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Abstract: With the advantage of integrating distributed energy, storage and DC load with high
efficiency, the DC distribution network recently attracted wide attention in the field of nearly zero
energy buildings. Considering the large number of buildings and the enormous energy-saving
potential, the distribution form and the revenue distribution are key factors affecting energy efficiency
and operational economy. Aiming at the characteristics of AC and DC distribution topologies in
nearly zero energy buildings, an energy efficiency evaluation method is proposed based on time-
sequential power flow simulation, where the piecewise linear efficiency function of converters and
dynamic line power loss model are established. Based on a DC distribution demonstration project, an
AC power distribution system with the same boundary conditions is designed. The results show that
the efficiency of DC distribution topology is about 6% higher than the AC system, while the efficiency
advantage in office, hotel, commercial, educational and residential buildings in Beijing, Shenzhen and
Shanghai varies from 0.6-4.96%, which shows a high correlation with the proportion of a high-power
load, with Pearson correlation coefficient of 0.794. With the increase of DC load ratio and distributed
power supply access capacity, the efficiency of the system will be improved accordingly. On the
basis of this, a method to equalize DC distribution income in the nearly zero energy buildings power
market is proposed. In addition, 15 typical scenarios of different cities were selected to evaluate
efficiency and influencing factors. Finally, assessing the multi-stakeholder impact of DC retrofitting
to balance the revenue generated by the DC distribution model suggests that transport costs should
be raised by 8.2-13.1% to balance revenue with the equipment prices decreased by about 0.1 yuan/W.

Keywords: energy efficiency analysis; Nearly Zero Energy Buildings; DC distribution; time sequential
power flow simulation; DC/AC energy efficiency improvement; revenue distribution

1. Introduction

With the increase of distributed renewable energy and DC load in the low voltage (LV)
distribution system, applying LVDC in nearly zero energy buildings (NZEB) can simplify
the converter equipment and reduce power loss. However, the energy efficiency improve-
ment for different buildings brought by DC power distribution is different. For energy
efficiency evaluations in traditional LVAC buildings, IEC released a systematic approach
to continually assess energy efficiency [1]. In China, a national standard was issued in
February 2015 [2], which stipulates the calculation and evaluation of energy efficiency for
medium and low voltage power distribution networks of 10 (20) kV and below.

Energy consumption of various types of buildings, such as education, office and
commercial buildings, is analyzed in [3], which pointed out the importance of energy
efficiency improvement in building zero-carbonization, lacking a specific modeling method.
In order to figure out the adaptive structure and configuration of NZEB, an accurate energy
evaluation index has to be researched. Four different architectures were proposed for rural
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areas in [4], which lacked a specific definition and calculation method of efficiency. Early
research about DC energy efficiency primarily focused on the data center scenario [5,6].
Related analysis shows that 380 V DC datacenters are more efficient than AC systems no
matter with or without PV integration. In recent years, some scholars paid attention to
energy efficiency of DC distribution systems [7,8]. Los Alamos National Laboratory issued
a report about the estimation of technical and economic benefits for DC microgrids where
energy efficiency is an important factor for the comprehensive analysis [7]. The results
show that the DC has a 2-3% advantage in efficiency compared to AC when the load and
generation are well-matched. However, the above work is only a preliminary analysis and
many factors such as load variation and detailed converter efficiency were not considered.
Gelani et al. [8] proposed a DC distribution model considering detailed efficiency model
of DC/DC converters, but the comparison between AC and DC systems related to energy
efficiency was not analyzed.

To analyze the energy savings potential by using DC form with renewable energy in
residential buildings [9-11], Vossos V et al. [9] established a simulation model to compare
energy efficiency between AC and DC distribution systems in buildings with photovoltaics
(PV). The results showed that the DC system savings could reach 5-14% of total electricity
load for houses. However, the research lacked the specific calculation of different branches,
which mainly focused on statistical analysis. Glasgo B et al. [10] performed a Monte
Carlo simulation to assess energy savings by using DC distribution, which showed that
the DC homes’ baseline energy consumption and emissions could be reduced by 7-16%
with the DC conversion of air conditioning condensing units. However, the mentioned
research ignored the correlation of the power correction of converter transmission. Gelani
H et al. [11] proposed a system efficiency model for AC and DC distribution networks,
which revealed that the DC distribution system presents a better efficiency compared to the
AC distribution network by 2.3%. However, this study lacked the correlation analysis and
sensitivity analysis of other influencing factors. The power transmission and transaction
price between AC and DC hybrid systems are modeled and analyzed in [12], but there
is no analysis of system energy efficiency and suggestions on PV and energy storage
configuration capacity of different scale systems.

However, the above research is mainly focused on the small-scale distribution system
in residential buildings. Those conclusions cannot be applied to commercial buildings,
which integrated lots of PV and DC loads. Some extended work for energy efficiency
evaluation of commercial buildings was proposed subsequently. Gerber D L et al. [13]
proposed a simulation-based efficiency comparison of AC and DC power distribution
networks in commercial buildings, which indicated that an office building using a DC
system had an expected baseline of 12-18% savings without the correction of converters.
The early method of efficiency or energy-savings analysis for the DC power distribution
system mainly considered the average load level of systems, where generation and load
profiles, as well as the efficiency variation of converters in different load conditions were
not considered [7]. Then considering that the energy efficiency of converter changes with
the change of power flow, the time-based simulation considering the generation and load
profiles was proposed [8-13], the connection between converter efficiency and power flow
was applied to reflect the effect of changing load on system efficiency.

On the other hand, though the adoption of a low-voltage DC system can simplify the
system structure, improve the system efficiency, reduce the cost of electricity for users, and
expand the application of DC appliances [14]. The main constraints of DC development
include high renovation costs, uneven distribution of income, and difficulty in promotion.
The redistribution of DC income lacks a comprehensive evaluation method. Nikolaos ana-
lyzed the constructional interventions in the conversion of NZEB, which did not consider
the cost apportionments of the constructional interventions [15]. Therefore, it is necessary
to carry out an economic evaluation of multi-stakeholders. The challenges and interac-
tions between users, tech-providers, policymakers, and constructors were analyzed in [16],
which described the framework of the interaction of different stakeholders in building
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zero-carbonization but lacks a clear way of revenue distribution. Reference [17] considered
the respective interests and needs of DG operators, distribution companies and users, and
proposed a coordinated planning method for an active distribution network (ADN) under
the participation of multi-stakeholders, which realized the optimal allocation of resources
in the distribution network. Reference [18] considered the interests of load service entities
and load aggregators and proposed a dynamic pricing strategy for active distribution
networks that considered demand response by using two-level optimization. Although the
above research considered the different interest demands of multi-stakeholders in ADN,
it did not analyze the game relationship of coexistence of cooperation and competition.
Literature [19,20] introduced game theory into microgrid energy management, considering
the competitive and cooperative relationship between microgrid operators and load ag-
gregators, respectively proposed non-cooperative game and Steinberg game models in the
microgrid. However, the income of load aggregators was not considered in their research,
and the lack of bargaining power of aggregators limited their market participation ability,
and it is difficult to release the enthusiasm of demand response.

