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With the rapid development of economy and urbanization in China, cities are
expanding rapidly and more constructions are being built, then lead to the fast-
growing part in urban residential energy consumption. In China’s hot summer and
cold winter regions, many buildings are not centrally heated and commonly rely
on electrical equipment such as air conditioners which are all energy-inefficient
thermoregulation devices. In order to analyze the relationship between building
energy consumption and the energy efficiency ratio (EER) of air conditioning and
the area of photovoltaic (PV) on the roof, the influence of the building envelope on
building energy consumption in hot summer and cold winter regions in China is
clarified. This paper uses energy plus software to analyze the impact of different
EER and PV area on building energy consumption using a typical case study of a
public health upgrading project in the eastern part of the Wuxing district, Huzhou,
Zhejiang province in China. The simulation results show that the factor that has a
greater impact on the energy consumption of the health center in summer is the
PV area parameter of the building compared to the performance parameters of
the air conditioning equipment. The PV area parameter settings and air
conditioning equipment performance adjustments are dependent on the actual
situation and the comprehensive energy saving rate of the outpatient building for
public health in the eastern part of Tai Wu Xing District can exceed 50%. Finally, an
economic analysis of the carbon tax and input costs is carried out, and the best
combination is of which 60% of the area covered by Longi Green PV panels and an
air conditioning efficiency ratio of 4.87. The research result combines renewable
energy and efficient equipment to achieve dual optimization of environmental and
economic aspects of building energy consumption, while providing reference
opinions on the comprehensive evaluation method of building energy
consumption from the perspective of carbon tax.
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1 Introduction

Energy provides an important driving force for the economic
development of human society. However, the current global energy
crisis is becoming increasingly prominent, and the level of
management of energy consumption has become an important
indicator of the civilization of human society. In developed
countries in Europe and America, energy consumption in
buildings accounts for about 30% or more of total social energy
consumption, and greenhouse gas emissions generated by the
construction industry account for 40% of all carbon dioxide
emissions (Nejat et al., 2015). This huge proportion of energy
consumption has made countries around the world realize the
importance of building energy efficiency, and have developed a
series of building energy efficiency technologies and built a complete
building energy assessment system (Wang et al., 2021). Although
China’s building energy efficiency efforts started later than those of
developed countries such as Europe, the pace of urbanization in
China is gradually accelerating, and the scale and number of various
building projects are increasing. The total energy consumption of
buildings has now become one of the three largest energy consumers
in China, alongside industrial and transportation energy
consumption (Wang et al., 2014; Kim and Kim, 2020).
Construction sector as the one of the highest energy
consumption sectors in China, is the core sector of Chinese
energy consumption (Sun et al., 2022). According to statistics by
National Bureau of Statistics of China, the energy consumption of
construction sector in China has increased from 5.533 × 10−3 to
9.142 × 10−4 tce (1 tce = 29.3 GJ) during the period between 2010 and
2019, with the average annual growth rate of 6.5% (Cui et al., 2021).
It is observed that the energy consumption of Chinese construction
sector still experiences a growing trend. Besides, with the continuous
increase of China’s construction scale, the energy consumption of
China’s construction sector will continue rising in the future.

In order to solve the problem of global warming, all the countries
around the world are confronted with the common goal of CO2

emission reduction (Kj et al., 2018). In recent decades, Chinese rapid
economic development has been accompanied by a relatively large
amount of energy consumption (Zhou et al., 2017). Chinese
government not only introduces energy conservation and
emission reduction as the basic state policy, but also establish the
target to peak its CO2 emissions before 2030 in the Paris Agreement
(Meng et al., 2021). It is admitted that the construction sector plays a
crucial part in global energy conservation and emission reduction
across sectors (Robinson et al., 2017). Similarly, the construction
sector is equally key to realize the target of energy conservation and
emission reduction in China (He and Wei, 2016) Therefore, energy
consumption of the Chinese construction sector has attracted
significant attention in academia for many years (Li and Song,
2022). In recent years, domestic and foreign scholars have carried
out many studies and projects on construction energy consumption.
For example, Liu QR et al. proposes a new life cycle assessment
(LCA) statistics method to calculate the energy consumption of
Chinese buildings from the perspective of LCA under the sustainable
supply chain system, and demonstrated that energy consumption in
the operation stage plays a dominant role (Liu et al., 2022). Byrne
Aimee investigated the actual thermal processes of the building
envelope during transient and quasi-static conditions using retrofit

