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Abstract

Demand-side management has been demonstrated as an efficient and feasible method to
unlock the flexibility on the demand side and support the flexible regulation of power sys-
tems. In integrated energy systems (IES) of buildings, through energy storage systems (ESS)
and demand response methods, the utilization rate of renewable energy can be effectively
improved, and the stability of the grid can be enhanced. However, the traditional energy
usage methods of IES have limited responsiveness to the power system. Moreover, existing
flexible energy usage strategies based on demand response rarely consider the impact of
ESS in IES on energy usage strategies. Addressing the aforementioned issues, this paper
proposes a flexible energy usage strategy based on ESS and demand-side management.
This strategy takes into account the daily energy production and consumption of IES, as
well as the relationship between user load and the grid, forming a hierarchical scheduling
mechanism for energy usage. To fully explore the impact of ESS capacity on flexible energy
usage scheduling strategies, the scheduling role of ESS is quantified in terms of photovoltaic
utilization rate, responsiveness, and overall cost. The results indicate that implementing the
flexible energy scheduling strategy in the system increases the annual PV self-consumption
by 35.29%. With higher ESS capacity, the PV self-consumption rate (SCR) can be maximized,
improving by up to 4.07%. The system’s response capability is enhanced after adopting
the scheduling strategy and improves further with increasing ESS capacity. Regarding
costs, although applying this strategy leads to a rise in ESS operational loss costs during
its functioning phase, the overall system costs decrease by approximately 65.13%, with a
capacity-based variation of about 1.48%.

Keywords: energy flexibility; energy storage systems; demand response; energy management

1. Introduction
Global climate change represents a major challenge that humanity is facing in the

21st century. Low-carbon, zero-carbon, and even negative-carbon technologies aimed
at achieving carbon neutrality will be crucial to future global industrial revolutions and
technological competition. According to the International Energy Agency (IEA), carbon
emissions from the global building sector totaled approximately 4.5 billion tons of CO2

in 2023, accounting for 21% of total global carbon emissions [1]. In 2021, China’s carbon
emissions from the operational phase of buildings amounted to 2.3 billion tons of CO2,
representing 56.6% of total lifecycle emissions [2]. Therefore, optimizing system operations,
combined with efficient energy storage devices and energy systems, is essential to achieving
carbon reduction goals for buildings [3].
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The proportion of renewable energy sources such as solar and wind energy integrated
into distribution networks has been increasing year by year. According to the 2019 report
by the International Renewable Energy Agency (IRENA), by 2050, the share of renewable
energy in global annual electricity generation needs to rise from 25% to 86% [4]. Due to
the volatility and intermittency of renewable energy generation, the interaction with the
grid often leads to significant energy waste, such as curtailment of wind and solar power,
which poses substantial challenges to the stability of the grid [5]. To reduce energy waste
and enhance the flexibility of energy use, it is essential to promote research on building
energy systems and flexible energy management technologies, improving their flexibility,
safety, reliability, and efficiency [6,7].

The future energy structure to achieve carbon neutrality will be a new integrated
energy system (IES) dominated by solar energy, with a complementarity of various energy
sources. By integrating multiple forms of energy, such as electricity, heat, cooling, and gas,
this system will enable multi-energy complementarity and intelligent scheduling [8–11].
Photovoltaic (PV) systems are one of the key technologies for achieving low-carbon build-
ings and clean energy supply. In recent years, PV technology has been widely applied
in various fields such as buildings and industry, owing to its clean, efficient, and highly
scalable characteristics. Especially in building-integrated photovoltaic (BIPV) systems,
PV not only provides sustainable power for buildings but also serves a functional role in
building design [12]. Although PV generation faces issues of intermittency and variability,
these problems can be effectively mitigated through integration with energy storage sys-
tems and demand-side management, enabling efficient utilization of PV energy. Ground
source heat pump (GSHP) technology, which utilizes the stable thermal properties of the
underground for heating and cooling, is an efficient solution with significant advantages in
cold regions [13]. Compared to air-source heat pumps, GSHPs are less affected by external
climate fluctuations, and their high energy utilization efficiency plays a critical role in both
winter and summer, providing stable indoor cooling and heating [14]. By integrating them
with PV systems and energy storage, GSHPs can further enhance energy efficiency and
reduce reliance on fossil fuels [15]. As PV and GSHP technologies continue to advance and
be applied, their role in IES becomes increasingly vital, especially in terms of multi-energy
complementarity and intelligent scheduling. By optimizing the collaborative operation of
these systems, it is possible to further improve the energy autonomy and sustainability of
buildings, thereby promoting the development of low-carbon buildings and smart grids.