To sum it up, the above research did not consider an accurate power flow calculation in
each simulation, which might affect the power loss results. In terms of benefit distribution,
how to reasonably distribute the interests of various subjects still needs further research.
This paper considers the difference in LVAC and LVDC topology, establishes a system-level
energy efficiency evaluation model based on time series simulation considering power flow
calculation; and proposes an economic evaluation method that can accurately reflect the
income of multi-stakeholders. The main contributions of this paper are as follows:

e In this paper, a time sequential simulation is proposed based on energy efficiency
model with accurate load flow calculation for LVAC and LVDC networks, where the
piecewise linear fitting is applied to model the function between converter efficiency
and its power flow.

e  According to the current load type, the benchmark comparison models of LVAC and
LVDC distribution power systems are established. Then a comprehensive and fair system
energy efficiency evaluation indicator is defined considering temporal characteristics.

e  The phasor diagram method is employed to obtain the power flow results for LVAC
and LVDC systems, based on which the accurate power loss calculation equations are
derived for each branch including converters and power lines.

e Anincome distribution method is proposed to adjust the interests of multi-stakeholders,
which paves a way for the liberation and promotion of DC distribution.

e  The efficiency data of converters under different conditions are all from actual ex-
periment results or provided by manufacturers of household appliances applied in
numerical case studies.

The rest of this paper is as follows. Section 2 introduced the typical structure and
energy efficiency definition of the LVAC (LVDC) system and gave an accurate trend cal-
culation method and a contrast of the converter and line loss. And a multi-dimensional
investment-earning assessment theory was conducted in the LVDC power distribution
system. Section 3 provided a typical case study and deep analysis of efficiency influence
factors in 15 different scenarios. Section 4 concluded this paper and gave some suggestions
for future work.

2. Methods
2.1. Typical Structure of LVAC (LVDC) System and Energy Efficiency Definition

First, the benchmark comparison models of LVAC and LVDC distribution power
systems are established as shown in Figure 1, in which distributed PV and energy storage
are integrated. Considering the current household appliances in the market, this paper
divides the load into four types according to power supply form, as shown in Table 1.
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Figure 1. Typical LV distribution system topology: (a) AC system; (b) DC system.
Table 1. Load type categories.
Type Power Supply Form Examples
I LVAC (380 V) or LVDC (£375 V) VSD air conditioner
1I Extra LVDC (48 V) Mobile phone, computer
I LVDC (£375 V) DC charging piles
v LVAC (380 V) Squirrel-cage motor

It is worth noting that even in the LVDC system, one also needs DC/DC converters for
some appliances to transfer the LVDC voltage (£375 V) to extra LVDC voltage (48 V). The
typical electric appliances include refrigerators, mobile phones, computers, LED lights, etc.

In order to fairly compare energy efficiency between AC and DC systems under the
same generation and load demand conditions, power loss of all converters and power lines
should be considered. Therefore, energy efficiency discussed in this paper is defined as
transmission efficiency of building distribution systems after taking into account power
line losses and power electronics losses. The calculation formula is shown in (1):

Ep

= X 1000/0
ED + Eloss,L + Eloss,C

M

U

where 7 is the system energy efficiency indicator, Ep is the total power energy consumption
of the load during the calculation period, while Ejoss1, and Ejogq ¢ represent total power
energy loss of power lines and converters in the calculation period, respectively.

According to (1), the energy efficiency level of the system is closely related to power
loss in power lines and converters. The evaluation of system efficiency is shown in Figure 2,
which started from the normalization of the transformed power in the end-branch, such as
the photovoltaic, load, storage. Then, transformer loss was calculated after the correction
of the transform efficiency (Section 2.3) according to normalized transformation. Moreover,
the branch loss and bus loss (Section 2.4) were calculated on the basis of transformed power,
generated power and cost power.

Therefore, a time sequential simulation based on the efficiency evaluation method is
required to consider the generation and load variation. In this section, the system energy
efficiency calculation method, efficiency model of converters and branch load flow based
on the power loss model are introduced successively.
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Figure 2. The flow chart of system energy efficiency evaluation.

2.2. System Level Energy Efficiency Indicators

In this paper, a branch-based energy loss calculation method is proposed. Assuming
that there are N), branches connected to buses in the system, including distributed PV
branch, distributed energy storage branch, load branch and grid-connected branch. Accord-
ing to the time sequential simulation results, assuming that the power losses of converters
and lines in time and branch are calculated as Pjygs ¢ (t) and Pjogq 1 (1), while the various
types of load demand are denoted by Pp;(t), i € {I,II, III, IV}. According to Formula (1), the
energy efficiency evaluation model at system level can be derived as shown in Formula (2):

'Y Ppu(t)dt x 100%
e {1ILILIV
n= =t Z}Vp @)
fOT ( )y PD,i(t) + X (Ploss,C,k(t) + Ploss,L,k(t))> dt
ie{LIIOLIV} k=1

where T is the duration of the evaluation period.

2.3. Energy Efficiency Model of Converters

There are two ways to calculate the energy loss of converters: theoretical calculation
and actual measurement. The theoretical calculation method is suitable for studying the
energy loss optimization and topology design of converters. However, in the actual energy
loss assessment, it is difficult to obtain accurate results by theoretical method for complex
topology and incomplete data of devices. Therefore, this paper calculates the energy loss of
converters based on the measured data. The measured efficiency data for various types of
converters in different operation conditions (0.1 pu-1.0 pu) is shown in Figure 3.



