T T T 1

=
3
T

= p oW s
S &
3 3
I i

S
3
T

“~~Kunming —— Guangzhou
——Beijing ——Harbin

Chongqing
- = Chongging (extreme

HVAC baseline power load/kW

0 1 1 1 1 1 1 J
06:00  08:00 10:00  12:00 14:00  16:00  18:00  20:00
Time

Fig. 8 Baseline power load of five cities with typical

climate conditions during the cooling season

Chongqing, Beijing, and Harbin, peak power loads
mostly appeared between 12:00 to 17: 00, with the
median time landing around 15:00. The peak loads in
the Chongqing extreme condition occurred slightly
earlier, and that of Kunming was later. The daily
peak power loads of the HVAC systems were about
1 000 kW in Guangzhou, Chongqing, and Beijing,
which were higher than those of Harbin and Kun-
ming. The Chongqing extreme condition presented
the highest peak loads at 1 157. 21 kW. The trend of
daily HVAC energy consumption in the five cities
was similar to the trend of peak power load in the

cooling season.

18:00 _ li 16 000
¢ 12001 14 000 .
16:00 ’ > :
§ 1000} : Z 12000
14:00 E ; < !
= * .S 10 000 .
QE; 5 800 % ' [ Kunming
£ 12:00 z ’ Z 8000 :
’ S 600 - é . Guangzhou
10:00 § £ 6000 O Chongging
1 T 400 &
£ 4000 [ Beijing
08:00 &
: 200¢ 2000 [l Harbin
06:00 0 0 . Chongging

(a) Peak power load occuring time

(b) Daily peak power load

(extreme)

(¢) Daily HVAC energy consumption

Fig. 9 Peak-load time, peak load and energy consumption under typical climate condition

3.1 The flexibility of pre-cooling strategy

The pre-cooling strategy sets the indoor
temperature setpoint 2 “C lower until 13:00, then 2 °C
higher from 13:00 to 18:00 on working days. Fig. 10
shows the corresponding seasonal average HVAC
power load difference between the pre-cooling and
baseline cases in the six climate conditions.

Based on loads in Fig. 10, with increased power
load, the pre-cooling strategy reduced the HVAC
power load during the on-peak period (14:00—18:00)
in all climate conditions, but the flexibility capacity of
pre-cooling strategy varied from city to city.

Based on Equations (1)-(3), the results of three

energy flexibility indicators (peak load reduction rate,
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Fig. 10 Average HVAC power load difference between

pre-cooling and the baseline case for the six conditions

energy consumption reduction rate, and the ratio dif-
ference of peak load during the on-peak period) are
shown in Table 4. The Pre-cooling strategy largely
reduced the peak load during the on-peak period with-
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out adversely increasing HVAC energy consump-
tion. Additionally, the pre-cooling strategy’ s aver-
age peak load reduction was 15% to 23%, which
was lower when the outdoor climate was warmer.
With lower outdoor temperatures during the cooling
season, the pre-cooling strategy in Kunming and Har-
bin cities showed higher energy flexibility with better
load shedding capacity, though they also had higher
energy consumption. Although the HVAC power
load of Chongqing in the extreme condition was high-
er than that of the typical conditions, the average dai-
ly power load reduction rate and the energy consump-

tion reduction rate showed no significant difference.

Table 4 Flexibility indicators for the pre-cooling strategy

during the cooling season

City Fp Fp Fr/%
Kunming —1.45%(+1.36%) 22.99%(+1.70%) 100
Guangzhou  —0.91%(£0.69%) 16.22%(£+2.21%) 100
Chongging ~ —0.71%(+1.18%) 15.41%(+1.92%) 100

Beijing —1.00%(40.90%) 15.99%(4+1.69%) 100

Harbin —1.41%(F+1.44%) 19.81%(%£2.75 %) 100
Chongqing
(extreme) —0.90%(£1.20%) 16.06%(+1.27%) 100

Note: The number in the parentheses is the standard deviation.

Although the pre-cooling strategy effectively
reduced and shifted the peak load, the proportion of
indoor PMV in the comfortable range (—0.5 <<
PMV < 0. 5) dropped significantly due to the cooler
outdoor climate (Fig. 11), Kunming experienced an
increased proportion of PMV being lower than
—0.5, but an increased proportion (about 40%) of
“slightly warm” sensations were observed in other
conditions. However, an increase in the possibility
of an wunacceptable thermal environment was
observed in the Chongqing extreme condition that
was 12% higher than that of the typical condition.
3.2 The flexibility of the zone temperature reset
strategy

The zone temperature reset strategy reset the
indoor temperature setpoint in occupied areas from
26 °C to 28 °C for 5 hours from 13:00 on workdays.
Fig. 12 shows the seasonal average HVAC power
load difference between the zone-temperature reset
and baseline cases in the six climate conditions. We
can see that the power load decreased after 13: 00

when the zone temperature was reset to 28 C .