2. Related Studies
A considerable amount of research has been conducted on the flexible scheduling

of multi-energy systems [16–18]. Lamnatou [19] summarized the changes in intelligent
technologies for photovoltaic and energy storage systems in residential buildings but
did not focus on the impact of demand-side data on building services The literature [20]
analyzes the applicability of energy flexibility strategies in hot climates, using a building
in Dubai as a case study. Mlecnik [21] discussed the progress of key policies and factors
in building energy systems, noting that flexible energy supply has become a key research
area in multi-energy systems. Niklas [22] explored how energy storage can improve
flexibility in multi-energy systems. Wang [23] comprehensively considered the flexibility
utility of energy production, conversion, storage, and user-side effects, including the
flexibility of gas and thermal pipelines. They developed a two-stage adaptive robust
optimization (ARO) method to obtain flexibility parameters for microgrids, taking into
account uncertainties from renewable energy power, load configurations, and scheduling
instructions from the power distribution system. The literature [24] proposes a building
microgrid energy management model integrated with battery storage, using a market-based
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pricing approach to schedule the battery as a flexible energy resource. Research [25] has
shown that, compared to thermal water tank solutions, the clever use of building thermal
inertia can significantly reduce excess electricity production and fuel consumption, while
lowering overall costs. Shakeri [26] proposed a strategy for energy storage charging and
discharging under time-of-use electricity pricing, as well as an optimization strategy for
microgrid operation, developing a model aimed at maximizing photovoltaic utilization and
annual net profit. In summary, existing research has made significant strides in the flexible
scheduling of multi-energy systems, focusing on areas such as photovoltaic integration,
energy storage, demand-side management, and optimization methods. While many studies
have addressed the technological advancements and strategies for improving energy
flexibility, there remains a gap in incorporating demand-side data into the scheduling
processes and fully evaluating the economic implications of different system configurations.

As a pivotal coupling device enabling energy conversion between electricity and heat,
heat pumps play a critical role in the coordinated operation of power systems and heating
systems. Literature [27] highlights the significant contributions of heat pumps in enhancing
energy utilization efficiency and facilitating renewable energy integration. The operational
flexibility of heat pumps manifests in their adjustable power characteristics and inherent
thermal storage potential. Li et al. studied the optimization of DC variable-frequency heat
pumps under photovoltaic power fluctuations and demand-side load characteristics [28].
Gradwohl et al. optimized the operation strategy of heat pumps to reduce energy costs,
improve self-sufficiency, and alleviate grid pressure [29]. The literature [30] investigates
the coupled optimization of GSHP systems and district heating networks. Under power
constraints, the study optimizes the coordinated use of GSHP and district heating, achieving
effective cost–benefit control. Studies demonstrate that coordinated scheduling of heat
pumps with electric boilers and TES systems can effectively mitigate peak-valley load
differences in power grids while reducing operational costs. For instance, through time-of-
use electricity pricing mechanisms, heat pumps can store thermal energy during off-peak
periods and release it during peak demand intervals, thereby optimizing electricity-heat
supply-demand matching [31].

As renewable energy gradually becomes the mainstream energy source, its inherent
volatility and intermittency pose challenges to the stability of the power grid. PV generation
exhibits significant sensitivity to solar irradiation fluctuations, while heat pump load
demands (for heating/cooling) demonstrate a time-dependent nature. ESS can regulate the
electricity demand profile of heat pumps through peak shaving and valley filling [32,33],
achieving economic optimization of energy storage and discharge by leveraging peak-valley
electricity price differentials [34]. For example, Li [35] investigated the integration of PV and
ESS, demonstrating that real-time energy management strategies, through execution and
optimization, enhanced the system’s performance, economics, and reliability. This approach
proved particularly advantageous in addressing fluctuations in photovoltaic generation
and load variability. Depending on the technology, ESS can be classified into mechanical,
electrochemical, electrical, chemical, and thermal forms [36], with battery energy storage
systems (BESS) being particularly notable. Although degradation occurs during usage,
BESS can still provide a degree of flexibility services [37]. Sandoval [38] assessed the
DSM of distributed electrical storage, evaluating the flexibility of electricity demand with
different battery sets in residential buildings, highlighting the active coordination role
of buildings between electricity utilities and end-users. The authors of [39] introduced
commonly used mathematical models for microgrid Energy management systems (EMS)
and methods for determining BESS capacity. Li et al. [40] proposed an optimization
scheduling method for photovoltaic-battery energy storage systems based on dynamic
programming algorithms. They compared the impact of unit storage cost and storage
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capacity on the system’s profitability. The results indicated that when the unit storage
cost decreased to 100 $/kWh, the system became profitable under various time-of-use
electricity pricing structures. Additionally, the system demonstrated superior economic
performance in cold regions, with dynamic electricity pricing having a significant impact
on its economic viability. In summary, the integration of renewable energy sources, such as
PV and heat pumps, with ESS offers solutions to grid stability issues, reduces costs, and
enhances system performance through real-time energy management and optimization.