Energies 2022, 15, 5726

6 of 23

0.98
0.96
0.94 AC-air conditioner
—&— DC-air conditioner
0.92 —4— DPV-DCAC
-¥- PV-DCDC
—— [S-DCDC
0.90 —# [$-DCAC
—#—  Main Circuit-ACAC
0.88 —<= Main Circuit-ACDC
Adapter DCDC
Adapter ACDC
0.86 ; ; ; : . : ;
0.10 0.25 0.40 0.55 0.70 0.85 1.00

Figure 3. Conversion efficiency of converters in different operating conditions.

In general scenarios, it is more complicated to accurately measure the power loss of
the converter, and the actual efficiency can be calibrated and approximated by referring
to the converter efficiency reference value. Assuming that P, is the rated power of the
converter, the actual efficiency of the converter can be calibrated according to Table 2.

Table 2. Converter efficiency correction reference table.

Output Power 10% P, 20% P, 40% P, 60% P, 80% P, 100% P,

Correction

L. 0.970 0.990 1.00 1.00 0.995 0.990
coefficient

In this paper, the efficiency curve between two consecutive measurement points is
considered as linear, and the efficiency function is established by piecewise linear fitting.
Assuming that the measured power points are Py, P;, ..., P,, and the corresponding
efficiencies are g, %1, . . . , §u, the efficiency of working point p can be calculated according
to Formula (3):

M(
Pk — Pk—1

In the subsequent calculation, the converter equipment can be regarded as a normal-
ized process, which is a necessary “black box” for every equipment to generate or acquire
power from the system. The corresponding efficiency is defined as Formula (4) with the
consumed power.

n(p) = px+ P —Pr-1),P € [Pr—1 Pk ®3)

H(Pin) = §(Pout) = I;;ut x 100% 4)
m
where Pj, and Pyt represent the input and output power of the converter, # denotes
efficiency.
If the output power is given (such as load side converters), the power loss of the
converter is calculated as in (5). On the other hand, when the input power is given (such as
distributed PV converters), the power loss of the converter is calculated as in (6).

1
Ploss:Pinpout:Pout(ﬂ(Pom)1> (5)

Ploss:Pin_Pout:Pin(l_U(Pi )) (6)
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2.4. Loss Comparison of AC and DC System of NZEB
2.4.1. AC and DC Line Loss Comparison

Similarly, in order to compare the loss between DC and AC systems in NEZB, a
reasonable equation is used to calculate the line loss. The active power loss generated on
the transmission line is mainly related to the line length, line resistance and voltage level,
the equivalent circuit is used to calculate the AC and DC line losses respectively, and the
calculation method is shown in Formula (7). Among them, Pjjpe 4c(%) is the loss of the DC
line, P(t) is the power transmitted in the line, Upc is the rated voltage between the poles
of the DC line, Ry, is the unit resistance of the DC line, and L is the line length. In the
formula, since the high-power devices in the AC system are powered by 3 phases, Pjine ac1
represents the AC line loss corresponding to the outdoor or high-power devices such as
photovoltaics, energy storage, air conditioners, etc., and Uac represents the three-phase
inter-pole voltage, which is 1.732 times of the indoor AC power supply voltage Uaco;
Pline ac2 is the line loss of electrical equipment such as adapters in the AC system indoors,
and also needs to consider the resistance of the zero line loop, so the impedance needs to
be multiplied by 2. ¢ means the phase difference among the three phases in AC system,
Rac represents the unit resistance of the AC line.

P12
Pline,dc(t) = &2Rdc]—'

Upc
P(t)?

Pline,acl(t) - mRacL (7)
p(t)?

Pline,aCZ(t) = (UACO(C)OS ¢)22RacL

The ratio of the AC and DC line losses, Apjgn, and Ajoy, in the high-power branch and
the low-power branch of NZEB is shown in (8).

Abs _ Pline,dc (t) — 2Rqc uzzAC cos’ ¢

hlgh Pline,acl (t) Rac UIZDC,high (8)
A — Pline,dc(t) — 2Rg4c uiCO cos® 4

low P line,ac2 (t) Rac ulzjc,low

In the calculation formula of Apig, the AC voltage Uac is 380 V, and the DC voltage
Upc,high is 750 V. Since the inductive reactance cannot be neglected in the AC power grid
with long distance transmission, the power factor cos ¢ is assumed to be 0.9. At the same
time, due to the existence of the skin effect, the equivalent resistance of AC distribution
network is larger, which is assumed to be 1.5 times of the equivalent resistance of the DC
distribution network. Therefore, the DC distribution network line loss of NZEB with a
high-power load is 0.277 times of the AC distribution network.

In the calculation formula of Ay, the AC voltage Uacp is 220 V, and the DC voltage
Upc jow is 375 V. The resistance difference between AC and DC system is small enough to
be neglected. The other conditions are assumed to be the same as the high-power branch.
Therefore, the NEZB DC distribution network line loss of the high-power load is 0.279 times
of the AC distribution networks. Therefore, the line loss of DC system is obviously lower
than AC system in all conditions.

2.4.2. AC and DC System Loss Comparison

In order to compare system losses of the DC and the AC system with converters, a
real-time energy flow of the system is shown in Figure 4, which describes the energy flow
in NZEB.



Energies 2022, 15, 5726

8 of 23

0] 0}

Photovoltaic

Storage
(discharge)

Figure 4. The real-time energy flow of NZEB.

The converter loss of AC distribution system Pj,s ac and DC distribution system
Pioss,pc can be obtained, respectively, as shown in (9) and (10).

Pioss,ac = Y Pe(1 — ipc-pekifpe-ack) + Y. Ppi+DPlg—Pov— P | (1—1m) )

ie{LILILIV}

Plosspc = Y Pe(1 — fipc-pek) + Y. Ppi+Pds— Pov — Pig | (1 — im7ac-ne) (10)
k

i€ {LILIILIV}

Among them, Py is the power of each branch, k is the number of branches; #pc.pc .
DC-ACk, NAC-DCk, and 7y, represent the transmission efficiency of DC/DC, DC/AC,
AC/DC converters and transformer, which ignore the difference between AC and DC
system and in different operating conditions; Pp is the load power of each branch, Pg; is
the charging power of the energy storage system, Ppy is the power of the solar panel, and
Pgg is the discharging power of the energy storage system. The loss difference between the
DC system and AC system can be calculated by (9) and (10), as shown in (11):

APt = Pioss pc — Pross,aC

<

Py, (1pcpc + 1im)(1 —=#acoc) + ¥ Py, (pc-pc — 1m) (1 — 7ac-De)
kZE{PD/PES} (11)

Py, (npc-pe + 1m) (1 — 7acpc) < 0

B k1 e{pv,ES(discharge) }

Compared with the DC system, the AC system saves an AC-DC converter in the main
circuit; compared with the AC system, the DC system saves an AC-DC converter in each
branch. It can be seen from Formula (11) that the converter loss of an AC system is greater
than that of DC system. Therefore, the DC distribution system is superior to the AC system
in terms of both line losses and converter losses. Therefore, for a source-load-storage
integrated NZEB, the DC power distribution has a higher energy efficiency, especially with
the higher proportion of high-power loads.

