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Abstract

:

In previous studies, the concept of degree days has been widely used to indicate heating or cooling energy requirements, but it does not consider the dehumidification effect. In the present study, the concept of dehumidification degree days based on moisture content is used, and the degree days over the past 57 years for temperature decreasing and dehumidification in 4 cities belonging to major climate zones of China are analyzed. The results showed that the number of cooling degree days showed a significant increase (1.2–4.6 days/10 a) in all the selected cities, corresponding to the warming climate. In contrast, the degree days of dehumidification accounted for 19%–45% of the total days in summer and showed significant decreases (2.0–3.7 days/10 a) in the cold, hot summer and cold winter, and hot summer and warm winter climate zones. Comfortable days, i.e., days requiring no cooling and no dehumidification, accounting for 8–45% of the total days in summer, decreased significantly in the extreme cold and cold zones (0.9–1.8 days/10 a) but showed no apparent changes in the hot summer and cold winter and hot summer and warm winter climate zones. This study suggests that energy consumption for cooling increases linearly with climate warming, and only the energy consumed for dehumidification had an apparent decrease. The degree days of dehumidification, as well as those requiring no cooling and no dehumidification, should be fully considered in the capacity design of air-conditioning units, especially air-conditioning systems with temperature- and humidity-independent control (THIC). This study indicates that the assessment of energy consumption for requests for air-conditioning in relation to climate change should be carried out after separating energy consumption for cooling from energy consumption for dehumidification to improve building energy efficiency and indoor comfort.
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1. Introduction


In 2018, energy consumption in buildings accounted for up to 30% of the total energy consumption worldwide, of which energy consumed for heating and cooling was responsible for about 40% of that demand [1]. A similar situation exists in China, where buildings also have a major role in the total energy demand. In China, building energy consumption accounts for more than 30% of the total national energy consumption and is projected to increase to 35% by 2020 [2]. The sixth assessment report of the Intergovernmental Panel on Climate Change (IPCC) showed that the global surface temperature increased around 0.85 °C and 1.1 °C in the periods of 1880–2012 and 2011–2020 compared with that from 1850 to 1900 [3]. More importantly, as global warming continues, the global surface temperatures in the years 2081–2100, depending on emissions scenarios and climate models, are projected to increase 1.4 °C–4.4 °C [3]. Continuous warming strongly affects global energy use and greenhouse gas emissions, which have received widespread attention. In order to grasp the impact of global warming on energy consumption, especially energy consumption for heating/cooling, the energy consumption simulation method [4,5,6,7,8], or degree-day method [9,10,11,12,13,14] has been used.



Compared with energy consumption simulation, the degree-day method, generally including heating and cooling degree days, has the advantages of simplicity, transparency, and repeatability that energy consumption simulation may not provide [14]. Many previous studies have used degree days to quickly estimate the impacts of climate change on energy consumption for heating or cooling buildings [13,14,15]. However, it is necessary to note that the degree days are defined as the accumulated degree deviations from a predefined base temperature without considering other climatic parameters, especially the humidity. This may have reduced the effectiveness of using heating degree days to reflect the energy consumption for heating due to the high relationship between heating energy requirements and temperature [5,9,16,17,18]. In contrast, it may be very unreliable to study the impact of climate change on cooling energy consumption by using cooling degree days because the energy consumed by air-conditioning systems is, to a large extent, used for dehumidification to achieve comfortable indoor conditions, especially in hot and humid areas [2,19,20,21,22]. In order to determine the combined impacts of temperature and humidity on nature and human society, some previous studies have focused on both dry and wet extreme high-temperature events [23,24,25] and the combined changes in temperature and humidity [26]. However, the impacts of humidity, alone or in combination with temperature, on building performance, especially on building energy consumption, are rather limited. In recent years, air-conditioning systems with temperature- and humidity-independent control (THIC) have been proposed to regulate indoor temperature and humidity separately through different approaches [27]. Therefore, it is necessary to reveal the effect of climate change on the energy consumption of air-conditioning systems by separating the use of cooling and dehumidification to improve the indoor comfort and energy efficiency of the air-conditioning system. To the best of our knowledge, there are fewer related studies investigating the effect of climate change on the building or energy performances of air conditioning in summer by considering cooling and dehumidification separately. In a study by Cao et al. [28], representative cities belonging to the major climate zones of China were selected to determine the effects of changes in outdoor design temperature and relative humidity over the past 57 years on the design loads for cooling and dehumidification in different climate zones. They demonstrated that the combined changes in humidity and temperature should be fully considered to determine the design capacity of an air-conditioning system. In addition, in order to reflect the effect of humidity, a model of coupled heat and moisture transfer was established to quantify the latent load in the hot and humid region of southern China in the context of global warming [29].



