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Abstract

:

The conventional typical meteorological year (TMY) based on continuous-year original meteorological records without considering abrupt climate changes (ACC) may not be able to represent a real “typical” climate properly. Consequently, building performance analyses and simulations based on TMY may be not accurate. Current research rarely tackles this issue in TMY development. This paper presents an innovative TMY development with the consideration of ACC in the original meteorological records. It is based on the Chinese standard weather database method (CSWD) with the meteorological records of six Chinese cities in different climate zones. It applies the Moving t-test method to identify and exclude ACC points and to refine the timescales for TMY development. It also depicts the development of individual typical meteorological months again with the ACC impact to improve the accuracy of TMY. The method has been verified in several building energy consumption and thermal comfort analyses. The results demonstrate that the analysis based on the new TMY climate datasets when considering ACC will end up with less energy consumption and better thermal performance compared to the analyses based on the conversion dataset without considering ACC. This experimental research will refine TMY development, and further improve building energy performance analysis and design.
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1. Introduction


The concept of a typical meteorological year (TMY) plays an important role in building energy performance simulation, indoor human comfort analysis, and solar heating and cooling system performance optimization [1,2]. The development of TMY is mainly based on the following aspects: (1) the different methods to identify a TMY, which are determined by different meteorological parameters, weighting factors, availability of meteorological records and mathematical methods [3,4], such as Danish methods [5,6], Festa-Ratto method [7,8], Sadia method [5,9], CSWD method (Chinese standard weather database method) [10,11,12], CTYW method (Chinese typical year weather method) [13,14], and so on. Based on these methods, different countries have built up their own TMY database. Because China lacked meteorology observation stations before the 1980s, a previous study [13,14] established a TMY database of 57 Chinese cities based on the International Surface Weather Observations databases. So far, there are 824 meteorology observation stations in China which can constantly take meteorological records, and a database of the TMYs for 270 cities across mainland China. (2) Due to the consensus of the methods to determine a TMY, more research focus on processing and screening the original meteorology databases and improving the accuracy of the data due to the lack of historical and continuous meteorology records [15,16,17,18]. For instance, some research [13,14] worked out the TMY with the meteorological data captured only four times a day, and the predicted solar radiation data with the DFMs (Diffuse fraction models for the hourly solar radiation) [19]. In addition, some researchers also developed some other methods for determining a TMY, such as the Gazela-Mathioulaies method [20], Miquel-Bilbao method [21], TPCY method (typical principal component years method) [22], and so on. (3) It is about the impact of climate changes on TMY. A number of researches focus on whether global warming will affect the generation of TMY, and whether the adoption of early year meteorological data will lead to inaccurate results [23,24]. It takes Tianjin as an example. The building heating load based on the TMY coming up from the 30-year meteorology data between 1981 and 2010 has reduced 5.2% in comparison to the TMY between 1961 and 1990 [25]. Meanwhile the cooling load increases 1.6% [25]. Similar studies with the meteorological data in Toronto, Canada, found that the energy performance analysis with more recent years’ data can achieve more accurate outcomes [26,27]. Additionally, another research also found that, due to the abrupt climate changes (ACC), 30 of 345 cities have been reassigned to the warmer climate zones, and other eight cities cannot be simply categorized in any climate zones [28]. Today, there are many researches about the impact of ACCs on flooding, agriculture, and ecological environments [29,30], but it rarely has a research looking at the impact of ACCs on the formation of TMY. This paper here presents a research on this issue with an in-deep discussion on the reasoning method of a TMY based on the meteorological records. It also reveals a comparison study on the energy consumption and thermal comfort analysis based on the improved TMY developed with this method and a conventional method. Several Chinese cities from different climate zones are adopted as samples in this study.




2. The Methods to Identify Abrupt Climate Changes


Climate change has two different characteristics. One is even changes (gradual changes during the climate change, a likely trend) and another is bumpy changes (abrupt changes during the climate change) [31,32]. Most people focus on even changes. People started to tackle bumpy changes in the middle of the 20th century. The earliest study on the bumpy climate changes was that of Lorenz [33] who developed the theory of dynamic climate changes from a non-linear physical point of view. Based on this, the French mathematician Thom [34] created the principles of abrupt climate changes, and formally defined bumpy climate change as abrupt climate change. The issues of ACC became a hot topic in the meteorology research areas in 1970s and 1980s [35]. Such research in China started a bit later. Only in the 1990s did some Chinese meteorologists start to explore the definitions and the identifying methods of ACCs [36,37]. With the developments of definitions, theories and identifying techniques, today researchers focus more on the impact of ACCs on many fields, such as agriculture [38], heath [39] and built environment [28], and so on.



