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[bookmark: _Toc476072160]ABSTRACT
In anticipation of emerging global urbanization, a need exists to better understand and quantify microclimate effects on building energy use. Satisfaction of this need will require coordinated research of microclimate impacts on and from "human systems."  The Urban Microclimate and Energy Tool (Urban-MET) project seeks to address this need by: quantifying and analyzing the relationships among climatic conditions, urban morphology, land cover and energy use; and using these relationships to inform energy-efficient urban development and planning. Initial research will focus on analysis of measured and modeled energy efficiency of various building types in selected urban areas and temporal variations in energy use for different urban morphologies under different microclimatic conditions. In this report, we analyze the differences between ENVI-met output for the Oak Ridge National Laboratory (ORNL) campus, the ASHRAE clear sky which defines the maximum amounts of solar radiation that can be expected, and measured data from weather stations on campus. Concerns with the microclimate simulation data will be highlighted for either addressing or for selecting a more appropriate microclimate simulation tool.


[bookmark: _Toc476072161]INTRODUCTION
0. [bookmark: _Toc476072162]SIGNIFICANCE
[bookmark: _Toc202146551]Comprising only 4.4% of the world's population, the United States consumes 19% of the world's primary energy production. Buildings account for the largest fraction of energy consumption at 41% of primary energy used in 2010. This energy consumption amounts to 40% of total US CO2 emissions, contributing significantly to global warming and to regional climate change [1]. Climate change impacts, urban and population growth, and concomitant increases in energy demands (particularly for developing economies) have the potential to alter regional energy consumption patterns as more humans respond to new climate conditions. This new consumption can then result in new emission quantities that accelerate ecological change [2].

Climate conditions are primary drivers of heating and cooling demand for buildings. Specifically, urban microclimate - determined by local meteorology, solar irradiation and reflection, air temperatures, humidity, wind velocity, and ground temperature- can strongly affect building energy demand. Buildings within an urban setting must generally respond to higher ambient temperatures due to radiation exchange between neighboring buildings, convective heat transfer due to wind patterns within a configuration, thermal mass of city infrastructure, and Urban Heat Island effects [3]. This situation can help offset heating demand during colder months, but may lead to higher demand for cooling in the summer [4].

Other recent studies [5][6][7]  have examined to some extent the impacts of climate change on energy consumption. These studies used building-energy models to develop hypothetical communities of statistically representative building typologies and to generate hourly building energy demand for these communities; but there is limited evaluation of microclimate effects regarding building proximity, height, and 3D configuration of cities (morphology). Overall progress in this area has been limited by lack of available climate data at resolutions needed, lack of developed methodology for quantifying the amount of solar insolation (considering latitude and season) on individual building rooftops, and by lack of access to 3D datasets of urban land surface at neighborhood scale. With recent acquisition of Light Detection and Ranging (LiDAR) US urban terrain data to ORNL holdings, we can now generate 3D building morphology representations; and with ORNL-developed multispectral imaging processes we can infer building roof radiation, thermal conductivity, heat capacity and emissivity of buildings, as well as neighboring land cover [8]. With these highly-resolved quantities, we can further downscale regional-scale wind vectors within the urban canyons.

0. [bookmark: _Toc476072163]MICROCLIMATE SIMULATION
There is a growing need to model the urban microclimate using newly-available high resolution inputs derived from recent advances in data resolution and computationally-derived products. The Urban-MET project aims to address two selected climatically distinct cities, Knoxville, Tennessee and Chicago, Illinois (and the ORNL campus as a benchmark) by creating climate model output at 0.125 degree resolution from Community Earth System Model’s (CESM; http://www2.cesm.ucar.edu) regionally-refined model, along with building-level thermal, radiative and morphological properties obtained from various LiDAR and multispectral imagery datasets will be used as input to a 3D prognostic microclimate model (ENVI-met; http://www.envi-met.com).
ENVI-met, based on computational fluid dynamics and thermodynamics, is capable of  simulating airflow around and between buildings, exchange processes of heat and water vapor at urban surfaces, turbulence, exchanges of energy and mass between vegetation and its surroundings, particle dispersion, and simple chemical reactions, all at a spatial resolution of 0.5–5m and temporal resolution of 1–10s. The LiDAR data will be used to generate 3D building configurations for the model simulation, and multispectral imagery will be used to infer the initial and boundary conditions of building roof radiation [8], thermal conductivity, heat capacity and emissivity, as well as neighboring land cover (e.g., vegetation and bare ground). These inputs are produced taking into account differences in sun angle due to differences in city latitude and changes in sun intensity due to seasonality, and provide a mechanism for adjustment of solar access due to “neighboring effects” of nearby buildings and vegetation.
Results from these simulations will then be stored and prepared for two purposes: visualization and as (aggregated) input to both urban land [9] and atmospheric components of CESM. Variability in solar radiation input values is not currently included in the initial parameterization of CESM; thus, in preparation for simulated future climate, results from the microclimate simulation will be compared to the longwave and shortwave radiation outputs of CESM for bias correction purposes. Likewise, the historical CESM simulations will be disaggregated using digital elevation models of city morphology. Results for the historical CESM simulation will also be compared to ORNL campus and semi-rural hourly weather data to determine relationships between climate at the spatial scale of the regionally-refined global model (0.125 degree) and the microclimate within the city.


