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Abstract: With the increasing demand for electricity, it is causing a growing burden on the
power grid. In order to alleviate the pressure on the power system, a series of demand
response (DR) strategies have emerged. This paper studied the DR potential and energy
flexibility on city-scale building clusters under pre-cooling combined with temperature
reset. This study firstly selected 18 types of buildings, each containing three construction
years as prototype buildings, to represent the 228,539 buildings in Shenzhen. Then several
pre-cooling strategies were developed, and after comparative analysis, the optimal strategy
was obtained and applied to the entire Shenzhen building cluster, with simulation and
analysis conducted for the nine administrative districts. Among them, this paper used
AutoBPS-DR and added pre-cooling code based on the Ruby language to automatically
generate building models with DR strategies and finally simulated the energy consumption
results by EnergyPlus. The results showed that a pre-cooling duration of 0.5 h and a change
of 2 ◦C in both pre-cooling temperature and reset temperature was the optimal strategy.
Under this strategy, small and medium prototype buildings can achieve better results, with
a maximum load reduction of 23.89 W/m2 and a reduction rate of 56.82%. In the simulation
results of the building cluster, Guangming District showed the best results. Finally, the
peak electricity reduction amount and reduction rate of the entire building cluster were
calculated to be 0.007 kWh/m2 and 21.87%, respectively, with the maximum cost saving
and saving percentage of 0.081 CNY/m2 and 15.05%, respectively. From this, it can be
seen that the Shenzhen building cluster had shown considerable DR potential under the
pre-cooling strategy.

Keywords: peak demand reduction; pre-cooling strategy; urban building energy modeling;
demand response; time-of-use electricity price

1. Introduction
In recent years, population and economic growth led to a sharp increase in global

energy consumption. The proportion of global electricity consumption in final energy had
significantly increased from 2000 to 2020. The rapid development of electrification in China
is expected to reach 32% of final energy consumption by 2025, with a maximum power
load growth rate of 4.8%. It increased the peak load of the power grid [1]. In addition, peak
electricity consumption accumulates during peak load periods, resulting in disruption to
the supply–demand balance of the power grid and posing a greater threat to the stability
of the power system. The electric system can deal with the uncertainty and variability of
power demand and supply to a certain extent. On the supply side, this kind of flexibility
is achieved through power plants with different response times [2], and the flexibility of
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the demand side is usually reflected in the ability of power users to adjust their electricity
consumption behavior according to the operational needs of the power system.

Nowadays, countries are changing their power grid structures to maximize the uti-
lization of renewable resources and further achieve better economic and environmental
benefits [3]. In order to adapt to the development of the power system and improve its
reliability, a series of measures have emerged. Among them, demand response (DR), as an
advanced demand-side management technology, effectively alleviates the damage to the
balance of the power grid during on-peak periods. A typical demand side management
technique mainly includes four aspects: demand limiting, demand shedding, demand shift-
ing, and on-site generation [4]. In most existing studies, specific measures include heating,
ventilation, and air conditioning (HVAC) control, temperature reset, pre-cooling, lighting
control, plug load control, etc. Generally, researchers will select several different strategies
and explore the effects of combination strategies. For example, Peng et al. [5] selected
sixty-six prototype building models in Changsha for simulation. Results in their study
showed that the effectiveness of the four DR strategies implemented in the case building
simulation was ranked as follows: combined control, plug load control, temperature reset,
and lighting control, with the electricity demand reduction rates of 22.00%, 8.72%, 7.94%,
and 5.80%, respectively.

Pre-cooling is a DR strategy to transfer the electricity load during peak periods, among
which an HVAC system overcools internal space during off-peak hours and uses the
building structure as passive thermal storage to alleviate the load pressure during on-peak
hours [6]. The pre-cooling strategy can reduce the electricity load of the HVAC system
during peak hours and consume cheaper electricity during off-peak hours. Most of the
pre-cooling methods can be divided into two categories: rule-based and optimization-based
strategies. Rule-based pre-cooling control, for example, Kishore et al. [7] investigated the
effect of different pre-cooling strategies on the heat gains of lightweight building walls.
Results showed that the proposed optimal pre-cooling strategy could transfer the peak heat
gain by 14 h, reducing the heat gain during the peak load period by 95%. Moreover, in the
study of Chen et al. [8], two kinds of DR strategies, including pre-cooling and temperature
reset, were selected for the experiment. It was found that the strategies had certain effects
on both 0.5 h and 2 h DR events. Similar to these studies, such rule-based strategies
are relatively easy to implement, but they cannot flexibly adapt to constantly changing
conditions, so the results are usually not the most effective.

On the other hand, optimization-based pre-cooling strategies were developed. Wang
et al. [1] developed a co-simulation framework based on EnergyPlus and a genetic algorithm
to evaluate the effectiveness of pre-cooling combined with temperature reset strategies.
Then, an optimal control strategy was found by minimizing power consumption and
electricity costs while considering the time of use (ToU) electricity price and thermal
comfort. Results showed that, compared with the rule-based strategies proposed in this
study, the energy consumption of the variable refrigerant flow system under the optimal
DR strategy can be reduced by a maximum of 80.12% during the DR period, and the daily
electricity cost can be saved by a maximum of 14.98%. Wang et al. [9] formulated an integer
linear programming problem to find an optimal pre-cooling strategy through simulation.
The results also showed that, compared to the other three rule-based DR strategies, the
optimal control strategy can demonstrate better DR potential, with a saving of 56.82%,
45.52%, and 20.00%, respectively.

