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The energy matching of PV driven air conditioners is influenced by building load demand and PV generation.
Merely increasing energy performance of building or PV capacity separately may improve the energy balance on
a large time resolution, the real-time energy mismatching problem is still serious. In this study, a coordinated
optimization method of PV capacity, building design, and load flexibility is proposed for improving the real-time
energy matching of PVAC system. Then, a methodology integrating data mining method (XG Boost) and para-
metric simulation was developed to identify the determinant parameters of PV system and building design,
exploring feature importance and correlations. The results of XG Boost indicate that the PV capacity, shape
factor, and SHGC are the most critical factors. Finally, based on the optimized building design, the PCM layer was
applied to improve the real time energy matching. To achieve a goal of 90 % ZEP, the PCM capacity can be
decreased by 50.4 % and 62.8 % in Guangzhou and Shanghai in the optimized building. Moreover, the PV ca-
pacity can be reduced by 23 % in Guangzhou. The findings of this study provide practical guidance for designing

PVAC system coupling with building design and energy storage devices.

1. Introduction

Energy consumption of buildings accounts for a significant portion of
the global energy consumption [1]. With the indoor thermal comfort
demand, the air conditioner (AC) system contributes to more than 50 %
of the energy consumption of building [2]. Approaching a zero-energy
goal of AC is an effective method to decrease the energy consumption
of buildings in recent years. Previous research on reducing the energy
consumption of AC in building mainly focused on three aspects:
designing an energy efficient building [3], implementing renewable
energy system [4], and optimizing of building design with renewable
energy system [5].

The energy efficient building can be effectively reached by means of
optimizing building design parameters [6]. Building design optimiza-
tion can alter the building thermal performance to change the load de-
mand, thereby improving the energy matching between the PV
generation and energy consumption of AC [7]. Common building design
optimization methods include the application of thermal insulation [8,
9], glazing [10], building shape [11], phase change material (PCM) [12,

13], shading [14], natural ventilation [15] and Trombe wall [16]. In
above methodologies, Zhao et al. and Xu et al. argued that the heat loss
by the building envelope accounted for 50 % of the building’s total load
demand, the optimization of building design is the first step for mini-
mizing the load demand of buildings [17,18]. The building shape ratio,
window type, window-to-wall ratio, wall type, wall layer and roof type
have critical impacts on building performance [19]. These parameters of
building envelope can be divided into building physical design param-
eters (e.g., shape factor [20] and WWR [21]), transparent envelope
parameters (e.g., SHGC [22] and thermal conductivity [23]), and opa-
que envelope parameters (e.g., thermal conductivity [24] and thermal
resistance [25]). While the above efforts in optimization studies are
significant to explore the energy saving potential of the building, the
renewable energy system was seldom considered. Actually, the instal-
lation of renewable energy system has grown continuously, building
design optimization should be coupled with renewable energy capacity
design, in which the purpose is changed to improve the energy matching
of load demand and renewable energy system generation.

Among the various types of air conditioners with renewable energy,
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PV driven AC (PVAC) are an appealing solution to reduce the energy
consumption of air conditioners due to the good consistency between
the PV generation and AC’s energy consumption in summer and the
lower investments [26]. The simple design method of PV capacity is that
the total PV generation is equal to the total energy consumption of AC
[27,28]. However, due to the fluctuations of solar irradiation, the PV
generation may not always fully satisfy the energy consumption of AC.
Taking an office building in Tianjin as an example, the annual PV gen-
eration was 120 % of the total energy consumption of ACs, but only 29.5
% of the energy consumption was supplied directly by PV system during
actual operation periods [29]. Increasing PV capacity has limited effect
on the real-time energy matching of PVAC system.

Considering load flexibility of AC is an effective method to further
improve the energy matching degree [30]. The common methods of
utilizing load flexibility involve switching the ON/OFF state of AC and
changing the temperature setpoints [31,32]. Switching the ON/OFF
state of AC can achieve immediate energy consumption growth or
reduction. Some problems would also be caused, such as the indoor
temperature exceeding thermal comfort temperature range, poor
adjustability of AC energy consumption, and shorter the unit operation
period [33]. Mohammed et al. illustrated that the dynamic changing
temperature setpoint as the load flexibility control strategy can reduce
energy consumption of AC by 15.23 %-17.33 % during the peak period
[34]. However, during the temperature regulation process, the indoor
temperature may take 1~2 h to reach the temperature setpoint [35].
The real-time indoor thermal comfort still cannot be fully satisfied. In
addition, the accurate building thermal model and AC model are
important for predicting the indoor temperature, but both modeling and
computing process are complex and time-consuming. Thus, to improve
the real-time energy matching of PVAC, changing temperature setpoint
is not well applied [36].