measures of hollow walls and roof insulation. The results show that
these values overestimate the effect of insulated walls and ceilings on
heat loss (Byrne et al., 2013). Beccalli Marco et al. analyses the net
energy and environmental benefits of buildings during energy
efficiency retrofits throughout their life cycle and proposed a
series of retrofit measures, mainly to improve the thermal
performance of the building envelope and the energy use
efficiency of technical equipment. The energy efficiency of these
measures was evaluated and the balance between energy savings and
environmental benefits was analyzed (Beccali et al., 2013).
Alshamrani O.S. used sustainable building envelope materials to
retrofit school buildings and analyzed the energy use of four
different envelope types. The results of the study showed that the
concrete and masonry envelopes were able to save 21%, 23% and up
to 32% respectively, while the steel and wood envelopes were able to
reduce energy use by 13.5%, 15% and up to 32% respectively
(Alshamrani et al., 2011). According to statistical data, in cold
regions of China, the total building energy consumption is about
27% higher than the national average energy consumption level,
accounting for 30%–40% of the total energy consumption of all
energy consumption in the region (Guo et al., 2020; Yin et al., 2020).
Building energy consumption is dominated by winter heating energy
consumption, of which 73%–77% is lost through the envelope
system, distributed in various parts such as walls, roofs, doors
and windows, etc., of which, wall heat transfer heat loss accounts
for about 60%–70%; doors and windows about 20%–30%; roofs
about 10% (Shao et al., 2020; Liu H. et al., 2021). Therefore,
improving the insulation performance and heat transfer
resistance of these parts can effectively reduce the amount of
heat loss caused by the envelope structure and achieve energy
saving in buildings.

In recent years, China’s urbanization has led to population
accumulation, continuous outward expansion of urban areas, a
consequent increase in floor space, and increasing requirements
for indoor environments, with artificial regulation of indoor
temperature and humidity, which has led to rapid growth in
building operational energy consumption, which according to
statistics has increased from approximately 380 million tce to
1 billion tce since 2004–2018, a growth rate of 163% (Luo et al.,
2021; Pan and Wang, 2021). Meteorological parameters, envelope
structure, equipment systems, operation and maintenance systems,
human’s behavior and interior design parameters are the main
influencing factors of the actual energy consumption of buildings,
in China’s buildings, the main energy consumption of buildings was
resulting from the building envelope structure (Yu et al., 2011;
Envelope, 2022). Therefore, the analysis of the building envelope
structure, to find out the factors of energy loss in the envelope
structure, is very beneficial to find measures that are both
economical and have a good energy saving effect. A growing
number of countries are now using carbon taxes as an
environmental policy tool, hoping that the tax will guide
companies and individuals to reduce greenhouse gas emissions
and collectively address the challenge of climate change
(Oreggioni et al., 2021). The EU was one of the first regions in
the world to implement a carbon emissions trading system and
carbon tax. Under the EU’s carbon emissions trading system,
governments set carbon emission limits for energy, industry and
other sectors, and levy carbon emission permit fees on companies. In
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addition, the EU also plans to gradually increase the scope and rate
of carbon taxes to achieve stricter emission reduction targets. China,
on the other hand, has also implemented a carbon emissions trading
system since 2018, whereby companies are required to purchase
permits in the carbon market to cover their excess greenhouse gas
emissions (Yu and Tan, 2023). In addition, the Chinese government
is piloting a carbon tax policy in several regions to encourage
companies to reduce their greenhouse gas emissions. For
buildings, the sensible use of clean energy generation such as
wind and solar power to reduce building energy consumption
can reduce CO2 emissions and reduce or even eliminate the need
to pay carbon taxes (LiuW. et al., 2021; Liu J. et al., 2021). One of the
most common types of solar power equipment is the solar
photovoltaic panel. It is capable of converting sunlight directly
into electricity.

