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Abstract:



The current design weather data used for heating, ventilation, and air conditioning (HVAC) design in Japan was created using an old data period. New design weather data should be created to reflect recent local climate change. Based on our previous proposal of creating design weather data with two weather indices (dry-bulb temperature and enthalpy) for HVAC design, design weather data for Osaka was created using more recently-measured weather data (period: 2001~2015) from the Japan Meteorological Agency (JMA) in this study. The effect of recent climate change on the design weather data created with eight proposed methods was found. It showed the change in weather elements for cooling design clearly trends to warmer and drier weather, with more solar radiation and lower enthalpy, while the trends in heating design are less clear, mainly showing higher enthalpy. Furthermore, the difference in the peak load for the heating and cooling designs using the new and old design weather data was compared. The comparison showed that the minimum difference in peak load for the heating design was found using the mean daily dry-bulb temperature as the first and second indices; for the cooling design, the minimum difference in peak load was found using mean daily enthalpy as both the first and second indices.
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1. Introduction


1.1. Climate Change and Urban Heat Islands


Global climate change and urban heat island (UHI) intensification are making cities hotter places to live [1,2]. Climate change is expected to have noticeable effects, such as a rise in average temperatures, changes in precipitation amounts and seasonal patterns, changes in the intensity and pattern of extreme weather events, and sea level rise [3]. Some of these effects have implications for energy production and use, i.e., a rise in outdoor air temperature can be expected to increase energy requirements for cooling and to reduce the energy requirements for heating. An UHI is an urban area or metropolitan area that is significantly warmer than its surrounding rural areas due to human activities. The temperature difference is usually larger at night than during the day, and is most apparent when winds are weak. UHIs are most noticeable during the summer, and are expected to increase the energy use of buildings for cooling.




1.2. Building Energy Savings and Design Weather Data


The energy use in both residential and commercial buildings has steadily increased to between 20% and 40% in developed countries, and has exceeded the other major sectors, namely industrial and transportation [4]. For instance, the annual electric consumption per person in Japan is more than 7800 kWh, which is three times the world average. The amount of electric consumption for heating, ventilation, and air-conditioning (HVAC) in buildings is particularly large in Japan, at about 1/3 of the electricity consumed [5]. The selection of HVAC systems with appropriate capacity is expected to reduce the energy use of buildings.



Appropriate design hourly weather data for HVAC design is used as a basis to better determine the suitable capacity of building HVAC systems, avoiding inefficient and costly overcapacity that would result by simply choosing the hottest and/or coldest days from the entire historic weather record. The design hourly weather data for HVAC design is determined by taking the weather values over a past period of 10 years or more, and then carrying out statistical processing to extract extreme values (but usually not the most extreme) for each weather element and time category [6], such as the Technical Activities Committee (TAC) method of the American Society of Heating, Refrigerating and Air-conditioning Engineers (ASHRAE). The TAC method is widely used to create the design weather data for HVAC design [7,8]. However, the TAC method uses the excess probability of each hourly weather element, which may not occur on the same day and at the same time, to create the weather data for HVAC design. The simultaneous occurrence and continuous occurrence of each weather element are ignored. Thus, it is possible that the TAC data for HVAC design is not physically realistic. Research on developing a more realistic data set includes a periodic steady-state method proposed by Okuda and Ikezawa to create appropriate outdoor weather data conditions for heating design via a simulated load calculation [9]. A method which uses the mean value for a certain weather elements over a given period of time as an index to create design weather sequences was proposed by Colliver et al. [10]. A method to create the seven-day design weather data that is required to calculate the peak load for matching the human weekly working cycle was proposed by Ishino [11].