Obviously, the effectiveness of the pre-cooling strategy largely depends on the thermal
mass of a building, which is commonly used to describe the capability of building structures
and internal objects to store thermal energy. When pre-cooling before the on-peak hours,
the cooling setpoint is lower than normal, and cooling energy is stored in the construction
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materials and furniture. When it reaches the on-peak hours, pre-cooling ends, and the
cooling setpoint is raised so that the cooling energy stored in the construction materials
and furniture is gradually released. The existing research on utilizing building thermal
mass focused on applications that shift load or limit peak demand [10]. But Shan et al. [11]
investigated the energy-saving potential in recovering the stored cooling energy. This
study proposed a model-based control strategy and validated it on-site and on a dynamic
simulation platform. The results of both kinds of experiments were consistent, indicating
that the control strategy had a good energy-saving effect. The maximum energy-saving
rate during the energy recovery time in the on-site verification can reach 85.8%, while in
the simulation experiments, 83.8% of cooling energy can be saved during the period.

Moreover, much research has been conducted to explore how to improve thermal
mass. One of the most familiar ones among them was integrating phase change material
(PCM) into building envelopes [7,12,13] to improve the thermal capacity. What is more,
in the study of Jaradat et al. [14], they conducted research on a more advanced PCM:
a bio-based PCM, which was extracted from renewable biomass. Results showed that
this bio-based PCM can improve the thermal characteristics of building envelopes more
significantly, leading to better economic and environmental benefits. These research results
indicated that PCM-integrated walls can increase the thermal mass of building envelopes
and provide higher DR potential and finally lead to a decrease in electricity load and bills.
However, Jarvinen et al. [15] designed a unique pre-cooling method. While most people
were considering pre-cooling before peak time, they used a different approach to reduce
peak demand by changing occupied zone setpoints outside of occupied hours long before
the peak demand event but not during occupied hours. Results in their study showed that
maximum capacity pre-cooling for 2–12 h can reduce peak power demand by 3.4%, and
for an oversized cooling plant, it could be 6.6%. Though it led to higher overall energy
consumption, it may still bring a small cost saving under practical electricity prices.

Most of the existing research chose a single building for simulation analysis, and the
impact of different building types on DR potential could not be concluded. In addition, they
only selected one region for pre-cooling research or conducted comparative analysis from
different building types, without discussing DR potential according to different regions such
as administrative divisions. Although electricity prices in China are generally regulated,
most cities had already implemented ToU electricity prices, and pre-cooling is to utilize the
peak-to-valley electricity tariff difference. When the electricity price is low, pre-cooling is
carried out to store cold capacity, and then during peak electricity consumption periods,
when the electricity price is high, users actively reduce energy consumption. Thereby, total
expenses can be reduced, and more than this, the effect of shifting peak hours and filling
valleys can relieve the pressure on the power grid during peak electricity consumption
periods and ultimately respond to the demand of the power grid. Thus, it can be seen
that conducting an impact analysis of electricity prices in pre-cooling research can better
assist users in demand response, ensuring the safe and economic operation of the power
grid system.

In order to make up for the shortcomings of existing research and solve the remaining
problems, a simulation-based method was proposed to evaluate the pre-cooling effect of
city-scale buildings under ToU electricity price rules and applied it to the case models
to study the energy flexibility of overall buildings under different pre-cooling control
strategies. The pre-cooling strategies proposed in this paper combined temperature reset to
make the results more significant. Moreover, in order to simplify the modeling process and
reduce the modeling time, we used AutoBPS-DR [5], a tool for automatically generating
DR models of prototype buildings, which can modify temperature setpoints and schedules
to achieve different pre-cooling strategies. Then simulated and analyzed building energy
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consumption through EnergyPlus. The energy consumption of all buildings in the Shenzhen
building cluster in this study was calculated by simulating the energy consumption of
all representative types of prototype models and then aggregating them based on area
information. On the basis of previous studies, the main aims and contributions of this
paper were as follows:

(1) Exploring the factors related to indoor temperature changes and thermostat settings
and how to develop reasonable and relatively effective pre-cooling strategies with
temperature reset based on electricity pricing rules.

(2) Combining EnergyPlus with AutoBPS to achieve more efficient and rapid establish-
ment of DR models and obtain energy consumption results.

(3) Expanding the simulation from individual buildings to the entire building cluster.
To explore the pre-cooling implementation effects on different districts and finally
summarize the DR potential of the entire building cluster, which has reference value
for architectural design and urban construction.

(4) Exploring the effect of peak shaving and valley filling based on electricity bills and
evaluation indicators, achieving quantitative evaluation of energy flexibility, and
thereby providing constructive suggestions for control optimization of HVAC systems.