In this study, four representative cities in different climate zones of China were selected to determine the climate change impacts on cooling and dehumidification energy consumption by using cooling/dehumidification degree days. The aims of the present study were (1) to determine how cooling/dehumidification energy consumption changes in different climate zones under the conditions of global warming and (2) to investigate to what extent humidity affects the energy consumption of air conditioning and how the energy consumption for dehumidification should be considered in different climate zones when taking energy efficiency measures. This study may provide efficient evidence regarding the importance of dehumidification in the capacity design of air conditioning, especially for different climate zones. This will be beneficial for improving the energy efficiency and indoor comfort of buildings under the conditions of climate change.




2. Methodology


2.1. Study Area


There are five major climate zones in China: severe cold; cold; hot summer and cold winter; hot summer and warm winter; and mild climate zones. It is necessary to note that there are no heating or cooling loads in the mild climate zone and the heat transfer coefficient (HTC) of building envelopes has no limit. In addition, the number of cooling degree days during the past 60 years is nearly zero due to the average daily temperature in this climate being lower than 26 °C. Therefore, the mild climate zone is not included in the present study. Harbin, Tianjin, Shanghai, and Guangzhou were selected to represent the four major climate zones of China (Figure 1). The selected cities are the capitals of provinces (Harbin and Guangzhou) or the province-level municipalities (Tianjin and Shanghai) of China and can be seen as the representatives of their respective climate zones. This study can be useful for promoting energy-saving strategies for these large cities. More importantly, we have obtained relatively complete meteorological data from 1961 to 2017 for these four cities. These selected cities are located ranging in a range of low to high latitudes (23.0° N–45.5° N) with a longitudinal range of 113.1° E–126.3° E. Harbin and Tianjin are the second largest cities in the severe cold and cold climate zones, respectively, and Shanghai and Guangzhou are the largest cities in the hot summer and cold winter and hot summer and warm winter climate zones, respectively. It is necessary to note that, although only four cities (one city for each climate zone) were selected, the results obtained in these selected cities may be representative according to previous studies [2,17,18].




2.2. Meteorological Data


Daily average temperature and relative humidity data during the periods of 1961–2017 for the selected cities were used to calculate the number of cooling and dehumidification degree days. The meteorological data were obtained from the National Meteorological Information Center by uploading to the National Meteorological Science Data Center (http://data.cma.cn/, accessed on 19 June 2019). To obtain the information on climate change’s impacts on energy consumption in the central urban area, the meteorological observation stations (with longer history records) located in the urban centers of the four cities were selected (with the meteorological observation stations in Harbin, Tianjin, and Guangzhou belonging to the national basic meteorological stations of China, and the station in Shanghai being a national general meteorological station). The quality control and homogeneity of the selected meteorological data were strictly tested to ensure the reliability and accuracy of the data. Generally, station relocation is one of the most important factors that cause discontinuities in the temporal series of meteorological data. In previous studies, the RHtestsV3 combined with station metadata was used for the homogeneity test of meteorological data to ensure the reliability and accuracy of the meteorological data. In more detail, the RHtestV3, a data homogenization software package, is not limited by the time series length and has a friendly graphical user interface (GUI) that can be used to homogenize the time series at each station and its matching reference series based on the R environment [30]. This software package can detect and adjust for multiple breakpoints (shifts) that potentially exist in a data series using the penalized maximal t test (PMT) [31] and penalized maximal F test (PMF) [32]. It has been found that no apparent discontinuities are detected for these selected meteorological data and that the data are relatively reliable [2,17]. According to the actual demand for air-conditioning in summer in the representative cities, July to August, June to August, June to September, and May to October were selected as the air-conditioning periods of the severe cold, cold, hot summer and cold winter, and hot summer and warm winter climate zones, respectively.