[bookmark: _Toc476072164]DATA SOURCES
0. [bookmark: _Toc476072165]ASHRAE Clear Sky Model
Several solar models exist with varying complexity to calculate solar radiation during clear sky conditions. Among the available models, ASHRAE Clear Sky Model [10] is the commonly used method to estimate solar heat load for building designs. This is the default model used in EnergyPlus, the Department of Energy’s flagship whole-building simulation tool [11], to estimate clear-day solar radiation for any day/month of the year. Initially ASHRAE Clear Sky Model (ACSM) was developed for the U.S. or similar temperate climates in the northern hemisphere. EnergyPlus calculations extend the clear sky application to both northern and southern hemispheres. ACSM calculates beam normal irradiance as a function of extraterrestrial normal irradiance, beam pseudo optical depth, relative air mass, and beam air mass exponent. Similarly, ACSM calculates diffuse horizontal irradiance as a function of extraterrestrial normal irradiance, diffuse pseudo optical depth, relative air mass, and diffuse air mass exponent. Chapter 12 of the ASHRAE 2013 describes the ACSM in details. As an example, Figure 1 shows the ACSM predicted beam normal irradiance on 4 different days for ORNL campus.

[image: ]
[bookmark: _Ref444264511][bookmark: _Toc476072176]Figure 1. ASHRAE Clear Sky Model’s predicted beam normal irradiance for ORNL campus.

0. [bookmark: _Toc476072166]Weather Station
A dedicated weather station (Figure 2) is installed on the roof of two-story Flexible Research Platform (FRP) in ORNL campus.



[bookmark: _Ref444345512][bookmark: _Toc476072177]Figure 2. Weather station on the roof of the two-story Flexible Research Platform (FRP2) 
at the campus of Oak Ridge National Laboratory.

[bookmark: _Toc476072186]Table 1 shows the parameters being measured by the specific instruments
and model numbers at the FRP2 weather station.
	Parameters
	Company
	Model number

	Temperature
	Campbell Scientific
	CS215

	Relative humidity
	Campbell Scientific
	CS215

	Wind speed/direction
	Gill
	WindSonic

	Rainfall
	Texas Electronics
	TE525WS

	Global Horizontal solar radiation
	Eppley 
	SPP

	Direct beam radiation
	Eppley
	NIP

	IR radiation from sky
	Eppley
	PIR

	Atmospheric pressure
	Vaisala
	CS106



The weather parameters are being measured at 30 second interval and aggregated to produce 15-minute and hourly interval data. The annual hourly measured data will be formatted in TMY (Typical Meteorological Year) format for the building simulations using EnergyPlus. The measured data will also be used as a benchmark for ENVI-met simulated data. 

0. [bookmark: _Toc476072167]ENVI-MET model
Microclimate Simulation with High-resolution Urban Topography. Urban microclimate was modeled using the Weather Research and Forecasting Model (WRF) Version 3.7.1 compiled with the Portland
Group (PGI) compiler for parallel execution on the ORNL Titan supercomputer. Three nested domains were run for the Oak Ridge National Laboratory research campus and two nested domains were run for the Chicago Loop area. Horizontal resolution for each of the domains are 6750 meters, 1350 meters and 270 meters respectively and used 41 vertical levels with a model top of 100hPa as defined by the NARR data set used as initial and boundary conditions. The time step used for the outermost (6750m) domain was 10 seconds. The time step for each nested grid was the in same ratio to the outer domain as was its spatial dimension. Grid sizes are shown in Table 2. Physics packages for WRF were chosen based on optimum pack- ages for urban scenarios and on radiation profiles. Most significant packages are shown in Table 3.  Post processing of WRF data was performed using the NCAR Command Language for output into Energy Plus readable csv files.


[image: ]

[image: ]


[bookmark: _Toc476072168]RESULTS
0. [bookmark: _Toc476072169]ENVI-MET VS. CLEAR SKY AND WEATHER DATA
ENVI-MET data were available only for June 21 and Dec 21, 2013 at the time of writing this report. ENVI-MET showed beam normal irradiance higher than ACSM predicted values for June 21 and is often time-shifted (Figure 2). Local weather station data shows that Dec 21was cloudy day, but ENVI-MET data shows it as a clear-day (Figure 3). In summary, there seems to be no correlation between the measured and ENVI-MET calculated solar radiation. ENVI-MET seems to be assuming clear sky conditions for both days. Comparison needs to be resumed after fixing the ENVI-MET issue.
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[bookmark: _Ref444266848][bookmark: _Toc476072178]Figure 3. Comparison between ACSM predicted and ENVI-MET
calculated beam normal irradiance for June 21, 2013 at ORNL campus.
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[bookmark: _Ref444266851][bookmark: _Toc476072179]Figure 4. Comparison between ACSM predicted and ENVI-MET
calculated beam normal irradiance for Dec 21, 2013 at ORNL campus.