2. Method
Figure 1 illustrates the overall workflow of the demand flexibility exploration process

adopted in this study. The first step was to select a case study building and establish its
model in EnergyPlus. The information collection of the selected simulated building had
been studied in previous research. So, this study mainly focused on the development
of a DR strategy. The simulated case buildings in this study were located in Shenzhen,
China, and therefore the real ToU electricity price in Shenzhen was investigated. Based on
peak and valley electricity price, the period of time for demand response was set, which
determined the duration and start time of the implementation of DR strategies. At the
same time, the temperature setting of each strategy was developed according to thermal
comfort, outdoor temperature change, zone type, and work schedule, combined with
relevant regulations and literature to set the temperature range. By combining the time
and temperature settings, several different pre-cooling strategies can be obtained under
rule-based control conditions. These pre-cooling strategies applied both pre-cooling and
temperature reset. The second step was to simulate the building models by AutoBPS.
AutoBPS was an automated building performance simulation tool developed by Hunan
University in China [16]. Two different types of individual buildings were considered in
this study: medium office buildings and shopping malls. Through running the JSON files
of prototype buildings and buildings with pre-cooling strategies by AutoBPS, the baseline
models and varied pre-cooling models under DR strategies were obtained. The third step
was to get the results through EnergyPlus simulation and mainly observe hourly indoor air
temperature, hourly electricity difference, and peak load reduction. Then, the time over
which power can be shifted and the amount of energy or power that can be shifted or
shed from these data were calculated. Moreover, the final cost savings of each pre-cooling
scenario were calculated through the ToU prices investigated initially. Then, the more
effective pre-cooling strategy was compared and summarized. Finally, the optimal pre-
cooling control strategy was applied to building clusters, and the DR potential was further
explored under the entire group of buildings. This step served as an analysis of the electric
power peak-load shifting capability and energy flexibility of pre-cooling implementation.
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2.1. Investigation of ToU Price

In terms of cost savings, pre-cooling essentially relies on changing electricity prices
based on ToU rates, so a more significant change in electricity prices can make the im-
plementation of pre-cooling more effective. And research has found that more electricity
costs could be saved as the peak-to-valley electricity tariff difference became wider [17].
In this paper, buildings in Shenzhen were selected for simulation, and through research,
it was found that there was a significant difference in peak and valley electricity prices
in Shenzhen. As shown in Figure 2, actual electricity price rules of the region from 1 to
31 July 2024, were used as a reference. Based on the peak-valley time of electricity prices,
the DR time can be defined, and the final electricity bills can be figured out.
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2.2. Case Study Buildings
2.2.1. Individual Building

As shown in Figure 3, this paper selected two types of individual buildings as case
study buildings for detailed research, namely, medium office building and shopping
mall. The main zones of the medium office building and shopping mall were of the
same type: office and retail, respectively. According to the Design Standard for Energy
Efficiency of Public Buildings (GB 50189-2005, GB 50189-2015) [18,19] and for Energy Ef-
ficiency of Residential Buildings in Hot Summer and Cold Winter Zones (JGJ 134–2001,
JGJ 134–2010) [20,21], as well as referencing the DOE Prototype Building Models, some
settings for building envelope and other property parameters had been defined in
Tables 1–3, which was applicable to all types of prototype buildings. The building data
after 2022 were set according to the General Code for Energy Efficiency and Renewable
Energy Application in Buildings (GB 55015-2021) [22], which applied to both residential
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and commercial buildings. However, the case study buildings in this research focused on
buildings before 2022 and had not yet considered buildings after that. As for temperature
change analysis, two rooms on the top floors were selected for each model to study the
hourly temperature, as they were greatly affected by the environment. If these rooms can
meet the temperature conditions, then the other rooms can also meet the requirements.
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Table 1. Settings of building envelope in residential prototype building models.

Parameters Pre-2001 2002–2009 2010–2021

Exterior wall U-value (W/(m2·K)) 1.96 1 0.8
Roof U-value (W/(m2·K)) 1.66 0.8 0.5
Window U-value (W/(m2·K)) 6.6 3.2 2.8
Window SHGC 0.85 0.48 0.34

Table 2. Settings of building envelope in commercial prototype building models.

Parameters Pre-2005 2006–2014 2015–2021

Exterior wall U-value (W/(m2·K)) 2 1 0.6
Roof U-value (W/(m2·K)) 1.5 0.7 0.4
Window U-value (W/(m2·K)) 6.4 3 2.6
Window SHGC 0.69 0.43 0.35

Table 3. Internal loads settings and cooling/heating setpoint of different main zones.

Parameters Residential
Building

Hotel
Guestroom Office Retail

Lighting power density (W/m2) 7 15 11 12
Equipment power density (W/m2) 4.3 20 20 13
Occupancy (person/m2) 0.05 0.04 0.125 0.125
Cooling/Heating setpoint (◦C) 26/18 25/22 26/20 24/21

2.2.2. Building Cluster

The research object of this paper was a building cluster selected in Shenzhen. There
were 228,539 buildings in this cluster, accounting for approximately 55% of the total number
of buildings and 85.3% of the total floor area in Shenzhen. Shenzhen, a sub-provincial
city in Guangdong Province, is located in the southeastern part of Guangdong, on the
eastern shore of the Pearl River Estuary, and belongs to a climate zone with hot summers
and warm winters. There are nine districts in this city: Guangming District, Nanshan
District, Pingshan District, Bao’an District, Yantian District, Futian District, Luohu District,
Longhua District, and Longgang District. The entire building cluster was divided according
to the building type and construction year, and building types can also be classified into
single-use buildings and mixed-use buildings based on their functions. In the previous
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studies, our team’s researchers proposed a method to determine building information for
city-scale buildings by integrating point of interest and community boundary datasets,
and the point-of-interest was based on the Geographic Information System (GIS). On the
basis of their research, 18 kinds of prototype building models were obtained in this study,
all of which included three construction years: pre-2005, 2006–2014, and 2015–2021 for
commercial buildings; pre-2001, 2002–2009, and 2010–2021 for residential buildings. The
models of the Shenzhen building cluster can be classified as these prototype models. The
main room types and HVAC system forms used in these prototype building types are
detailed in Table 4. The building envelope’s property settings and internal load parameters
of all prototype building types had been shown in Tables 1–3, which were mainly divided
into residential and commercial buildings for setting. Among them, the mixed-use building
types included in commercial buildings were set separately according to the different
functions of rooms.