ACC analysis usually applies a statistical method to identify those significant changes in meteorological records in a defined period (season, year, ten years, one hundred years and more than one hundred years) [36,40]. The types of ACCs include mean change, variance change, seesaw change, and reverse change [41]. The most popular methods of identifying ACCs include the Yamamoto test method [42], the Moving t-test method (MTT) [32], the Cramer test method [32], the Mann-Kendall test method [43] and the Pettitt test method [44]. All these methods work well for mean changes, but do not work well for other types of changes [36]. Some researchers also studied other change types and found that the Mann-Kendall method and the Pettitt method are not suitable for examining multiple ACC points, but the MTT method and the Yamamoto method can examine multiple ACC points with more accurate results [32,45]. This is why this study chooses the MTT method to identify TMY. The details about the identifying procedure can be found in Appendix A. The MTT method to identify ACC analyzes whether two data subsequences before and after a datum point (Appendix A) are significantly different [32,46]. Some research has found the weakness of the MTT method in that the options of subsequence are significantly affected by human preference. In order to avoid a random choice of the length of subsequences that may cause the drift of abrupt change points and to promote the precision of analysis, it has to amend the length of subsequences several times in the analysis of abrupt change points [42]. How long should the length of subsequences be? A study [47] found that some fake abrupt change points may appear when a subsequence length is small; abrupt change points may not be accurate when a subsequence length is too large, and it may create some fake abrupt change points if the intervals of multiple subsequence lengths are too small. Thus, these researches suggest that a subsequence length should be between 2 and 10, and the interval of multiple subsequence lengths should be more than 2. Based on all of these principles regarding subsequence lengths, and in order to ensure the analysis outcomes are consistent and accurate, the subsequence lengths in this study were chosen as 6, 8, 10. This can eliminate the fake abrupt change points caused by the different subsequence lengths. When the subsequence lengths are determined, the test threshold for judging abrupt change points can be obtained according to a significance level α. The significance level (α) represents a critical probability associated with a statistical hypothesis test, which possibly indicates how an ACC happens. Usually, it indicates minor significance if α is more than 0.05; it indicates medium significance if α is more than 0.01 and less than 0.05; it indicates large significance when α is not more than 0.01. This study chose α as 0.01. When the analysis condition is based on the significance level with α = 0.01, and the subsequence lengths are defined as 6, 8, 10, the analysis data threshold tα relatively are 3.70, 3.35, 3.16 based on the t distribution table.



For instance, the abrupt climate change year analysis of Beijing city based on the dry-bulb temperatures between 1960 and 2019 found that only one t value exceeded the test threshold in 1988 with a significant level under the condition that α equaled 0.01, the subsequence length was 8 and the related threshold was 3.35. This means that the abrupt climate change year should be 1988, as shown in Figure 1.



In addition, in comparison to other normal meteorological analyses, the MTT method can only deal with a single dataset to identify an abrupt climate change year. Although some researchers suggest that other meteorological factors, such as temperature and relatively humidity, should be considered in an ACC analysis, the practical mathematic method which can analyze multiple datasets is not available yet [36]. However, the meteorological factors which have impact on TMY are more than one, thus it is necessary to analyze the different datasets of the different meteorological factors one by one (separately).




3. Timescales of Meteorological Records Adopted in a TMY Analysis with the Consideration of ACC


3.1. Timescale Selection Principles


At present, an ideal timescale of original meteorological data in a TMY analysis is at the latest 30 years [3]. The minimum requirement for the original records for a TMY analysis should be more than 10 years [48,49], although few researchers have claimed that 7–8 years of statistical data may also be feasible [50]. At present, many researchers focus on the timescale of the available meteorological records [51], but lack of the attention on the ACC impact so far.



This study has firstly developed the following principles to define the best timescale of meteorological records required for a TMY analysis with the ACC consideration: (1) Remove the years with abrupt change points and only to keep those continuous and stable years; (2) the acceptable timescale should be from the latest 10 to 30 years; (3) if there are only 10 years or less of meteorological records available, the impact of ACCs should not be considered.



A TMY is composed of 12 typical meteorological months (TMMs) from January to December. The conventional TMMs include 12-month datasets of one TMY timescale. The ACC analysis is usually based on an annual average dataset. This study develops 12 TMM datasets from different TMY timescales. In this case, the ACC analysis has to be based on a monthly average dataset. Therefore, a comparison of the TMY outcomes based on these two different datasets has been made in this study.




3.2. The Impact of the Quality of Original Meteorological Records on the Tested Results of MTT


The daily meteorological records from 1960 to 2019 used in this study are provided by the National Meteorological Information Center of China (CMDC, http://data.cma.cn/en). All weather stations in China were only collected four times a day (00:00, 06:00, 12:00, 18:00) before 2010, and hourly records have been captured since 2010. Due to the different frequencies of the meteorological records captured in the different periods, the daily meteorological records released in China today are still only four times a day. Regarding the quality of meteorological records, this paper takes the mean dry-bulb temperature records of Beijing from 2010 to 2019 as an example. Figure 2a,b show the different outcomes of the abrupt climate analysis between monthly and annual average values based on two different records (four times a day and hourly). It is demonstrated from Figure 2 that the ACC analysis results calculated with the hourly or four times records are actually the same. Therefore, it can be addressed that the analysis outcomes of abrupt change points with monthly and annual average data based on daily records captured hourly and only four times per day are also very consistent.



In addition, Figure 2a,b also shows the different results of the abrupt climate analysis between annual and monthly average data. The following research respectively discusses ACC test results within these two situations (annual and monthly average data).




3.3. Timescales Selection for the Sample Cities in China


3.3.1. Using the Annual Average Data


As mentioned earlier, this study selected six cities from different climate zones in China as examples. Five different climate zones in China shown in Figure 3 were defined for building thermal design and indoor environment simulation, namely severe cold, cold, hot summer and cold winter, hot summer and warm winter, and temperate [52]. One city was selected within each of these climate zones in China in this study, namely Harbin (severe cold, 45°45′ N/126°46′ E), Zhengzhou (cold, 34°43′ N/113°39′ E), Nanchang (hot summer and cold winter, 28°40′ N/115°58′ E), Guangzhou (hot summer and warm winter, 23°08′ N/113°19′ E), and Kunming (temperate, 25°01′ N/102°41′ E), as shown in Figure 3. In addition, this study also analyzed the capital of China, Beijing (cold, 39°48′ N/116°28′ E). All meteorological parameters of a TMY were tested/examined with MTT method. The results are shown in Figure 4.