In addition to promoting renewable energy usage, demand-side management (DSM)
also plays a crucial role in building energy conservation. By implementing effective
demand-side management strategies, buildings can optimize energy consumption, reduce
peak loads, and improve energy efficiency [41–43]. Through raising users’ awareness of
energy efficiency and guiding rational energy use behaviors, DSM can make a signifi-
cant contribution to energy-saving and emission-reduction efforts in buildings. Practical
experience has shown that in grid-interactive buildings, DSM is an effective method for
load reshaping, such as load shifting [44]. Studies indicate that DSM can also increase the
proportion of renewable energy used and promote grid systems with a higher share of
intermittent energy [45]. Compared to traditional building energy systems, the application
of energy storage and renewable energy in buildings requires additional investment. How-
ever, these methods can leverage dynamic energy prices and DSM incentives to achieve
economic benefits, fundamentally enhancing the capacity for energy flexibility [46]. DR
programs are generally divided into two categories: price-based demand response and
incentive-based demand response [47]. Both price-based and incentive-based DR have been
extensively studied both domestically and internationally. Alipour et al. [48] proposed a
demand response management model for cogeneration users based on real-time electricity
prices. The model aims to minimize costs, taking into account different thermal-electric
dependence characteristics and meeting technical constraints such as minimizing start/stop
cycles, ramping rate limitations, and time constraints. Rehman [49] considered using de-
mand response to achieve flexible operation of an independent power system containing
renewable energy. Consumers can make decisions about load shifting based on the elastic
relationship between price and response, thereby addressing issues such as increased peak
shaving difficulty and rising peak shaving costs. Sarsabahi [50] studied the extent to which
residential energy storage systems participating in incentive-based demand response pro-
grams can achieve load shifting, as well as how users of heat pump systems can better
realize flexibility advantages. While dynamic pricing and DSM incentives are emphasized,
practical implementation remains constrained by investment costs and technical challenges,
particularly in grid-interactive systems with intermittent renewable energy sources.

This paper provides a comprehensive review of multi-energy system scheduling, the
flexibility of heat pumps and ESS, and the application of DSM in energy systems. Current
research on the flexible scheduling of multi-energy systems and their interaction with the
grid remains limited. Many studies have not focused on the integration of photovoltaic,
heat pump, and energy storage systems, particularly in achieving dynamic responses based
on grid-side signals.

As highlighted in the literature review, ESS and DSM are effective means to achieve
flexible energy use in buildings. This study proposes a hierarchical scheduling strategy for
energy systems based on DSM, exploring how building loads influence energy schedul-
ing. The strategy incorporates dynamic electricity pricing and load response to enhance
flexibility and economic efficiency. It effectively adapts to time-of-use price variations
while ensuring calculation accuracy and speed. Additionally, the study emphasizes the
critical role of ESS in flexible energy scheduling. Multiple metrics are used to quantify
the ESS’s flexibility. The impact of different energy storage capacities on photovoltaic self-
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consumption rate, system responsiveness, and economic performance is analyzed in depth,
ensuring the effectiveness of the optimal energy management strategy and improving
overall system efficiency. The specific research content of this study is as follows:

Section 3 introduces a hierarchical flexible energy scheduling strategy based on the
PV-ESS-GSHP system, outlining the energy usage priorities within the system. ESS capacity
constraints are proposed based on the system’s energy balance. Finally, the section describes
the setup of the simulation case and the input data used.

Section 4, based on specific building energy consumption data and climate conditions,
uses simulations to analyze the impact of different energy storage capacities on PV uti-
lization, system responsiveness, and cost-effectiveness. The study also investigates the
operational performance of the GSHP system under various climatic conditions, with a
particular focus on its applicability in northern regions.

3. Method
3.1. Flexible Energy Use Hierarchical Scheduling Strategy

Traditional scheduling models often overlook the interactions between energy systems
and the potential for flexible scheduling [51]. In contrast, this study optimizes the overall
performance of energy systems by considering the synergies between different energy
sources. Particularly in northern China, the seasonal fluctuations in heating demand
during winter and cooling demand during summer require scheduling systems to have
higher adaptability and responsiveness. Therefore, this study proposes a multi-energy
system integration of PV, energy storage, and GSHP, and constructs a hierarchical energy
scheduling framework. The model first prioritizes various energy resources based on
production conditions and energy demand and then schedules them according to actual
load requirements and the variability of renewable energy. By incorporating demand-side
management strategies, the model enables flexible adjustment of building energy usage
during grid load peak periods, reducing reliance on the grid and enhancing the utilization
efficiency of renewable energy.

The energy scheduling priority refers to the principle by which users or the system
assign a priority to processes, with the system scheduling processes with higher priorities
to run first [52]. In this study, the photovoltaic generation module is the first priority for
energy supply, the ESS is the second priority, and the municipal grid is the third priority for
energy supply. The lighting, office equipment, and other non-movable loads are the first
priority for energy demand, while the geothermal heat pump system is the second priority.
The structure of the building’s energy system is shown in Figure 1.

 

Figure 1. Energy system structure and priority setting.
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Based on the scheduling principles and judgment conditions, an energy management
module has been developed in TRNSYS to manage energy use. The module determines
the relationship between energy production and consumption based on the scheduling
principles, thereby enabling energy scheduling. Figure 2 illustrates the scheduling priorities
and judgment principles set within the energy management module.

   
(a) Energy scheduling priorities  (b) Decision principles 

Figure 2. Energy use scheduling priorities and decision principles.

The energy scheduling strategy is based on priority rules, considering PV power
consumption, battery charging/discharging, and equipment energy use across different
time intervals. On the supply side, the PV generation is compared to the total user load,
followed by an assessment of the battery’s SOC and the current electricity pricing period.
On the demand side, non-movable loads, such as lighting and office equipment, are
prioritized, followed by the geothermal heat pump system. The energy scheduling process
is hierarchical, as outlined in Figure 3.