Climate change directly affects the change of meteorological parameters, which will greatly influence building energy conservation and HVAC design. A study investigated the impacts of climate change on annual building energy use (heating and cooling) for office buildings located in five U.S. cities using the energy simulation tool “EnergyPlus”, combined with the Typical Meteorological Year 3 (TMY3) weather data and two sets of future climate data [12]. Results showed the overall impact of climate change on buildings varied with climate zones, and indicated that there is high potential that Miami, Phoenix and Los Angeles will experience substantial increases in building energy use due to climate change. Three groups of representative weather data for the future climate were synthesized based on dry-bulb temperature, equivalent temperature and precipitation. The three groups of weather data were then applied to a hydrothermal simulation of buildings, and were compared to the original regional climate model (RCM) weather data [13]. The study confirmed the applicability of the synthesized weather data based on dry-bulb temperature and emphasized the importance of considering extreme scenarios in the calculations. With the aim of explaining the importance of updating more recent weather data files used to predict building performance under microclimate phenomenon such as the UHI phenomenon, a statistical comparison between weather data collected by two urban weather stations in central Italy and the weather data obtained from TMY and test reference year (TRY) weather data files of the same area was implemented [14]. The results showed that the summer UHI phenomenon of +5.5 °C and −3.5 °C in the late afternoon and early morning, respectively in Perugia, Italy. In addition, the comparison of TMY and TRY weather data with those collected by the urban stations showed non-negligible seasonal discrepancies in terms of the main microclimate monitored parameters such as dry-bulb temperature, relative humidity, solar radiation, and wind. A study on finding the optimal cost-effective solutions for buildings by comparing data from six different reference years was carried out, considering a group of simplified building configurations located in Trento, northern Italy [15]. The results showed changes for both Pareto fronts and optimal retrofit solutions.



Considering the simultaneous occurrence and continuous occurrence of each weather element, and making more realistic the weather data for HVAC design, Yuan et al. [16] created a design hourly weather data for HVAC peak thermal load calculation for Osaka, Japan, depending on the measured weather data for 20 years from 1981 to 2000, which was acquired from the Expanded Automated Meteorological Data Acquisition System (Expanded AMeDAS) developed by the Japan Meteorological Agency (JMA) [17]. Eight methods were developed based on various combinations of four weather elements, starting with one of two weather indices in the 97–98 percentile (the extreme high values of dry-bulb temperature or enthalpy for the cooling period) or at the 2–3 percentile (the extreme low values of dry-bulb temperature or enthalpy for the heating period). It was found that the TAC exceeded all eight of these more realistic models, suggesting that the TAC model may overestimate peak thermal loads.




1.3. Aims of this Study


To examine the influence of recent climate change on Yuan et al.’s previous research [16], design hourly weather data for HVAC design was created using the more recent period of 15 years from 2001 to 2015 for Osaka, Japan. The peak outdoor air loads, respectively, for heating and cooling designs calculated by the new design hourly weather data with the eight proposed methods are compared to the old method, which was based on the 20 years from 1981 to 2000.





2. Analysis of Change in External Weather Data


External weather elements are changing as climate change continues. Changes in external weather data directly affect the HVAC design of buildings. In order to better understand the climate change effect, this study calculated and compared data from the original, older period (the 20 years from 1981 to 2000) with data from the new period (the 15 years from 2001 to 2015). The weather data used was JMA data for Osaka, Japan. The study examined the cumulative frequency distribution (CFD) of four main weather elements, namely the dry-bulb temperature, absolute humidity, enthalpy and horizontal global solar radiation. The comparison of the CFD analysis for these four main weather elements between the old period and new period for heating design and cooling design are shown in Figure 1 and Figure 2, respectively.


Figure 1. Comparison of the CFD of hourly dry-bulb temperature, hourly absolute humidity, hourly enthalpy and daily accumulative horizontal global solar radiation for the heating period (December to March) between the old period (1981–2000) and the new period (2001–2015).
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Figure 2. Comparison of the CFD of hourly dry-bulb temperature, hourly absolute humidity, hourly enthalpy and daily accumulative horizontal global solar radiation for the cooling period (June to September) between the old period (1981–2000) and the new period (2001–2015).
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The comparison of the CFD analysis of the four weather elements showed that there is almost no significant difference between the old period and new period in terms of hourly dry-bulb temperature, hourly absolute humidity and hourly enthalpy for the heating period. However, most of the CFD curve for daily accumulative horizontal global solar radiation for the new data period during the heating period was shifted to the right of (greater than) the old data period. There was a maximum difference of about 0.6 kWh/m2 greater at the 79–80 percentile and about 0.1 kWh/m2 lower at the 2–3 percentile, compared to the old period. During the cooling period of the new data period, the maximum difference of the CFD for hourly dry-bulb temperature was about 1.3 °C higher at the 34–35 percentile, with almost no difference at the 97–98 percentile. The maximum difference of the CFD for hourly absolute humidity was about 0.7 g/kg higher at the 39–40 percentile, with almost no difference at the 97–98 percentile. The CFD for hourly enthalpy shifted to the left of (lower than) the old data period, with a maximum difference about 3.8 J/g lower at the 97–98 percentile. The maximum difference of the CFD for daily accumulative horizontal global solar radiation was about 1.0 kWh/m2 greater at the 60–61 percentile and about 0.8 kWh/m2 greater at the 97–98 percentile, compared to the old data period.