2.5. Economic Assessment and Multi-Stakeholder Income Adjustment Method

With the introduction of LVDC power distribution systems, the equipment suppliers
could make more benefits through the revolution of DC electric appliances, and the cus-
tomers could save more money by improving the transmission efficiency. However, the
grid company has no income while the harmonic suppression and load adjustment cost a
lot of money, which is mainly caught by the introduction of LVDC. Therefore, it is necessary
to adjust the benefits among the suppliers, customers and the grid company. As shown
in Figure 5, the economic evaluation of the low-voltage DC power distribution systems
mainly focuses on security, efficiency, reliability, equipment and power quality in three
scenarios: civil buildings, integrated power supply, and industrial power consumption [21].
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The benefits of civil and municipal buildings mainly include safety, energy efficiency, and
reliability. While the energy gains of the industrial scenario mainly focus on the initial
equipment investment and power quality benefits.

Civil Municipal Industrial
building electricity electricity
T ‘ ‘ Indexes
©» o) = 2 Payback period,
. 2 3 o =N ]
Comparison of g - @ 5 & o - 2 Net present
. g g
equivalent AC g g o 2 §E g § value,
and DC systems g gz < g 2 =g Net present
& g 2 ® B g value rate
=+ (s} (<}
“ < @ sl | e
- J .- J .- J . H)
[ Customer J[ Supplier ] Grid

Figure 5. Economic evaluation framework of low voltage DC power distribution system.

The benefit calculation of security, efficiency, reliability, equipment and power quality
was derived in [21] in detail. The calculation method of electricity price adjustment in
different regions is shown in Formula (12):

EP, sell + EP, change_DC
Esen

EPrew = (12)
where EPpew is the new electricity price, unit is yuan/kWh. EPq; is the current electricity
sales revenue, the unit is ten thousand yuan. EPchange pc is the income from the DC
transformation of the power grid, the unit is ten thousand yuan. Eg is total electricity
sold, unit is kWh.

This chapter mainly focuses on the economic evaluation of low-voltage DC power
distribution and consumption systems based on three scenarios: civil buildings, integra-
tion of optical storage and charging, and industrial power consumption. By comparing
with the equivalent AC system, combined with the characteristics and needs of different
power supply scenarios, considering multi-dimensional investment-returns, considering
the initial equipment cost difference, electrical safety benefits, energy efficiency benefits and
reliability power quality benefits, combined with traditional economic indicators, propose
an economic evaluation method that can accurately reflect the characteristics of low-voltage
DC power distribution and consumption systems.

3. Results and Discussion
3.1. Introduction of the Test System

With the development of VSD technology, there are little type IV load used in current
industry. So only type I-III load considered in the case studies. All the end use load and
corresponding rated power are shown in Table 3.

Table 3. Load type and rated power.

End Use Load Load Type Rated Power/kW
Air conditioner I 95
INlumination II 36
Extra LVDC appliances II 40
LVDC appliances I 92
Data Center I 80

Total 343
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The actual installed capacity of PV and distributed energy storage (DES) are 150 kW
and 50 kW /100 kWh, respectively. The detailed annual profiles for each type of load and
PV are obtained from the actual project operation data. The operation mode of DES is
generated according to the time-of-use electricity price in Shenzhen, as shown in Table 4.

Table 4. The time-of-use electricity price and corresponding DES operation mode.

Period The Time-of-Use Electricity Price/RMB Operation Status of DES
9:00-11:30, 14:00-16:30, 19:00-21:00 1.025 Discharging
7:00-9:00, 11:30-14:00, 16:30-19:00,
21:00-23:00 06724 OFF
23:00-7:00 (next day) 0.2284 Charging
The length of wirings for each load and the resistance for DC and AC systems are
shown in Table 5. The power factor of the AC load and the AC wirings are both set as 0.98.
Table 5. The length of wirings and resistance for DC and AC systems.
Wiring End Use Detail Appliance Unit Spacing (m) DC Resistance ((/km) AC Resistance ((}/km)

LED lighting 475 8.83 8.21
Tllumination Emergency lighting 450 5.39 5.09
Public lighting 450 5.39 5.09
. 48 V socket 475 5.39 5.09
LVDC appliances Security system 450 1.85 1.95
. 375 V socket 385 0.794 0.798
HVDC appliances Air ventilation recycle systems 200 1.25 1.24
External air conditioner 195 5.39 5.09
Data center 50 1.25 1.24
Energy storage 160 1.25 1.24
PV 160 1.25 1.24

3.2. Efficiency Comparison of AC and DC Networks in Benchmark Scenario

According to the hourly simulation calculation results, the annual energy efficiency
indicators of the AC and DC distribution networks are calculated, as shown in Table 6.
It indicates that from the perspective of annual average results, there is about 6% energy
savings in DC system compared with the AC system.

Table 6. The annual energy efficiency comparison of AC and DC systems.

Annual Electricity Annual Power Loss Enerev Efficiency/%
Consumption/MWh  Consumption/MWh 8y yive
AC 1353.47 269.05 83.42
DC 1353.47 160.97 89.37

In order to study the temporal characteristics of power loss, the hourly power loss
data for DC and AC systems in a month are selected and plotted in Figure 6. Obviously, the
power loss of an AC system is higher than that of DC all the while. For the two systems,
the power loss profiles show periodicity. The energy efficiency curves on working days
and weekends are quite different. In summary, power loss has a strong positive correlation
with load demand.
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Figure 6. Hourly power loss profiles for AC and DC in a month.