A review of the literature reveals that optimizing building design,
renewable energy systems and load flexibility control individually has
limited effects on reaching real-time zero energy goal of air conditioners
in buildings. The coordinated optimization of building design and
renewable energy attracts increasing attention. In a building, the energy
matching between PV generation and energy consumption of AC is
shown in Fig. 1. The PV system determines the energy supply of the air
conditioners in the building, while the building design have dominant
influence on the load demands. The AC is the component to regulate the
indoor thermal environment and consume the energy [8].

As shown in Fig. 1, to approach zero energy goal of AC, the PV
generation should be equal to the energy consumption while
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maintaining the indoor temperature within the human thermal comfort
temperature range. In traditional optimization method, the zero-energy
goal of AC has relied on the building design optimization from an energy
saving perspective, a PV system is designed to cover the total load de-
mand of the optimized building [37,40,41]. In this method, the energy
generation of a PV system with a small to medium scale can meet the
total load demand of the optimized building [38,39]. However, with the
continuous decline in PV system investment, the capacity of PV system
has grown rapidly. Increasing PV capacity may result in a waste problem
of PV generation in the traditional method, placing strain on utility grids
that should receive excess PV generation. The PV generation is highly
dependent on the weather conditions, which creates a real-time energy
mismatching problem with the energy consumption of AC. Therefore,
improving the real-time energy matching between PV generation and
energy consumption of ACs is more and more essential in recent years,
which can maximize the self-consumption and self-sufficiency of the
PVAC system and minimize the burden of utility grid. A coordinated
optimization of building design, PV capacity, load flexibility and energy
storage are essential to reaching real-time energy matching of PVAC
system. Li et al. showed that the PVACs coupled with load flexibility and
PCM wall in a standard office building can achieve 90 % real-time zero
energy probability [42]. However, in this study, this building design
parameters were not optimized, leading to large capacities of PCM and
PV system.

According to Table 1, various studies investigated the energy
matching of PV generation and AC consumption from different per-
spectives, which include optimizing the building design to change the
load demand curve, increasing PV generation to change the energy
generation curve, and considering the load flexibility to change the rigid
energy matching of PVAC system. Nevertheless, studies on improving
energy matching are limited, because these studies mainly focus on
improving energy matching just from one perspective of energy saving
at a large time resolution. However, with the ever-increasing PV
installed capacity, the reviewed optimization method may result in a
waste problem of PV generation, placing strain on utility grids that
should receive excess PV generation. Hence, the real-time energy
matching between PV generation and energy consumption of AC is more
important for designing PVAC system, which can be beneficial to
maximize the self-consumption of PV generation and increase the self-
sufficiency of AC at the same time.

This paper aims to develop a coordinated optimization method of the
PVAC coupling with building design, PCM wall, load flexibility of AC to
approach the real-time energy matching of PVAC in different climatic

Meteorological condition

Thermal comfort 5
temperature range

-

=

Energy generation

Energy matching

=

Energy consumption

Fig. 1. The energy matching schematic diagram of PVAC in buildings.
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Table 1
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A summary of articles on the energy matching between PV generation and AC consumption in buildings.

Source Building design

PV design Load flexibility

Change building load demand

Change energy generation Changing rigid energy matching of PVAC

f WWR SHGC K thermal resistance

Increasing PV capacity ON/OFF of AC Change temperature setpoints

[19] v v v
[20] v

[21] v

[22] v

[23] v
[24] v
[25] v
[28]

[29]

[37]

[38]

[39]

[31]

[32]

[33]

[34]

[35]

[43]
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regions. In this paper, Section 2 presents the model of PVACs coupled
with building design and load flexibility. The load flexibility was mainly
achieved by means of a thermal comfortable temperature range (TCTR)
of human. Section 3 provides a real-time ZEP evaluation method and
calculation framework for the PVAC coupling system. Section 4 in-
troduces the experimental platform of PVAC coupling system. In section
5, the synergistic effect on real-time ZEP of PVACs, building design, and
load flexibility was investigated with the key factors. The optimization
methods and results can offer guidance for system designers and users to
create a well-designed system of PVAC and building for a higher real-
time energy matching degree by itself.