It is identified in Figure 5 that the abrupted climate changes happened concentratively in some years in some selected cities, such as Harbin within 1989–1995 and 2008–2010, Beijing within 1975–1988, Zhengzhou within 1978–1983, Nanchang within 1998–2004, Kunming within 1993–1998, Guangzhou within 1986–1998 and 2008–2012. Additionally, it also shows that the abrupt climate change in Zhengzhou occurred most concentratively in 1981. Therefore, the stable climate states with different periods were shaped before and after each abrupt climate change point, as shown in Figure 4. According to the timescale selection principles described previously, the new timescales for Harbin, Beijing, Zhengzhou, Nanchang, Kunming, and Guangzhou considering the impact of ACC are eventually defined as 1995–2009 (total 15 years), 1988–2014 (total 27 years), 1998–2019 (total 22 years), 2004–2019 (total 16 years), 2006–2019 (total 14 years), 1998–2008 (total 11 years), respectively.




3.3.2. Using the Monthly Average Data


Based the timescale selection principles in Section 3.1, the possible abrupt change points between 1960 and 2019 were analyzed based on the individual monthly average data of the sample cities. The results shown in Figure 5 demonstrate that the new timescales with the consideration of ACC based on the monthly average data were mostly within 2005–2019 for Harbin, Beijing, Zhengzhou, Nanchang, and Kunming, while Guangzhou was within 1990–2010.



This section has discussed the selection principles and practices of the timescales of the original meteorological records for analyzing and defining a TMY with the consideration of ACC. The next section will present an improved TMY development with the new timescales defined in this section to demonstrate the impact of ACC on a TMY development.






4. The Impact of ACC on a TMY Development


4.1. The TMY Development Method in China


With the economic development in China since 1980s, most cities have recorded meteorological data for more than 30 years. According to the characteristics of meteorological records obtained in China, the CSWD method was released in 2005 [10,11,12]. This CSWD method is referred in all relevant building energy efficiency standards and guidance in China today [52]. It is also applied in this study. The CSWD method includes nine steps shown in Figure 6. According to this method, the meteorological parameters include mean, max and min dry-bulb temperatures, water vapor pressures, global solar radiations, ground surface temperatures, and mean wind speeds. If all of the above meteorological parameters meet the logical judgment condition (∣ηi,m,y∣ < 1) in the step 6 in Figure 6, this month can be considered as a TMM. If a parameter does not meet the logic judgment condition, it needs to go to Step 7 to select the month with the smallest Dm as a TMM. When 12 TMMs from January to December are determined, the TMY can be developed.




4.2. The Improved TMY Development for Six Selected Cities


Based on the new timescale obtained from the above analysis, the TMY data of six selected cities was updated (Table 1). The results in the Table 1 demonstrate most TMMs of each city with the ACC consideration (in each city, Row 1 is based on the year datasets; Row 3 is based on monthly datasets) and without the ACC consideration (Row 2 is based on latest 30 years datasets; Row 4 is based on early 30 years datasets) are mostly different. Only a small part of both TMMs (in bold font) with the ACC consideration are same as the latest 30 years of TMMs. There is no same TMM at all between the TMMs with ACC consideration and the TMMs between 1971 and 2003, which are still used by the current Chinese standards. This indicates that it is necessary to consider the ACC in the TMY development.



Figure 7 shows the annual average values of various meteorological parameters for a TMY development with the new datasets and the conversional dataset without the consideration of ACC. It reveals that the ACC obviously relates to the global solar radiation and the average wind speed of the TMY. However, the weighting factor of global solar radiation for the TMY development is defined as 8/16 in the standard CSWD procedures (Figure 6). This is an important factor in building energy simulations. Furthermore, the new TMY with the ACC consideration may affect the calculation results of building energy consumption, which will be discussed in the next section.





5. The Influence on Building Energy Consumption Simulations and Adaptive Thermal Comfort Temperatures


5.1. Impact on Building Energy Consumption Simulations


The changes of building energy consumption caused by ACC were analyzed by EnergyPlus software. The building model used in this study is EnergyPlus’ BESTEST (building energy simulation test) case 600 model [53], as shown in Figure 8, which is often used to compare and analyze energy performance of various climatic conditions [54]. This study uses the above standard building model to analyze the impact of an improved TMY on the energy consumption calculation results of a free-running building (it is a building without using any mechanical heating or cooling equipment) with different envelope thermal performances (light, medium, and heavy mass) in comparison to the conversional dataset without the consideration of ACC, as shown in Figure 9.



The following relative-mean-deviation Formula (1) is used to evaluate the difference of the building energy consumption outcomes between the new TMY and the conventional TMY.


Relative-mean-deviation= (Qnew − Qold) × 100%/Qold



(1)




where Qnew is energy consumption based on the new TMY; kWh/m2; Qold is energy consumption based on data from1989 to 2019, kWh/m2.



Figure 9 shows that the relative-mean-deviation outcomes for six selected cities in China respectively were Harbin (0.7~1.7%), Beijing (1.8~5.3%), Zhengzhou (0.7~7.1%), Nanchang (6.9~10.0%), Kunming (1.8~6.7%), Guangzhou (3.3~6.0%). The results show a total 0.7-10% difference in range in these six cities.




5.2. Impact on Adaptive Thermal Comfort Temperatures


The indoor thermal comfort temperatures based on the six sample cities’ TMY are calculated with the Chinese adaptive thermal comfort calculation model (GB/T50785-2012) as Formula (2). It is mainly suitable for the adaptive thermal comfort evaluation of standard free-running buildings, but not for any other special building types such as cave dwellings (a type of cave houses in the Northwest China) and buildings with solar energy facilities. It is also based on conditions, including no indoor energic activity, people with normal clothes, and that the thermal comfort temperatures can be accepted by 75–90% occupiers. The outcomes of the calculations based on Formula (2) are shown in Figure 10.