2.3. Calculation of Degree Days


According to the design code for the HVAC of civil buildings (GB50736-2012) of China (DCHVAC 2012) [33] and referring to reference [34], an indoor air moisture content of 12.79 g/kg, determined by the indoor design temperature of 26 °C and relative humidity of 60%, is usually used as the standard threshold for dehumidification (i.e., indoor air moisture content above 12.79 g/kg requires dehumidification). When the air moisture content is above 12.79 g/kg, it means that the human body feels stuffy and the air needs dehumidification [34]. Therefore, 26 °C and 12.79 g/kg were used as the boundaries for cooling and dehumidification, respectively. Similar to the previous study, cooling degree days were calculated as the cumulative temperature above a base temperature (in this case, 26 °C) during one day. In this calculation, regardless of the moisture content, the daily average temperature above 26 °C is calculated. The dehumidification degree days were determined as the cumulative number of days with a daily average temperature below 26 °C and a daily average moisture content above 12.79 g/kg. Therefore, it can only be used to reflect the energy consumption for dehumidification. In addition, the number of comfortable degree days (i.e., no cooling and no dehumidification) was also determined by the daily average temperature below 26 °C and the daily average moisture content below 12.79 g/kg.





3. Degree Days of Cooling or Dehumidification in Different Climate Zones


3.1. Spatial Differences


There were apparent differences in the number of cooling degree days and dehumidification degree days in the four different climate zones (Figure 2). For Harbin in the severe cold climate zone, the days requiring cooling only accounted for 8% of the total, whereas the percentage of the days requiring dehumidification and no cooling and no dehumidification requirement were 47% and 45 %, respectively. For Tianjin, Shanghai, and Guangzhou, belonging to the cold, hot summer and cold winter, and hot summer and warm winter climate zones, respectively, the percentage of days requiring cooling requirement was the highest (54%, 55%, and 73%), followed by the days needing dehumidification (28%, 32%, and 19%) and the days needing no cooling and no dehumidification (17%, 12%, and 8%). From the cold to warm zones, the number of cooling degree days apparently increased, whereas the number of dehumidification degree days and the degree days of no cooling and no dehumidification requirement largely decreased.




3.2. Temporal Changes in the Past 57 Years


Figure 3 shows the temporal changes in the number of cooling degree days for the different climate zones. For Harbin, Tianjin, and Shanghai in the severe cold, cold and hot summer, and cold winter climate zones, the number of cooling degree days significantly increased during the period of 1961–2017 (P < 0.001), with increasing rates of 1.2 days/10 a, 4.6 days/10 a, and 3.3 days/10 a, respectively. In contrast, the number of cooling degree days in Guangzhou belonging to the hot summer and warm winter climate zone only showed a weakly significant increase (P < 0.05, increasing by 1.9 days/10 a). The increasing trend in the number of cooling degree days is dominantly related to climate warming in these cities because the cooling degree days are determined only by the temperature. The more slowly increasing trend in Guangzhou may reflect the climate warming (0.13 °C/10 a) in the hot summer and warm winter zones being weaker compared with the other climate zones (0.42–0.51 °C/10 a).