2. Model
2.1. PVAC model

In this study, the PVAC system was implemented in an office building
with dimension of 20m x 15m X 8.4m. In traditional AC operation
strategy, the electricity consumed by AC is mainly determined the
temperature setpoints, indoor and outdoor thermal environments. In
this PVAC system, the real-time energy consumption is not dependent on
the temperature setpoints of AC. The AC consumes the real-time elec-
tricity generated by the PV system as much as possible. The indoor
temperature, conditioned by the PVAC, mainly depends on the real-time
PV generation. Only when the indoor temperature conditioned is over
the thermal comfort temperature range, the mismatching energy prob-
lem could be solved by the utility grid or batteries. In the simulation
process, the AC model was regarded as an ideal air conditioning system.
The nominal coefficient of performance (COP) was 3.99 for cooling and
4.12 for heating. The real-time output energy of PVAC is the product of
the real-time PV generation value and the COP of AC.

2.2. Building model

For the large cooling demand in summer, two climatic regions in
China were selected in the study, namely a Hot-summer and Warm-
winter region, and a Hot-summer and Cold-winter region. The repre-
sentative cities of the selected regions were Guangzhou and Shanghai,
respectively. The selected key building design parameters included
shape factor (f), window to wall ratio (WWR), K value of opaque con-
struction, K value of transparent construction, and solar heat gain co-
efficient (SHGC). The building envelope parameters were based on the
public energy efficiency design standard and general codes for energy

efficiency and renewable energy application in buildings in China. To
determine the optimal building design, the parameters mentioned above
were not assigned constant values. The variation range for each building
parameter during the optimization process was shown in Table 2.

To improve the real-time energy matching between the PV genera-
tion and energy consumption of AC, the Phase Change Material (PCM)
layer was placed on the inner surface of the wall. In summer, when the
indoor temperature is lower than the melting temperature of PCMs, the
excess cooling energy can be stored by the PCM layer. When the indoor
temperature is higher than the melting temperature, the cooling energy
can be released from the PCM layer. Form the previous research on
PVAC coupled with PCM layer, it was found that PCM-26 is more suit-
able to improve energy matching of PVAC in the two regions. The key
thermophysical properties of A26 are shown in Table 3. In the optimi-
zation process of the energy system, the thickness of the PCM layers
ranged from 0.02 m to 0.2 m, with a step of 0.02 m (See Fig. 2).

3. Methodology

In this study, a Zero Energy Probability (ZEP) evaluation method of
the PVAC coupling system, considering building design, load flexibility
and PCMs, was proposed from the perspective of real-time energy
matching. The time resolution of the energy simulation is 1 h. The
calculation process of ZEP is formulated as Eq. (1).

Ie

ZEP = (@)

12 operation

where t, are the zero energy hours during which the real-time indoor
operative temperature can meet the thermal comfort requirement;
toperation are the total PVACs operation hours.

To assess the impact of building design parameters on the real-time
energy matching of PVAC and investigate the real-time zero energy
potential of PVAC coupled with building design and load flexibility, an
optimization of PVAC coupled with building design and load flexibility
was conducted. The coordinated optimal design of PVACs to approach
the real-time zero energy goal is shown in Fig. 3. The coordinated
optimal design of PVACs in this study can be divided into three steps to
achieve a nearly zero energy goal.