Table 4. Main rooms and HVAC system forms for all types of prototype buildings.

Building Type Main Room Type HVAC System

Single-use

Low-rise residential Apartment Mini-split heat pump
Mid-rise residential Apartment Mini-split heat pump
High-rise residential Apartment Mini-split heat pump
Medium office Office Mini-split heat pump
Large office Office Chiller and gas boiler
Hotel Guestroom Chiller and gas boiler
Retail Retail Mini-split heat pump
Shopping mall Retail Chiller and gas boiler
Restaurant Dining room Mini-split heat pump

Mixed-use

High-rise residential with shops Apartment, retail Mini-split heat pump
Hotel-residential mixed Guestroom, apartment Mini-split heat pump
Hotel with shops Small guestroom, retail Mini-split heat pump
Office with shops Office, retail Chiller and gas boiler
Hotel-shopping mall mixed Large guestroom, retail Chiller and gas boiler
Hotel-office mixed Guestroom, office Chiller and gas boiler
Office-shopping mall mixed Office, retail Chiller and gas boiler
Hotel-office-shopping mall mixed Guestroom, office, retail Chiller and gas boiler
Hospital Patient room, office Chiller and gas boiler

Figures 4 and 5 summarized the amounts and areas of all building types in the
building cluster. It can be seen that high-rise residential accounted for the vast majority
with the largest amount and area. From the amount distribution of prototype buildings,
there were significantly more residential buildings than commercial buildings, with a
number of 142,766 buildings, accounting for 64.97% of the total building stock. Moreover,
this study also summarized all room types included in the case buildings in Table 5, as
well as whether to HVAC control. Among them, the conference room, guest room, and
apartment were equipped with independent HVAC systems, which cannot be centrally
controlled. Therefore, the implementation of pre-cooling strategies for these rooms relied
on people manually adjusting the temperature setpoint independently. In the simulation
of the building cluster, this paper conducted a comparative study on the effects of pre-
cooling strategies in different administrative districts of Shenzhen and thereby analyzed
the DR potential of different regions. The area information of administrative districts was
obtained from GIS data. Detailed area data of the research scope selected in different
administrative districts are shown in Figure 6, and the proportion of each type of building
in the nine administrative districts of Shenzhen is shown in Figure 7.
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Table 5. Main room types and whether to HVAC control.

Room Type Whether to
HVAC Control Room Type Whether to

HVAC Control

Office
√

Cafe
√

Retail
√

Exercise room
√

Point of sale
√

Conference room
√

Banquet hall
√

Guestroom
√

Dining hall
√

Apartment
√

Kitchen
√

Restroom ×
Laundry

√
Basement ×

Lobby
√

Storage ×
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2.3. DR Control Strategies

This study mainly focused on the energy flexibility under pre-cooling, and the effect
of pre-cooling essentially depends on the changing electricity price. When using the pre-
cooling strategy simply, the effect was not very significant under the Chinese electricity
price situation due to the small difference between peak and valley electricity prices.
Considering the inability to adjust the electricity prices, the only solution was to increase
the temperature difference to make the effect clearer. Therefore, a temperature reset was
added in the study to increase the temperature when demand response occurred after
pre-cooling without compromising human thermal comfort, thereby reducing the load
during the peak power consumption period more.

2.3.1. Pre-Cooling

Pre-cooling, as a DR control technology for demand shifting that can reduce the
pressure on the power grid during peak hours by shifting the cooling load to off-peak
hours [23], had received increasing attention and research. In the exploration of Tian
et al. [24], they conducted research on the energy cost-saving potential of pre-cooling and
ceiling fans for DR during a critical peak pricing period and found that the optimal pre-
cooling air temperature setpoint of the small building is 0.5 h before the critical peak pricing
time and 2–3 ◦C lower than the design setpoint. In addition, Chen et al. [8] considered the
pre-cooling temperature with a drop of 2 ◦C in their experiment. Based on the experience
of previous research, this study set the pre-cooling temperature to be 2 ◦C lower than the
initial design setpoint. Because this study used various types of large and small building
models, it was necessary to consider different pre-cooling durations. Here, 0.5 h and 1 h
were selected to simulate.

2.3.2. Temperature Reset

Temperature reset is a common DR strategy for demand shedding to directly reduce
the electricity load of HVAC systems by adjusting the temperature setpoint of each thermal
zone. This strategy is easy to operate, but sometimes the change in indoor air temper-
ature may break thermal comfort. Therefore, the temperature reset was combined with
pre-cooling to cool the indoor air before peak time. This can not only shift the peak load
but also delay temperature rise. In most studies related to temperature reset, researchers in-
creased the maximum temperature setpoint by 2 ◦C according to regulations and standards
[1,5,25–27]. Therefore, the strategy used in this study also increased the temperature during
DR time by 2 ◦C, which complies with ASHRAE guidelines.