The change was larger for the cooling period than for the heating period, especially for the weather elements enthalpy and horizontal global solar radiation. Thus, it may be speculated that the design weather data for cooling design will be changed more than that for heating design, and the methods in which enthalpy and horizontal global solar radiation are used as indices of new design weather data for cooling design will show much larger changes than methods based on the other weather elements.




3. New Design Hourly Weather Data


3.1. Creation Method


Design hourly weather data using a new period of measured JMA weather data from 2001 to 2015 for Osaka, Japan was created in this study, according to the method of creating design weather data for HVAC design elaborated by Yuan et al.’s previous research [16]. This created design hourly weather data for HVAC design uses the hourly weather data for one day respectively for heating and cooling designs; eight methods were developed using two weather indices. In contrast to previous work, where the number of days on the record was 2425 for heating design and 2440 for cooling design over 20 years (1981–2000), the creation of the new design hourly weather data takes the mean daily dry-bulb temperature and the mean daily enthalpy over 15 years (2000–2015) as the first index. For heating design, the number of ranked days was 1818, from December to March for 15 years; for cooling design, the number of ranked days was 1830, from June to September for 15 years. The eight methods are detailed in Table A1 (see Appendix A).



Table A1. Methods to create new design hourly weather data for HVAC design.



	
Data Source: EA data for Osaka, Japan of 15 years (2001–2015)

Heating Period: December-March; Cooling Period: June-September






	
The First Index

	
Methods (the Second Index)




	
▪ First index: Mean daily dry-bulb temperature of 15 years (1830 days for summer period; 1818 days for winter period)

▪ Selected day: The 19 days with frequency of occurrence between the top 2% to 3% were selected by ranking the value of the first index

	
M1-a: The 19 days with frequency of occurrence between 2% to 3% for heating(h*) and between 97% to 98% for cooling(c*) were selected by ranking the value of the first index

M2-a: Three days with the lowest h* and highest c* mean daily dry-bulb temperature are selected from the 19 days of the first index

M3-a: Three days with the lowest h* and highest c* mean daily enthalpy selected from the 19 days of the first index

M4-a: Three days with the lowest h* and highest c* mean daily cumulative horizontal global solar radiation are selected from the 19 days of the first index




	
▪ First index: Mean daily enthalpy of 15 years (1830 days for summer period; 1818 days for winter period)

▪ Selected day: The 19 days with frequency of occurrence between the top 2% to 3% were selected by ranking the value of the first index

	
M1-b: The 19 days with frequency of occurrence between the top 2% to 3% h* and between 97% to 98%c* were selected by ranking the value of the first index

M2-b: Three days with the lowest h* and highest c* mean daily enthalpy are selected from the 19 days of the first index

M3-b: Three days with the lowest h* and highest c* mean daily dry-bulb temperature are selected from the 19 days of the first index

M4-b: Three days with the lowest h* and highest c* mean daily cumulative horizontal global solar radiation are selected from the 19 days of the first index








(M: Method).









3.2. Comparison with the Old Design Hourly Weather Data


Eight types of design hourly weather data for the old and new periods using two weather indices were created and shown in Figure 3 and Figure 4, respectively. The left side of each figure represents the design hourly weather data for the old period, and the right side of each figure represents the design hourly weather data for the new period.


Figure 3. (a) Design hourly weather data of the old (left); and new (right) periods for heating design, using the mean daily dry-bulb temperature as the first index. (b) Design hourly weather data of the old (left); and new (right) periods for cooling design, using the mean daily dry-bulb temperature as the first index.
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Figure 4. (a) Design hourly weather data of the old (left) and new (right) periods for heating design, using the mean daily enthalpy as the first index. (b) Design hourly weather data of the old (left) and new (right) periods for cooling design, using the mean daily enthalpy as the first index.
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Figure 3a,b show the four types of design hourly weather data—including hourly dry-bulb temperature, hourly absolute humidity, hourly enthalpy and hourly horizontal global solar radiation—for heating and cooling designs, respectively, using the mean daily dry-bulb temperature as the first index.