At stage 1, a parametric study of building parameters and PV ca-
pacity was conducted. The parametric simulation process was based on
EnergyPlus and JePlus which can rapidly generate energy simulation
results containing multiple design parameters. In the simulation, real-
time PV generation was calculated and transferred into the real-time
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Table 2
Input variable values.
Input variable Abbreviation Climatic regions Lower limit Upper limit Increment Unit
Shape factor f Hot-summer and Warm-winter 0.3 1.1 0.4
Hot-summer and Cold-winter
Window to wall ratio WWR Hot-summer and Warm-winter 0.3 0.7 0.1
Hot-summer and Cold-winter 0.3 0.7 0.1
Solar heat gain coefficient SHGC Hot-summer and Warm-winter 0.1 0.6 0.05 -
Hot-summer and Cold-winter 0.1 0.6 0.05 -
K value of window Kuwindow Hot-summer and Warm-winter 2.5 6 0.05 W/mK
Hot-summer and Cold-winter 1.5 4 0.05 W/mK
K value of roof Kroof Hot-summer and Warm-winter 0.3 1 0.05 W/niK
Hot-summer and Cold-winter 0.2 0.8 0.05 W/miK
K value of wall Kwan Hot-summer and Warm-winter 0.6 1 0.05 W/niK
Hot-summer and Cold-winter 0.5 0.9 0.05 W/niK
4. Validation of PVAC model
Table 3
Thermophysical properties of A26. . .
Py prop 4.1. System description of the experimental setup
Product  Manufacturer Melting Latent Specific Thermal
Efgl)peramre if;/t Ef;/t C(Onwd/u;;v)ny To validate the simulation method and the proposed PVAC control
kg) kgK) strategy, an experimental room was constructed in Hunan, China. The
- experimental room had dimensions of 8.5m x 2.3m x 3m. To find a
A26 China 26~27 160 1.95 0.6 . .
- better control strategy to consume the real-time PV generation and

Materials . T 8y g .

Institute maintain indoor thermal comfort, a PVAC system was set into the
experimental room. The PVAC system consists of the variable speed air
conditioner, PV system, inverter, utility grid, intelligent power distri-
bution cabinets (IPDC) and data acquisition and control devices. The PV

PV system system was placed in the front of the room, positioned at the optimum
m m m m m m tilt angle for PV generation in this area. The rated power of PV system is
e , 2.4 kW. The electricity distribution of the PVAC was managed by the

Shape factor’ it

Window wall ratio
femperature Range

Solar heat gain cofficient r Te
B¢ nyc
\ ¢ e

Thermal Comfort

Window K

Fig. 2. The PVAC coupled with load flexibility, PCM and building design.

cooling/heating energy provided by PVAC with varying PV capacity.
Then, the real-time indoor temperature associated with different
building design and PVAC was simulated. Based on the real-time indoor
temperature conditioned by the PVAC in the building and thermal
comfort temperature requirements, the ZEP values of the system were
calculated under different values of building design parameters and PV
capacities. In the parametric simulation process, a data set containing
4,752,000 cases were generated for the data mining task.

At stage 2, XG Boost, a scalable machine learning system for tree
boosting, was used to identify the significance of each parameter of the
building design and PV system. XG boost is the primary method to model
the complex non-linear relationship between these factors and related
real-time ZEP values of each combination of parameters. Then, the pa-
rameters studied were ranked by XG Boost based on the feature
importance score (IS). The higher the IS, the greater influence on the
ZEP.

At stage 3, based on the optimized building design and PV capacity,
the PCM layer was adopted to further improve the real-time energy
matching of PVAC. Finally, the optimal design of building with PCM and
PVACs were provided for achieving nearly zero energy goal.

inverter. The actual weather data was obtained by the meteorological
station in the experimental platform, and all data was recorded by the
data platform. The experimental room and platform are shown in Figs. 4
and 5. The parameters of air conditioner are presented in Table 4. In the
PVAC system, the speed of AC compressor can be controlled according to
the real-time PV generation. By conducting comparative experiments,
researchers could validate the effectiveness of the PVAC model, and the
power control strategy proposed in the study. This validation process is
essential to ensure that the model and control strategy can be applied in
real-world situations and achieve the desired outcomes of improved
energy efficiency and thermal comfort in buildings.

4.2. Model validation

The model validation of the PVAC system mainly focused on the
cooling load and PV generation in this paper. In this simulation, the ideal
air conditioning model was used to obtain the energy consumption of
AC. The cooling load is calculated as the product of the power consumed
by AC and its coefficient. In the process, the indoor temperature and the
setting temperature of AC were 26 °C. The equivalent One-Diode model
was employed to simulate the electrical performance of PV system. To
verify the validity of the model, the relative error (RE) is used to measure
the deviation between the experimental and simulated data, which is
calculated by Eq (3):

Xxim - chp
Xexp

RE= x100% )

Where X, is the simulated data, X.,, is the experimental data.