There was no apparent change trend in the number of dehumidification degree days for Harbin, which belongs to the severe cold climate zone from 1961 to 2017 (P > 0.1) (Figure 4). For Tianjin, Shanghai, and Guangzhou in the cold, hot summer and cold winter, and hot summer and warm winter climate zones, the number of dehumidification degree days significantly decreased during the past 57 years (P < 0.05) (Figure 4), with decreasing rates of 3.7 days/10 a, 2.5 days/10 a, and 2.0 days/10 a, respectively. The decreasing number of dehumidification degree days in Tianjin, Shanghai, and Guangzhou is, to a large extent, due to the significant decrease in humidity (decreasing 0.9–2.0%/10 a), whereas the humidity of Harbin has a smaller decrease (only 0.4%/10 a).



The number of degree days requiring no cooling and no dehumidification had significant and apparent decreasing trends in Harbin (1.8 days/10 a) and Tianjin (0.9 days/10 a), which belong to the severe cold and cold climate zones, respectively (P < 0.05) (Figure 5). In contrast, no apparent change trend was found in the number of degree days requiring no cooling and no dehumidification in the hot summer and cold winter and hot summer and warm winter climate zones (P > 0.1) (Figure 5). The changes in the number of degree days requiring no cooling and no dehumidification are affected by the combination of temperature and humidity. For example, the significant increase in temperature and weak decrease in humidity in Harbin over the study period led to an apparent decrease in the number of degree days requiring no cooling and no dehumidification. For other cities, the significant increase in temperature and significant decrease in humidity causes a very weak decreasing trend (Tianjin) or no apparent changing trend (Shanghai and Guangzhou) of the degree days requiring no cooling and no dehumidification.





4. Discussion and Conclusions


Assessing the energy consumption or demand of buildings under the conditions of global warming is particularly important for taking measures to cope with climate change or to decrease pollution and greenhouse gas emissions [35]. Many previous studies, based on cooling and heating degree day methods, have revealed the impact of climate change on the energy consumption of building cooling or heating and have reached the conclusion that rising temperatures significantly increase the energy required for space cooling and have largely decreased the energy consumed for heating [9,12,14,16,36,37,38,39]. Consistent with these studies [9,12,16,38], the cooling degree days, assessed only based on temperature in this study, also revealed a gradually increasing trend of cooling energy demand in different climates. The most consistent trends in different continents or countries may be dominantly related to the almost consistent warming trend, although the increasing temperature rates vary in different regions, being more apparent in high-altitude or high-latitude regions [9,38]. The energy consumption or demand estimated by degree days is generally used to improve the energy-efficient design of air-conditioning systems by precisely determining their capacity under the conditions of climate change. When only considering the variations in cooling degree days, the design capacities of air-conditioning systems should be correspondingly enlarged for all cities in all climate zones. In fact, a large gap will exist between the design capacity and the actual demand for the air-conditioning systems.



Some studies have indicated the limitation of cooling degree days based on only temperature in reflecting the energy consumption. For example, appropriate base or reference temperatures that properly reflect the outdoor environment should be used to determine the changes in energy consumption with global warming [10,40,41,42,43,44]. More importantly, the cooling degree days are only calculated as the accumulated degrees of deviation from a predefined base temperature without considering the effect of other climatic variables such as the relative humidity, which will lead to unreliable estimation of the cooling energy consumption or demand [4,14,15,45]. In a study of Deroubaix et al. [15], it is pointed out that further research is needed to establish an explicit inclusion of humidity in the estimation of the future energy demand. Li et al. [2] found that annual building cooling loads based on a simulation tool (Transient System Simulation Program, TRNSYS) did not show consistent increasing trends in different climate zones, with a significant increase in the severe cold climate zone but no significant variation trend in other climate zones. Particularly, the yearly cooling load showed a weak decrease (significant at the 90% level) in the hot summer and warm winter climate zone. These different variation trends for different climate zones under climate warming conditions are dominantly due to the influence of other climatic elements, especially humidity, on the energy consumed for cooling. Therefore, it is necessary to propose reliable indices that can differentiate between cooling and dehumidification energy consumption to improve the energy efficiency of air-conditioning systems.