Figure 4a,b show the four types of design hourly weather data for heating and cooling designs, respectively, using the mean daily enthalpy as the first index.



Comparing the four weather elements with the old and new weather data for heating design using the two weather indices (see Figure 3a and Figure 4a), it can be seen that:

	▪

	
Comparing the new and old hourly dry-bulb temperature, some of the most apparent differences include: (i) the new design hourly weather data using the mean daily dry-bulb temperature as the first and second indices (M2-a in Figure 3a), yields an average of 0.7 °C lower temperature during the time period from 1:00 to 9:00 in the morning (i.e., the cooler winter days are trending towards having cooler nights and early mornings); (ii) the new design hourly weather data in all four methods using the mean daily dry-bulb temperature as the first index (M1-a, M2-a, M3-a, M4-a in Figure 3a), yields an average of 0.8 °C higher temperature during the time period from 15:00 to 24:00 in the afternoon (i.e., the cooler winter days trending towards having warmer evenings); (iii) the new design hourly weather data using the mean daily enthalpy as the first index and the mean daily accumulative horizontal global solar radiation as the second index (M4-b in Figure 4a), yields an average of 2.0 °C higher temperature during the time period from 1:00 to 9:00 in the morning (i.e., the lower enthalpy winter days on which there was less sunshine are trending towards having much warmer nights and early mornings, as clouds likely reduce radiant cooling); (iv) the new design hourly weather data using the mean daily enthalpy both as the first and second indices (M1-b, M2-b in Figure 4a), yields an average of 1.0 °C lower temperature throughout the day (i.e., the lower enthalpy winter days without considering sunshine or temperature are trending towards being cooler).




	▪

	
Comparing the new and old hourly absolute humidity: (i) the new design hourly weather data using the mean daily dry-bulb temperature as the first index and the mean daily accumulative horizontal global solar radiation as the second index (M4-a in Figure 3a), yields an average of 0.7 g/kg higher humidity throughout the day (i.e., the cooler winter days with less sunshine are trending towards being more humid); (ii) the new design hourly weather data using the mean daily enthalpy as the first index (M1-b, M2-b, M3-b, M4-b in Figure 4a), showed no significant change.




	▪

	
Comparing the new and old hourly enthalpy: (i) the new design hourly weather data using the mean daily dry-bulb temperature as the first index and the mean daily accumulative horizontal global solar radiation as the second index (M4-a in Figure 3a), yields an average of 1.3 J/g higher enthalpy throughout the day (i.e., the cooler winter days with less sunshine are trending towards having higher enthalpy); (ii) the new design hourly weather data using the mean daily enthalpy as the first index and the mean daily accumulative horizontal global solar radiation as the second index (M4-b in Figure 4a), yields an average of 2.0 J/g higher enthalpy during the time period from 1:00 to 9:00 in the morning (i.e., the winter days of lower enthalpy and less sunshine are trending towards having much higher enthalpy in the nights and early mornings); (iii) the new design hourly weather data using the mean daily enthalpy as the first and second indices (M1-b, M2-b in Figure 4a), yields an average of 2.0 J/g lower enthalpy throughout the day (i.e., the winter days of lower enthalpy without considering sunshine or temperature are trending towards having much lower enthalpy).




	▪

	
Comparing the new and old hourly horizontal global solar radiation: (i) the new design hourly weather data using the mean daily dry-bulb temperature as the first index and the mean daily enthalpy as the second index (M3-a in Figure 3a), yields an average of about 30 W/m2 higher global solar radiation at the daily peak value (i.e., the daily peak sunshine is trending towards being higher on the cooler, low enthalpy winter days); (ii) the new design hourly weather data using the mean daily enthalpy as the first index and the mean daily accumulative horizontal global solar radiation as the second index (M4-b in Figure 4a), yields an average of about 70 W/m2 lower global solar radiation at the daily peak value (i.e., the daily peak sunshine is trending towards being much lower on the low enthalpy, low sunshine winter days).