Tn = 0.82Tout + 4.515 (14 °C < Tn < 31.1 °C)



(2)




where Tn is operative temperature, °C; Tout is running mean of outdoor temperature, °C.



It is revealed in Figure 10 that the impact of ACC on the adaptive operative temperatures in the six sample cities in different climate zones in China are various. The impacts are much less in Zhengzhou, but greater in Guangzhou. The results show an overall 0.15–0.42 °C difference in the thermal comfort analysis within different cities.





6. The Influence of ACC on Outdoor Design Parameters


A building design with heating and cooling load calculations usually requires accurate outdoor design meteorological data which can also reflect some extreme local climate conditions. It usually covers the following key parameters:




	
outdoor design temperature during heating periods, which is the fifth coldest daily temperature of each year over a TMY timescale.



	
outdoor design temperature for winter ventilation, which is the average outdoor temperature of the coldest month of each year over a TMY timescale.



	
outdoor calculated dry-bulb temperature during summer cooling period, which is the 50th hottest hourly average dry-bulb temperature of each year over a TMY timescale.



	
outdoor design temperature for summer ventilation, which is the monthly average mean temperature at 14 o’clock in the hottest month of each year over a TMY timescale.








Since the meteorological data obtained in this study are daily data, it is not suitable to the calculation of outdoor design temperatures in summer due to the above conditions. Hence, this is not covered here. The results of the outdoor design temperature calculation for heating and winter ventilation under the influence of ACC in the six cities in China are shown in Figure 11. It reveals that the influences of ACC on outdoor design temperature analysis are different in different cities. Harbin had a more severe impact than others. With the influence of ACC, the outdoor design temperature for heating increased from 0.1 to 1.3 °C, and the outdoor design temperature for ventilation increased from 0.1 to 1 °C. This indicates that the increase of outdoor design temperatures may have an impact on building design heating loads. According to the calculation formulas from the China’s energy-saving design standards (Formulas (3) and (4)), the thermal performance analysis for a standard building based on the new TMY shows that the heating reduces between 0.1 and 1 W/m2, and the energy for ventilation reduces between −0.3 and 1 W/m3. These impacts in Guangzhou and Harbin are more significant than other cities.


Qwinter-heating = U-value × A × (Tn − Te)



(3)






Qwinter-ventilation = Cp × ρ × V × (Tn − To)



(4)




where Qwinter-heating is winter heating load, W; U-value is heat transfer coefficient, W/(m2·K); Qwinter-ventilation is winter ventilation load, W; A is area, m2; Tn is indoor design temperature, °C; Te is outdoor design temperature for heating, °C; Cp is specific heat capacity, J/(kg·K); V is ventilation volume, m3; To is outdoor design temperature for winter ventilation, °C; ρ is air density, kg/m3.




7. Conclusions


This study depicts an innovative method to develop typical meteorological year (TMY) by identifying and excluding the years with abrupt climate changes (ACC) with the meteorological records of six cities from different climate zones in China. It discusses the principle to select the timescales of the original meteorological records with the consideration of ACC and presents the details of the TMYs and TMMs development methods and processes with various datasets (year or monthly, hourly and four-capture per day). The study demonstrates that the TMMs with and without the consideration of ACCs are very different in each city, so that the TMYs are very different consequently. The paper also describes several building design simulations and calculations with the new TMYs and demonstrates that the new TMYs datasets excluding the ACC years will end up with less energy consumption in buildings.



This study presents a unique experimental research to develop a TMY with the consideration of the ACC impact. It has verified that abrupt climate changes have a significant impact on the TMY development. This is an exploration to pursue a more realistic TMY, which may eventually improve building design simulations and predictions in building design practices.



This study only takes six cities from different climate zones in China as examples, and it finds that the abrupt change points are closely related to the climate characteristics of each city. This research could be expanded and further verified with climate records of more cities in China and worldwide. Today, TMY is an essential data factor used in the building services design guidance in China and other counties, and this study has demonstrated that the improved TMY with the consideration of ACC will contribute to reduce the energy consumption of buildings. As this research only adopts the CSWD method to develop the TMMs and TMYs, the further study could exam if other TMY methods mentioned in Section 1 could end up with different outcomes of TMMs or TMY with the exclusion of ACC. Although it has been clarified earlier that the Moving t-test method has been reorganized as a most appropriate method to identify the ACC points, it may also be worthwhile to try different methods reviewed in Section 2.







Author Contributions


X.F.: writing—original draft preparation, conceptualization, methodology, software, validation, visualization; writing—review and editing; B.C.: writing—original draft preparation, methodology, supervision, project administration, funding acquisition, project administration; writing—review and editing; C.F.: writing—original draft preparation, methodology, supervision; writing—review and editing; L.L.: resources, data curation. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by National Science Technology Major Project of China during the 13th Five-year Plan Period, grant number 2018YFD1100701; National Natural Science Foundation of China, grant number 51978121.




Acknowledgments


I acknowledge support by National Meteorological Information Center of China.