In this study, cooling and dehumidification degree days were proposed to indicate energy consumption for cooling and dehumidification, respectively. Just as pointed out above, the number of cooling degree days in all the climate zones showed a consistently increasing trend, which may be related to the consistently increasing temperature in these cities belonging to different climate zones (0.13–0.51 °C/10 a) as a result of global warming. This consistent increasing trend indicates the increasing energy consumption for cooling under climate warming conditions. The number of dehumidification degree days accounted for a large part of the total number of days in summer, with proportions of 45%, 28%, 32%, and 19% for the severe cold, cold, hot summer and cold winter, and hot summer and warm winter climate zones, respectively. In days that only require dehumidification, the improvement in the comfort of the indoor environment does not depend on cooling, but dehumidification is actually needed. In recent years, the THIC systems have been used as an efficient way to improve air-conditioning systems [46,47,48]. However, in the process of energy efficiency design or the operation of air-conditioning systems, dehumidification is not fully considered. Conventional single-chilling-source refrigeration system needs low-temperature chillers to handle the latent load (i.e., the load for dehumidification), which results in a lowered efficiency of the air-conditioning system [49]. Even for air-conditioning systems with THIC, the percentage of days requiring dehumidification without cooling is not calculated to improve energy efficiency because dehumidification is generally achieved by reducing the ambient air temperature below its dew point, causing more energy waste. According to the results in the present study, the days with only dehumidification should be fully considered in the capacity design of air-conditioning systems to decrease energy consumption and improve indoor comfort. Different from the consistently increasing trend in the number of cooling degree days, the number of dehumidification degree days has no consistent variation trends for the different climate zones. The number of dehumidification degree days in the severe climate zone increased slightly but decreased significantly in other climate zones. Li et al. [2] found that the cooling loads simulated by TRNSYS in the severe climate zone showed a significant increase, whereas no apparent variations were found in the cooling loads for other climate zones, which was largely caused by the combined effect of temperature and humidity. However, the effects of temperature and humidity were not quantitatively separated in their study [2]. This study reveals that, in the cold, hot summer and cold winter, and hot summer and warm winter climate zones, 19–32% of days in summer only need dehumidification and the number of dehumidification degree days show decreasing rates of 3.7, 2.5, and 2.0 days/10 a. The smaller number of dehumidification degree days is dominantly due to the significant decrease in humidity (decreasing 0.9–2.0%/10 a). This indicates that not only should the 19–32% of days requiring dehumidification in the summer be accounted for in the capacity of air-conditioning systems under the hot and humid climate conditions in summer, but the temporal variations in dehumidification degree days should also be considered. Compared with other climate zones, dehumidification may be more important in the design of air-conditioning systems in the severe cold climate zone because the number of dehumidification degree days is apparently greater than the number of cooling degree days (47% vs. 8%). However, the temporal variations in the number of dehumidification degree days is less important due to the lack of an apparent variation trend in the past 57 years. The results in this study indicate that the design capacity of an air-conditioning system should be adjusted according to the percentage of dehumidification degree days in a given climate zone and its different variation trends in different climate zones, especially for air-conditioning systems with THIC.



From severe to hot summer and warm winter climate zones, the percentage of the days requiring no cooling and no dehumidification in summer was in the range of 7.9%–44.9%. These days can be considered as comfortable days without the need for cooling or dehumidification, resulting in maximum energy saving between 8% and 45% if the proportion of comfortable days is fully considered in the design and operation of air-conditioning systems. In addition, the severe cold and cold climate zones have a significant but not strong decreasing trend in the comfortable days during the period of 1961–2017, which partly affects energy savings. In contrast, the number of comfortable days in the hot summer and cold winter and hot summer and warm winter climate zones have no apparent variation trends. These different variation trends in the number of comfortable degree days should be used in the design of air-conditioning systems.



