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Executive Summary

1. Building sector faces significant energy efficiency and carbon
reduction challenges

The global consensus now revolves around low-carbon development. Over 170
countries have signed the Paris Agreement, committing to limiting global warming to
below 2°C, with a goal of achieving 1.5°C. China, a major carbon emitter, is actively
promoting low-carbon initiatives. General Secretary Xi Jinping announced at the 75th
United Nations General Assembly that China aims to peak its carbon emissions by
2030 and achieve carbon neutrality by 2060. This commitment is especially
noteworthy in the context of the current global economic slowdown and the increasing

focus on green economic recovery.

Distributed wind and solar power are widely adopted to support low-carbon
emissions. By 2030, China aims to have over 1.2 billion kW of grid-connected wind
and solar capacity, and potentially exceed 6 billion kW by 2060. These sources are
expected to provide around 60% of the electricity, up from less than 10%. Distributed
wind and solar power, utilizing building surfaces and open spaces, will play a crucial

role in future renewable energy supply.

Building energy use and transportation are closely linked. Both sectors are major
energy consumers, with buildings accounting for about one-third of total energy
consumption. By 2030, China is expected to have approximately 80 million electric
vehicles, increasing regional electricity demand by 20%. Electric vehicles spend over
80% of their time near buildings, mainly in office and residential areas. In the context
of low-carbon development, these sectors will have a closer relationship.

The power grid faces significant challenges. Because of the rise of intermittent
renewable energy sources and reduced power system stability. This poses a serious
challenge to urban energy systems. To address this, increasing building energy
flexibility and utilizing electric vehicle energy storage become key solutions for
sustainable urban energy systems, adding a new dimension to energy efficiency.

2. Study on Behavior of Urban Private Electric Vehicles

Private EVs transfer and parking behavior. Due to the mobility patterns of
individuals, private cars (accounting for over 80% of the total vehicles) spend over
90% of their lifecycle parked in and around buildings. A research case in Beijing
suggests that private vehicles spend more than 60% of their time parked in their long-
term residential or office building locations. The charging demand of electric cars is
closely intertwined with the charging load of buildings.

Temporal and spatial distribution of private EV charging demand. With the

1



continuous growth in the number of electric vehicles within cities, the additional
energy demand from electric cars poses new challenges to the power grid load.
Electric vehicle energy demand is highly unevenly distributed throughout the day,
with most people charging their vehicles at home during the night, leading to charging
peaks that impact the power grid load. Based on the behavior simulation results from
the MOCC system, this project depicts the temporal and spatial load distribution of
private electric vehicle charging behavior in Shenzhen. More than 85% of vehicle
charging load occurs in residential and office buildings.

Private EVs charging presents both opportunities and challenges to the power
grid. Based on behavior simulation results from the MOCC system, it is shown that
when vehicles are fully electrified, uncontrolled charging peak loads from electric
vehicles can cause fluctuations of 8.5% to 13.4% in the power grid load. However,
by regulating vehicle charging, each electric vehicle can contribute nearly 70% of its
total battery capacity for urban energy management, significantly reducing the need
for grid energy storage investments.
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Figure 1 All-Day Parking Location Distribution of Private EVs in Beijing
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Figure 2 Hourly Distribution of Electric Vehicle Charging Load in Shenzhen.



Figure 3 Spatial Distribution of Electric Vehicle Charging Load in Shenzhen.

3. Efficient collaboration between electric vehicles and buildings
promotes energy savings

- Building Scale: Smart and orderly charging promotes photovoltaic self-
consumption. Current 'plug-and-charge' methods strain urban grids and underutilize
building solar energy. Implementing smart, intermittent solar charging for private
EVs not only meets daily urban commuting needs but also enhances photovoltaic self-
consumption from 33.3% to 67.9%. This reduces the investment payback period from
9.4 to 4.5 years.
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Figure 4 Building photovoltaic intelligent charging system and different modes

- Regional Scale: Vehicle-grid interaction promotes cost savings and energy
efficiency. In the transition towards cleaner rural heating, rural photovoltaics are
rapidly growing, along with the widespread adoption of electric vehicles. Leveraging
vehicle-grid interaction for electric heating systems can effectively address
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photovoltaic integration and electric heating challenges in rural areas. Using the V2H
(Vehicle-to-Home) model, the capacity expansion required for photovoltaic
electricity is reduced by 45.9%, user electricity costs decrease by 68.5%, and internal

photovoltaic consumption is achieved.