The comparison of experimental and simulated results of cooling
load is shown in Fig. 6. The changing trend of the cooling load was
basically the same in both cases. The average RE of cooling load was
8.64 %. The large gap between experimental and simulated data
occurred at the beginning of the operation. When the indoor tempera-
ture approaches to the setpoint of AC, the power consumed by AC
decreased significantly. However, the power of a specific air conditioner
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Fig. 3. The optimization framework of PVAC coupled with building design and load flexibility.
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Fig. 4. Experimental room of PVAC.

did not decrease smoothly, resulting in a in a large gap. The average RE
of PV generation was 8.64 %. In general, the simulated results of PVAC
by EnergyPlus are valid and accurate.

4.3. Feasibility comparison of the PVAC control methods

In this study, the AC consumes all of the real-time electricity
generated by the PV system. The indoor temperature, conditioned by the
PVAGC, is mainly determined by the real-time PV generation. To realize
the control strategy, an experimental platform was established. To
consume the real-time PV generation as much as possible, we employed
a variable-speed compressor in the PVAC system and utilized the Pro-
portional Integral Differential (PID) control method, a classical control
technique in air conditioning systems. The PID control adjusts the
compressor speed in 1-min intervals, ensuring that the power con-
sumption of the AC system matches the PV generation in real time. When
the PV generation is higher than the max value of AC output power, the
compressor speed maintains the max value and the excess PV generation
can be upload to the utility grid. When the PV generation is lower than

the min value of AC output power, the compressor speed maintains the
min value and the insufficient electricity can be supplemented by the
utility grid.

In this study, the experiment was conducted on two summer days
(cloudy and sunny weather conditions) with a time interval of 1 min.
The real-time energy matching of PVAC and indoor temperature of two
typical day were shown in Fig. 7. The corresponding weather data were
recorded in Fig. 8. The outdoor temperature ranges in the test periods
were 34.18 °C-39.6 °C and 36.03 °C-39.95 °C. The solar irradiation was
also very high in the experimental days.

As shown in Fig. 7, the energy consumption of AC can be regulated
timely according to the PV generation at 1 min interval. In the morning,
the real-time energy consumption of AC was equal to the PV generation.
In the cloudy day, when the PV generation suddenly drops or increases,
the AC can quickly adjust the compressor speed to change the energy
consumption.

To maximize the self-consumption of the PV generation, the indoor
temperature is difficult to maintaining a fixed temperature value. As
shown in Fig. 7, The indoor temperatures are lower than the upper limit
of TCTR in summer from 9:00 to 16:00. According to Eq (1), the ZEPs of
PVAC with fixed indoor temperature were 50 % and O in the two days.
However, when considering the load flexibility (thermal comfort tem-
perature range), the ZEPs can be correspondingly increased to 70 % and
90 %. In general, the control strategy can effectively improve the real-
time energy matching of PVAC in actual application. In the speed
range of compressor, the real-time self-consumption of PV system can be
close to 100 % while the indoor thermal comfort can be maintained by
the PVAC.

Additionally, indoor temperatures were low around noon and grad-
ually rose in the afternoon due to the unreasonable design of building.
The area of western surface of the experimental room is 24 m?. A large
area of western wall and window in the room was exposed to significant
solar radiation, resulting in higher indoor temperatures during this
period. With a suitable building design, the indoor thermal comfort
could be satisfied by the PVAC. This phenomenon highlights the
importance of building and PV system design optimization.
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Table 4
pecific parameters of air conditioner.
Parameter Value
Rated cooling capacity (kW) 3.5
Rated air volume ( m®/h) 1000
Rated input power (kW ) 1.3
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Fig. 6. The comparison of experimental and simulation data of cooling load.

5. Results and discussions
5.1. Sensitivity analysis results

The important score (IS) by XG boost was used to identify the sig-
nificance of each parameter of the building design and PV capacity. The
IS of each parameter in different climatic regions is shown in Fig. 9.
According to the data mining results, PV capacity factor (PVF), shape
factor (f), and SHGC have the most significant impact on the ZEP of
PVAC. In PVAC system applications, a larger PV capacity usually leads to
a lower indoor temperature and a higher ZEP value. Comparing the

importance scores of PVF in different regions, the impact of PVF on the
ZEP in Guangzhou is much higher than that of Shanghai. With a stronger
consistency between PV generation and energy consumption of AC,
increasing PVF can directly increase the ZEP of PVAC in Guangzhou.

