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Executive Summary

1. Overall Progress Report

This research project focuses on the study of PEDF systems for urban buildings
and includes two primary aspects: system construction methodologies and the
promotion of demonstration projects. Specific project activities include
formulating urban building PEDF technology solutions for urban buildings,
consulting on PEDF engineering plans, and compiling and publishing PEDF case
studies. The project is scheduled to run from August 2022 to September 2023. At
the current stage, we have successfully completed the development of PEDF
technology solutions tailored to urban buildings, provided consultation on six
PEDF engineering plans, and completed the compilation and publication of a
collection of PEDF case studies. With the support of the Energy Foundation and
various industry experts, the project has progressed smoothly and met the tasks and

timelines outlined in the project brief.

Activity Interim completion final completion

Activity 1: PEDF Technology | Complete regional PV Completed the case analysis of

Solutions for Urban Buildings | installation and PEDF system, and completed
consumption capacity the preparation of technical
analysis. schemes.

Activity 2: Consultations on 1) Complete the Completed 6 project

PEDF Engineering Solutions establishment of expert consultations for PEDF system
database; solutions.
2) Completed 4 project

consultations for PEDF

system solutions.

Activity 3: Compilation of 1) Complete the case | Complete the final draft of the
PEDF Building Case Studies collection, text research and | PEDF building cases collection,

site inspection; and complete the publication.
2) Complete the preparation
of the first draft of the
PEDF  building  cases
collection.




Activity 1: PEDF Technology Solutions for Urban Buildings. The project team
aims to develop a PEDF technology solution for urban buildings that focuses on
'inflow-only and without outflow." We first targeted specific urban districts
(electricity distribution substation areas) as the subjects of our study. The analysis
evaluated the installation and utilization potential of regional distributed rooftop
photovoltaic systems under varying architectural planning conditions for different
districts. We determined the upper limit of installation capacities and local
absorption capacities for rooftop photovoltaics under high-density urban forms. We
then analyzed the impact of load patterns in the distribution substation area on
primary energy use efficiency and distribution line losses. A case study focusing
on a specific urban planning district was conducted to determine regional
photovoltaic installation capacities and local absorption capabilities, as well as to
identify key projects that require energy storage for photovoltaic absorption.
Through the above research on the distribution substation level, we have clarified
the photovoltaic absorption targets of PEDF technology solutions under urban
conditions that operate on an 'inflow-only and without outflow' principle. In
conjunction with actual engineering project planning and design, we conducted
solution planning for the application of regional PEDF systems, resulting in

economically rational PEDF configuration solutions.

Activity 2: Consultations on PEDF Engineering Solutions. The project team
worked with the Photovoltaic, Energy Storage, Direct Current, Flexible (PEDF)
Committee of the China Association of Building Energy Efficiency (CABEE) to
establish a multidisciplinary expert think tank. By soliciting industrial
demonstration cases, we invited experts from the think tank to deliberate on the
technical solutions. We organized three phases of the "PEDF Engineering
Technical Solution Expert Review Meetings," where six PEDF demonstration
projects were reviewed by experts. These six PEDF demonstration projects cover
a range of building types, including commercial, educational, residential, and

existing office building renovations. Collectively, these projects illustrate the



challenges of applying PEDF technology to different building types.

Activity 3: Compilation of PEDF Building Case Studies. In order to summarize
and compile the research and successful implementation experiences in the field of
PEDF buildings, and to provide technical support and practical references for the
large-scale promotion of PEDF buildings, the project team, in cooperation with the
Photovoltaic, Energy Storage, Direct Current, Flexible (PEDF) Committee of the
China Association of Building Energy Efficiency (CABEE), undertook the task of
collecting, investigating and compiling case studies of PEDF buildings. A total of
17 exemplary case studies were selected for this compilation through a nationwide
case collection and focused on-site investigations of key projects. These cases
represent PEDF applications in different climate zones and building types. The
compilation process involved more than 80 participants, including project

developers and industry experts, ensuring widespread impact and recognition..
2. PEDF Technical Solutions for Urban Buildings

The project team aims to develop a PEDF technology solution for urban buildings
that focuses on 'inflow-only and without outflow.' We first targeted specific urban
districts (electricity distribution substation areas) as the subjects of our study. The
analysis evaluated the installation and utilization potential of regional distributed
rooftop photovoltaic systems under varying architectural planning conditions for
different districts. We determined the upper limit of installation capacities and local
absorption capacities for rooftop photovoltaics under high-density urban forms. We
then analyzed the impact of load patterns in the distribution substation area on
primary energy use efficiency and distribution line losses. A case study focusing
on a specific urban planning district was conducted to determine regional
photovoltaic installation capacities and local absorption capabilities, as well as to
identify key projects that require energy storage for photovoltaic absorption.
Through the above research, we have clarified the photovoltaic absorption targets

of PEDF technology solutions under urban conditions that operate on an 'inflow-



only and without outflow' principle. In conjunction with actual engineering project
planning and design, we conducted solution planning for the application of regional

PEDF systems, resulting in economically rational PEDF configuration solutions.