Start

t=i

PPV,i＞Pload,i

Input data: PPV,i，Pload,i，Punshift,i，Php,i，Pgrid,i，

Pcharge,i，Pdischarge,i，SOC0，TOU pricing

YES

NO

SOC≥0.5

Pcharge,i=PPV,i-Punshift,i+Pgrid,i

 Php,i=Pgrid

Punshift,i =PPV,i, Php,i=Pdischarge,i

SOC＞0.9？ Pcharge,i=0

NO

Pcharge=PPV,i-Pload,i

YES

End t┴ T

YES

NO

Pcharge,i=PPV,i-Punshift,i

Php,i=Pgrid,i

Punsh ift,i＜PPV,i＜Pload,i

C=Coff-peak

Yes

NO

NO

YES

YES

SOC≥0.5

C=Coff-peak

NO

Pload,i=Pdischarge,i

YES

NO

Pcharge,i=PPV,i+Pgrid,i

Pload,i=Pdischarge,i

YES

NO

Pcharge,i=PPV,i+Pgrid,i

Pload,i=Pgrid,i+Pdischarge,i                  

C=Coff-peak

YES

Pcharge,i =PPV,i ,Php,i=Pgrid,i

Punsh ift,i =Pdischarge

NO

C=Coff-peak Pcharge,i=PPV,i-Pload,i+Pgrid,i
YES

NO

C=Coff-peak

Pcharge,i=PPV,i-Punshift,i+Pgrid,i

 Php,i=Pgrid,i

Yes

NO

Figure 3. Flowchart of hierarchical flexible energy scheduling strategy.
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The textual description of the steps for the hierarchical scheduling strategy is
as follows:

Input Parameters: The model reads hourly parameters including PV generation, user
load, initial battery SOC, battery capacity, and peak/off-peak electricity prices.

Step 1: PV Generation vs. User Load: The first condition checks whether PV generation
can meet the user load.

Step 2: Battery SOC: The second condition evaluates the battery’s SOC to determine if
excess PV generation can be stored.

Step 3: Off-peak Pricing: The third condition checks if the current time is within the
off-peak period. If so, and if the SOC allows, the battery may be charged.

3.2. Supply-Demand Matching and ESS Constraints

Section 3.2.1 presents the model of the energy balance equation based on supply-
demand equilibrium, while Section 3.2.2 provides the constraints for the ESS capacity.

3.2.1. Energy Balance Relationship

The energy generation and supply of the PV-ESS-GSHP system are primarily com-
posed of several modules: energy supply modules such as the municipal grid and pho-
tovoltaic PV panels, energy consumption devices such as end-user equipment and water
pumps, energy storage devices like ESS, and energy conversion devices like geothermal
heat pump units and inverters. During the charging process, the ESS acts as an energy
consumption device, while during the discharging process, it functions as an energy supply
device. The electrical energy demand of the equipment is supplied by the photovoltaic sys-
tem, the grid, and the battery storage, while the thermal demand of the end-user equipment
is supplied by the heat pump. The energy balance of the system is as follows.

PPV(i) + Pgrid(i) + Pdischarge(i) = Punshift(i) + Php(i) + Pcharge(i) (1)

PPV(i) is the PV-to-load power at time interval i, Pgrid(i) is the grid-to-load power at
time interval i, Pdischarge(i) is the ESS discharge power at time interval i, Punshift(i) is the
non-shiftable load power at time interval i, Php(i) is the GSHP power at time interval i,
Pcharge(i) is the ESS charge power at time interval i.

3.2.2. Constraints for the Election of ESS Capacity

The power constraints of the ESS are shown in Equation (2).

0 ≤ Pcharge(i) ≤ µDCPESS,max

0 ≤ Pdischarge(i) ≤ µDCPESS,max
(2)

µDC is the inverter conversion efficiency. PESS,max is the maximum discharging power
of the battery.

The capacity constraints of the ESS are shown in Equations (3).

ηMIN ≤ SOC(i) ≤ ηMAX

SOC(t) = SOC(t − 1) +
PESS(t)·ηdischarge·△t

EESS

(3)

ηMIN and ηMAX are the minimum and maximum allowable discharge depths of the
battery. ηdischarge is the discharge efficiency.
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3.3. Description of the Case
3.3.1. Simulation Case Setting

To investigate the impact of energy storage capacity on the flexible energy scheduling
strategy within the PV-ESS-GSHP system, two comparative cases are considered in this
study. Baseline case: The building’s energy supply is provided by PV power, energy storage
batteries, and the power grid. The building prioritizes the use of PV-generated electricity,
with any surplus PV generation stored in the energy storage batteries. Case 2 (Flexibility
case): Based on the baseline case, a flexible energy scheduling strategy is applied, utilizing
the developed energy management module to prioritize energy usage. Table 1 compares
the energy strategies for the two cases, and Figure 4 illustrates the system diagram for
the cases.

Table 1. Strategies of cases.