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature




	TMY
	Typical meteorological year



	TMMs
	Typical meteorological months



	CSWD
	Chinese standard weather database method



	TPCY
	Typical principal component years method



	CTYW
	Chinese typical year weather method



	DFMs
	Diffuse fraction models for the hourly solar radiation



	MTT
	Moving t-test method



	ACC
	Abrupt climate changes



	BESTEST
	Building energy simulation test



	i
	Meteorological parameters



	m
	Month



	Y
	Year



	Ki
	Weighting factors



	Ρ
	Air density, kg/m3



	Qnew
	Energy consumption based on new timescales of raw data; kWh/m2



	Qold
	Energy consumption based on 1989-2019, kWh/m2



	Te
	Outdoor design temperature for heating, °C



	Tn
	Operative temperature, °C



	Tout
	Running mean of outdoor temperature, °C



	Tn
	Indoor design temperature, °C



	To
	Outdoor design temperature for winter ventilation, °C



	A
	Area, m2



	Qwinter-heating
	Winter heating load, W



	V
	Ventilation volume, m3



	U-value
	Heat transfer coefficient, W/(m2·K)



	Qwinter-ventilation
	Winter ventilation load, W



	Cp
	Specific heat capacity, J/(kg·K)








Appendix A


The Moving t-test method is to identify the significant difference between two data sequences to define an abrupt climate change [55]. It includes the following steps.



Step 1: For n-sample series of a datum point, two data samples (n1, n2) can be acquired before and after a datum point. The subsequence x1 of the n1 samples is the data sequence before the datum point with a fixed length, and the subsequence x2 of the n2 samples is the one after the datum point with a fixed length as well. Then, calculate the variance (s1, s2) of each subsequence. The statistic t is given in Formula (A1).


   t y  =      x 1   ¯  −    x 2   ¯         n 1   s 1 2  +  n 2   s 2 2     n 1  +  n 2  − 2   (  1   n 1    +  1   n 2    )      



(A1)







Step 2: Determine the lengths of two subsequences before and after the datum point, usually use a same length, that is n1 = n2.



Step 3: Move the datum point chronologically to get a new data sequence ti, where i=1, 2, … n−(n1+n2)−1.



Step 4: Given the significance level α (1% for this study), the null hypothesis of no difference will be rejected if |t| > tα.
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Figure 1. Application case of the Moving t-test method (MTT) method. (a) t distribution; (b) Mean dry-bulb temperatures tested by MTT method. 
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Figure 2. The impact of the quality of meteorological records on the analysis results of abrupt climate changes (ACC) (Beijing). (a) The abrupt change points based on annual average data; (b) the abrupt change points based on monthly average data. 
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Figure 3. Map showing the climate zones of China and the six selected cities. 
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Figure 4. ACC analysis results of all meteorological parameters of a typical meteorological year (TMY). 
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Figure 5. Determining the timescale of six selected cities. 






Figure 5. Determining the timescale of six selected cities.



[image: Energies 13 06531 g005]







[image: Energies 13 06531 g006 550] 





Figure 6. The procedures of the Chinese standard weather database (CSWD) method. 
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Figure 7. Compare the difference of TMY considering ACC or not. 
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Figure 8. Geometry of BESTEST case 600 in the EnergyPlus simulation. 
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Figure 9. The impact of TMY considering ACC on building energy consumption. 
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Figure 10. Adaptive thermal comfort temperatures of six selected cities in China. 
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Figure 11. Influence of ACC on outdoor design parameters. 
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Table 1. Summary of the 12 typical meteorological months (TMMs) using different timescales for six selected cities of China.
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Timescale

	
Jan.

	
Feb.

	
Mar.

	
Apr.

	
May

	
Jun.

	
Jul.

	
Aug.

	
Sep.

	
Oct.

	
Nov.

	
Dec.