2.1 Assessment of PV Installation Potential in Urban Areas

In high-density urban configurations, the rooftop PV installation capacity is
affected by the mutual shading between buildings. In general, the higher the
development intensity of the area, the more severe the shading conditions between
buildings. In other words, higher plot ratios and building densities result in less
rooftop area that can be effectively used for PV installations. The degree of shading
impact varies across different solar resource zones. In Zone I, where annual total
solar irradiance is relatively high, the economic utilization rate of PV is minimally
affected by shading, but only in cases where the plot ratio exceeds 2.5 and building
density exceeds 35%. For zones with lower total annual solar irradiance, such as
Zone III and IV, the impact of shading is significantly pronounced. Moreover, it
was also found that within the same solar resource zone, the economic utilization
rate ¥’ of rooftop PV is positively correlated with the solar elevation angle. That
is, the higher the solar elevation angle, the higher the economic utilization rate of

rooftop PV.

Zone IT Zone 11T Zone 1V
Xining Urumgqi Harbin
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Figure 1. Impact of Urban Morphology on the Potential Use of Rooftop PVs in Typical Cities



2.2 Analysis of PV Absorption Capacity in Urban Areas

For this study, Shenzhen serves as the primary case, using typical building models
from the city. By changing the planning and design parameters, we generated
different urban planning scenarios and simulated their year-round operation. We
calculated the self-sufficiency and self-consumption rates of PV energy under these
different urban planning schemes, and analyzed the influence of urban morphology
on the potential for renewable energy use. Overall, high development intensity
areas can fully utilize solar PV electricity generation. In contrast, areas with low
development intensity often face electricity curtailment or large electricity return
to the grid due to the mismatch between regional building electricity loads and PV
generation curves. In commercial areas, self-consumption can be as high as 98%,
indicating a significant advantage for commercial buildings in fully utilizing solar
PV energy. Residential buildings follow closely, as their daily loads are fairly
constant and there is no significant waste of solar PV power, resulting in high self-
consumption rates. Compared to other zone types, office space has a PV self-
consumption rate of only 86%. While office buildings generally follow PV
generation curves well on a daily time scale, they experience lower electricity loads
during weekends and holidays. As a result, on an annual basis, zones dominated by
office buildings are more likely to experience significant wasted or discarded PV

energy.
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Figure 2: Impact ot Urban Morphology on the Self-Sufficiency and Self-Consumption Rates
of PV Energy in Office Zones

2.3 Case Studies on PEDF Configuration in Urban Areas

This study focuses on a specific area in Shenzhen City, covering about 1.9 square
kilometers, with a total built-up area of about 3.37 million square meters. The
northern section of this area has a built-up area of about 410,000 square meters,
which includes international conference zones, high-end supporting hotels, garden
conference areas, and boutique conference buildings. The southern section has a
built-up area of about 2.96 million square meters, housing high-rise offices,
specialty commercial spaces, hotels, cultural venues, residential areas and
supporting facilities.

This study first conducted a scenario analysis of the area's energy consumption and
the spatiotemporal distribution of the electrical load. According to the load profile
of various building types, the total electricity consumption for the area is calculated
to be 374.32 million kWh, with the northern section accounting for 13% of the total
and the central section accounting for 87%. The load distribution shows a lower
pattern in the north and a higher pattern in the south. The northern section consists
mainly of buildings with exhibition-related loads, which show significant
fluctuations throughout the year. An overall assessment of the demand side,

including the impact of electric vehicle charging stations, shows that this area has



Loads (MW)

significant peak load characteristics - 20 percent of the peak load operates for less
than 100 hours, or about 1.1 percent of the total annual time, revealing significant
peak shaving and energy storage potential.

Regarding the potential for PV installation in buildings, under planning scenarios
that consider both economic feasibility and low-carbon area requirements, the area
can achieve a renewable energy utilization rate of 5.6%. Overall, the proportion of
installed PV capacity to the area's total energy consumption is relatively low,
allowing all generated PV electricity to be consumed locally. However, exhibition-
type buildings in the area pose challenges due to their substantial rooftop PV
capacity and irregular usage patterns, leading to surplus PV electricity during non-
air-conditioning seasons.
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Figure 3. Load Fluctuation and PV Absorption in the Case Area
Through an analysis of regional load patterns and PV generation trends, a novel
regional power distribution system that employs a hybrid of alternating current (AC)
and direct current (DC) has been developed. This design is tailored to the specific
architectural load characteristics, solar resource availability, and functional
attributes of each planning unit or parcel. It incorporates electrochemical energy
storage planning and is versatile, aimed at multiple application objectives such as
peak shaving, capacity management, demand response, backup power sources, and
PV absorption. Based on Shenzhen’s time-of-use electricity pricing policy, the
static payback period of the storage systems under current cost conditions is
estimated to be about 7.4 years. In the future, as user-side storage is used for peak-

valley arbitrage and capacity management, and as ancillary electricity service



markets mature, the frequency of demand response is expected to increase. As a

result, the static payback period of the system is expected to decrease significantly.
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Figure 4. Power Distribution System Planning Scheme for the Case Area