Among building design parameters, the shape factor is the most
critical factor for ZEP of the PVAC. A larger shape factor indicates a
larger the external surface area per volume, which results in a higher
cooling load demand of the building. Under the same PVF, the ZEP value
decreases due to the larger shape factor. Except for the shape factor,
SHGC of the transparent envelope is another important parameter
affecting the ZEP of PVAC. The transparent envelope with a low SHGC
may reduce excessive cooling caused by solar radiation heat, which
aligns with the findings by Li et al. [48].

In summary, since the consistency between the PV generation and
energy consumption of AC is stronger in Guangzhou, the increased PV
generation can be directly consumed by AC in time. Enhancing the PV
capacity of PVAC is the premier choice to improve the real-time energy
matching between the PV system and air conditioners in Guangzhou. In
contrast, the consistency has weakened in Shanghai, the increased PV
generation cannot be easily consumed by air conditioners in some times.
In this region, adjusting building design parameters to change the en-
ergy consumption curve can improve the real-time energy matching
between the PV system and air conditioners, which is the preferred
approach.

Figs. 10-12 quantify the effect of single parameters like PVF, shape
factor, and SHGC on ZEP improvement. As shown in Fig. 10, the black
and red points represent the PVF and ZEP values, respectively. When the
PVF is equal to 1, the ZEP value can increase by 21.3 % and 35.6 % in
Guangzhou and Shanghai, respectively, by optimizing the building
design in general. When the PVF is 2, the ZEP value can increase by 60 %
and 70.7 % in Guangzhou and Shanghai, respectively. The ZEP
increasement of the PVAC with a larger PV capacity can be offset by the
unreasonable building design. With the same PV capacity, the ZEP value
in Guangzhou is lower than that in Shanghai. However, the ZEP growth
rate in Guangzhou is higher by increasing same PV capacity. The reason
is that the cooling demand is larger and the consistency between PV
generation and energy consumption of AC is stronger in Guangzhou.
Increasing PV capacity is a more effective method for improving real-
time energy matching in Guangzhou.

From Fig. 11, when the shape factor is 0.3, the ZEP value can be



S. Li et al

——— PV generation (kW)
energy consumption of AC (kW)
| = = indoor temperature

r31

Power(kW)

8 10 12
Time (h)
(@)

14 16 18 20

indoor temperature (°C)

Renewable Energy 221 (2024) 119637

2.0~ PV generation (kW)
energy consumption of AC (kW)
- — -indoor temperature

r3l

30

k2973
o
- 283
g 101 g
= 27 g
o
z o
2 k26 E
0.5 =
k25 8
=
=
k24 =
0.0+
k23
0 2 4 6 8 10 12 14 16 18 20
Tir(rg,(h)

Fig. 7. The variation of Pp,, Pac, and indoor temperature (a) Cloudy; (b)Sunny.

ambient temperature of cloudy day

42 ambient temperature of sunny day r 1200
solar irradiation of sunny day
solar irradiation of cloudy day L 1000

2

~ L 800 £
9 &
T 5
3 3
5] <
% Laoo E
2 g
Q
L200 2
Lo
0o 2 4 6 8 10 12 14 16 18 20
Time(hour)

Fig. 8. The actual weather data in test period.

increased by 60 % and 70.7 % in Guangzhou and Shanghai, respectively.
When the shape factor reaches 1.1, the ZEP value can only increase by
23.9 % and 39.2 %. With the increase of shape factor, the ZEP values
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Fig. 9. Importance scores of different parameters by XG boost
(a) Guangzhou; (b) Shanghai.

decrease significantly in two regions. Moreover, the ZEP difference of
PVAC system in Guangzhou and Shanghai reduce as the shape factor
grows. In the simulation, under the fixed height and floor area of the
building, the shape factor is changed by gradually increasing the aspect
ratio of the building floor. Increasing the shape factor means that the
length of the north-south direction increases. The growth of the shape
factor greatly increases the heat gain of the building, weakening the
effect of increasing PV capacity or optimizing other building parameters
on improving real-time energy matching of PVACs. In Guangzhou, the
ZEP values decreased significantly by the decrease of PV capacity. For
the poor consistency between PV generation and energy consumption of
AC, optimizing the building design parameters has greater effect on
improving the real-time energy matching of PVACs in Shanghai.

Fig. 12 reveals the effect of SHGC on ZEP improvement. the black
and red points represent the SHGC and ZEP values, respectively. The
effect of SHGC on ZEP is like the effect of shape factor. The increase of
the SHGC allows the windows on the south side to receive more heat,
resulting in a corresponding decrease in the ZEP value. Compared to the
shape factor, the ZEP value of the system decreases slighter with the
increase of SHGC.