Comparing the four weather elements of the old and new design hourly weather data for cooling design using the two weather indices (see Figure 3b and Figure 4b), it can be seen that:

	▪

	
Comparing the new and old hourly dry-bulb temperature: (i) the new design hourly weather data using the mean daily dry-bulb temperature as the first index (M1-a, M2-a, M3-a, M4-a in Figure 3b), yields an average of about 0.8 °C higher temperature throughout the day (i.e., the hotter summer days without considering sunshine or enthalpy are trending towards being much hotter); (ii) the new design hourly weather data using the mean daily enthalpy as the first index (M1-b, M2-b, M3-b, M4-b in Figure 4b), yields an average of about 2.0 °C higher temperature throughout the day (i.e., the higher enthalpy summer days without considering sunshine or temperature are trending towards being much hotter).




	▪

	
Comparing the new and old hourly absolute humidity: (i) the new design hourly weather data using the mean daily dry-bulb temperature as the first index and the mean daily accumulative horizontal global solar radiation as the second index (M4-a in Figure 3b), yields an average of about 2.0 g/kg lower humidity throughout the day (i.e., the hotter summer days with greater sunshine are trending towards being less humid); (ii) the new design hourly weather data using the mean daily enthalpy as the first index (M1-b, M2-b, M3-b, M4-b in Figure 4b), has no significant change.




	▪

	
Comparing the new and old hourly enthalpy: (i) the new design hourly weather data using the mean daily dry-bulb temperature as the first index (M1-a, M2-a, M3-a, M4-a in Figure 3b), yields an average of about 5.0 J/g lower enthalpy throughout the day (i.e., the hotter summer days without considering sunshine or enthalpy are trending towards having much lower enthalpy); (ii) the new design hourly weather data using the mean daily enthalpy as the first index (M1-b, M2-b, M3-b, M4-b in Figure 4b), yields an average of about 3.0 J/g lower enthalpy throughout the day (i.e., the higher enthalpy summer days without considering sunshine or temperature are trending towards having much lower enthalpy).




	▪

	
Comparing the new and old hourly horizontal global solar radiation: (i) the new design hourly weather data using the mean daily dry-bulb temperature as the first index (M1-a, M2-a, M3-a, M4-a in Figure 3b), yields an average of about 100 W/m2 higher global solar radiation at the daily peak value (i.e., the daily peak sunshine is trending towards being much higher on the hot summer days); (ii) the new design hourly weather data using the mean daily enthalpy as the first index (M1-b, M2-b, M3-b, M4-b in Figure 4b), yields an average of about 120 W/m2 higher global solar radiation at the daily peak value (i.e., the daily peak sunshine is trending towards being much higher on the high enthalpy summer days).









From the analyzed results above, it was found that the change in weather elements for the cooling design showed a clear trend towards higher temperature, lower absolute humidity, lower enthalpy and stronger solar radiation, while the trends for the heating design are less clear. There is a fairly uniform trend towards higher enthalpy, while temperature trends vary by time of day, and solar radiation trends vary by index.



As the methods use only the dry-bulb temperature or enthalpy for the first index, by ranking the mean daily dry-bulb temperature and mean daily enthalpy of the heating and cooling periods with a frequency of occurrence between 2% to 3% (for heating) and between 97% and 98% (for cooling), the 2–3% and 97–98% data for the absolute humidity and horizontal global solar radiation CFDs are not necessarily being used here. The absolute humidity and horizontal global solar radiation data are taken from the historic data that match the 2–3% or 97–98% of the dry-bulb temperature or enthalpy.



To better understand the distribution of the actually-used data, we analyzed the averages and standard deviations of all four weather elements at the 2–3% and 97–98% levels of the two first indices. These are shown in Figure 5. It can be seen that:

	▪

	
The variance among design hourly weather data with various methods for each weather element for heating design tends to be larger than that for cooling design.




	▪

	
The greater the standard deviation, the greater the difference among the design hourly weather data using the various methods. For example, the enthalpy showed much more variation in the old design weather data set for the heating period.








Figure 5. The averages and standard deviations of all four weather elements at (a) the 2–3% level for the heating design; (b) the 97–98% level for the cooling design.
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4. Calculation of Peak Thermal Loads Using Design Data


In order to determine the effect of recent climate change on this design hourly weather data, this study calculates the difference of peak outdoor air loads, which is directly related to the building thermal loads and the HVAC equipment capacity by inputting the old and new design hourly weather data.