	
(a) Harbin city




	
①

	
2004

	
1997

	
2000

	
2001

	
2004

	
1996

	
2002

	
1997

	
2004

	
2006

	
2003

	
1999




	
②

	
2008

	
2012

	
1995

	
2011

	
2004

	
2018

	
2013

	
2009

	
2009

	
2009

	
2015

	
2001




	
③

	
2008

	
2015

	
2011

	
2011

	
2001

	
1995

	
2012

	
2009

	
2009

	
2009

	
2008

	
2008




	
④

	
1982

	
1971

	
1982

	
1985

	
1986

	
1971

	
1996

	
1999

	
1995

	
1987

	
1986

	
1993




	
(b) Beijing city




	
①

	
2012

	
1991

	
2004

	
2000

	
1989

	
1988

	
2007

	
2008

	
2010

	
2013

	
1989

	
1990




	
②

	
2012

	
1997

	
2004

	
1997

	
2010

	
2015

	
2011

	
2008

	
2015

	
2013

	
2007

	
1990




	
③

	
2007

	
2018

	
1993

	
1997

	
2016

	
2012

	
2000

	
2000

	
2015

	
2013

	
2013

	
1990




	
④

	
1998

	
1987

	
1996

	
1983

	
1980

	
1984

	
1991

	
1983

	
1981

	
1999

	
1977

	
1999




	
(c) Zhengzhou city




	
①

	
2018

	
2006

	
2009

	
2008

	
2016

	
2001

	
2002

	
2008

	
2001

	
2011

	
2014

	
2003




	
②

	
2016

	
1997

	
2013

	
2008

	
2016

	
2008

	
2012

	
2008

	
2000

	
2008

	
2007

	
2013




	
③

	
2016

	
2015

	
2013

	
2008

	
1996

	
2013

	
1990

	
2008

	
2008

	
2008

	
2007

	
2003




	
④

	
1974

	
1994

	
1982

	
1986

	
1999

	
1995

	
1995

	
1979

	
1974

	
1984

	
2002

	
1990




	
(d) Nanchang city




	
①

	
2004

	
2016

	
2015

	
2015

	
2004

	
2007

	
2010

	
2007

	
2013

	
2012

	
2014

	
2006




	
②

	
2004

	
2001

	
2006

	
2003

	
2004

	
1993

	
2006

	
2007

	
2013

	
2015

	
2003

	
2006




	
③

	
2018

	
2017

	
2006

	
2003

	
2004

	
2007

	
2006

	
2007

	
2016

	
2012

	
2008

	
2006




	
④

	
1983

	
1995

	
1979

	
2001

	
1978

	
1993

	
1986

	
1995

	
1991

	
2002

	
1985

	
1976




	
(e) Kunming city




	
①

	
2018

	
2009

	
2014

	
2006

	
2013

	
2009

	
2014

	
2012

	
2018

	
2014

	
2013

	
2006




	
②

	
2003

	
2016

	
2012

	
2011

	
1993

	
2009

	
2000

	
2001

	
2004

	
2000

	
2005

	
1993




	
③

	
2003

	
2007

	
2014

	
2011

	
2016

	
2009

	
2014

	
2010

	
2018

	
2014

	
2014

	
2014




	
④

	
1990

	
1976

	
1988

	
1991

	
1972

	
1984

	
1981

	
1995

	
1990

	
1974

	
2001

	
1991




	
(f) Guangzhou city




	
①

	
2000

	
2002

	
2003

	
2006

	
2000

	
2007

	
2008

	
2002

	
2007

	
1998

	
2003

	
2004




	
②

	
1996

	
2000

	
2009

	
1997

	
1993

	
2011

	
2000

	
2007

	
2003

	
1994

	
2003

	
2010




	
③

	
2008

	
2000

	
2003

	
2006

	
2000

	
1990

	
1998

	
2000

	
2003

	
1999

	
2003

	
1998




	
④

	
1978

	
1991

	
1982

	
1997

	
1983

	
1985

	
1986

	
1985

	
2002

	
1986

	
1999

	
1996








Note: ① Use year data with ACC; ② Use year data in latest 30 years; ③ Use monthly data with ACC; ④ Use year data in early 30 years.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 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 (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
1085 1990 20m 2010
T

W00 020 gime

Legend
> Janary
> Febrary
<> M

Apit
> My
> e
> iy
L] Augs
> Scptember
< Octor
< Noweber
> D

for the separated TMMs

Time
1985199 3000 2010 200 0 i e N0 1





media/file13.png
O TMY (Use year datain early 30 years) © TMY (Use year data in latest 30 years)
. A  TMY (Use year data with ACC) v  TMY (Use monthly data with ACC)
2 £25 o oA
2 ©20- . N R \Y
>~ 315 O] O
5 B10- m AV | E N ; N
c O -
@ Q54 g oAV
ng)O- I I B I T YR N I AT TN NI B I T YR NY B TR TN NN T BN U BT N T R 30
o 00 AV [
A A I
A o © &8 v 0 AV i
O © AV 0 © v = - 20
N - 15
2820 .I?.Ci).é.?. Y TN AN BT N PO PR TR e |||||||.|||.|.|.A|.|._1O
S5 ©20-
< 51 B o A O O \V/
> 5 A - v oA
£ 8 O] N
= 0 - ©)
3_5- q I.I.? | l | I I | || | | | | I I | | | | | | | l 18
_ o A 7 _—16
[] - 14
OO AV e Av H o A 7 A -
B o%v modg
' l | 1 I I I T N A P | I | R IR U NI NN A | | I I | | -10
B2 01"
— E U =
gv I A
2.5 - ©) L] B A
G @ 20- v © AV oAdvw | ¥, A mo 7
O O ! © \4 g O A
2 %15_ | L | | M I T T I | L | | | I | I L | | I.I.I.I.V. 24
O O A v - 18
—- 15
0o AV 00 AV [ 12
%o\/ .E.Q.A.V. I I I I | | | | | | l | I | | | I.I.I.I.I.-—
' O 29- O o0 Ay
» 2 204 o A n © AV B 0o Av
T D 15- goAv |8 N
J 9 10+
O E g © AV
(D _'0_') 5_.I.I.I.I. o !ttt , t4 1, 1, 1, 1 1ttt 11, 1, & 1 011111y
Harbin Beijing Zhengzhou Nanchang Kunming Guangzhou

Max dry-bulb
temperature(°C)

Global solar
radiation(MJ/m®)

Water vapor
pressure (hPa)





media/file12.jpg
Mean wind

Ground surface
temperature (C)

Mean dry-bulb
a

tempe

Min dry-bulb
temperature('C)
00838

speed (mis)

o
T
S
S

@ TMY (Use year data in early 30 years) O TMY (Use year data in latest 30 years)

& TMY (Use year data with ACC)

T (Use mnthy data with ACC)

55T
s
boav 0089 [°%7| acay
podv
Boldy
looav poav|8089[ goay
BEAY
Boav ga:diy
hoav [8047 g'eeny]
s
gody
a4
°
@ v L
oav [P |acas
i aoldy ue&v
g
- ] a
°%v Poav |foay |2, ,,| a0
2,949
LEE a2
soay
boao 2027 aoaq
o
CEY S
aoay a
acay aoby|
boav
poav
bt Ben Dk T Bies T Ouebsice

1
15
2
10

2
1
15
2

Max dry-bulb.

Global solar
temperature('C)

radiation(MJ/m?)

Water vapor

pressure (nPa)





media/file18.jpg
TMY (Use year data in early 30 years) [_] TMY (Use year data in latest 30 years)
TMY (Use year data with ACC) TMY (Use monthly data with ACC)

Tower extreme  Lower quartle Wedian Upper quartle Upper extreme
1% 25% Weepio0% 75%  99%

L e—

Harbin

Beijing

Zhengzhou e ——

——a 13—
Nanchang

i — e
Kunming

Guangzhou fpp———

T T T T T T
-5 -0 5 [ 5 10 15 20 25 30
Operative temperature (°C)





media/file9.png
Time

“1985 1990 2000 2010 2020 1985 1990 2000 2010 2020
|
< >
=t 3
» 9 < ’» >
— < > >
= < > >
< >
- < < > > t
Sl T > > .
&
— « >
= >
§ < : > >
W > > >
S 4 < : <
Y
S “ | o E
4 j 3 >
S (||| e SRR s N IR
E 4 > /2
< > ~
< = %
1 > 4 < > =
< > |\ =
> | \ N
1 < >

Legend

<4—» January
<4—» February
<+—» March
April
<P May
<—» June
< July
<4“—» August
<—» September
<+—» (October
<+—» November
<4—» December

» Time

1985 1990 2000 2010 2020 1985 1990 2000 2010 2020





media/file14.jpg
A. Light mass
0006m Qot3m

Lightwoight motaic clading
[ gap.