2.3.3. Rule-Based Strategies

There are two related concepts regarding rule-based strategies: pre-defined tempera-
ture setpoint and HVAC operation schedule, which are modified to become pre-cooling
strategies [28]. These strategies may not be optimal, so in some cases they may not reduce
the total load or peak load. However, by simulating multiple schemes and comparing
the results, it can be known how to implement pre-cooling more effectively. Then, by
combining the optimal pre-cooling strategy with ToU electricity prices, the goal of shifting
peak load and saving total costs can ultimately be achieved.

2.4. Building Simulation Tool
2.4.1. Urban Building Energy Modeling (UBEM)

Building energy modeling is of great significance in exploring energy conservation
and emission reduction potential. In previous studies, many researchers had conducted
studies on collecting building information for UBEM, as well as energy-saving renovation
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modeling [29]. This study used a UBEM tool, AutoBPS, which was developed by Deng
et al. [16]. AutoBPS can automatically establish building energy models for calculating
urban building energy demand and analyzing energy retrofit and rooftop photovoltaic
potential. EnergyPlus contained a demand-limiting control module that enables some DR
functions, such as temperature reset and control of equipment including HVAC systems
and lighting.

Since AutoBPS already included default settings for basic building information, it was
only necessary to input the building type and construction year to generate the building
energy consumption model. In previous studies, researchers improved AutoBPS based
on the Ruby programming language, developing AutoBPS-DR to generate input data files
(IDF) with DR files used in EnergyPlus. Then, the demand-limiting control module in
EnergyPlus was used to implement the required DR functions, thereby establishing the
DR models automatically. However, EnergyPlus did not come with a pre-cooling module,
so it was necessary to control the temperature and schedule of the thermostat to achieve
pre-cooling. Based on the work, this study enhanced AutoBPS-DR by adding pre-cooling
code to modify the temperature and schedule of the HVAC system thermostat, which can
achieve the automated rapid modeling of buildings with pre-cooling strategies. The process
of creating EnergyPlus IDF with pre-cooling strategies by AutoBPS-DR (an internal tool
module of AutoBPS) is shown in Figure 8.
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2.4.2. Energy Consumption Calculation

The process of calculating building energy consumption and total electricity cost is
shown in Figure 9. Firstly, EnergyPlus was used to simulate the building energy consump-
tion of all prototype models with DR strategies generated by AutoBPS-DR. EnergyPlus [30]
is a building energy consumption simulation program developed by the U.S. Department
of Energy (DOE) and Lawrence Berkeley National Laboratory (LBNL), and it uses the heat
balance method as the core of load calculation. This program can dynamically simulate the
hourly energy consumption of thermal zones by solving the balance between the indoor
loads (from building envelope heat transfer, occupants, equipment, and lighting) and the
required heating/cooling capacity for different forms of HVAC systems. Then, based on the
performance curves of the chiller, water pump, and cooling tower, the electricity consump-
tion under partial load can be calculated. By combining building area information, the
electricity consumption per unit area of each prototype building can be further determined.
After that, the GIS information of the building cluster in Shenzhen was used to calculate the
total area of each building type. By multiplying the unit electricity consumption with the
total area and summing up all values, the overall energy consumption of the building clus-
ter was obtained. Finally, based on ToU electricity price and hourly electricity consumption,
the total electricity cost can be worked out.
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2.5. Simulation Scenarios
2.5.1. Baseline Model

According to the work schedule, the HVAC system of the medium office building
operated from 6:00 to 17:00, and the desired indoor air temperature setpoint during this
time in summer was 24 ◦C. As for the shopping mall, the work time of the HVAC system
was from 5:00 to 20:00 with a temperature of 24 ◦C. In addition, some other types of
buildings in the Shenzhen building cluster had different temperature settings for rooms
with different functions. The specific temperature setpoint of each room can be seen
in Figure 10.
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2.5.2. Pre-Cooling Model

From the ToU electricity price in Shenzhen, it can be seen that the price during the
off-peak period from 8 to 10 o’clock in a day was 0.75 CNY/kWh, while the peak period and
sharp period from 10:00 to 12:00 was 1.26 CNY/kWh and 1.57 CNY/kWh. The difference
between off-peak price and sharp price was more than twice, so pre-cooling could perform
more effectively. Therefore, 10:00 to 12:00 of the day was chosen as the DR period, and
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pre-cooling was implemented during the off-peak period in the preceding hours. Through
simulation, it was found that the effect of simple pre-cooling was ineffective. Therefore, a
temperature reset was added to assist with pre-cooling, that is, to increase the temperature
setpoint during the DR time after pre-cooling.

This paper firstly developed three pre-cooling strategies on the two types of individual
buildings for detailed research, including only pre-cooling for 0.5 h and 1 h, respectively,
and pre-cooling combined with a temperature reset. As stated in Section 2.3, for the ad-
justment of pre-cooling temperature in some other related studies, it was generally set to
decrease by 2 ◦C. And relevant studies have shown that the cooling temperature setting
can be increased by at least 2 ◦C without significantly affecting the comfort of residents [31].
From this, the temperature setpoints for pre-cooling and temperature reset of the strategies
were defined as shown in Figure 11. Based on the simulation results of individual build-
ings, the most effective strategy was obtained and implemented in the entire Shenzhen
building cluster.
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The detailed temperature setpoint schedule for DR strategies used in different types
of rooms was mainly divided into three kinds, as shown in Figure 10. Among them, the
common room included a banquet hall, dining hall, laundry, lobby, café and exercise room.
And PC-22 ◦C-0.5 h + TR-26 ◦C referred to a pre-cooling temperature of 22 ◦C for 0.5 h
combined with a reset temperature of 26 ◦C during the DR period. The same went for
other strategies.