According to the energy efficiency evaluation method, the system power loss is divided
into three parts: load branch, DG branch and grid tie branch. In each part, the power loss
includes line loss and converter loss. As a result, there are, in total, 6 types of power loss
in the system. The power energy loss is classified and counted according to the above
types and plotted in Figure 7 in the bar graph. It shows a huge difference in the power
loss components of the AC and DC systems. In the AC system, the branch converter loss
is highest in the total loss components, followed by the branch line loss. While in the DC
system, the branch loss reduces significantly due to the energy efficiency promotion of load
side converters in the DC system. However, the energy loss in grid tie branches increases
with the introduction of AC/DC converters.

Figure 7. Composition analysis of energy loss for AC and DC systems.

3.3. Efficiency Comparison of AC and DC Networks with DG and DES

According to the above analysis, the main energy loss in the LVDC system is the
grid tie branch converter loss due to the introduction of the AC/DC converter. With the
integration of renewable energy such as DG and DES, the power flow, as well as the energy
loss in grid tie branch, would reduce correspondingly. In this section, the efficiency trend is
explored with the increase in the capacity of DG and DES. Furthermore, energy efficiency
savings resulting from applying the DC system are studied.

Figure 8 shows the relation between efficiency and its savings with the installed
capacity of distributed PV, where the installed capacity of PV is set from 0 to 500 kW. It
indicates that with the increase of PV capacity, the efficiency of AC and DC systems both
increases first and then decreases slowly. To analyze the variation trend in detail, the grid
tie branch energy loss reduces with the increase of PV capacity, while the PV branch energy
loss increases. For the simplification, denoting the increasing PV branch energy loss as AE*
and the decreasing grid tie branch energy loss as AE~. When the PV capacity is low, AE* is
bigger than AE~ so that the total efficiency increases. However, when the capacity exceeds
some threshold value, AE* would be lower than AE™ and the efficiency decreases.
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Figure 8. Efficiency trend with installed capacity of distributed PV.

Figure 9 indicates that the efficiency decreases with the increase of DES capacity,
which presents a different trend from Figure 8. The reason is that the additional energy
loss brought by DES is bigger than the decreased grid tie branch loss. Furthermore, the
energy savings tendency shown in Figure 8 is the same as in Figure 9. It shows that
with the increase of DG or DES, the efficiency savings by the DC system increases, which
indicates that the DC system has more advantage in energy efficiency, especially with high
penetration of DG.
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Figure 9. Efficiency trend with installed capacity of DES.

3.4. Energy Efficiency Analysis in Typical Scenarios in Tests

Based on the energy efficiency calculation of typical scenarios of NZEB, the topology
structure of DC current with the highest energy efficiency improvement compared with
the AC distribution network is analyzed. In order to develop the research results to
more normal scenes with different photovoltaic and load, deep research on the power
supply topologies is necessary to analyze. Since air conditioners are the main energy
consumption [22], two typical topologies, centralized and separate supply topologies, are
proposed to optimize the energy supply for air conditioners, as shown in Figures 10 and 11.
In centralized topology, the photovoltaic and energy storage are directly addressed to
the 750 V bus, which can transfer the redundant energy for the floor load through the
transformer from 750 V to 375 V. On the other hand, in a separate supply topology, the air
conditioner and floors are set separately with 750 V bus and 375 V bus. The floor could
get energy from the grid through one set of transformers rather than two in a centralized

topology. Therefore, the choice of topology depends on the building’s energy characteristics
and resource endowments.
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Figure 10. Centralized power supply topology.
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Figure 11. Separate power supply topology.

Taking the electricity consumption of office, hotel, commercial, educational and res-
idential buildings in Beijing, Shenzhen and Shanghai as examples, the energy efficiency
of different NEZB power distribution systems is calculated through the energy efficiency
calculation model as shown in Appendix A Tables A1-A5, where Pjyg51 and Pjggs ¢ mean
the total loss of lines and converters, respectively, #7py means the proportion of PV output,
#a means the average energy efficiency, Afjamax means the maximum energy efficiency dif-
ference in the relative building and region. From the results in Appendix A Tables A1-A5,
it can be seen that in office buildings, the line losses varied from 62.2 MWh~97.4 MWHh,
while the transformer losses varied from 193.3 MWh~361 MWh, which is about three
times the line losses. The DC advantages were relatively obvious in Beijing—1.15%, which
showed a positive correlation with photovoltaic percentage. The DC advantage increased
in the hotel buildings by as high as 3.22% in Beijing, which also showed a positive cor-
relation with the photovoltaic. In business buildings, there was more space to arrange
the photovoltaics, which accounts for about half of the energy demand in Beijing, where
DC’s separate topology saved 3.27% energy. However, since the use of renewable energy
needs to pass through more converters and longer transmission lines, the average energy
efficiency was about 81%. Through the average efficiency was not as high as in the lower
photovoltaic scene which ignored the synchronization and transportation waste of power
generation, the utilization of renewable energy had increased. In educational buildings,
there are no obvious differences in DC advantages among different regions, whose power
consumption is similar to the office buildings. The main difference is that there are no
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central air conditioners in educational buildings and residential buildings so that there
is no need to build a DC separate supply topology. With an average 27% photovoltaic
generation, the advantages of DC over AC system were as high as 3.34% in 375 V. Lastly, in
the residential buildings, since the air conditioners were arranged in 375 V /240 V, there
was no need to set a separate bus with high voltage. The DC advantage was about 5%
higher than the AC system in all three tested regions, which verified DC topology had a
higher efficiency no matter in which building or in any region.

To sum it up, in the DC distribution network system of NZEB, the 375 V separate
topology DC distribution network has the highest energy efficiency, followed by the 375 V
centralized DC distribution network. The reason is that the transmission loss generated by
375V is lower, and the separate topology structure can reduce the loss of the high-power
load branch converters. The analysis of this example will select the 375 V separate topology
to improve the energy efficiency compared to the AC system.

The NZEB energy efficiency analysis is a draught from 15 different scenarios across
the office, hotel, commercial, educational, and residential buildings in Beijing, Shenzhen,
and Shanghai. The 15 scenarios were measured over a period of one year and the results
were aggregated. Through the energy efficiency calculation method, the energy efficiency
improvement of the DC distribution network system in 15 different scenarios is listed in
Table 7. The scenario indicators and energy efficiency improvement results are shown in
Table 7, where Pp means the total load, 77, means the proportion of high-power devices,
Sps means the energy storage capacity. Through the advantage of the DC system over
the AC system had been verified by the 15 scenarios, the influence factors of efficiency
improvement are not clear, and need to be studied further.