It is necessary to note that, although this study reveals the importance of dehumidification in the design of air-conditioning systems in summer to improve building energy efficiency and indoor comfort, the results were only from meteorological stations in four cities belonging to the severe cold, cold, hot summer and cold winter, and hot summer and warm winter climate zones. The limited stations and cities may result in uncertainty in the data and the uneven distribution of meteorological stations may cause some uncertainty in the results [50,51]. Future studies should be carried out in more cities and stations, especially in the central and western regions of China, to make the conclusions more reliable.



In summary, in order to quantitatively separate the effects of temperature and humidity on the energy consumption of air-conditioning systems with climate change, the temporal variations in the number of cooling and dehumidification degree days were determined in the major climate zones of China. The results demonstrated that, consistent with previous studies, the number of cooling degree days showed a significant increase in all the selected cities under the conditions of global warming. In contrast, the number of dehumidification degree days accounts for 19%–45% of the total days in summer, showing a significant decrease in the cold, hot summer and cold winter, and hot summer and warm winter climate zones. The extreme cold climate showed no apparent variation trend with climate change. On these dehumidification days, energy consumption is only used for dehumidification without cooling, which may be helpful for improving energy efficiency. Therefore, the high percentage of and temporal variations in the number of dehumidification degree days should be fully considered in the capacity design of air-conditioning systems, especially those with THIC. Additionally, more attention should be paid to the days requiring no cooling and no dehumidification in different climate zones because they represent 8% to 45% maximum energy-saving potential according to climate zones. The assessment of cooling and dehumidification degree days with climate change should be conducted to reasonably design the capacity of air-conditioning systems and then to efficiently improve energy efficiency and indoor comfort.
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Figure 1. The major climate zones and geographical distribution of the selected representing cities. 
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Figure 2. Percentage of the degree days of cooling, dehumidification, and no cooling and no dehumidification of the four selected cities. 
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Figure 3. Changes in cooling degree days during the period of 1961–2017 for the four selected cities. 
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Figure 4. Changes in dehumidification degree days during the period of 1961–2017 for the four selected cities. 
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Figure 5. Changes in degree days with no cooling and no dehumidification during the period of 1961–2017 for the four selected cities. 
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[image: Atmosphere 14 00752 g005]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  atmosphere-14-00752


  
    		
      atmosphere-14-00752
    


  




  





media/file8.jpg
60 50
o | RO TE e | PRTaecoss Tk,
)
i i
s 10
0 o
loo1 1969 1977 1985 190 2001 2000 2017 fo6t 1960 1977 1085 1093 2007 2000 20
j: XA j: YOI Gungnos
) )
85 8
0 o
o o