Consulting on PEDF Demonstration Engineering Solutions

This project relies on an expert database assembled by the Photovoltaic, Energy
Storage, Direct Current, Flexible (PEDF) Committee of the China Association of
Building Energy Efficiency (CABEE). Drawing upon research and investigation
into real-world applications of PEDF engineering, six technical solutions were
developed and discussed. For the unique characteristics of each engineering project
and the objectives of PEDF construction, expert reviews are regularly organized
during the technical solution design phase. These reviews examine the suitability,
feasibility, and cost-effectiveness of building photovoltaic installations,
architectural energy storage solutions, DC power distribution design, and flexible
control strategies. Expert opinions and suggestions for system optimization are
provided to facilitate the real-world implementation of PEDF technologies by

project developers.

3.1 Formation of Industry Expert Database
The first phase of the PEDF Industry Expert Database was completed in October

2022. The initial cadre consists of 33 experts, of which 52% are from design and



research institutes, 18% from higher education institutions, 18% from end-user
device manufacturers, 9% from real estate developers, and 3% from academic

associations.

Design and

Research

Higher Education
Institutions: 18%

Figure 5. Composition of Experts in the PEDF Special Committee Think Tank

3.2 PEDF Engineering Evaluation

This project organized discussion and evaluation meetings on the technical
solutions of the PEDF engineering in Beijing, Shenzhen, and Qingdao in October
2022, April 2023, and July 2023, respectively. In these meetings, 6 PEDF
demonstration engineering solutions were evaluated. The types of demonstration
projects covered six categories of urban buildings: educational buildings,
commercial buildings, office buildings, residential communities, experimental

buildings, and municipal facilities.
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Figure 6. Expert Evaluation Project for the PEDF Demonstration Engineering

3.3 Promotion and Publicity



Using the WeChat Official Account of the Direct Current Buildings Alliance ( E 7
# %, Bk %), this project disseminated information about the expert evaluation
meeting on the PEDF engineering technical solutions. This garnered extensive
attention and support both within and outside of the industry, which actively
promoted the project's implementation. In addition to this, the successful conduct
of the expert meeting has raised public awareness and understanding of PEDF
systems. This will encourage businesses and public institutions to construct new
building power systems that are mainly characterized by PEDF, promote flexible
electricity consumption in buildings, expand the application of renewable energy
in architecture, and make a positive contribution to the efficient use of energy and

sustainable development.

Compilation of PEDF Engineering Case Studies

In March 2023, this project conducted a nationwide survey to investigate
completed or operational applications of PEDF engineering projects. The goal was
to understand the distribution of these projects and the current status of PEDF
technology applications. The survey collected information on 69 building projects
that feature PEDF systems. This project specifically selected 26 operational
building cases and one building case nearing construction completion for detailed
research. Documentation for these 27 projects was collected, including textual
descriptions. After comprehensive evaluation of various factors such as the
representativeness of the building types, completeness of the project data,
operational performance, and unique features, 17 exemplary cases were selected
for on-site research, verification, and data analysis. This allowed for a detailed
exploration into the technical characteristics and application schemes of these
engineering cases. Furthermore, interviews were conducted with both the
developers and field experts. The interviews aimed to gather insights and
recommendations concerning the scaled development of PEDF buildings. Upon
completion of this phase, this project compiled and published a book titled "PEDF

Technology and Engineering Case Studies in Building Applications," which has



been included as a key training material for the "14th Five-Year Plan" in the field

of housing and urban-rural development.

CCMH Slanting House.

Golden  Cooperate  (Nanjing)|

China Architecture & Building Press

Figure 7. Compilation of PEDF Engineering and Case Studies in Buildings

4.1 Distribution of PEDF System Applications

From the perspective of solar energy resource utilization, PEDF systems are
primarily suitable for most regions in China, especially in the northern regions with
harsh cold climates abundant in solar resources, as well as in areas with hot
summers and cold winters (excluding the Sichuan Basin) and hot-summer and
warm-winter areas. In terms of building types and scales, PEDF systems are
gradually expanding from new constructions to existing buildings, and from urban
office buildings to commercial properties, educational campuses, industrial parks,
and rural residential architecture. The application is also growing in scale from
individual medium and small-sized buildings to larger campuses and industrial
parks. Regarding the maturity level of DC load, building systems such as lighting,
air conditioning, IT office equipment, monitoring and display devices, home
appliances, and charging stations can be among the first to be converted to direct

current (DC).
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Figure 8. Distribution of Surveyed Project Types and Climate Zones