Table 7. Energy efficiency calculation data for 15 different scenarios.

Building Area AHa,max Pp/(MWh) npv/% thl% Sgs/(MWh)
Beijing 1.15% 1305.80 13.27% 39.68% 85
Office Shenzhen 0.60% 1506.22 9.41% 34.40% 130
Shanghai 0.96% 1354.23 10.53% 38.26% 130
Beijing 3.22% 2947.73 7.84% 56.33% 250
Hotel Shenzhen 1.88% 3367.49 5.15% 36.94% 250
Shanghai 2.66% 3197.15 5.95% 51.94% 300
Beijing 3.27% 2520.68 57.27% 35.96% 200
Commerce Shenzhen 2.42% 3325.53 35.51% 27.26% 400
Shanghai 2.95% 2720.68 43.68% 33.32% 250
Beijing 3.34% 856.66 26.96% 54.85% 60
Education Shenzhen 3.26% 988.11 19.12% 60.80% 40
Shanghai 3.24% 920.00 20.67% 58.19% 50
Beijing 4.41% 247.19 35.04% 65.81% 40
Residential Shenzhen 4.96% 326.73 21.68% 74.13% 30
Shanghai 4.89% 329.85 21.62% 74.38% 40

3.5. Comparison of AC and DC Energy Efficiency in Typical Scenarios and Analysis of
Impact Indicators

According to Table 7, the energy efficiency improvement in different regions can
be further compared with the preliminary judgment influencing factors. By comparing
the relationship diagram, it is more intuitive to reflect the impact of the three factors
of the proportion of photovoltaic output, the proportion of high-power devices and the
proportion of energy storage capacity on the energy efficiency improvement of the DC
system of NZEB, which are shown in Figures 12-14, where the green squares, yellow
squares and blue squares represent the energy efficiency promoted in 15 scenarios with
different proportion of PV supply, high-power load, and energy storage capacity.
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Figure 12. Correlation comparison between the proportion of photovoltaic output and energy
efficiency improvement in 15 scenarios.
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Figure 13. Correlation comparison between the proportion of high-power devices and energy
efficiency improvement in 15 scenarios.
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Figure 14. Comparison of the correlation between the ratio of energy storage capacity to total load
and energy efficiency improvement in 15 scenarios.

From the photovoltaic power supply ratio and AC/DC energy efficiency improvement
scatter plot in Figure 12, the regression equation of the sample data shows an increasing
trend, but the sample points are far from the regression line and the variance is large. From
the high-power load ratio and AC/DC energy efficiency improvement scatter diagram in
Figure 13, it can be seen that the regression equation of the sample data is increasing, and
each sample point is close to the regression line, with a small variance and high confidence.
From the energy storage capacity ratio and AC/DC energy efficiency improvement scatter
plot in Figure 14, it can be seen that the variance of the sample data is large, which may
be due to the small number of samples and the large errors caused by other influencing
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factors at each point. Therefore, although the ratio of energy storage capacity to total load
has a certain positive correlation, its correlation remains to be verified.

From the above analysis, it can be seen that NZEB dc distribution system energy
efficiency improvement and photovoltaic power generation ratio, and high-power appli-
ances ratio, energy storage capacity ratio have a certain relationship. However, the extent
of relevance remains to be verified. Through SPSS correlation analysis, the influence of
three factors on energy efficiency is compared. Through bivariate analysis, the correlation
between various influencing factors and energy efficiency gains is identified, as shown
in Table 8.

Table 8. Analysis of bivariate correlation of influencing factors.

Analytical Method PV Ration High-Power Load Ratio Storage Capacity Total Load
E Pearson correlation 0.391 0.794 0.394
nergy
Efficiency Significance (two-tailed) 0.149 0 0.146
Increasing Number of cases 15 15 15

According to Pearson’s correlation theorem, if the coefficient is greater than 0.8, the
correlation is high; if the coefficient is between 0.5 and 0.8, the correlation is moderate; if
the coefficient is between 0.3 and 0.5, the correlation is low; and if the coefficient is less than
0.3, the correlation is small. Therefore, it can be seen that the coefficient of the proportion
of high-power load and the improvement of AC and DC energy efficiency is 0.794, which is
highly correlated; the coefficient of the proportion of photovoltaic and the improvement of
energy efficiency is 0.391, which is a low correlation; the coefficient of energy storage ratio
and energy efficiency improvement is 0.394, which is also a low correlation. Pearson-related
parameters for all three effects were greater than 0.3, suggesting that all three are associated
with improved energy efficiency in the system.

3.6. Sensitivity Analysis of Influencing Factors in Typical Scenarios

Firstly, the relationship between high power load ratio and DC-AC energy efficiency is
verified and the relationship is discussed. In the case of commercial housing in Beijing, the
proportion of high-power load in the sample was 35.96%. Consider tweaking the system’s
high-power load power from 0 to 16 times, which means adjusting load ratio from 0% to
90%. The relationship between the increase of energy efficiency of DC system relative to AC
system and the ratio of high-power load is calculated by simulation, as shown in Figure 15.
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Figure 15. The relationship between the proportion of high-power load and the improvement of
DC-AC energy efficiency.

From Figure 15 to change the proportion of high-power load, it can be seen that as
the proportion of high-power load increases, the energy efficiency of both the DC and AC
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systems shows a downward trend. However, there has been a significant improvement in
the energy efficiency of the DC system, from 2.35% to 7.76%. The main reason is that the
converter of the branch of the high-power device has low efficiency, and the transmission
loss is greater than that of the low-power load and other branches so that the energy
efficiency of the building is reduced.

At the same time, the relationship between the ratio of photovoltaic (PV) power supply
and the improvement of DC-AC energy efficiency was verified and discussed in a sample
of commercial buildings in Beijing. With the control variable, the proportion of photovoltaic
power supply in the sample simply changes, as shown in Figure 16.
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Figure 16. The relationship between the proportion of photovoltaic power generation and the
improvement of DC-AC energy efficiency.