1961 1969 1977 1985 1993 2001 2009 2017

1961 1969 1977 1985 1993 2001 2009 2017





media/file6.jpg
10

1961 1969 1977 1985 1993 2001 2009 2017

%0
o

2

g%
£

10

1961 1960 1977 1985 1993 2001 2009 2017

0.0647x-99.979
RIZ002,P>0.1

Harbin

60
50

g
o
10

y=-0.3677x+ 756,65
Ri=0.31,P <0001

Tianjin

0

1961 1969 1977 1985 1993 2001 2009 201

0252¢+ 540.69
18,P<001

Shanghai

100
0
60

Days

a0
2

¥=-0.2022¢+ 430.04
Ri=0.08,P<0.05

Guangzhou

0

1961 1969 1977 1985 1993 2001 2009 2017





media/file1.png
40° N

30° N\A

20° N

10° N

@
7

Harbin

Severe cold

Severe cold

- /--
Severe cold Cold Tianjin ™~
/g
Shanghaig
ot summer & cold winter

I~

Hot summer &
warm winter @y e

: N -
Guangzhou -1
7 / [

0 390 780 1560 2340
I T

3120
I Kilometers

90° E 100° E 110° E 120° E 130°E






media/file7.png
y = 0.0647x — 99.979 Harbin y =—-0.3677x + 756.65 Tianjin
50 | R2=0.02,P>0.1 50 r R2=0.31, P<0.001
n 40
>
(©
Q30
20 r
10 ] ] 1 1 ] 1 O 1 1 1 1 1 1
1961 1969 1977 1985 1993 2001 2009 2017 1961 1969 1977 1985 1993 2001 2009 2017
90 100
y = —0.252x + 540.69 Shanghai y = —0.2022x + 439.04 Guangzhou
70 | R?=0.13, P<0.01 80 +r R?*=0.08,P<0.05
>
o 950
o
30
10 1 1 1 1 1 1 O 1 1 1 1 1 1

1961 1969 1977 1985 1993 2001 2009 2017 1961 1969 1977 1985 1993 2001 2009 2017





media/file9.png
y = —-0.1809x + 387.94 Harbin y =-0.0912x + 197.2 Tianjin
R?=0.14, P <0.01 40 + R*=0.07,P<0.05
o 30
>
©
0 20
10
0 1 1 1 1 1 1 O 1 1 1 1 1
1961 1969 1977 1985 1993 2001 2009 2017 1961 1969 1977 1985 1993 2001 2009 2017
50 50
= —0.0785x + 171.09 Shanghai y =0.011x — 7.2088 Guangzhou
40 + R?*=0.05,P>0.1 40 + R?*=0.001,P>01
0 »n 30
>
(C
o

1961 1969 1977 1985 1993 2001 2009 2017 1961 1969 1977 1985 1993 2001 2009 2017






media/file5.png
y = 0.1162x — 225.96 Harbin 80 v =0.4589x — 861.85 Tianjin
20 + R*=0.19, P <0.001 2o | R?=0.36,P<0.001
» 15 L o e
S 50 V| o pg halek
2 10 O 40 LYY
5 30
20 }
O 1 1 10 1 1 1 1 1 1
1961 1969 1977 1985 1993 2001 2009 2017 1961 1969 1977 1985 1993 2001 2009 2017
110 180
y = 0.3305x — 689.77 Shanghai y =0.1913x — 247.83 Guangzhou
R2=0.19, P < 0.001 R?=10.08, P<0.05
0 160 |
@ bAoA b AN AN N )
%\ 70 BA A VIV NS (%,140
() (]
50 120
30 1 1 1 1 1 1 100 1 1 1 1 1 1

1961 1969 1977 1985 1993 2001 2009 2017 1961 1969 1977 1985 1993 2001 2009 2017





media/file3.png
Percentage (%)

100

80

60

m Harbin ® Tianjin » Shanghai m Guangzhou

Cooling Dehumidification No cooling and no
dehumidification

Cooling or dehumidification






media/file4.jpg
10

Harbin a0 [y= 0458900185 Tianjin
19,P <0001 o [Re=oss peooor
60
g5
40
2
2
0
1961 1969 1977 1995 1993 2001 2000 2017 1961 1969 1977 1985 1993 2001 2009 20
180
¥= 03305 56917 ‘Shanghai Y=0191-24783  Guangzhou
R0=0.19,P <0001 1o | FP=008.P<005
Fo
8

30

1961 1969 1977 1985 1993 2001 2009 2017

y=0.1162x 225,96

9%

7

120

100

1961 1969 1977 1985 1993 2001 2009 2017





media/file0.jpg
a0

300

200

10°

/
Harbin
Severe cold

E 100 E T E 0 E

TOE






media/file2.jpg
Percentage (%)
3 5 8 8 8

°

= Harbin = Tianjin = Shanghai =Guangzhou
Cooling Dehumidification No cooling and no
dehumidification

Cooling or dehumidification