PV ESS Power Grid

Baseline case
√ √

×
Case 2 (Flexibility case)

√ √ √

 
(a) Baseline case 

 
(b) Case 2 (flexibility case) 

Figure 4. Schematic diagram of energy systems in different cases.

3.3.2. Input Data

In severe cold regions of China, characterized by short winter daylight hours and
low solar radiation intensity, the power generation capacity of PV systems is significantly
constrained. This study addresses the challenge by proposing a hybrid energy system
integrating ESS and GSHP. A small-scale office building in such a climate zone is selected
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as the case study to demonstrate this energy complementarity strategy. The building has
two above-ground floors and a total floor area of 167.4 m2. The dimensions of the building
are 18.6 m in length, 10 m in width, and 7 m in height, with the first floor having a ceiling
height of 3.3 m and the second floor having a ceiling height of 3.6 m. The building’s form
factor is 0.47, and the window-to-wall ratio is 0.09, with the following orientations: 0.09 for
the west-facing side, 0.12 for the south-facing side, 0.12 for the north-facing side, and 0.05
for the east-facing side. The building’s functional rooms include a heat pump room, kitchen,
demonstration room, restrooms, and office areas. An architectural model is established in
the TRNBuild based on the physical dimensions and envelope parameters of the building.
The roof area of the building determines the area for the photovoltaic module installation.
The selection of the GSHP is determined by the building load, while the ESS capacity
is determined based on the photovoltaic generation and the building’s load demand. A
schematic diagram of the building model is shown in Figure 5, while Tables 2 and 3 present
the parameters of the system modules and the usage proportions of the equipment. Table 4
presents the Time-of-Use electricity pricing in Shenyang city.

Figure 5. Architectural model.

Table 2. System module parameter table.

Energy System Module Parameters

PV Monocrystalline silicon photovoltaic panels, 5 × 10 pieces, 45◦ south
ESS 20/30/40/50 kWh lithium battery, discharge efficiency 0.9, SOC ∈ (0.1, 0.9)

GSHP Single U-shaped ground heat exchanger, with a unit rated heating capacity of
42.78 kWh and a rated cooling capacity of 34.22 kWh.

Table 3. The power ratio of lighting and electrical equipment.

Time (h) 1–6 7 8 9–11 12–13 14–17 18–19 20–24

Weekday Usage Proportion (%) 0 10 50 95 80 95 30 0
Holiday Usage Proportion (%) 0 0 0 0 0 0 0 0

Table 4. Time-of-Use electricity pricing in Shenyang City.

Time Period Price (Yuan) Time Slot

Peak Period 1.267688 17:00–19:00
High Peak Period 1.020915 7:30–11:30, 19:00–21:00
Off-Peak Period 0.691885 5:00–7:30, 11:30–17:00, 21:00–5:00 (next day)
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4. Results and Discussion
4.1. Evaluation of the Effectiveness of the Energy Use Hierarchical Scheduling Strategy

This study establishes a simulation model of the PV-ESS-GSHP system using TRN-
SYS18 as the platform. In TRNSYS, the energy management module Type 328 was de-
veloped by integrating with other modules for data transfer. The relationships between
performance parameters, input parameters, and output parameters were established (as
shown in Figure 3). The charging power and storage capacity of the battery are configurable
performance parameters of the energy management module Type 328. The hourly PV gen-
eration, load, lighting and office loads, and geothermal heat pump power consumption are
set as input parameters. The output parameters include battery charging and discharging
power, grid electricity purchase, PV grid-exported power, and the SOC of the battery. The
building data are based on the physical dimensions and envelope properties of a real
small office building. The PV, battery, and other modules are standard modules within the
software, while the geothermal heat pump model is based on a semi-empirical model [53].
The developed models have been validated.

4.1.1. Energy Production and Consumption Curves and Load Characteristics

To investigate the impact of ESS capacity on the effectiveness of the strategy, it is first
necessary to understand the building’s load characteristics, the generation capacity curve
of the PV-ESS-GSHP system, and the charging and discharging behavior of the ESS. Case 2
is selected, with an energy storage capacity of 50 kWh, to simulate the energy generation
and consumption curves of the PV-ESS-GSHP system as well as the load characteristics.

Figure 6 shows the 24-h system operation for a typical day in Case 2 during the winter
season, highlighting grid power generation, PV generation, ESS charging and discharging,
and battery SOC. From 08:00 to 18:00, PV generation fails to meet the load demand, and
the ESS discharges to supply the load, eliminating the need to purchase electricity from
the grid. From 18:00 to 22:00, the combined energy storage and PV generation cannot meet
peak load demand, requiring electricity from the grid. At 22:00, with the ESS SOC below 0.5,
the grid supplies power during the off-peak period (22:00 to 05:00) to cover the shifted load.
Figure 7 illustrates the 24-h system operation for a typical day in Case 2 during the summer
season. For most of the day, PV generation exceeds the total load demand. The flexible
energy management module stores excess electricity in the ESS during off-peak periods. As
PV generation increases, the stored energy is used to supply the load, significantly reducing
grid electricity purchases.

Figure 6. 24-Hour winter energy production, consumption, and battery charging/discharging.
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Figure 7. 24-Hour summer energy production, consumption, and battery charging/discharging.