9 %
Chongqing (extreme) [l - -
0 %
Harbin ko .
9
Beijing ;‘;/’ I
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[ Pre-cooling [PMV| > 1
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0 20 40 60 80 100

Proportion of PMV exceeding comfortable range/%
Fig. 11 The proportion of PMV exceeding the
comfortable range in different city conditions for the

pre-cooling strategy
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Fig. 12 HVAC power loads in zone temperature reset case

(solid line) and baseline case (dash line) of five cities

Unlike the pre-cooling strategy, the zone tempera-
ture reset strategy was able to provide energy savings
alongside peak power load-shedding capacity.

Similarly, although the zone temperature reset
strategy presented a higher energy conservation po-
tential, it had a lower peak load reduction rate. The
average energy consumption reduction rate and peak
load reduction rate of the zone temperature reset strat-
egy were about 4.46% and 12.13% of the baseline
energy consumption and peak load. Compared to the
Chongqing typical condition case, the energy saving
potential in the extreme condition was slightly lower
but slightly higher in terms of peak load reduction
rate.

The three energy flexibility indicators for the
zone temperature reset strategy are shown in Table
5. The zone temperature reset strategy reduced peak
load by 11% to 19% and reduced peak load during
the on-peak period by about 70% to 96%. The
reduction rate of peak load during the on-peak period
was generally positively related to the outdoor cli-
mate conditions and cooling degree days (CDD),
except for Kunming, which had a cooler climate.
For this reason, the highest reduction rate in energy

and peak load was found in Kunming. The zone tem-
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perature reset strategy also showed higher energy in the six climate conditions.
conservation potential with its warmer indoor temper- 00
atures (28 ‘C). Again, the warmer the outdoor cli- z 80 - —2:::?:; P ‘
mate condition, the less potential for load shifting % O —eijng :
and shedding. é zz I rlg:::;qing(exlreme)
Table 5 Flexibility indicators for the zone temperature %; g -
reset strategy during the cooling season 5'20
City Fp Fp Fy/% B :z : ; : ; : ) )
Kunming 9 20%(J£1 16%) 19. 25%<i 1. 39%) 70 06:00 08:00 10:00 IZvOQFimeHvOO 16:00 18:00 20:00
Guangzhou 4.69%(£0.58%) 11.88%(£1.39%) 77 Fig. 14 HVAC power loads in partially shutting down
Chongqing 4.53%(£0.86%) 11.81%6(£1.28%) 88 strategy case (solid line) and baseline case (dash line)
Beijing 4.40%(40.93%) 12.05%(£1.35%) 91 of five cities
Harbin 4.88%(£1.07%) 14.12%(£1.72%) 96
Chongqing The power load of HVAC systems was reduced
(extreme) 4.46%(40.89%) 12.13%(+1.02%) 100

Note: The number in the parentheses is the standard deviation.

The zone temperature reset strategy kept the oc-
cupied zone’s thermal environment mostly within the
acceptable PMV range (—1<{PMV<(1), as shown
in Fig. 13. However, PMV beyond the acceptable
range was observed in Chongqing and Beijing, espe-
cially in the Chongqing extreme condition, indicating
that the effectiveness of the zone temperature reset
strategy might be sensitive to the outdoor climate con-

ditions in the hot summer regions.
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Fig. 13 The proportion of PMYV exceeding the
comfortable range in different city conditions for the zone

temperature reset strategy

3.3 The flexibility of the partial shutdown strategy

The partial shutdown strategy partially closed
some occupied building zones to compensate for an
emergency power shortage. In particular, we investi-
gated the load shifting and shedding potential of
HVAC systems by shutting down the occupied zones
facing west (zones 7 and 8 in Fig. 2). Fig. 14 pres-
ents the seasonal average HVAC power load differ-

ence between the partial shutdown and baseline cases

after 13:00 when the partial shutdown started. The
average amount of power load reduction was general-
ly higher in Guangzhou, Chongqing, Beijing, and
Chongqing extreme condition due to their warmer cli-
mate conditions.

The three energy flexibility indicators for the
partial shutdown case are shown in Table 6. As a
local control strategy only, the peak load shedding
and load shifting ability were lower than in the other
two strategies. The average peak load reduction rate
for the six conditions was around 10%, and the
reduction rates of peak load occurring during the on-
peak period were around 50% for Guangzhou,
Chongqing and Beijing.