4.1. Simulation


The simulation was carried out for a typical floor of an office building in Osaka, Japan with an air-conditioned area of 605 m2. The outdoor air load calculation is for a mid-level floor, not a ground floor or at roof level. Details of the simulated building and conditions of the outdoor air load calculation are shown in Table 1.


Table 1. Outdoor air load calculation conditions of simulated building.


	Simulated building information:

•East–West Road (South and North-facing wall)

•Air-conditioned area of the mid-level floor (A): 605 m2

•Floor height (Hf)/Ceiling height (Hc): 3.6 m/2.6 m

•Building exterior wall structure (in order from indoor to outdoor):

  Wood (0.02 m) + Insulation (0.03 m) + Air layer (0.02 m) + Heavy concrete blocks (0.15 m)

  + Cement mortar (0.02 m) + Tile (0.008 m)



	Dry-bulb temperature, relative humidity and enthalpy settings:

•26 °C, 60% and 58 kJ/kg in summer period from June to September

•22 °C, 40% and 39 kJ/kg in winter period from December to March

•24 °C, 50% and 48 kJ/kg in middle period from April to May, October to November



	Heating and Cooling hours:

•From 8:00 to 18:00

  (Warming-up hours in winter: 8:00-9:00; Cooling-down hours in summer: 8:00–9:00)



	Internal heat generation:

•Occupants: 0.2 person/m2

•Lighting: 20 W/m2

•OA equipment: 24 W/m2



	Ventilation:

•Ventilation frequency of fresh air (n): 0.8/h

•Amount of fresh air (Afa): Afa = n × A × Hc

•Ventilation hours: 9:00-18:00










4.2. Outdoor Air Load Calculation


The outdoor air load for the heating design can be calculated depending on the dry-bulb temperature difference between the intake and exhaust of the external conditioner system, and the outdoor air load for the cooling design can be calculated depending on the enthalpy difference between the intake and exhaust of the external conditioner system.



Equations to derive the outdoor air loads of the simulated building for the heating and cooling designs are shown in the following,


[image: ]



(1)
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(2)




where Qh is the heating load [kW], Qc is the cooling load [kW], Afa is the amount of fresh air [m3/h], ta is the outdoor dry-bulb temperature [°C], tset is the setting indoor dry-bulb temperature [°C], ha is the outdoor enthalpy [kJ/kg(DA)], hset is the setting indoor enthalpy [kJ/kg(DA)] and ρ is the air density [kg/m3], here held constant at 1.2 kg(DA)/m3.



In addition to using the above formula to calculate the outdoor air load of buildings, a commercial software “Heating, Air-Conditioning, and Sanitary Engineers Program for Education and Experience (HASPEE_1.0.3)”, which is commonly used to calculate the hourly thermal load of buildings in Japan, was also used to calculate the outdoor air load of the simulated building in this study [16,18].




4.3. Results and Discussion


The peak outdoor air loads for the heating and cooling designs calculated using the old and new design hourly weather data are shown in Figure 6 and Figure 7, respectively. They show that the peak outdoor air loads calculated by the normal formula and HASPEE_1.0.3 are almost the same. The difference between them is within 1.0 W/m2.


Figure 6. Peak outdoor air load for heating design calculated using the old and new design hourly weather data.
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Figure 7. Peak outdoor air load for cooling design calculated using the old and new design hourly weather data.
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The difference of peak outdoor air load for the heating design between the old and new design hourly weather data (Figure 6) varied from an increase of 0.8 W/m2 to a decrease of 1.9 W/m2. The maximum difference of peak outdoor air load for the heating design, a decrease of about 1.9 W/m2, was found by means of the method using the mean daily enthalpy as the first index and the mean daily accumulative global solar radiation as the second index (M4-b). The design hourly weather data using M4-b showed a trend to much warmer nights and early mornings. The minimum absolute difference of peak outdoor air load for heating design was a decrease of about 0.2 W/m2, by means of the method using the mean daily dry-bulb temperature both as the first and second indices (M1-a). The design hourly weather data using M1-a showed a trend towards warmer evenings, but much of this would be later than the time at which the model heating hours shut off, namely at 18:00.