Gypsum Prasterboara

U-value=2.547W/m?

0g1am
. om0
£ ok
- Gypsam Py
§ £ ek

C. Heavy mass

Bk
rgap
Concetsbock
Gypsum Plastering
Note: U-value of windows =1.98 W/m. U-value=1.498W/m?






media/file20.jpg
Temperature (°C)

15

10

= TMY (Use year data in early 30 years)
o THY (Uso yoardat in atst 30 yoars)
A THY (Use yoardala wih ACC)

Vinerventiation load ifarence por rea
Vinerheating load dference per voume.

N [
3 [
Guanganos g 1 Foawe
« e .
unming Ul W)
Nanchang 4 N Nonchang
enganou N Uvales Wik
Being g — s
Uvale=035WirK)
seiing
i Usaues0 38WK)
- Hartin
i Unsivez0 25K
Ot desarorsan Ot dosonapursies 18 16 14 13 10 58 56 04 03 00 03 04

o heating. o witar vertisdon

Differences in heat load based on different TMY (W)





media/file5.png
Severe cold

- Cold

Temperate
~ Hot summer and cold winter

" Hot summer and warm winter





media/file15.png
A. Light mass

0.006m 0.013m

Lightweight metallic cladding

Air gap

&}}}?}}}}}}}}}}}2

Gypsum Plasterboard

0T U-value=2.547W/m?

o B. Medium mass

0.013m

S
H .
|0.1mlz:| O.1r_r;|

E | .
e e Brick
=)

p 11 1 1 1 -~ 1 1 1 1 I I}
v A D D D D D =

L e e L1 1 1 lé
L1 1 1 - 1L 1 [ 1 1@

) e | Gypsum Plastering

i e B [k

n
oo w\ U-value=2.071W/m?2
5, \ g
C. Heavy mass

Air gap

70,?\ 0.05m 0.033m
. : Brick

Concrete block

. 1 | Gypsum Plastering
Note: U-value of windows =1.98 W/m?2. -value 1.498W/m?






media/file19.png
| TMY (Use year data in early 30 years)
TMY (Use year data with ACC)

|| TMY (Use monthly data with ACC)

| TMY (Use year data in latest 30 years)

Lower extreme Lower quartile Median Upper quartile Upper extreme
1% 23% Mean 50% 75% 951%
: o | } ¢
I o | I
: = | 0| !
Harbin : | ] |
| 0| |
I O | I
Beijing . — =
I 0 | I
| 0 | |
| 0 | I
Zhengzhou | 0] |
| 2l I
i O | |
Nanchang ] DT' ™
| o] —
| of
. | o | P
Kunming 5 —
------------------------------------------------------------------------------------------------------- ; E— | |_.
I o [} ¢
I 0| —
Guangzhou —T
' l ' l ' l ' l | l ' l ' l ' l '
-15 -10 -9 0 5 10 15 20 25 30

Operative temperature (°C)





media/file2.jpg
ratsistc

SRR oimrnass

< oty rouyrocrss.
L Casary s et oy

N7

Tes e 5%

Lot

Lo TN T T e T EE T
(a) (b)






nav.xhtml


  energies-13-06531


  
    		
      energies-13-06531
    


  




  





media/file11.png
‘ Step 1:Raw meteorological data

- -
- —
- -,..~

S

| Step 2:Select relevantineteorological parameter

-

-
-~ -
-~ —
" —— —— ke

Step 3:For each candidate month 1n each
individual year, calculate monthly
average meteorological parameters Y,

1,m.,y

Step 4: For each candidate month, calculate
multi-year average Y,  and standard
deviation S, ,, ,

'

Step 5: Normalization:

< one month

\ 4

Meteorological parameters | Weighting factor
Mean dry-bulb temperature 2/16
Max dry-bulb temperature 1/16
Min dry-bulb temperature 1/16
Global solar radiation 8/16
Mean wind speed 1/16
Water vapor pressure 2/16
Ground surface temperature 1/16

tep 6: Logical judgment: ni,m,y‘ <

> one month

A

Step 7: Calculate the Dm={#imy| XK,
, and select the month with the smallest
D, asa TMM

Y

Step 8: Select 12 TMMs (January through

December).
y

| Step 9: Generation the TMY

-
|

Note: i 1s the meteorological parameter; m 1S
the month; y 1s the year; K; 1s the weighting
factor for each meteorological parameter.
TMMs: typical meteorological months.