Taking Beijing commercial buildings as an example, the relationship between energy
storage ratio and energy efficiency of DC-AC was discussed. By controlling variables, only
the ratio of sample energy storage capacity needs to be changed, as shown in Figure 17.
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Figure 17. The relationship between the proportion of energy storage capacity and the improvement
of DC-AC energy efficiency.

As can be seen from the change in the ratio of energy storage capacity in Figure 17, the
energy efficiency of AC/DC systems is increasing with the increase in the ratio of energy
storage capacity. This may be due to the fact that in this sample, energy storage branching is
more efficient in power generation and charging states than in photovoltaics and electricity
grids. An increase in the ratio of storage capacity can increase the efficiency of AC from
3.31% to 3.41%. Therefore, the DC system is more suitable for accessing energy storage
modules such as compatible batteries.

3.7. Impact Assessment of DC Retrofit on Multi-Stakeholder Benefits

The multi-dimensional economic evaluation model of the investment efficiency of the
DC distribution system selects 15 scenarios, such as office, education, hotel, residential
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and commercial in Beijing, Shanghai and Shenzhen as typical cases for evaluation analysis,
which can better represent the light and climate conditions in north China, central China
and south China. Under the requirements of complete photovoltaic consumption and
increased load rate, there are some differences in the configured ratio of the photovoltaic
and storage conditions in each regional scenario. Power consumption directly determines
the type of load and the difference in power consumption. Among them, the office, hotel,
and commercial scenarios have a large number of people, various load types, and large
power demand. They belong to high-power power consumption scenarios, at the same
time, they are managed by professional operation and maintenance personnel. From the
point of view of efficiency and cable cost, some high-power loads tend to use a high-voltage
power supply, whereas in educational and residential scenarios, small loads account for
a large proportion of low-power scenarios. Older adults, children and others with little
awareness of safety are more inclined to use electricity safely, so voltage levels above
moderate risk are not considered.

On the basis of the above analysis, the office buildings were set as examples to evaluate
and analyze the impact of DC transformation on multi-stakeholder interests. The three
stakeholders involved in the project are device makers, power grids and users. For civil
buildings, the efficiency, safety and reliability benefits of DC transmission can be divided
into user benefits and equipment investment costs. The difference can be attributed to
revenue from device makers, which the power grid itself does not generate much. Ac-
cording to the theoretical study of income evaluation in Chapter 3, the income of various
stakeholders in different regions can be obtained under office scenarios, as shown in Table 9.

Table 9. Income of various stakeholders in different regions in the office building scenario (unit: Yuan/W).

Area User Grid Device Makers Total Revenue Equal Distribution of Income
Beijing 0.06 0 0.2 0.26 0.087
Shenzhen 0.055 0 0.19 0.245 0.082
Shanghai 0.068 0 0.18 0.248 0.083

As can be seen from Table 9, in the process of DC transformation, the power grid
has no profit, the user’s profit is relatively small, and the equipment manufacturer’s
profit is the highest. However, when there are multiple stakeholders, only the benefits of
each stakeholder and approaching the average can be more conducive to the promotion
of DC transformation. Therefore, the total benefit should be redistributed. For device
makers, the way to reduce revenue is to reduce device prices. For power grids, the way
to increase revenue is to raise electricity prices. When electricity prices increase, the
corresponding efficiency and reliability benefitting consumers will also increase. Taking
the office building scene as an example, the calculation is carried out according to the
maximum load utilization hours of 1500 h. The results of this analysis are as follows:

(1) Beijing: Beijing area at a rate of 0.443 yuan per kilowatt-hour. In order to achieve an
equitable distribution of the interests of the three stakeholders-customers, power grids
and equipment manufacturers-the interest per stakeholder should be 0.087 yuan/W.
Electricity prices are estimated to rise to 0.501 yuan/kWh, an increase of 13.1%. At
the same time, equipment manufacturers should reduce the price of equipment by
0.113 yuan/W.

(2) Shenzhen: Shenzhen’s electricity price is calculated at 0.663 yuan/kWh. In or-
der to achieve an equitable distribution of the interests of the three stakeholders-
customers, power grids and equipment manufacturers-the interest per stakeholder
should be 0.082 yuan/W. Measured at [21], the definitive electricity price was raised
to 0.718 yuan/kWh, up 8.2%. At the same time, equipment manufacturers should
reduce the price of equipment by 0.108 yuan/W.

(3) Shanghai: The electricity price in Shanghai is calculated as 0.617 yuan/kWh. In order
to achieve an equitable distribution of the benefits of the three stakeholders of users,
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power grids and device makers, the benefits of each stakeholder should be set at
0.083 yuan/W. After the calculation in [21], it is concluded that the electricity price
should be raised to 0.672 yuan/kWh, with an increase of 8.9%. At the same time,
device makers should reduce the price of equipment by 0.097 yuan/W, as shown
in Figure 18.
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Figure 18. Electricity price adjustment scheme in various regions in the office building scenario.

4. Conclusions

A time-sequential power flow simulation-based energy efficiency calculation method
was proposed to compare the efficiency level between LVAC and LVDC systems, which
was a key element for the planning and operation of low voltage systems in NZEB. Firstly,
the typical structure of LVAC (LVDC) systems and the efficiency definition were proposed
as the research foundation of this paper. Then, the energy efficiency evaluation method
was formulated based on the time sequential simulation. The phasor diagram method
was employed to obtain the power flow results for LVAC and LVDC systems, based on
which the accurate power loss calculation equations were derived for each branch including
converters and power lines. Moreover, 15 typical scenarios were taken as examples to
analyze the energy efficiency in different buildings and different regions based on the
actual experiment results or provided by manufacturers of household appliances. Lastly,
the revenue adjustment advice of the energy saving brought by the DC distribution system
was calculated based on the multi-stakeholder income adjustment method. The specific
conclusions are listed as the following:

(1) There were about 6% annual energy savings in LVDC compared with LVAC. With the
increase of the DG or DES integration, the efficiency savings by LVDC increased, which
indicated that the DC system had more advantage in energy efficiency, especially with
high penetration of DG.

(2) The 375V separate topology DC distribution network has the highest energy efficiency
with less transformation process and line transmission loss, followed by the 375 V
centralized DC distribution network.

(3) Through SPSS correlation analysis, the preliminary judgment result was confirmed,
which indicated that there was a certain correlation between the improvement of AC
and DC energy efficiency and photovoltaic, energy storage and high-power loads.
Specifically, the advantage of DC distribution showed a high correlation with the
high-power load’s ratio.