The energy consumption of the China’s construction sector
ranks second worldwide and accounts for 46.7% of the total energy
consumed in China (Zhang et al., 2015). According to Reinventing
Fire: China, the energy-saving potential of the building sector is as
high as 74%, which will contribute more than 50% of energy savings
needed to achieve the target peak carbon emission by 2030 (Price
et al., 2018). Therefore, improving energy efficiency and reducing
fossil energy use in the construction sector are directly related to
whether China can achieve the Paris Agreement commitment
regarding peak GHG emissions. In China’s hot summer and cold
winter regions, many buildings are not centrally heated and
commonly rely on electrical equipment such as air conditioners
which are all energy-inefficient thermoregulation devices (Guo et al.,
2015; Hu et al., 2016). The region is also located in economically
developed areas with major cities such as Shanghai. These cities face
challenges in reducing CO2 emissions and improving thermal
comfort for the occupants. This zone has become the fastest-
growing part in urban residential energy consumption in China,
with a high average annual growth rate of 50% (Xiao et al., 2023).
Therefore, this paper focuses on the relationship between building
energy consumption and air conditioning energy efficiency ratio and
rooftop photovoltaic area to elucidate the impact of building

envelope on building energy consumption in hot-summer and
cold-winter regions based on the carbon tax considerations. It
then determines whether the improved building can meet the
near-zero energy code requirements. Finally, an economic
analysis of the carbon tax and input costs is carried out to obtain
the best economical solution to achieve low energy consumption.

2 Study subjects and research method

2.1 Subjects of the study

The research object of this paper is the design of the public
health upgrading project in the eastern part of Tai Wu Xing District,
located in Huzhou, Zhejiang Province (120°00′E, 30°90′N, 4.10 m
above sea level), which belongs to the northern climate. The building
type is hospital (outpatient), the building classification is class A
building, and the structural form is shear wall structure. The
building orientation is 15.16° east of south, the angle of the
compass is 15.16° east of north, the building area (calculated) is:
total area 1.44 × 104 m2, above ground 9.9 × 103 m2, underground:
4.45 × 103 m2, the building volume (calculated) is: total volume:
6.15 × 104 m3, above ground 4.01 × 104 m3, underground 2.13624 ×
104 m3. The external surface area and form factor are 7.99322 ×
103 m2 and 0.20 respectively. The number of storey is 6 above
ground and 1 underground, and the building height is 23.10 m.
The window-to-wall ratios on the east, south, west and north sides of
the building are 0.10, 0.53, 0.32 and 0.35 respectively, and the
integrated window-to-wall ratio is 0.38 (in Figure 1).

2.2 Selection of energy consumption
simulation software

The dynamic energy consumption analysis method mainly
includes the following methods. 1) Harmonic method: built on
the basis of the solution of the thermal conductivity equation of the

FIGURE 1
The structure of the building and framework of the study.
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wall, the Fourier series of the sine or cosine function term is used to
express the periodic disturbance quantity, and the concepts of delay
and attenuation are introduced. Both the change of outdoor air
temperature with time and the thermal inertia of the envelope are
considered, but for some randomly changing disturbances,
theoretically the order of the series is required to be infinite and
the calculation is complicated and difficult to achieve. 2) Finite
difference method: the problem is discretized into many nodes in
both time and space dimensions, and the boundary conditions and
initial conditions are used as known conditions, and the finite
difference quotient is used instead of the differential quotient to
transform the differential equation into a difference equation. The
computational workload is relatively large and not for the average
person to master. 3) State space method: It is discretized in space but
remains continuous in time. For buildings where there are multiple
rooms, a set of equations is set out for each envelope and space as a
joint solution. The disadvantage is that it cannot handle non-linear
problems such as phase-varying wall materials and variable surface
heat transfer coefficients. 4) State space method: It does not require a
periodic disturbance as a premise, and can be used to represent the
change of disturbance in a time series. However, when calculating
long-term loads, this algorithm is very time consuming.

At present, building energy analysis software can be broadly
divided into the following two categories according to the function
of each software: one is building energy simulation software based
on the simulation of the building thermal process, and the other is
consistency assessment software based on the audit of building
energy efficiency standards.