2.6. Evaluation Metrics

Three general properties of energy flexibility had been observed in previous stud-
ies [32–34]: (1) time period during which energy and electricity can be shifted or reduced;
(2) amount of energy and electricity that can be shifted or reduced; (3) related impacts of
efficiency or cost generated by this flexible operation. Moreover, Li et al. [35] summarized
the top five popular metrics found in their reviewed articles. This study selected several
metrics from it as references for energy flexibility assessment.

2.6.1. Peak Power Reduction and Percentage

Peak power reduction refers to the reduced power demand during peak hours due to
flexible operation. Peak power reduction percentage refers to the percentage of reduced
power demand during peak hour due to flexible operation. The formulas are as follows:

∆P = Ppeak re f − Ppeak f lexible (1)
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∆P% = 1 −
Ppeak f lexible

Ppeak re f
(2)

2.6.2. Cost Saving

The ultimate goal of DR is to reduce costs. Based on the detailed ToU electricity price,
the final cost savings can be calculated through Equation (3).

Cost saving =
∫ DR ends

Pre−cooling starts
(Electricity difference with baseline·ToU price)dt (3)

2.6.3. Flexibility Index (FI)

FI refers to the proportion of saved cost from a flexible strategy compared with baseline
operation. It can be calculated by Equation (4).

FI = 1 − Cost o f f lexible operation
Cost o f baseline operation

(4)

3. Results
This section presented and compared the simulation results of setting the several pre-

cooling strategies for different types of selected individual buildings under the Shenzhen
peak-valley electricity price in order to explore the effect of pre-cooling and compare
to find an optimal pre-cooling setting. And simulation results were obtained for the
Shenzhen building cluster applying the optimal pre-cooling strategy, based on which the DR
potential of pre-cooling on the overall building cluster and its impact on energy flexibility
were explored.

3.1. Results of Individual Buildings
3.1.1. Detailed Results of Two Individual Buildings

According to the hourly temperature results of the medium office building in Figure 12,
there was not much difference in temperature changes between rooms in different locations,
indicating that the direction of the rooms had little impact on the effect of pre-cooling
strategies for this type of building. Moreover, pre-cooling for only 0.5 h on a medium office
building can bring the indoor temperature to the pre-cooling setpoint, and compared with
1 h of pre-cooling, there was no difference in their impact on temperature changes during
the subsequent DR period. From the hourly electricity consumption difference with the
baseline strategy in Figure 13, it can also be seen that 1 h of pre-cooling did not better
reduce the load during the DR period but increased electricity consumption for longer
pre-cooling, resulting in unnecessary energy waste.

According to the hourly temperature results of the shopping mall in Figure 14, the
impact of pre-cooling strategies implementation on indoor temperature varied across
different zones. With a temperature setpoint of 22 ◦C, it can be seen in Figure 14a that the
point of sale can only approach 23 ◦C at the end of pre-cooling, while the south-facing retail
in Figure 14b can lower it more but ultimately tends to 22.5 ◦C and cannot reach 22 ◦C.
It was mainly because the shopping mall had a large building area, and the main indoor
loads came from a large number of people, lighting, equipment, and other heat sources.
When the temperature setpoint decreased, the HVAC system needed to overcome these
continuous heat loads, which made it hard to lower the indoor temperature to pre-cooling
temperature. The same as the medium office building, it can be seen from the hourly
electricity consumption difference with the baseline in Figure 15 that 1 h of pre-cooling did
not have a more significant effect compared to 0.5 h of pre-cooling for the shopping mall
but caused energy waste.
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Table 6 presents the changes in electricity cost and peak electricity consumption for
two types of buildings under these three flexible strategies. It verified that simple pre-
cooling cannot achieve good results and ultimately increased electricity costs. However,
increasing the pre-cooling duration can slightly improve the reduction in peak load, but at
the same time increase energy consumption, resulting in a significant increase in electricity
costs. Comparing the results of the two types of buildings, the DR effect of the medium
office building was better, which may be due to the smaller area, so it was more controllable
for the indoor environment, resulting in higher efficiency of the HVAC system.
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Table 6. Comparison of cost and peak load for three strategies.

Operation Strategy
Medium Office Shopping Mall

Cost Change (CNY) Peak Load Change
(10−2 kWh/m2) Cost Change (CNY) Peak Load Change

(10−2 kWh/m2)

PC-22 ◦C-1 h +3.04 −0.41 +188.30 −0.12
PC-22 ◦C-0.5 h −2.13 −0.29 +89.58 −0.09
PC-22 ◦C-0.5 h
+ TR-26 ◦C −129.35 −1.57 −52.14 −0.46
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Due to the temperature reset during the DR period causing an increase in temperature,
electricity consumption increased for a period of time after DR time. However, the electricity
price was in an off-peak period at this time, so it was not considered.

The simulation results of the pre-cooling strategies for these two individual buildings
showed that setting the pre-cooling temperature to decrease by 2 ◦C half an hour in
advance and resetting the temperature to increase by 2 ◦C during the DR period was a
relatively optimal solution. Thus, the strategy was applied to all types of buildings, and a
comprehensive analysis was conducted.