Figure 8 shows the overall energy consumption for Case 2 during the winter season.
After implementing the flexible energy scheduling strategy, the high winter load demand
and limited ESS capacity prevent the stored excess PV generation from fully meeting the
user’s demand, requiring some load to be supplied by the grid. As the season progresses,
the amount of electricity purchased from the grid decreases. During the heating season,
the grid directly supplies 25.77% of the total load, while providing 21.31% during off-peak
periods for ESS charging. PV generation covers 39.24% of the load, and ESS supplies 13.68%.
Figure 9 illustrates the energy consumption for Case 2 during the summer season. PV
generation directly supplies most of the load, with the ESS covering the remainder and
only minimal periods requiring grid electricity. During the cooling season, the grid directly
supplies 3.28% of the load, PV provides 72.71%, and ESS accounts for 24.01%. These results
show that the flexible energy scheduling strategy promotes off-peak electricity use in winter
and enhances PV absorption in summer.

 

Figure 8. Winter energy production, consumption, and battery charging/discharging.



Buildings 2025, 15, 3536 12 of 22

Figure 9. Summer energy production, consumption, and battery charging/discharging.

4.1.2. The Impact of Energy Storage Capacity on Photovoltaic Utilization

Reasonable scheduling of flexible resources is beneficial for improving the synchro-
nization and tightness between the load curve and the PV output curve. Achieving maxi-
mum utilization of renewable energy in active distribution networks is another important
goal [54]. In this section, the PV self-consumption rate (SCR) and the curtailed PV genera-
tion are used to assess the PV utilization under different ESS capacities.

The photovoltaic SCR is defined as the ratio of the PV power provided to the load and
the ESS to the total PV generation. A higher SCR indicates a higher on-site utilization of PV
generation and greater flexible potential. The calculation method for the PV absorption
rate is given by Equation (4).

SCR =
Ppv−load(i) + Ppv−battery(i)

Ppv(i)
(4)

Based on the building load, PV generation, and battery charge/discharge data obtained
in the previous subsection, the impact of different ESS capacities on the flexible energy
scheduling strategy is explored. According to the constraints, the ESS capacities are set to
20/30/40/50 kWh.

Figure 10 shows the PV absorption rate for different ESS capacities over a week during
the winter in the baseline case. As ESS capacity increases, the periods during which the
PV absorption rate approaches 1 also increase. Figure 11 presents the PV absorption rate
during the summer for the baseline case. Similar to winter, the PV absorption rate increases
with ESS capacity, with a more pronounced impact observed on weekends. Compared
to winter, the effect of ESS capacity on PV absorption is more significant in the summer.
These results highlight that increasing ESS capacity enhances PV absorption, with a more
noticeable effect during off-peak periods, especially on weekends.

Figures 12 and 13 show the SCR for different ESS capacities during winter and summer
in Case 2. Compared to the baseline case, Case 2, by implementing a hierarchical scheduling
strategy, effectively stores energy during low photovoltaic generation periods and releases
it during peak times, thereby improving the system’s SCR. The 50 kWh ESS achieves a
maximum self-consumption rate of 0.95 and maintains it for an extended period, while the
20 kWh ESS maintains a high SCR for only a short duration. In winter, under conditions of
low photovoltaic generation, larger ESS capacities can maintain a high SCR even in low
temperatures and better match the building’s load fluctuations. In summer, with higher
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photovoltaic generation, the advantages of ESS are more prominent. Larger ESS capacities
enable the building to minimize curtailment and maximize the self-consumption rate. A
comparison of the two cases demonstrates that Case 2 shows significant advantages in both
SCR and seasonal adaptability.
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Figure 10. Baseline Case: SCR with different energy storage capacities in winter.
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Figure 11. Baseline Case: SCR with different energy storage capacities in summer.
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Figure 12. Case 2: SCR with different energy storage capacities in winter.
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Figure 13. Case 2: SCR with different energy storage capacities in summer.

In the seasonal analysis, the impact of different ESS capacities on the photovoltaic SCR
varies with occupancy times. To better capture daily fluctuations and trends, we analyzed
the self-consumption rate on typical winter and summer days for two cases. As shown
in Figure 14a, the shorter photovoltaic generation period in winter makes the effect of
ESS capacity on improving the photovoltaic SCR more pronounced. A larger ESS capacity
enables better utilization of midday electricity generation in winter. Figure 14b presents
the photovoltaic SCR in summer. Between 9:00 and 14:00, a larger ESS capacity maintains
a photovoltaic SCR of 0.9 to 1 for a longer duration. In contrast, smaller ESS capacities
show greater volatility and struggle to store surplus electricity during peak generation.
Figure 14c,d show the battery SCR for different energy storage system capacities on typical
winter and summer days in Case 2. The proportion of time with SCR greater than 0.95
for the four storage capacities in Case 2 is 36%, 39%, 42%, and 43%, respectively, an
improvement of approximately 20% compared to the baseline case. In summer, the SCR
for 20 kW and 30 kW storage capacities is lower between 15:00 and 19:00 than for 40 kW
and 50 kW capacities. However, from 08:00 to 15:00, the SCR is similar across all storage
capacities, as photovoltaic generation exceeds the user load, and excess electricity is stored.
Smaller storage capacities cannot store all the surplus generation, leading to a reduced SCR.