The main energy simulation software currently used is
DOE22.1E, BLAST, Transys Dest and Energy Plus. DOE22.1E is
used to analyse energy consumption in all types of residential and
commercial buildings and to analyse the cost of HVAC systems
over their operational life cycle. BLAST is mainly used to calculate
the cooling and heating loads of industrial buildings and to
simulate the hour-by-hour energy consumption of air
conditioning systems and equipment, but it requires a high
level of practical experience and expertise in engineering. Dest
is used for energy efficiency assessment of buildings and the
version used varies from project to project. Energy Plus,
developed by the US Department of Energy and Lawrence
Berkeley National Laboratory, is a building energy simulation
software that calculates the cooling and heating loads of a
building from its physical composition and mechanical systems
(HVAC systems). Energy Plus is the latest energy analysis software
available for the comprehensive simulation and economic analysis
of heating, cooling, lighting, ventilation and other energy
consumption in buildings, and is widely used in energy

efficiency assessments and retrofits. Energy Plus is a time-to-
time building energy simulation engine that uses an integrated
and synchronised load/system/equipment simulation approach.
The CTF is used to calculate the heat transfer from the walls, and in
turn the load of the building using the heat balance method. The
simulation of the air conditioning system using Energy Plus is
based on a component assembly method, using fluid loops as a
basis, in which the user can combine the required system structure
relatively freely by using the inlet and outlet nodes of each
component. The model can be built around air or water loops
relatively quickly. The set point manager provided in the software
framework allows control of system level parameters such as air
supply temperature, chilled water supply temperature, etc., as well
as control of the air outlet temperature of the surface cooler and
reheat coils via the controller.

In order to ensure the accuracy of the study, the article uses
energy plus software for performance simulation, based on the
typical climatic characteristics of the Huzhou region in Zhejiang,
and uses the typical case study of the design project of the public
health upgrading project in the eastern part of theWuxing district as
a research object to simulate the impact of the outpatient building air
conditioning and photovoltaic variables on the building energy
consumption (in Table 1).

2.3 Modeling steps

In order to simulate the energy consumption of the outpatient
clinic and to optimize the impact of air conditioning energy
efficiency ratio and photovoltaic variables on the energy
consumption of the building, a geometric model of the
outpatient building was created in this paper and modelled using
Sketch Up software., which was refer to the previous research
methods with some optimization (Feng et al., 2022; Bastos
Porsani et al., 2023). The main method was to import existing
CAD drawings into Sketch Up and then to obtain the geometric
model of the whole building by means of a new Zone using
commands such as stretch, move and copy. The building thermal
zone is the basic unit for calculating the building load. In order to
make the results of the building energy simulation more accurate, it
is very important to do the thermal zoning of the building model in
advance. Generally speaking, the principle of building thermal
zoning is to divide rooms of the same type into the same
thermal zone. This ensures that rooms of different types,
different envelope structures and different air conditioning
systems can be accurately divided and energy consumption
accurately calculated, and also avoids the extra workload caused

TABLE 1 Heat transfer coefficient of the envelope and indoor heat consumption.

Projects Measured values JGJ 26-2010 design standard limits Exceedance rate (%)

Heat transfer coefficient of external walls [W/(m2.K)] 0.327 0.45 Not exceeded

Heat transfer coefficient of the roof [W/(m2.K)] 0.542 0.3 80.7

Room indoor heat consumption [W/(m2.K)] 19.8/20.1 18 10.0/11.7

Note: Prescriptive index judgment conclusion: The prescriptive index of this project does not meet the specification requirements of the Energy Conservation Design Standard for Public

Buildings in Zhejiang Province DB33/1036-2021, but meets the requirements of the mandatory provisions and is subject to the determination of the thermal performance trade-off of the

envelope structure.
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by repeated calculations for rooms of the same type. By analyzing the
building model, the geometric model was divided into
15 thermodynamic zones. Once the geometric model of the
building was created, the weather parameters for a typical
meteorological year in Huzhou, Zhejiang province, were
imported into Energy Plus together with the created geometric
model to simulate the load and air conditioning energy
consumption throughout the year.

2.4 Design working conditions

This paper focuses on the impact of air conditioning and
photovoltaic variables on building energy consumption, with
reference to the 15-year public building national standard for air
conditioning of 8% and 16% respectively. That is, COP is 4.53,
4.87 respectively. Photovoltaic variables are 0, 20%, 40%, 60%, and
80% of the roof area. That is, the area is 0, 443.95, 887.9, 1.33185×103,
and 1.7758 × 103 m2 respectively. Two by two combinations of a total
of 10 sets of simulated data for energy consumption and economic
type analysis. The prices of air conditioners were adopted from
international green air conditioners, which prices vary slightly
from brand to brand. And PV prices were from Longi Green
Energy, which investment cost was about 500 $/m2. The specific
parameters are shown in Table 2.