3.1.2. Power Reduction Effect of All Prototype Buildings

Figure 16 reflects the effects of electricity power reduction during the DR time of each
prototype building under the better pre-cooling strategy obtained in Section 3.1.1. Among
them, Figure 16a presents the results of average electricity power reduction per unit area; it
can be seen that the overall power reduction effect of retail was the best. The reductions for
the three construction eras were 23.89 W/m2 of pre-2005, 21.61 W/m2 of 2006–2014 and
17.73 W/m2 of post-2015 respectively. And the results of high-rise residential with shops,
high-rise residential, and mid-rise residential with shops are poor, which was because most
rooms in residential buildings were equipped with independent air conditioning inside,
and residents had poor autonomy in responding to electricity demand. During DR time,
they may not adjust the temperature upward, which could affect thermal comfort.
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Figure 16b presents the results of the power reduction rate during the peak electricity
consumption period. It can be seen that hotel with shops, small hotel, and low-rise
residential had better effects with the largest reduction percentage of 56.82%. This was due
to the small construction area of these buildings, so the indoor temperature can be better
controlled, and the lower floors made these buildings less affected by sunlight and external
temperature rise. On the contrary, large buildings such as large office building and hospital
had obviously poor effects with the minimum percentage of 5.06%.

3.2. DR Potential of Pre-Cooling on Shenzhen Building Cluster
3.2.1. Electricity Demand Difference of Building Cluster

The electricity demand difference with baseline of the Shenzhen building cluster under
the optimal pre-cooling strategy on the selected simulation day is shown in Figure 17. Pre-
cooling started at 9:30, and the temperature setpoint was lowered, so the electricity load
began to increase. At 9:40, the electricity difference reached the maximum of 4750.94 MW
and then gradually declined. The reduction in electricity power occurred at the beginning of
the DR event, and after 10 min, the demand reduction reached a maximum of 4199.98 MW
at 10:10 and then decreased slowly. After the DR event ended, due to the temperature in
the room being 2 ◦C higher than normal at this time, the HVAC systems had returned to
the normal settings, resulting in an increase in electricity consumption compared to the
baseline. However, the increased energy consumption after DR was not considered in
this study.
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3.2.2. DR Potential of Different Districts and Overall Analysis

Figure 18 shows the peak electricity reduction of different districts in Shenzhen under
the pre-cooling strategy and compared the energy-saving effects of each district by reduc-
tion ratio. It can be seen that the pre-cooling strategy had the best implementation effect
in Guangming District, which was 26.54% lower than the baseline with a peak electricity
reduction of 0.011 kWh/m2. The results in Nanshan District and Futian District were poor,
which had relatively low electricity reduction amounts and rates. Figure 18 finally displays
the total result for all districts, with an overall reduction of 0.007 kWh/m2 and a reduction
rate of 21.87%.

Figure 19 shows the cost-saving results of the nine districts, and the DR potential
analysis was conducted by combining the saving amount and percentage. It should be
pointed out that the cost-saving percentage represented the FI in Section 2.6.3, as the
calculation methods for both were the same. Overall, Figure 19 corresponds to the changes
in peak electricity reduction in Figure 18, which also showed the best effect in Guangming
District, with the highest cost saving of 0.125 CNY/m2 and a 19.18% reduction in electricity
cost. The saving results in Nanshan District and Futian District were not good, with the
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cost savings of 0.043 CNY/m2 and 0.041 CNY/m2, and the saving percentages of 12.39%
and 13.29%, respectively. Based on the simulation results, the total cost saving and saving
percentage were obtained to be 0.081 CNY/m2 and 15.05%, which were close to the average
of most districts.
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4. Discussions
On the basis of previous research by other scholars, this article established a large-

scale urban building cluster model that included 18 prototype building models from their
research results. Pre-cooling, as the main DR strategy studied in this article, was combined
with temperature reset to achieve more significant effects. In addition, the case study
building cluster was selected in Shenzhen, with the nine administrative districts added to
the research.

According to the actual ToU electricity price in Shenzhen, the DR time was determined
to be 10–12 a.m., and pre-cooling was carried out before this time. Based on factors such
as outdoor environment, indoor thermal disturbance, and thermal comfort, three pre-
cooling strategies were developed for medium-sized office buildings and shopping malls
in advance, namely PC-22 ◦C-0.5 h, PC-22 ◦C-1 h, and PC-22 ◦C-0.5 h + TR-26 ◦C. Detailed
simulation results, including hourly temperature, hourly electricity consumption difference
with baseline, and cost saving, were analyzed. It was found that the implementation effect
of two durations of pre-cooling was not significantly different, indicating that 0.5 h of
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pre-cooling had already saturated the stored cooling capacity of the building’s internal
structure. A longer cooling period cannot release much more cooling energy during the
DR time but increases the load of pre-cooling and results in more cost waste. Therefore,
the optimal pre-cooling strategy was found to be PC-22 ◦C-0.5 h + TR-26 ◦C, which was
applied to the entire Shenzhen building cluster.