In summary, among various building design parameters, shape factor
and SHGC have a more significant effect on the real-time energy
matching of PVACs in the building. However, as the PV capacity in-
creases, the energy performance of building does not have to be
improved to high energy-efficient with a high investment. Under a small
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Fig. 12. Influence of SHGC in different regions.

or medium shape factor, there is no need for a strict requirement of other
design parameters. The large PV generation can satisfy the energy
consumption of AC. Hence, the coordinated optimization for the PV
capacity and building design is important to improve the real-time

energy matching of PVACs in the building and reduce the burden of
utility grid.
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5.2. Optimization results with different systems

To improve the real-time energy matching between the PV genera-
tion and energy consumption of air conditioner, common choices
include considering load flexibility, increasing PV capacity, adding en-
ergy storage devices (PCM layer), and changing building design. In the
previous studies, the zero energy potential of PVAC coupling with the
load flexibility and PCM layers was investigated [47]. The suitable
installed place of PCM layer is the interior surface of external wall in the
building. To achieve 90 % ZEP, the PVF and the thickness of PCM layer
were 1.3 and 0.14m in Guangzhou. In Shanghai, the value of PVF and
PCM layer thickness were 1 and 0.12m. The study found that a large
amount of PCM was required to achieve 90 % ZEP in both Guangzhou
and Shanghai. If the building design parameters can be changed
reasonably, the capacity of PCM and PV could be reduced and achieve
the same ZEP value.

To conduct a more comprehensive optimization, a comparative
analysis of ZEP for different PVAC coupling system were carried out in
Guangzhou and Shanghai. In this study, the building type is divided into
original and optimized building design. The original building design
parameters were determined based on the building standards. The
optimized building parameters were obtained by the data mining. Based
on different building type, the PVAC coupling system is divided into two
types: PVAC coupling with building design and load flexibility (PVAC-B-
L) and PVAC coupling with building design, load flexibility and PCM
layer (PVAC-B-L-P). The ZEP values of different PVAC coupling system
are show in Table 5. In this table, the PVF is 1 in both regions.

As shown in Table 5, the ZEP of PVAC system without any assistance
is only 21.8 % in the original office building in Guangzhou. When the
building design parameters were optimized, the ZEP value can be
increased to 28.1 %. In Shanghai, the ZEP value can be enhanced from
25.7 % to 35.6 % by optimizing building design parameters. Compared
with Guangzhou, optimizing the building design parameters has a more
obvious effect on increasing ZEP of PVAC system in Shanghai. Based on
the original building, the ZEP value can only be improved by 27.7 % and
27.4 % with considering the load flexibility of AC in Guangzhou and
Shanghai. Based on the optimized building, the ZEP value can be
increased by 55.5 % and 47.4 % in the two regions. In the optimized
building, the effect of load flexibility on improving ZEP of PVAC system
is more significant. In other words, the optimized building design pro-
vides a larger load flexibility to reach a higher ZEP value. Based on the
fixed PV capacity, changing the load curve is an efficient method to
improve the real-time energy matching in this region. After optimizing
the building design parameters and considering load flexibility, the ZEP
value of PVACs is close to 90 %. Compared the PVAC coupling with load
flexibility and PCM layers in original building, the material usage of
PCM should be reduced in the optimized building.

Compared with the original building, the window to wall ratio
(WWR) and shaper factor will be changed in the optimized building.
Changes in the WWR and shape factor of the building will lead to the
application area variation of PCM layer. To investigate the effect of
building design optimization on the capacity of PV and PCM, the PVF,
PCM thickness and application area were calculated to achieve 90 % ZEP
in different regions. As shown in Table 6, the PCM thickness and
application area are significantly reduced in both regions. Compared
with PVAC coupling system in original building, the PCM capacity can
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Table 6

Comparison of PV capacity and PCM of different PVAC coupling system.
Region Building type PVF PCM thickness PCM area
Guangzhou Original 1.3 0.14 411.6
Guangzhou Optimized 1 0.12 294
Shanghai Original 1 0.12 411.6
Shanghai Optimized 1 0.1 294

be decreased by 50.4 % and 62.8 % in Guangzhou and Shanghai. Since
the cooling load demand in Guangzhou is larger, the PVAC coupling
system cannot achieve 90 % ZEP when the PVF is 1 in the original
building. Only in the optimized building, the PVAC coupling system can
realize nearly zero energy when the PVF is 1.