2.5 Calculation parameters

The equipment use parameters in the energy consumption
simulation are set according to the building function of each
room, where the building air conditioning operation time is set
according to the Energy Conservation Design Standard for Public.
Buildings (GB 50189-2015) (in Table 3).

The thermal parameters limits for the envelope of this building
model are set according to the Energy Conservation Design
Standard for Public Buildings, in Tables 4, 5 for specific
parameters, and the air conditioning equipment performance
parameters for this historical building model are set according to

the Energy Conservation Design Standard for Public Buildings, in
Tables 4, 5 for specific parameters.

2.6 Validation of energy consumption
simulation models

Validation is an important step in modelling. Currently, a
widely used validation method is to determine whether the
simulation results are accurate by setting a threshold value for
the mean deviation of the simulation, based on the judgement
conditions proposed by the professional specifications. The
model can be validated by comparing the size relationship
between the mean deviation and the threshold. To validate
the model, the simulation results were compared with energy
consumption data from the actual operation of the building prior
to the energy efficiency retrofit. The use of a calibrated model
therefore predicts energy savings for energy efficiency projects.
The error index specified in the ASHRAE guidelines is the
standard mean deviation (the coefficient of variation of the
normalized mean deviation (NMBE) and the root mean
square error (CVRMSE)) between the actual energy
consumption values and the simulated values. The actual
values of monthly building energy consumption can be
obtained by creating an energy bill and the modelled values of
monthly energy consumption can be obtained directly from
software simulations. Reliable results from the ASHRAE
guidelines show that 5% ≤ NMBE ≤5% and CVRMSE ≤15%.
This paper compares the calculated results of NMBE and
CVRMSE to determine if the model can be validated by the
ASHRAE guidelines. If the model is validated, the simulation
results are close to the actual energy consumption of the building
and the model accurately reflects the actual energy consumption

TABLE 2 Simulated working conditions.

Group Air conditioning energy efficiency ratio Photovoltaic area (m2)

S1 4.53 0

443.95

887.9

1,331.85

1,775.8

S2 4.87 0

443.95

887.9

1,331.85

1,775.8

TABLE 3 Air conditioning running times.

Building type System working hours

Outpatient All year round (1:00–24:00)

Frontiers in Energy Research frontiersin.org05

Xie et al. 10.3389/fenrg.2023.1250540

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1250540


of the building and can be used as a basis for further analysis. The
equations for NMBE and CVRMSE are:

NMBE � ∑n
i�1(Xi − Y)
(n − 1) ×�Y × 100,

CVRMSE � ⎡⎢⎣(∑n
i�1(Xi − Y)2/(n − 1)1/2)

�Y
⎤⎥⎦ × 100

where Xi (Yi) is the simulated value of the building energy
consumption (actual value) for month i and �Y is the average
energy consumption of the building. Energy Plus was used to
perform real-time dynamic simulations of the above outpatient
building throughout the year and to determine the actual annual
energy bills of the building. The actual and simulated energy
consumption values of the building were obtained, as shown in
Table 6.

According to the energy calculation method, the total annual
energy consumption of the building is 3.71263 ×103 MWh per
floor area and 107.15 kWh/m2 per unit of floor area. The
simulation results show that the annual energy consumption
of 3,559.52 MWh is 153.11 MWh lower than the actual total
energy consumption. The difference between the energy
consumption per unit of floor area of 102.73 kWh/m2 and the
actual energy consumption per unit of floor area is
4.42 Compared to the actual energy consumption, the
deviation of the simulated total energy consumption
is −4.12%, which is a relatively small error. In the simulation

model validation method, the simulated and actual monthly
energy consumption values for the outpatient building were
substituted for validation. Using Eq. 1, the NMBE for this
simulation was −4.50% and the CVRMSE was 6.21%, both
assessment metrics being within the deviation range specified
by the ASHRAE guidelines. The model can therefore be
considered reliable and open to further research and analysis.

3 Results and discussion

In the building simulation, all calculation parameters are set
uniformly, except for the PV area parameter variable and the air
conditioning equipment performance parameter variable, which are
set separately. Based on the meteorological data of a typical
meteorological year in the Huzhou region of Zhejiang, the
building’s energy consumption is calculated hour by hour for
365 days using energy plus software.