In the results of all prototype buildings’ power reduction effect, retail performed
the best in reducing electricity consumption, while small hotel and low-rise residential
performed the best in power reduction percentage during peak electricity consumption
periods. These types of buildings had a common feature of small building area; on the
contrary, the large buildings, such as large hotel, large office building, and high-rise
residential, performed poorly in both of the two aspects. Obviously, a large building scale
affects the implementation of pre-cooling strategies, with the large building area possibly
leading to uneven temperature distribution in the internal space, resulting in poor effects of
temperature control. And if the floor is higher, it is more susceptible to the influence of the
external environment and sunlight radiation. From different construction periods, buildings
built before 2001 or 2005 had greater electricity power reduction amounts. This was because
the buildings were too old, and after optimization strategies, energy consumption had
significantly decreased, indicating that older buildings have great potential for energy-
saving renovation.

There were more commercial buildings included in the building cluster, which ac-
counted for a larger proportion of the total electricity consumption difference with baseline
under the pre-cooling strategy. Moreover, for residential buildings, people usually went
out during the day and returned in the evening, while commercial buildings had a large
air conditioning load during daytime business hours, so the amount of reduction was
also greater.

In the study of DR potential in nine administrative districts of Shenzhen, it was found
that there was a certain correlation between the performance of each region in terms of peak
electricity changes and cost savings. The large amount of peak load reduction was usually
accompanied by higher cost savings. Moreover, there was a deviation between the trend
of reduction amount and rate between different districts, indicating that a high reduction
amount did not necessarily correspond to a large reduction rate. The energy-saving effect
was also related to the original electricity consumption of baseline, and greater energy
consumption led to a larger extent for pre-cooling strategy implementation, which can
show better DR potential. The same went for cost saving and cost saving percentage.

In regard to enhancing energy efficiency in buildings, adding PCMs into building
envelopes has great research value and prospects. Taking advantage of PCMs in improving
the thermal mass of buildings, the envelope structures can store more cooling capacity when
pre-cooling is implemented and release it during DR periods, thereby delaying temperature
rise. However, in addition to the properties of PCMs such as material, thickness, melting
point, and placement, which can have different effects on heat capacity, differences in
geographical location and climate zones can also have different effects. Therefore, for
different building types and different cities or regions, it is necessary to optimize the
performance of PCMs and conduct climate adaptability design, combined with economic
and environmental assessments for adjustment, to maximize the pre-cooling effect and
create better DR potential.

This paper investigated the demand flexibility of urban buildings from multiple
perspectives. From the results, we can work out the electricity consumption patterns
of various building types and obtain different impacts on the usage time and energy
consumption characteristics of residential and commercial buildings. At the same time, as
for the differences in policies or resources in different administrative districts, targeted DR
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strategies can be formulated, and supplying electricity between different regions to balance
electricity demand can even be considered. However, despite conducting the exploration
of DR potential in different zones and overall at the level of building clusters, as well
as the quantitative assessment of energy flexibility, there were still some limitations in
our approach:

(1) When formulating the pre-cooling strategies, this article set the same temperature
variation for all types of rooms, but in fact, rooms at different locations and floors are
affected differently by the external environment, and their sensitivity to temperature
varies, resulting in different indoor temperature changes. Therefore, in future research,
it is necessary to consider controlling the temperature setpoint for different types of
rooms separately.

(2) The simulation results of this article show that after 1.5 h of pre-cooling, the cooling
capacity of the internal structure of buildings is already saturated, so increasing the
cooling time to 1 h will not release more cooling capacity during DR time. This
involves the issue of internal thermal mass in buildings, and how to rely on the
concept to improve pre-cooling potential is something that needs to be considered in
future research.

(3) The cost saving effect of pre-cooling essentially depends on the structure of electricity
price rates. However, our current research is based on static electricity prices, pursuing
a greater difference in peak and valley electricity prices. In the future, we need to
expand to dynamic electricity prices abroad and conduct exploration of DR potential
and evaluation of energy flexibility.

5. Conclusions
This study quantitatively evaluated the DR potential of an urban building cluster

under the background of electricity demand response and the rules of ToU electricity
prices. The main DR operation was pre-cooling combined with a temperature reset. The
effectiveness of pre-cooling strategies developed reasonably was studied through applying
them to the case study building models. A method combining EnergyPlus and AutoBPS
was proposed to achieve more efficient and rapid establishment of pre-cooling models and
obtain energy consumption results. By comparing the simulation results of different pre-
cooling strategies on individual buildings, the optimal one was obtained and then applied
to the study of the entire large-scale building cluster. In addition, this paper quantified
energy flexibility by combining the final electricity bill calculated based on electricity
prices and various evaluation indicators, thereby quantitatively analyzing the potential of
pre-cooling strategies in DR events. The main conclusions of this paper are summarized
as follows:

(1) Through detailed analysis of the individual buildings’ simulation results, it is found
that 0.5 h is the most suitable pre-cooling duration for the simulation in this study. In
order to achieve a better DR effect without affecting thermal comfort, temperature
reset was combined with the flexible operation with a temperature rise of 2 ◦C, thus
forming the optimal pre-cooling strategy.

(2) The implementation of a pre-cooling strategy is more effective for small buildings
because it is more controllable. Commercial buildings have better pre-cooling effects
than residential buildings because during the duration of DR strategies implementa-
tion, the occupancy rate of commercial buildings is higher.

(3) Guangming District has shown the best results in peak electricity reduction and
cost saving among the nine districts in Shenzhen. Under the optimal pre-cooling
strategy, the total electricity consumption reduction of the entire Shenzhen building
cluster during peak hours is 38,371.23 MW, with the total electricity cost saving of
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approximately CNY 99.69 million. This indicates that the impact of pre-cooling on the
entire building cluster is enormous.
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