In conclusion, the building design parameters optimization is an
efficient method to improve the real-time energy matching of PVAC and
reduced the capacity of PV and energy storage. For building types with
insufficient PV installed area, such as office buildings, the importance of
building parameter design is apparent.

5.3. Economic analysis of different PVAC coupling systems

In this paper, the payback period (PBP) is used to evaluate the
economy of different PVAC coupling systems in two climatic regions.
The PBP is the length of time it takes to recover the cost of an investment
or the length of time an investor needs to reach a breakeven point. The
PV installed capacity is 15 kW and 14 kW in Guangzhou and Shanghai.
Table 7 shows the PBP of different PVAC coupling system in Guangzhou
and Shanghai. Considering the load flexibility control strategy, the
payback period of PVAC can be shortened. Compared with Shanghai, the
payback period of PVAC system is shorter in Guangzhou for the higher
consistency between solar radiation and outdoor temperature. To
Shanghai, the payback period PVAC in the optimized building is shorter
than that in Guangzhou. The reason is that the building design optimi-
zation can improve the real-time energy matching in Shanghai to a large
extent. In general, building optimization and considering load flexibility
have positive effect increase the system economy.

6. Conclusion

Optimizing the building design, PV capacity, PCM capacity, and
considering load flexibility are the common methods to improve energy
matching between the PV generation and load demand of building.
However, most of studies mainly focus on improving energy matching
just from one perspective of energy saving at a large time resolution.
With the ever-increasing PV installed capacity, these optimization
methods may result in a serious energy mismatching problem between
PV generation and energy consumption of AC, placing strain on utility
grids or energy storage devices that should receive frequent fluctuation
of PV generation. In the new energy background, improving the real-
time energy matching of PVAC can be the new goal for the building
design optimization. To achieve nearly zero energy of PVAC system, this
study proposed a comprehensive optimization method of building
design, PV capacity, PCM capacity, and load flexibility, identified the
key parameters affecting the real-time ZEP of the building design by XG
Boost method, analyzed the coupling characteristics between the

Table 5 Table 7

ZEP comparison between different PVAC coupling system. Payback period comparison of different PVAC coupling systems.
Region Building type ZEP Region Building type Payback Period

PVAC-B PVAC-B-L PVAC-B-L-P PVAC-B PVAC-B-L

Guangzhou Original 21.8 % 49.5 % 82.5% Guangzhou Original 6.33 5.06
Guangzhou Optimized 28.1 % 83.6 % 91.4 % Guangzhou Optimized 6.24 4.64
Shanghai Original 25.7 % 53.1 % 90.0 % Shanghai Original 6.76 5.35
Shanghai Optimized 35.6 % 83 % 91.5% Shanghai Optimized 5.61 4.99
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building design, PV capacity, load flexibility and PCM. The main find-
ings of this research can be summarized as follows.

(1) Building design optimization has proven to be effective to
improve the zero energy probability of PVAC system in a build-
ing. Since the consistency between the PV generation and energy
consumption of air conditioner is not strong in Shanghai, opti-
mizing the building design parameters from the perspective of
improving energy matching of PVAC is more important.

(2) Shape factor, SHGC and WWR are the most important factors
affecting the real-time energy matching between the PV genera-
tion and energy consumption of AC. Notably, the important score
of PV capacity in Guangzhou is much higher than that in
Shanghai, Increasing PV capacity is the prior method to improve
the energy matching of PVAC system.

(3) The optimization of building design is suitable to couple with
load flexibility to improve the real-time energy matching of
PVAC. Based on the original building, the ZEP value can only be
improved by 27.7 % and 27.4 % with considering the load flex-
ibility of AC in Guangzhou and Shanghai. Based on the optimized
building, the ZEP value can be increased by 55.5 % and 47.4 % in
the two regions.

(4) In general, the building design parameters optimization is an
efficient method to improve the real-time energy matching of
PVAC and reduced the capacity of PV and energy storage.

The findings from this study can provide invaluable guidance for
designing a PVAC system with building design, load flexibility and PCM
storage. Identification of important building parameters helps with the
prioritization of design factors in the design process.
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