media/file6.jpg
PUSNET 2 L Y

g | § |7 o
H
Y ——
|

v —

s

oot

H
Hi
:

i






media/file1.png
[f®

0.01

n1=n2=8

Test threshold ta=3.35

1) 2+
2 =
N D
o e
g ®0
7 n
+L VLR
22

|

<7

198=8 Test threshold ta=-3.35

1960

|
1970

|
1980

I ! 1 ! | !
1990 2000 2010 2020
Year

(b)





media/file10.jpg
Step 1:Raw meteorological data

T

Step 2 Seleet relevanti

Siep 3 For cach candidate month Tn cach Ml || e
individual yea,calculte monthly Mean dry-bulb tmperature 26
sverage metcorologicl parameters 1 I L
Miax dey-oul termperature 6
S o e o B T, I ——
"muli-yearaverage ., and sandard Min dry-bulb temperature e
deviation $,,,, Global solar radiation 816
Mean wind speed e
Step s Normalizatio: T T
Ground suface temperaiure 16

month

= one month

Step 7 Catcutae the Do ma K,
,and select the month with the smallest
D asa TMM

13
Step #; Select 12 TMMs (January through
December).
1

Step : Generation the TMY

Note s the meteorological parameter; m is
the month; y is the year; K, i the weighting
factor for ¢ach metcorological parameter.
TMMs: ypical metcorological months.






media/file7.png
Locations of the abrupt change points for meteorological parameters

1960 1970 1980 1990 2000 2010 2020 1985 1990 2000 2010 2020 ]
l *I'ime
e . R; S
=6 g PIRNR * £
n=n=8 |® ‘t = _1995-2009
12 < 4 & O £ (total 15 years)
—n.=10
nl e o Jeoe s T ;
< '
n,=n,=6 o ¢ 0% o = \
©
n;=n,=8 » y ‘S e L JOBS200 L
® 10 0 e ® é N (total|27 years) 1l Legend
n,=n,=10 o’ P ° I ) Cities
- o ] &> Harbin
8 8 N
= ] O Beijing
n,=n,=6 8 = O Zhengzhou
. 2 E /\ Nanchang
= — . N =~ | ®@ Kunming
s — 2 19982019 [T
O O (total 22 years) & | V Guangzhou
n1=n2=8 = ﬁ Gos
= B A ks Meteorological parameters
. . s S | @ Mean dry-bulb temperature
<P
n,=n,=10 ... £ | ® Max dry-bulb temperature
— e
n,=n,=6 AA la A A ) Min dry-bulb temperature
n,=n,=8 AA | : N o 2004~2019 @ Ground surface temperature
Al (tota] 16 years) @ Global solar radiation
n,=n,=10 AA AAA : :t X @ Mean wind speed
n,=n,=6 8 W w » éﬁ @ Water vapor pressure
v o
n,=n,=8 v v £ 2006~2019 i
| J \ 4 \ v @ 4 = _2006~2018 Timescales of new TMY
n.=n.=10 : v - (total 14 years) + Timescale considering
L  J ) w e 4 ¥ abrupt climate change
;=6 \ 4 v Y . | w vy
n,=n,=8 y
v v W v. .Yy ) 4 1998~2008
; \ 4 (total 11 years)
ik . A8 / v |v i i w
*I'ime
1960 1970 1980 1990 2000 2010 2020 1985 1990 2000 2010 2020





media/file16.jpg
= TMY (Use year data in early 30 years) —» TMY (Use year data in atest 30 years)
4~ TMY (Use year data with ACC) v TMY (Use monthly data with ACC)

)
8

Beijing/
Nanchang | §:-

Zhengzhou
1000

Kunming
807 Guangzhou

Annual building energy consumption per total building area (KWh/m'

Light mass Medium mass Heavy mass





media/file3.png
t-statistic

104

o N o0
| I YR I B |

.9

n=n=2

Test threshold ¢ =9 92

- —&—Calculated by hourly records

- & - Calculated by four times records per day

Test threshold tﬂ=—9.92

t-statistic

T
2012

T T T T T T

T T T T
2015 2016 2017 2018

Year

(a)

T T
2013 2014

1n,=n=2

Test threshold ¢ =9.92

1 2

—&— Calculated by hourly records
- & - Galeulated by four times records per day

Test threshold tﬂ=—9.92

T T T T T

T T T T
2015 2016 2017 2018

Year

(b)

T T T
2012 2013 2014






media/file17.png
—m— TMY (Use year data in early 30 years) — @ TMY (Use year data in latest 30 years)
—&— TMY (Use year data with ACC) —wv TMY (Use monthly data with ACC)

3000

2000 -

1400 -

-

-

-

-
I

oo
-
o

o

-

o
|

400 -

Annual building energy consumption per total building area (kWh/m?)
X
S
|

200

Beijjin
Nanchang

Zhengzhou

Kunming

Guangzhou

I ' | ' |
Light mass Medium mass Heavy mass






media/file4.jpg
Severe cold
0 cold
Temperate
{7 Hot summer and cold winter
W Hot summer and warm winter






media/file0.jpg
=001
s

Test threshold

£

)
AL
L Test threshald =335

20 200






media/file21.png
Temperature (°C)

—m— TMY (Use year data in early 30 years)
—0— TMY (Use year data in latest 30 years)
—A— TMY (Use year data with ACC)

I Winter ventilation load difference per area
B \Vinter heating load difference per volume

15 - 4 Guangzhou
10 _ / U-value=2.5W/(m°K
_ Guangzhou ‘  Kunming
°7  Kunming i U-value=1.8W/(m?K)
). Nanchang ‘ Nanchang
1 Zhengzhou ‘  U-value=1.0W/(m°K)
& _ Beijing & ‘ Zhengzhou
-10 - U-value=0.35W/(m?*K)
15 _ Beijing

A
 | U-value=0.35W/(m3K)
20 - | A/ Harbin
- Harbin ¢

n U-value=0.25W/(m°K)
'25 |

I I U L l L L l L B B | l LI L l LI L l LI B B | l L B B | I U L l LI L l L B | l LI L l
Outdoor design temperature Outdoor design temperature -1.8-16-14 -1.2 -1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 04
for heating for winter ventilation Differences Iin heat load based on different TMY (W)