- Urban Scale: Vehicle and Building Interaction for Mutual Benefits. In the future
electricity system, vehicles and buildings will collaboratively participate in grid
regulation. Electric vehicles will possess surplus battery capacity, enabling them to
serve as equivalent energy resources for the buildings in which they are parked.
Buildings, in turn, will have redundant distribution capacity, significantly alleviating
the pressure to expand the city's low-voltage distribution grid while enhancing
demand-side flexibility. The results indicate that utilizing building's surplus
distribution capacity can meet the slow charging demands of vehicles. By controlling
vehicle charging and discharging based on building loads, it is possible to effectively
shift the time of vehicle charging, reducing the peak-to-valley difference in both
building and vehicle loads. V1G charging mode can reduce this difference by 22.3%,
while V2G charging mode can reduce it by 57.4%.
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Figure 5 Vehicle-to-Grid (V2G) Mode: Distribution of Vehicle and Building Loads.

Table 1 Peak-to-Valley Differences under Different Vehicle and Building Interaction Modes.

Chareine Mode Utilization of Building Daily Peak-to-Valley Load Reduction
ging Distribution systems Difterence (kW) Percentage (%)
VoG No 10831.9 0




V1G No 6960.3 35.7

V2G No 5213.0 51.9
VoG Yes 10831.8 0

V1G Yes 6960.3 35.7
V2G Yes 5213.0 51.9

4. The operational modes of smart charging systems.

- Utilizing the price difference between peak and off-peak electricity hours can
generate sufficient revenue while preserving battery life. To tap into the potential
of vehicle batteries for grid regulation, the 'free charging, unified scheduling' model
is adopted. This mode allows building distribution grids to charge vehicles during
low-demand periods and draw power from vehicles to meet peak electricity needs. It
addresses daily urban commuting and some building peak electricity demands while
capitalizing on peak-off-peak price differences. 180 electric vehicles can transfer
642,000 kWh of electricity annually, generating revenue of 369,000 yuan. The
investment payback period for charging stations is less than 4 years, and electric
vehicle battery life extends from 9.6 to 11.1 years.
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- Figure 6 schematic diagram of the "free charging, unified dispatch" mode

- Using a membership-based service model to incentivize user participation in grid
regulation. To encourage electric vehicle owners to engage with the smart charging
system, user preferences were collected through surveys. This data was then used to
design the most appealing charging services. Eligible members receive
complimentary car washes and roadside assistance, and their contributions are
rewarded with loyalty points. As a result, 44.63% of surveyed users are willing to
choose a mode with more restrictions on EV charging behavior.

- The smart charging model effectively enhances photovoltaic utilization. Using



the proposed membership-based approach and electric vehicle batteries as energy
storage, the impact of electric vehicles and buildings participating together in grid
regulation on photovoltaic integration was analyzed. The results show that through
controllable charging and discharging, leveraging the mobility of electric vehicles
increased total photovoltaic generation utilization by 57% in residential settings and
52% in office settings.

5. Engineering Demonstrations of Smart Interaction between
Electric Vehicles and Buildings

- Building Scale: Tsinghua University's Energy-Efficient Building in Beijing. The
proposed smart and orderly charging strategy was implemented in a real-world
system. It effectively matches photovoltaic generation with electric vehicle charging
using smart charging stations, achieving 100% utilization of solar charging.
Compared to traditional constant power charging, this approach increased
photovoltaic self-consumption by 89% and reduced maximum photovoltaic grid
connection power by 42%, effectively alleviating grid pressure from photovoltaic

integration.
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Figure 7 System topology and component diagram
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Figure 9 Intelligent orderly charging mode can effectively match photovoltaic power

generation and vehicle charging load

Building Scale: Office building in a green industrial park in Shenzhen. We
constructed a practical 'PSDF' building system, studied the performance of multiple
branch loads in DC distribution buildings, assessed energy losses in each branch load,
and calculated the overall system and branch-level energy efficiency. We analyzed
factors influencing energy efficiency using machine learning methods. Actual
operational results demonstrated a significant efficiency improvement in the DC
distribution system compared to the AC distribution system.
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Figure 10 General view of office building with PEDF power supply

Regional Scale: Project planning based on the conversion of Factory 1201 in
Beijing. The plan involves transforming Factory 1201 in Beijing into an office
building, incorporating an intelligent charging station system. Without additional
energy storage, the photovoltaic self-consumption rate in this park can be significantly
improved. When 60 electric vehicles participate in the interaction, the photovoltaic
self-consumption rate can reach 86.3%. With 200 electric vehicles participating, it
can reach 90.6%.

Figure 11 Area schematic diagram of the conversion of plant building into office buildings
8



City Scale: Urban energy consumption simulation based on Shenzhen. Using
Shenzhen as a case study, we explored the impact of coordinated energy use between
electric vehicles and buildings on the city's energy system. We constructed a city-
level energy consumption simulator based on real data from 570,000 buildings and
480,000 electric vehicles in Shenzhen. The results show that utilizing electric vehicle
energy storage can increase Shenzhen's photovoltaic integration rate from 76% to
90%, with the potential for further improvement as the number of electric vehicles
increases.
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Figure 12 Simulation simulator of energy consumption at the city level