3.1 Impact of changes in photovoltaic area
on building energy consumption

The area modelled for the PV according to the variables 0, 20%,
40%, 60%, 80% of the roof area is 0, 443.95, 887.9, 1.33185 × 103 m2,
1.7758 × 103 m2 while keeping the building envelope coefficients and
air conditioning efficiency ratios of the base building and other

TABLE 4 Results of thermal calculations for reference and design buildings.

Components and their associated parameters Design building values References to building values

Roofing 0.24 0.5

External walls (reinforcement) 0.37 0.8

Partition walls, floor slabs between unheated and heated rooms 0.47 0.5

Non-transparent external doors 1.5 1.5

Non-transparent separating doors for air-conditioned and non-air-conditioned areas 2.0 2.0

East facing external window (window to wall ratio of) 1.8 -

South facing external windows (window to wall ratio of) 1.8 2.2

West facing external window (window to wall ratio of) 1.8 2.6

North facing external windows (window to wall ratio of) 1.8 2.6

TABLE 5 Equipment performance parameter settings.

HVAC parameters Designing buildings Refer to architecture

Air conditioning hot and cold water supply and return temperature (°C) 7/12, 60/50 7/12, 60/50

Fan efficiency % 70 70

IPLV (C) for multi-connected air conditioners 4.000, 3.950, 3.800 4.740, 4.676, 4.406

Split air conditioning EER 3.20, 3.10, 3.00 3.40, 3.30, 3.20

Chiller COP 5.200 6.380

Heat recovery efficiency (%) 60 60
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envelopes constant. The results of the simulations using energy plus
software are shown in Figure 2.

3.2 Impact of COP on building energy
consumption

Keeping the building envelope coefficients and PV area of the
base building and other envelopes unchanged, the COP was changed
in turn: 4.53, 4.87. The results of the simulations using energy plus
software are shown in Figure 3.

Solar energy is one of the most popular renewable energy
resources in the word (Andre, 2020). Research indicated that a
solar photovoltaic (PV) system will generate only one-sixth and one-
tenth of the CO2 of gas and coal respectively (Kumar, 2016).
Therefore, rational use of PV resources is particularly important,
this is also the same goal in the present study. As the PV areaTA

B
LE

6
C
om

p
ar
is
on

b
et
w
ee

n
th
e
b
ui
ld
in
g
m
on

th
ly

en
er
g
y
co

n
su
m
p
ti
on

si
m
ul
at
io
n
va

lu
e
an

d
th
e
ac
tu
al

va
lu
e.

M
on

th
Ja
nu

ar
y

Fe
br
ua

ry
M
ar
ch

A
pr
il

M
ay

Ju
ne

Ju
ly

A
ug

us
t

Se
pt
em

be
r

O
ct
ob

er
N
ov

em
be

r
D
ec
em

be
r

Ja
nu

ar
y–
D
ec
em

be
r

Si
m
ul
at
io
n
va
lu
e
(M

W
h)

46
5.
19

36
8.
07

14
6.
43

15
1.
46

19
7.
14

33
4.
13

47
9.
70

46
2.
79

30
2.
22

15
6.
79

14
6.
23

34
9.
50

3,
55
9.
66

A
ct
ua
l
va
lu
e
(M

W
h)

48
0.
10

35
2.
22

15
5.
24

16
4.
26

21
2.
75

35
0.
17

51
4.
16

48
9.
53

32
6.
15

14
8.
56

15
4.
67

36
4.
82

3,
71
2.
63

FIGURE 2
Effect of PV area on building energy consumption under different
conditions.