Table 6 Flexibility indicators for the partially shutting

down strategy during the cooling season

City Fp Fp Fr/%
Kunming 2.95%(+1.31%) 12.31%(£1.74%) 30
Guangzhou  4.64%(£0.75%) 8.66%(£+1.09%) 43
Chongging 3.52%(+1.37%) 8.72%(+1.58%) 42

Beijing 3.27%(4+0.88%) 8.62%(+0.98%) 58
Harbin 2.15%(+1.59%) 8.44%(+1.93 %) 82
Chongqing
I 4.18%(+£1.07%)  9.06%(+1.12%) 94

Note: The number in the parentheses is the standard deviation.

The indoor thermal environment in the occupied
areas remained nearly unchanged under the partial
shutdown case, benefiting from the unchanged
indoor temperature setpoint in the occupied areas dur-
ing the on-peak period. As shown in Fig. 15, the
PMV value was within the comfortable range
(—0.5 << PMV <<0.5) over 90% of working hours

in the five typical climate zones, and around 60% in
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the Chongqing extreme condition due to the continu-

ous warm days.
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Fig. 15 The proportion of PMYV exceeding the
comfortable range in different city conditions for the

partial shutdown strategy

4 Discussion

Building energy flexibility is important for
regional power managers to balance the power load
supply and demand during the on-peak period of the
cooling season. As the major energy consumers and
power load sources during this time, HVAC systems
in office buildings have been recognized for their posi-
tive impact on load shifting and shedding potential
under various flexibility management strategies.
However, the flexibility and effectiveness of HVAC
systems can be influenced by the outdoor climate.
For this reason, in this study we used typical weather
data for five climates in China and extreme weather
data for one of them to simulate the energy flexibility
of an office building under three short-term HVAC
management strategies in order to evaluate them with
respect to these various different climates specifically.
4.1 Load flexibility capacity and climate conditions

For the typical climate conditions, although the
cooling demand (determined by CDD) varied from

city to city, all three short-term HVAC management
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strategies were effective to some degree in all climate
conditions. Taking advantage of a building’s thermal
mass, the pre-cooling strategy had the highest peak-
load reduction and shifting potential. However, due
to a lower temperature setpoint during the off-peak
period, the pre-cooling strategy can lead to increased
overall energy consumption during the occupied
period in all climate conditions. The zone temperature
reset and partial shutdown strategies had higher
energy-saving potential but slightly lower peak-load
reduction rates. The lowest load-shifting was found in
the partial shutdown strategy.

Generally, the peak-load reduction rate was
found to be highest in Kunming, which had cooler
outdoor conditions and lower in Guangzhou, Chongq-
ing, and Beijing, which had warmer conditions.
Fig. 16 shows the relationship between outdoor dry-
bulb temperature and the peak-load reduction rate in
five typical climate conditions. Although variation
was observed in the correlation, the peak load reduc-
tion rate of the pre-cooling and zone temperature
reset strategies generally presented a negative linear
relationship with outdoor temperature. Interestingly,
more variations in the peak-load reduction rate were
observed in the cooler outdoor environment, whereas
the peak load reduction capacity was more conver-
gent in warmer conditions. The peak-load shedding
potential of the partial shutdown strategy was less
correlated with the outdoor temperature, but it also
presented a larger variation in the cooler climate con-
dition compared to the warmer conditions.

Based on the analysis in section 3.3, the daily
peak load time in the extreme condition was found to
be earlier than that of the typical conditions. The av-
erage peak-load time and median peak-load time
were 12: 52 and 12: 00 in the extreme condition,

which was about 2 hours and 4 hours earlier than the
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typical climate condition. This early peak-load time
resulted in a considerably higher peak load reduction
rate during the on-peak period for all three flexibility
management strategies (Table 4 and 5). Fig. 17
shows the correlation between outdoor dry-bulb tem-
perature and peak-load reduction rate for the three
flexibility management strategies in the extreme con-
dition. Since the outdoor temperature in the extreme
condition was mostly between 30 °‘C to 38 C, the
peak-load reduction potential showed relatively less
variation. One of the reasons could be the higher so-
lar radiation and less cloud cover in the Chongqing
extreme condition dramatically increasing the solar
heat gain. This may indicate a difference in the effec-
tiveness of building energy flexibility management
strategies under extreme and normal weather condi-
tions, which emphasizes the importance of using real
weekly and monthly weather forecast data (not only
the outdoor temperature but also solar radiation) into

consideration when assessing energy flexibility.
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Fig. 17 The correlation between outdoor dry-bulb
temperature and peak-load reduction rate in the

extreme condition

4.2 Indoor thermal comfort under flexibility
management

The primary aim of HVAC systems is to pro-
vide occupants with a comfortable, or at least accept-
As a handy
approach to managing building flexibility, typical

able indoor thermal environment.

flexibility management strategies often integrate
HVAC control with a building’ s passive thermal
storage capacity (building envelope and indoor furni-
ture) in order to adjust the indoor temperature set-
points to the upper limit of the acceptable tempera-
ture during the on-peak period. However, this could
potentially result in an unpleasant indoor thermal

environment.