0. [bookmark: _Toc476072170]ENVI-MET VS. MEASURED WEATHER DATA PRELIMINARY ANALYSIS
After gaining the confidence in ENVI-MET generated data by comparing the beam normal irradiance, the data was further refined for ORNL Campus, Oak Ridge, TN and included several other weather variables.    Xxxx Melissa’s methodology to improve the analysis may go here xxxxx. 
[bookmark: _Toc476072171]SHORT TERM DATA COMPARISON
Three different methods, TowA, TowB and TowD were used to generate one month of data for January 2015. TowA, TowB and TowD are decribes as

The comparison of data for dry bulb temperature, Relative Humidity (RH), pressure, wind speed and wind directions are given in Figure 5.
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[bookmark: _Ref476055207][bookmark: _Toc476072180]Figure 5: Comparison between ENVI-MET calculated and measured data for January 2015 for Oak Ridge, TN

The results in Figure 5 show that the all the three ENVI-MET models produced the same results. However, there was a large variation in ENVI_MET results as compared to the measured data.  Based ont these results the ENVI-MET methodology was further refined. The main modification made was: xxxxx.. what was modified?  xxxx.  
[bookmark: _Toc476072172]MONTHLY AND ANNUAL DATA COMPARISON
Major weather variables are compared statistically at hourly, monthly and annual temporal resolutions.

Fig. 2 uses a box-and-whisker plot to convey the statistical distribution of monthly data for each variable in all datasets. The ENVI-MET data is referenced as Set1. 
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[bookmark: _Toc476072181]Figure 6 : Box-and-whisker plots of hourly dry bulb, relative humidity, wind speed, direct normal irradiation (DNI), and diffuse horizontal irradiation (DHI) for each month for each of the 3 datasets. Lines show the maximum and minimum value, where vertical bars meet is the average monthly data value, bars show the 25th–50th percentile and 50th–75th percentile of hourly data for that month. Charts for DNI, and DHI show data for daylight hours only.
Figure 7 show the frequency distribution of Dry bulb temperature, wind speed, direct normal and diffuse irradiance.  
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[bookmark: _Ref476069335][bookmark: _Toc476072182]Figure 7: Frequency distribution of values within specific weather variables. 

Figure 8 shows the scatter plot of annual comparison of measured vs ENVI-MET calculated dry bulb temperature data. The figure shows that the correlation is not very good and further improvements in calculated data can be made. 





[bookmark: _Ref476070197][bookmark: _Toc476072183]Figure 8: Frequency distribution of values within specific weather variables.

Figure 9 shows monthly heating and cooling degree days on 18oC base for ENVI-MET, measured and TMY data set. 
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[bookmark: _Ref476071103][bookmark: _Toc476072184]Figure 9 : Heating and cooling degree days

0. [bookmark: _Toc476072173]WHOLE BUILDING ENERGY ANALYSIS
In order to ascertain the impact of weather data on the annual heating and cooling loads, three representative buildings were selected for comparative simulations: a medium office (Bldg 1- 4,982 m2), a highly efficient residential home (Bldg 2 – 382 m2) and a Home Energy Rating System Building Energy Simulation Test (HERS BESTEST) Case L100A building (Bldg 3 – 143 m2). EnergyPlus was selected to model the thermal performance of buildings. Figure 10 shows the heating and cooling loads of the buildings with variation in weather data source. 
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[bookmark: _Ref476071651][bookmark: _Toc476072185]Figure 10 : Monthly Heating and cooling loads
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Table 2. Grid sizes for Oak Ridge and Chicago nested domains

Location @i a2 ds  dos s a6

OakRidge  100x100 8595  80:90  96x90 S6x108  144x176
Chicago  100x100 8535 95x105  96x90 96x108  123:216
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Table 3. Physics Packages for WRF Simulation

Domain Microphysics Radiation _Cloud Fraction Cumulus  SurfacePhysics Land  PBL  Urban Params
o1 Single Moment 3-class _ New Goddard _ Xu-Randall Kain-Frisch  Monin-Obukhov  Noah  Boulac _ Urban Canopy
o2 Single Moment 3-class  New Goddard  Xu-Randall Kain-Frisch ~ Monin-Obukhov ~ Noah  Boulac  Urban Canopy
03 Single Moment 3-class  New Goddard  Xu-Randall Belis-Miller-Janjc  Monin-Obukhov  Noah BouLac  ORNLNew
dos Single Moment 3-class  New Goddard ~ Xu-Randall Belis-Miller-Janjc  Monin-Obukhov  Noah BouLac  ORNLNew
dos Single Moment 3-class  New Goddard  Xu-Randall Belis-Miller-Janjc ~ Monin-Obukhov  Noah BouLac  ORNLNew
05 Single Moment 3-class  New Goddard  Xu-Randall  BelisMiller-Janjc  Monin-Obukhov  Noah BouLac  ORNLNew
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