Table 5 provides the annual PV total SCR for case 2 with different ESS capacities. As
the ESS capacity increases, the photovoltaic utilization rate improves. The 50 kWh capacity
battery shows a 4.07% increase in annual SCR compared to the 20 kWh capacity.

Table 5. Annual PV total SCR for case 2.

20 kWh 30 kWh 40 kWh 50 kWh

Total annual PV
self-consumption 22,111.14 22,639.99 23,170.60 23,750.45

Annual PV
self-consumption rate 0.68 0.70 0.71 0.73
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Figure 14. (a) Baseline case: SCR for different ESS capacities (20 kWh, 30 kWh, 40 kWh, 50 kWh)
during winter. (b) Baseline case: SCR for different ESS capacities during summer. (c) Case 2: SCR for
different ESS capacities during winter. (d) Case 2: SCR for different ESS capacities during summer.

4.1.3. The Impact of Energy Storage Capacity on the System’s Response Capability

In energy systems, the charging and discharging behavior of the ESS reflects the
system’s responsiveness. The daily charging and discharging actions of the ESS indicate
its ability to respond to fluctuations in power demand during different periods. Different
ESS capacities possess varying flexible load adjustment capabilities. Therefore, this section
conducts a study on the impact of ESS capacity on the system’s response ability. In this
study, the energy stored in the ESS is defined as “dispatchable energy.” This portion
characterizes the difference between user demand, non-dispatchable loads, and flexible
loads. When the dispatchable energy in the system is higher at any given moment, it
indicates that the system has a stronger capacity to respond to subsequent user demand.

Figure 15 compares the charging and discharging behavior of the ESS for different
storage capacities on typical winter and summer days in the baseline case. From Figure 16a,
it can be seen that between 7:00 AM and 12:00 PM, the ESS discharges, as the PV generation
cannot meet the entire load demand. The 20 kWh battery depletes its stored energy by
11:00 AM. Between 12:00 PM and 5:00 PM, the battery stores the remaining PV generation.
However, due to the capacity limitation of smaller batteries, the remaining PV generation
cannot be fully stored. For instance, the 20 kWh and 30 kWh batteries have a charging
power of 0 at 3:00 PM. In contrast, the 40 kWh and 50 kWh batteries continue charging
until 5:00 PM. The discharge periods of the batteries vary with capacity: the 20 kWh
battery discharges between 5:00 PM and 8:00 PM, the 30 kWh battery discharges between
5:00 PM and 9:00 PM, and the 40 kWh and 50 kWh batteries discharge between 5:00 PM and
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10:00 PM. It can be observed that as the storage capacity increases, both the charging and
discharging power of the battery increases, thus enhancing the system’s ability to respond
to power demands in subsequent periods. In the summer, with abundant PV generation,
the ESS begins charging between 8:00 AM and 12:00 PM. The same trend holds: the larger
the storage capacity, the stronger the system’s responsiveness.

 
 

(a) Winter  (b) Summer 

 
(c) Winter  (d) Summer 

Figure 15. (a) Baseline Case: Charging and discharging power of ESS with different capacities
(20 kWh, 30 kWh, 40 kWh, 50 kWh) in winter. (b) Baseline Case: Charging and discharging power of
ESS with different capacities in summer. (c) Case 2: Charging and discharging power of ESS with
different capacities in winter. (d) Case 2: Charging and discharging power of ESS with different
capacities in summer.
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Figure 16. Annual average investment cost, service life, operating phase loss depreciation costs
and battery cycle count. (a) Annual average investment cost and service life for different capacities.
(b) Operating phase depreciation costs and battery cycle count for the baseline and Case 2 scenarios.
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The results of case 2 show that, during winter, the remaining PV generation during the
day is relatively small. Furthermore, during the nighttime off-peak period, the SOC of the
battery is less than 0.5. As a result, the battery is charged by the grid during the night. With
an increase in storage capacity, more energy is stored at night, which can then be used to
supply power during the daytime when the PV generation is insufficient to meet the load
demand. In summer, the 50 kWh energy storage system maximizes the use of photovoltaic
generation, reduces curtailment, and provides stable power supply during peak demand
periods. In contrast, smaller capacity storage systems, such as the 20 kWh system, have
lower energy storage capacity during peak loads and exhibit larger fluctuations in charging
and discharging power.

Overall, Case 2 achieves peak load shifting to off-peak nighttime periods using the
hierarchical energy scheduling strategy. A higher energy storage capacity significantly
enhances system performance. The 50 kWh energy storage system ensures stable power
supply in both winter and summer, reducing reliance on the grid during peak periods.

4.2. The Impact of Energy Storage Capacity on the Comprehensive Operating Cost of the System

This section investigates the impact of flexible energy usage scheduling strategies
and ESS capacity on the system’s total cost. The total cost for different ESS capacities in
case 2 is calculated, which mainly includes operating costs, annual average investment cost,
charge–discharge loss costs, and curtailment costs.