FIGURE 3
Impact of COP on building energy consumption.
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increases from 0 to 1.7758 × 103 m2, the total annual heat load of the
building first increases rapidly and then stabilizes; the effect of the
change in PV area on the total annual cooling load also increases
rapidly and then stabilizes, but the effect of PV area on the total
annual heat load of the building is greater than that of the total
annual cooling load; For the increase in the air conditioning energy
efficiency ratio from 4.53 to 4.87, the total annual heat load of the
building and total annual building cooling load both decrease, but
the decrease in total annual building cooling load is more significant
with an increase in the air conditioning energy efficiency ratio. This
suggests that an increase in PV area is necessary to promote energy
efficiency more effectively in Zhejiang, but that a larger PV area is
not better and that an optimum area exists. In winter the heat
transfer through the external walls can be prevented, thus reducing
the heat load and thermal energy consumption caused by indoor
heat dissipation. In summer the thermal insulation of the PV will
reduce the heat transfer from the external walls to the outside at
night and the heat will be kept inside. In summer with long sunshine
hours, PV can play a thermal insulation effect, and more power
generation in summer, however, summer is generally dominated by
east-west sunlight, so in paving over the east-west PV, and then
increase the PV area, the impact on building energy consumption is
less. And the same is true in winter, which has the effect of insulating
the building and reducing energy dissipation. The summer cooling
energy consumption of the simulated building is significantly greater
than the winter heating energy consumption, indicating that cooling
energy consumption accounts for a greater proportion of the energy
consumption in the area.

3.3 Carbon tax and economic analysis

Carbon tax is a tax on the carbon emissions generated by the
burning of fossil fuels (including coal, natural gas, oil, etc.) and their own
carbon content, which aims to mitigate the greenhouse effect and slow
down global warming by controlling and reducing carbon dioxide
emissions (Jin et al., 2018). Since 1990, some Nordic countries such as
Finland, Norway, Sweden and Denmark have been implementing a
carbon tax system. Since then, the Netherlands, the United Kingdom
and Germany have also introduced carbon taxes one after another. In

the 21st century, countries and regions in Europe, South America, Asia
and Africa have also joined the ranks of carbon taxation. Since then, the
carbon tax system has been gradually implemented worldwide.

The Technical Standards for Ultra Low Energy Buildings
specify energy efficiency indicators for public buildings as
shown in Table 7. Which Integrated Building Energy Efficiency
Rate (%) was ≥50.

The study used energy plus simulation software to simulate the
annual building energy consumption of the outpatient building
under different conditions of PV area, and the results are shown
in Table 8.

The energy consumption in the operation phase of the building
accounts for over 90% of the energy consumption during the whole
life cycle of the building, therefore the energy consumption
calculation in this study is limited to the operation phase of the
building. The calculation of the energy saving rate and the overall
energy saving rate for the public building proper in the Technical
Standard for Ultra Low Energy Buildings is shown in equation Eq. 1
and Eq. 2.

ηe �
|EE − ER|

ER
× 100% (1)

ηp � |ED − ER|
ER

× 100% (2)

Where: ηe is the energy saving rate of the building body, %; EE is
the combined energy consumption of the design building (after
PV installation) without renewable energy generation, kW.h/h2;
ER is the combined energy consumption of the base building
(before PV installation), kW.h/h2.ED is the combined energy
consumption of the design building (after PV installation),
kW.h/h2.

The energy saving rates of different PV areas of the buildings
calculated using equations Eq. 1 and Eq. 2 are listed in Table 9.
Based on the data in Table 9 the energy saving rates of the buildings
are calculated to be 66.9%, 93.2%, and 99.02% for PV areas of
887.9, 1,331.85, and 1775.8 respectively. The results of the above
calculations meet the Chinese ultra-low energy requirements;
therefore, the project for public health in the eastern part of Tai
Wu Xing District can meet the near-zero energy code
requirements.

TABLE 7 Energy efficiency indicators for ultra-low energy public buildings.

Integrated building energy efficiency rate (%) ≥50

Performance indicators for the
building body

Energy efficiency of the building
envelope (%)

Severe cold
areas

Cold
areas

Hot summer and cold
winter areas

Hot summer and warm
winter areas

Moderate
areas

≥25 ≥20

Building airtightness (Number of
air changes N50)

≤1.0 –

TABLE 8 Effect of PV area on the energy efficiency of the building proper.