The peak outdoor air load for the cooling design between the old and new design hourly weather data (Figure 7) all decreased, varying from 1.8 to 6.0 W/m2. The maximum decrease of peak outdoor air load for the cooling design of about 6.0 W/m2 was found by means of the method using the mean daily dry-bulb temperature as the first index and the mean daily accumulative global solar radiation as the second index (M4-a). The design hourly weather data trend was towards higher temperatures and peak solar radiation, but lower absolute humidity and enthalpy. The minimum decrease of the peak outdoor air load for the cooling design of about 1.8 W/m2 was found by means of the method using the mean daily enthalpy both as the first and second indices (M2-b). The design hourly weather data trend was towards lower enthalpy.



From the results above, we can see that the difference in peak outdoor air load between the old and new design hourly weather data for the cooling design was a larger absolute change, with a greater variance than that for the heating design. The cooling peak loads trended lower for all eight methods, while the heating peak loads increased in two cases and decreased in six cases.



The two heating design results that showed increasing load used the methods M2-a and M2-b. Both of these methods are based on averaging the three most extreme days from the first weather index (of 2–3%). As opposed to M1-a and M1-b, which use the average of all 19 days in the 2–3% set. The smallest set of three days is more likely to yield greater variation than the set based on 19 days. The greatest change in the heating design results was for methods M4-a and M4-b, both using solar radiation as the second weather index. Solar radiation showed a relatively large increase in the old and new climate data, which should reduce the heating load. Despite this, M2-a and M2-b show an increase, suggesting they may not be realistic, or that enthalpy and other trends outweigh the solar radiation trends in this model, which was for a mid-level floor of a building, and thus did not include roof thermal exchange.





5. Conclusions and Future Research


To examine the influence of recent climate change on the design hourly weather data for HVAC design, new design hourly weather data was created using more recently measured JMA weather data (the 15 years from 2001 to 2015) and compared this data to the old data created using the period from 1981 to 2000. Furthermore, the difference of peak outdoor air loads—which is directly related to the building thermal loads and the HVAC equipment capacity—were compared using the old and new design hourly weather data for eight methods. The obtained knowledge is summarized as follows.



Comparing the change in CFD for the four main weather elements, including dry-bulb temperature, absolute humidity, enthalpy and horizontal global solar radiation between the old (1981–2000) and new (2001–2015) periods, showed that the change in the weather elements was larger in magnitude and variance in the cooling period than in the heating period, especially for hourly enthalpy and daily accumulative horizontal global solar radiation.



Comparing the old and new design hourly weather data for HVAC design, we can see that the change in the weather elements for the cooling design was clearly towards warmer and drier weather, with lower enthalpy and stronger solar radiation. The trend for the heating design was less clear, but mainly showed higher enthalpy.



Among all the methods for creating design hourly weather data proposed in our study, we found that the method M4-b—using mean daily enthalpy as the first index and mean daily accumulative global solar radiation as the second index—yielded the maximum difference of peak outdoor air load. The method M1-a—using mean daily dry-bulb temperature both as the first and second indices—yielded the minimum difference of peak outdoor air load for the heating design. The method M4-a—using mean daily dry-bulb temperature as the first index and the mean daily accumulative global solar radiation as the second index—yielded the maximum difference in peak outdoor air load. The method M2-b—using mean daily enthalpy both as the first and second indices—yielded the minimum difference in peak outdoor air load for the cooling design.



The findings of this study demonstrate the need for a continuous update of the existing design hourly weather data files that are used in dynamic simulations or for the prediction of the peak thermal loads of buildings, as this affects the capacity of HVAC equipment to respond to current climate change.



Future research will be focused on: (i) the continuous updating of the newly developed design hourly weather data for building energy conservation and HVAC design as the climate changes; (ii) the application of the newly developed design hourly weather data to actual building energy conservation and HVAC design, and comparison with existing methods; (iii) the worldwide extension of the newly developed design hourly weather data; (iv) the clarification of what kind of HVAC equipment selection best matches each kind of design hourly weather data; (v) the creation of a seven-day weather day set for HVAC design and the examination of its suitability.







Author Contributions


Jihui Yuan designed this research and collected the data for the analysis; Jihui Yuan, Kazuo Emura and Craig Farnham proposed the analysis method; Jihui Yuan computed the design weather data and wrote the paper; Craig Farnham (native English speaker) checked the content.




Conflicts of Interest


The authors declare that there is no conflict of interest with respect to the research, authorship, and/or publication of this article.





Appendix A


8 Methods to create new design hourly weather data for HVAC design (heating and cooling designs) are from previous research [16].
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