(4) According to the multi-stakeholder income adjustment, the electricity price should be
raised, while the device makers should reduce the device price to balance the revenue
of device makers, power grids and users.
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Although this work contributes to the development of DC conversion of NZEB based
on accurate efficiency evaluation, application in different regions, and the revenue distribu-
tion of multiple stakeholders. However, a higher efficiency could be achieved through the
comprehensive utilization of multiple kinds of energy, such as heat, cold and gas. Further
work will incorporate the proposed model into the planning and operation of the LVDC
system, such as the energy efficiency-oriented optimal allocation method and optimal
operation strategy for DG and DES. Moreover, the coordinated operation of an integrated
energy system could be further studied to save more energy. On the other hand, the cost of
the system should further include the loss cost of the poor power quality.
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Appendix A

This section displays the specific line loss P, 1, transformer loss Pjes ¢, percentage of
photovoltaic generation #7py, and the system efficiency 7, in different regions and different
power supply plans, as listed in Tables A1-A5, and corresponding to the analysis reported
in Section 3.4.

Table A1. Comparison of energy efficiency of office buildings with different topologies in three regions.

Region Plan Pjoss1 (MWh) Pygss,c (MWh) ypv/% fal % AHa,max
AC220 76.131 192.851 13.27% 83.02%
DC375 concentration 62.366 206.807 13.26% 83.02%

Beijing DC240 concentration 92.519 263.898 13.26% 78.69% 1.15%
DC375 separate 65.472 182.080 13.26% 84.17%
DC240 separate 97.399 239.767 13.26% 79.61%
AC220 76.668 221.862 9.41% 83.57%
DC375 concentration 62.642 247.206 9.41% 83.06%

Shenzhen DC240 concentration 92.670 315.977 9.41% 78.80% 0.60%
DC375 separate 64.929 220.796 9.41% 84.17%
DC240 separate 96.269 289.246 9.41% 79.75%
AC220 75.752 200.511 12.71% 83.18%
DC375 concentration 62.151 218.017 12.71% 83.00%

Shanghai DC240 concentration 92.201 278.071 12.71% 78.69% 0.96%
DC375 separate 64.452 193.260 12.71% 84.14%
DC240 separate 95.825 253.480 12.71% 79.65%
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Table A2. Comparison of energy efficiency of hotel buildings with different topologies in three regions.

Region Plan Pjgss (MWh) Pygss,c (MWh) npv/% Hal % Atamax
AC220 58.613 443.384 7.84% 85.44%
DC375 concentration 39.598 358.045 7.84% 88.11%

Beijing DC240 concentration 61.562 465.406 7.84% 84.83% 3.22%
DC375 separate 41.417 335.840 7.84% 88.65%
DC240 separate 65.051 442.342 7.84% 85.31%
AC220 59.724 541.159 5.15% 85.92%
DC375 concentration 43.332 485.136 5.15% 87.41%

Shenzhen DC240 concentration 63.731 631.520 5.15% 84.07% 1.88%
DC375 separate 42.869 458.782 5.15% 87.81%
DC240 separate 63.335 602.462 5.15% 84.42%
AC220 60.142 475.989 5.95% 85.63%
DC375 concentration 40.215 402.573 5.95% 87.84%

Shanghai DC240 concentration 62.408 523.547 5.95% 84.51% 2.66%
DC375 separate 39.053 373.688 6.11% 88.29%
DC240 separate 60.896 491.346 6.11% 84.93%

Table A3. Comparison of energy efficiency of business buildings with different topologies in three regions.

Region Plan Piggs,1 (MWh) Pygss,c (MWh) npv/% fal % Ana,max
AC220 274.348 473.035 56.41% 77.40%
DC375 concentration 185.154 438.486 56.25% 80.45%
Beijing DC240 concentration 312.040 553.503 56.36% 74.74% 3.27%
DC375 separate 180.332 427.844 56.88% 80.67%
DC240 separate 303.729 552.319 56.88% 74.83%
AC220 265.325 574.008 35.25% 79.97%
DC375 concentration 180.519 574.589 35.19% 81.63%
Shenzhen DC240 concentration 305.628 737.376 35.23% 76.27% 2.42%
DC375 separate 177.028 539.851 35.23% 82.38%
DC240 separate 299.660 701.856 35.23% 77.06%
AC220 261.607 488.961 43.26% 78.54%
DC375 concentration 133.523 465.762 43.13% 82.14%
Shanghai DC240 concentration 303.702 599.120 43.22% 75.28% 2.95%
DC375 separate 174.877 447.645 43.35% 81.49%
DC240 separate 297.547 579.936 43.35% 75.82%

Table A4. Comparison of energy efficiency of educational buildings with different topologies in three regions.

Region Plan Piogs1 (MWh) Piogs,c (MWh) npv/% Hal % Affa,max
AC220 47.108 134.105 26.94% 82.55%

Beijing DC375 concentration 44.798 95.724 27.00% 85.89% 3.34%
DC240 concentration 64.569 127.620 27.00% 81.66%
AC220 59.436 151.428 19.07% 82.45%

Shenzhen DC375 concentration 51.773 112.997 19.11% 85.71% 3.26%
DC240 concentration 76.837 150.639 19.11% 81.29%
AC220 51.175 131.501 20.62% 83.47%

Shanghai DC375 concentration 46.356 94.656 20.66% 86.71% 3.24%

DC240 concentration 67.543 128.988 20.66% 82.40%
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Table A5. Comparison of energy efficiency of residential buildings with different topologies in three regions.

Region Plan Pjgss (MWh) Pygss,c (MWh) npv/% Hal % Atamax

AC220 2.665 40.872 33.21% 85.70%
Beijing DC375 concentration 3.696 24.963 33.19% 90.10% 4.41%
DC240 concentration 4.854 33.222 33.20% 87.27%

AC220 3.191 50.612 21.10% 86.19%
Shenzhen DC375 concentration 3.978 28.933 20.91% 91.15% 4.96%
DC240 concentration 5.282 38.926 20.92% 88.45%

AC220 3.253 51.605 20.84% 86.18%
Shanghai DC375 concentration 3.977 29.605 20.82% 91.07% 4.89%
DC240 concentration 7.613 39.767 20.83% 87.84%
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