4.2 Characteristics of Photovoltaic and Energy Storage Technology
Applications

All of the buildings surveyed in this study utilize solar photovoltaic technology and
are grid-connected to municipal electricity networks. The predominant form of
photovoltaic system is Building-Attached Photovoltaics (BAPV), primarily due to
its cost-effective installation and component costs. However, as advancements in
photovoltaic technology continue to push the efficiency of solar modules higher
while driving costs down, Building-Integrated Photovoltaics (BIPV) are poised to
become the future trend. The main installation methods for solar modules are flat
surface installations, such as building rooftops or ground-level carports. The
modules employed are mainly high-efficiency monocrystalline silicon bifacial
panels. This choice was driven by the greater amount of solar irradiance received
on horizontal surfaces, coupled with the high-efficiency and cost-effectiveness of
monocrystalline silicon components, leading to higher returns on investment.

Regarding the energy storage systems in these PEDF Buildings, battery storage is
primarily employed. [ron phosphate lithium batteries are the most commonly used,
followed by lithium titanate batteries, and lastly lead-acid and lead-carbon batteries.
This indicates that electrochemical energy storage has become the main form of

energy storage in buildings. Iron phosphate lithium and lithium titanate are among



the most extensively applied electrochemical storage types in buildings. When
designing energy storage systems, considerations of the battery's technical
performance and economic viability shall be thoroughly evaluated based on the
purpose and application scenario. For energy storage systems intended to absorb
excess photovoltaic output and manage peak shaving, batteries with high energy
density and longer discharge times are preferable. For power-based storage systems
that participate in peak load and frequency regulation services, batteries with high

power density and shorter discharge times are preferable.
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Figure 9. Distribution of Photovoltaic and Energy Storage Application Types

4.3 Technical Characteristics of Direct Current (DC) Distribution Systems

The DC distribution systems in the buildings surveyed predominantly employ
unipolar topologies, with voltage levels primarily set at two tiers and not exceeding
three tiers. The choices regarding topology, voltage tiers, and voltage ratings of the
DC distribution system are strongly correlated with the types of DC sources
(photovoltaics, energy storage) and DC load equipment in terms of their types,
rated power, and operating voltage range. When the variety of DC load equipment
in the building is limited, and there is little disparity in rated power and voltage
range, a unipolar topology is recommended. Conversely, a bipolar topology or
additional voltage tiers can be considered based on the project's specific
requirements. The overall guiding principles are as follows: Utilize as few voltage
ratings as possible to meet the demands of as many electrical devices as possible;

for high-power load equipment, opt for the upper range of the operating voltage to



reduce current, thereby minimizing cable cross-sectional area and line losses; and
for low-power devices located in areas where people are active, opt for the lower

range of the operating voltage to avoid the risk of electric shock and associated

injuries.

|'”%.”
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Photovolt  Energy DC Charging DC Air DC Other  Monitoring  DC Air
aic Station Conditione Production  High-  and Display Conditione  Lighting Low-

™" Device Type

(a) Topology and Voltage Tiers (b) Rated Voltage of Different DC Devices
Figure 10. Topological Structure and Voltage Distribution in Building DC Distribution
Systems

4.4 Capacity Configuration of the PEDF System

The primary purpose of energy storage system configuration within buildings is to
resolve the imbalance between intraday building electricity load demand and
electricity supply. Key optimization objectives typically include energy savings
and emission reduction (by increasing the local absorption rate of photovoltaic
power), economic considerations (peak-shaving operations based on time-of-use
electricity pricing), and grid-friendliness (minimizing the impact of building
photovoltaic power generation on the grid, participating in demand response and
auxiliary services to improve supply reliability). During the design phase of the
energy storage system, it is essential to consider these various optimization
objectives collectively. An energy balance analysis of photovoltaic power
generation, electricity load, grid supply, and storage charge/discharge rates shall be
conducted based on hourly forecasts on building electricity load and photovoltaic
power generation for a typical day. The energy storage capacity shall be configured
according to daily balance principles. The capacity of the AC/DC converter at the

building-grid interface is influenced by the relationship between building



photovoltaic power generation and building electricity load, as well as the manner
in which photovoltaic power is consumed within the building. For urban buildings
where photovoltaic power generation is mostly for self-consumption and local
absorption, the AC/DC converter capacity shall be configured based on the power
drawn from the grid for a typical day. For rural buildings where photovoltaic power
generation is mostly for self-consumption and grid export, the AC/DC converter

capacity shall be configured based on the photovoltaic power fed into the grid for

a typical day.
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