PV area (m2) 0 443.95 887.9 1331.85 1775.8

Total cumulative annual load (kW.h) 278025.56 199003.7 92143.1 19029.68 2,734.23

Energy efficiency of the building envelope (%) 0 28.4 66.9 93.2 99.02
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A carbon tax threshold is aminimum standard of emissions below
which a carbon tax is not levied. The carbon tax threshold is designed
to prevent undue financial pressure on low emitting companies or
industries and to provide an incentive for companies to take steps to
reduce their emissions, thereby reducing the amount of carbon tax
they pay (Luo et al., 2020; Martelli et al., 2020). There are a number of
factors that need to be taken into account when setting the carbon tax
threshold, such as industry characteristics, technological maturity,
international competitiveness and environmental standards (Gugler
et al., 2023). The exact value of the carbon tax threshold may vary
between countries and regions, and may be adjusted over time and
according to actual circumstances. According to the survey, the EU
carbon tax threshold is 2,306 kg per tonne of CO2 emissions (Cheng
et al., 2021). This means that no carbon tax is levied on companies or
industries that emit less than this threshold per tonne of CO2. In
addition, the EU has set a progressively increasing carbon tax rate to
promote emission reductions. Starting in 2023, the EU will levy a
carbon tax that will increase each year at an initial rate of €20 per
tonne, approximately 146.95 RMB, rising to €55 per tonne by 2030.

The survey showed that the cost of using a GREE air conditioner
with an 8% uplift is RMB 4,500 and a GREE air conditioner with a
16% uplift is RMB 6,000 while the unit price of a Longy Green PV
panel is 600/m2. Therefore, a 20% roof area of Longy Green PV
panels would cost RMB 266,370. The entire building energy
consumption is converted into a carbon factor of 0.785.
Therefore, the upfront investment and carbon tax for the ten
groups of working conditions are shown in Table 9.

Table 9 shows that when the area covered by the Longy Green PV
panels reaches 80%, no tax is required and the cost ratio tends to increase
and then decrease with the increase in PV area. Therefore, the best
combination of 60% PV area and 4.87 air conditioning efficiency ratio is
chosen, which will save energy and reduce the initial investment cost.

4 Conclusion and future remarks

Through actual cases and energy consumption simulation, this
paper conducts comparative analysis and performance

optimization of building energy consumption using renewable
energy and efficient equipment, analyzes the impact of air-
conditioning energy efficiency and PV area on building energy
consumption based on EnergyPlus simulation, proposes a
comprehensive evaluation method of building energy consumption
in combination with carbon tax, and conducts compound
optimization of environmental performance and economic
performance. Finally, the optimal combination scheme of
renewable energy and efficient equipment setting parameters is
proposed. The research results provide theoretical support for the
promotion and application of renewable energy in buildings, while
providing effective solutions for its better integration with efficient
equipment to improve environmental advantages and reduce CO2

emissions. The specific conclusions are as follows:

(1) The factor that has a greater impact on the energy consumption
of a health centre in summer is the PV area parameter of the
building, as opposed to the performance parameters of the air
conditioning equipment.

(2) For the Zhejiang region, where summer time is a longer part of
the year, the proportion of summer cooling energy consumption
to annual air conditioning energy consumption is also
significantly higher.

(3) The performance of air-conditioning equipment plays a major
role in heating energy consumption in winter, while the PV area
parameter plays a major role in cooling energy consumption in
summer, so the setting of the PV area parameter and the
performance of air-conditioning equipment should be
adjusted according to the actual situation.

(4) By combining the above design strategies, the comprehensive
energy saving rate of the outpatient building for public health in
the eastern part of Tai Wu Xing District can exceed 50%,
meeting the ultra-low energy code requirements.

(5) When the area covered by Longi Green PV panels reaches 80%,
there is no need to collect taxes and the cost ratio tends to
increase with the PV area and then decrease. The best
combination of 60% of the area covered by Longi Green PV
panels and an air conditioning efficiency ratio of 4.87 is chosen,

TABLE 9 Carbon taxes and upfront inputs for ten groups of cases.

Classification Air conditioning cost ($) PV costs ($) Carbon tax ($
million)

Total input ($
million)

Costs as a
percentage (‰)

COP = 4.53 4,500 0 12,956.64 1,295.68 3.47305

266,370 9,234.71 9,234.75 0.487289

532,740 4,201.58 4,201.62 1.071014

799,110 757.93 757.94 5.937126

1,065,480 0 1,074,480 0.004188

COP = 4.87 6,000 0 7,773.99 13,774.59 0.435584

266,370 5,540.83 277,911.43 0.021589

532,740 2,520.95 541,261.55 0.011085

799,110 454.76 7,254.47 0.827076

1,065 480 0 1,071,480.60 0.005599
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which also plays an energy-saving role and reduces the initial
investment costs.
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