The total cost is calculated using the formula (5).

C = C1 + C2 + C3 + C4 (5)

where C1 is the operating cost. C2 is the annual average investment cost. C3 is the charge–
discharge loss cost. C4 is the curtailment penalty.

C1(t) = ∑ [J(x, t)] = ∑ x(t) · Pgrid(t) (6)

J(x, t) is the system’s electricity consumption cost function. x(t) is the peak-valley
electricity price function. Pgrid(t) is the system’s electricity grid power intake.

C2 = EbatteryCTZ/Nyear (7)

Ebattery is the rated capacity of the battery. CTZ is the investment cost per unit capacity
of the battery. Nyear is the battery’s service life.

C3 =
N

∑
i=1

λiEbatteryCTZ (8)

λi =
1

1/5349 × e−3.57Dbess,i + 95.81 × e1.5Dbess,i
(9)

λi is the charge–discharge loss rate for the battery. Dbess,i is the discharge depth of the

i-th cycle. When
N
∑

i=1
λi = 100% it indicates that the battery needs to be replaced.

C4 = Cqi[∑ PPV(t)− PPV,use(t)] (10)

Cqi is the curtailment penalty price. It is set to 0.6 ¥/(kWh) in this paper.
The investment cost and service life of different ESS capacities vary, which also af-

fects the battery’s cycle life and, consequently, its degradation cost. Figure 16a shows
the investment costs and service life for four different capacities. The investment cost
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is positively correlated with capacity, while the service life increases significantly with
medium capacities before stabilizing at higher capacities. In Case 2, the flexible energy
management scheduling strategy leads to more frequent use of the ESS, resulting in a no-
ticeable increase in degradation costs. When considering the flexible energy management
scheduling strategy, it is important to account for not only the investment and degradation
costs but also the benefits associated with the ESS capacity.

   
(a)  (b) 

Figure 17. Cost classification analysis of the energy system for different storage capacities. (a) Baseline
case: Comparison of electricity costs, investment costs, depreciation costs, abandoned light costs, and
comprehensive costs for different storage capacities (20 kWh, 30 kWh, 40 kWh, 50 kWh). (b) Case 2:
Comparison of electricity costs, investment costs, depreciation costs, abandoned light costs, and
comprehensive costs under an alternative case scenario for different storage capacities.

A classified cost analysis of the two cases clearly demonstrates that the flexible energy
management strategy can significantly reduce overall system costs. From Figure 17a, in
the baseline case, larger ESS capacities store more surplus PV generation, thereby lowering
operational costs and minimizing penalties associated with unused PV energy. Overall,
higher ESS capacity results in a reduction in total costs. From Figure 17b, in Case 2,
the 50 kWh high-capacity ESS enhances the system’s operational flexibility but slightly
increases the overall cost. Therefore, in scenarios with high load demand, a balance between
performance and economic considerations must be maintained.

5. Conclusions
This research delves into the impact of storage capacity on the flexible energy man-

agement strategy in a PV-ESS-GSHP system, evaluating its role in enhancing PV energy
utilization, improving system responsiveness, and optimizing overall costs. The specific
conclusions are as follows:

• The flexible energy management strategy significantly improves the PV energy ab-
sorption. The implementation of this strategy increases the annual PV consumption by
35.29%, with the PV self-consumption rate improving by up to 4.07% as ESS capacity
increases. After adopting this strategy, the system effectively reduces PV waste caused
by variability and intermittency. A larger ESS capacity provides greater flexibility for
energy absorption, strengthening the system’s operational security and adaptability.

• Analysis of the ESS charge and discharge curves shows that the system’s respon-
siveness improves under the flexible energy management strategy. As ESS capacity
increases, the system is better able to respond to fluctuations in PV power genera-
tion. The system’s ability to adapt and respond strengthens continuously, with the
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increase in storage capacity playing a vital role in enhancing system stability and
regulatory capabilities.

• In terms of overall costs, while the degradation costs during operation slightly rise with
the implementation of the flexible energy management strategy, the total cost decreases
by 65.13%. A comparison of different capacities shows that the cost differences between
various ESS sizes are within 1.48%, indicating that, within a certain range, the choice
of ESS capacity should balance both system performance and economic feasibility.

Based on the above findings, the flexible energy scheduling strategy proposed in
this paper is well-suited for applications where photovoltaic energy is dominant. By
optimizing energy storage capacity and scheduling strategies, the proposed solution signif-
icantly enhances the utilization of renewable energy, contributing positively to the devel-
opment of low-carbon buildings. This approach provides valuable insights for advancing
energy-efficient, low-carbon infrastructure and offers strong support for the application of
renewable energy and energy storage systems.

However, the case study in this research has certain limitations. The analysis was
conducted on a small office building in northern China. While this building is representa-
tive, its small scale and limited rooftop area restrict the installation of photovoltaic systems.
Future research could extend to buildings of varying sizes and types to verify the broader
applicability of the proposed strategy. Additionally, future studies should focus on the
long-term performance of energy storage systems, particularly their operating costs, aging,
and other factors under different climatic conditions.
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