This study evaluated indoor thermal comfort by
simulating the hourly PMV value under three flexibil-
ity management strategies. In typical climate condi-
tions, applying pre-cooling and zone temperature re-
set strategies kept the indoor thermal environment
within the acceptable range, increasing the possibility
of feeling “warm” in the occupied zones by 30%-
40%. With the occupied zones being barely influ-
enced, the partial shutdown strategy performed bet-
ter in keeping the occupied zone comfortable, espe-
cially in the extreme condition.

In the extreme condition, although the pre-cool-
ing and zone temperature reset strategies presented
better potential for peak load and overall energy re-
duction, a large risk was observed in creating an un-
comfortable indoor environment (Fig. 11 and 13).
Again, the main reason could be the strong solar radi-
ation, which led to the setpoint setback (28 °C) barely
being able to stabilize the indoor environment within
the expected range. However, taking advantage of
not influencing the HVAC operation in the occupied
zones, the partial shutdown strategy simultaneously
provided a reasonable peak-load shifting and shed-
ding capacity and sacrificed less thermal comfort in
the occupied zone, which might be a useful flexibility
management approach for buildings in the extremely
hot areas.

As a result, the indoor temperature setpoint was
often set to be the upper limit to decrease building
cooling demand and boost energy flexibility, especial-
ly on the hot summer days when regional power de-
mand was higher. As reported by this study, the
peak-load reduction capacity was about 10%-25% in
different climate conditions, but this reduction rate
would become lower if we considered thermal com-
fort, especially in extreme conditions in which build-
ing energy flexibility management is in high demand.
Therefore, although load shifting and shedding capac-
ity were regarded as the main indicators to assess
building energy flexibility, it is important to include a
specific indicator or assessment on indoor thermal
comfort to figure out actual usable load flexibility.

4.3 Limitations and recommendations for future
work

This study has several limitations. First, the

building modeling data was obtained from a real
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office building property, so we recommend that
future work compare simulated peak load flexibility
with actual measurement data to validate our results
the reported results. Second, since the indoor ther-
mal comfort was beyond the acceptable range under
passive management strategies in extreme weather
conditions, we recommend that future work focus on
developing comfort-determined building flexibility

management strategies.

5 Conclusion

To evaluate the energy flexibility of three typical
short-term HVAC flexibility management strategies
(pre-cooling, zone temperature reset, and partial
shutdown) in different climate conditions of China,
this study simulated the HVAC power load shifting
and shedding potential during the cooling season
(July and August) of an actual prototype office
building in five major climate conditions and one
extreme climate condition. Three building energy
flexibility indicators were used to assess the peak-
load shifting/shedding capacity and overall energy
performance. Indoor thermal comfort was also
evaluated for each flexibility management strategy
under different climate conditions. The main
conclusions are as follows.

The building peak load flexibility and overall en-
ergy performance of the three short-term HVAC flex-
ibility management strategies were impacted by out-
door climate conditions. The peak-load reduction
rate was found to be highest in Kunming, which had
the coolest outdoor conditions and lower in Guang-
zhou, Chongqing, and Beijing, which had warmer
outdoor conditions.

All  three

strategies were effective to some degree in all climate

short-term  HVAC management

conditions. The pre-cooling presented strategy the
best peak-load shifting and shedding capacity of
between 15% and 30% , but there was a risk of more
energy consumption. The partial shutdown strategy
had the lowest load shifting and shedding ability,
which was between 8% and 13% , but it was able to
maintain a comfortable thermal environment in the
occupied zones.

The peak load reduction rate of pre-cooling and

zone temperature reset strategies generally declined

linearly with increases in outdoor temperature but
were more convergent in warmer conditions.

In the extreme summer condition, the daily
peak load time was found to be over two hours earlier
than that of the typical conditions. The correlation
between peak load reduction and outdoor tempera-
ture was weak in the extreme condition as well,
which may have resulted from intensive solar radia-
tion.

The short-term HVAC flexibility management
strategies that integrate temperature setpoint adjust-
ment with passive thermal storage may lead to a risk
of maintaining a comfortable indoor thermal environ-
ment, especially in the extreme summer condition
with intensive solar heat gain, in which the possibili-
ty of uncomfortable thermal environments could be
up to 81%.

This study demonstrated the effectiveness of
short-term HVAC flexibility management strategies
under different climate conditions, and future work
could focus on developing comfort-determined build-
ing flexibility management strategies and validating
load shifting/shedding capacity against measured

building operation data.
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