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ARTICLE INFO ABSTRACT

Keywords: There is a lack of an urban building energy modeling framework that considers the influence of surrounding
Microclimate buildings and local urban climate on building thermal performance. This can lead to inaccurate results since the
Coupling

thermal performance of individual buildings is heavily influenced by their surrounding built and climatic
environment. This study establishes an interactive indoor-outdoor building energy modeling method to enhance
the predictions of urban microclimates and building energy demands by coupling an urban physics model with a
physics-based building energy model. Validation of the interactive coupling scheme uses field measurement
datasets. Parametric simulation and analysis are conducted to understand the influence of the roof-to-canyon
width ratio, canyon orientation, and ground vegetation fraction on canyon temperature, building energy con-
sumption, and energy demand. Furthermore, the impacts of building energy model complexity (e.g., detailed vs.
simplified building models) and coupling approaches on canyon temperature and building energy profiles are
demonstrated using two case study buildings. In comparison with the one-way coupling approach, cooling en-
ergy consumption predicted with the dynamic two-way coupling approach varies by 3.5 % and 0.5 % for the
detailed medium office building model and high-rise building model, respectively, and peak cooling demand
varies by 8.4 % and 7.0 % for the detailed medium office building model and high-rise building model,
respectively. This study also suggests that adopting a complex two-way coupling approach with environmental
data exchange at various elevations is necessary for modeling tall buildings at the urban scale.

Building energy model

1. Introduction

The United States has set a climate target to cut carbon emissions by
52 % from 2005 levels by 2030 [1]. Human activities in urban areas
contribute to 75 % of greenhouse gas (GHG) emissions [2]. The United
Nations projects that 68 % of the world’s population will live in urban
areas by 2050 [3]. Urban climate action is crucial for future climate
adaptation and mitigation. GHG emissions from human activities
already caused the rise of global average surface temperature by 1.1 °C
compared to pre-industrial levels [4]. At current emission rates, the
average global temperature will rise by 1.5 °C between 2030 and 2052
[5]. Urban heat island (UHI) effects refer to air temperature in a
metropolitan area that is warmer than the temperature of surrounding
rural areas due to reduced vegetated areas, anthropogenic sources [6],
high thermal inertia [7], and reduced wind speed [8]. UHI exacerbates
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the impacts of increased surface temperature in cities due to climate
change. The increase in global near-surface air temperature results in
substantial increases in building energy consumption and peak elec-
tricity demands, elevated concentration of harmful pollutants, adverse
impacts on low-income populations, and heat-related morbidity and
mortality [9].

Urban-scale building energy modeling can be categorized into top-
down and bottom-up approaches [10]. A top-down approach begins
with building energy demand on a large scale and then divides the
building stock into smaller subsections. A bottom-up approach [10]
involves modeling building stocks based on first-principle, grey-box, or
black-box models. In existing urban-scale energy modeling studies,
first-principle-based models included EnergyPlus [11-15], ESP-r [16],
and energy-balance equations [17,18]. Thermal network models
[19-21] have been used for urban energy modeling as the grey-box
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models for buildings and urban canopy models. Statistical regressions
[22] and neural network models [23] have been used as black-box
models for modeling building energy use at urban scales. The
bottom-up approach has been commonly used for urban-scale building
energy modeling.

Most urban scale modeling studies [15,18,20-22,24-27] have
simulated energy profiles of building stocks at the city level using ar-
chetypes [28] and sample buildings [29] but few studies have consid-
ered the influence of urban microclimates and urban geometrical
settings. This can lead to inaccurate results since the thermal perfor-
mance of individual buildings is heavily influenced by their surrounding
built and climatic environment. Hong et al. [30] evaluated microcli-
mate’s impact on building stocks in San Francisco by simulating annual
energy use and peak demands of large office buildings and hotels using
10-year measured hourly weather data for 27 sites in the city. Although
direct measurement of long-term weather data can accurately reflect
urban heat islands, the synthesized weather files for building energy
simulation heavily rely on the availability and quality of data.

Besides direct microclimate measurements across different locations
in a city, urban canopy models and computational fluid dynamics (CFD)
are alternative methods to predict the microclimatic environment in
urban settings. Urban canopy models have been implemented into
regional climate models such as the Weather Research and Forecasting
(WRF) model [31] and urban physics models such as urban weather
generator (UWG) [32] or vertical city weather generator (VCWG) [33,
34], which account for urban physics (building morphology, materials
and internal energy use) to estimate changes in weather variables and
estimate UHI effects.

WREF as a regional climate model has been integrated with a single-
layer urban canopy model (SLUCM) and multi-layer urban canopy
model (Building Environment Parametrization (BEP)) [35] for urban
modeling. Various studies [36-38] have employed WRF and urban
canopy models for simulating UHI effects. A simplified building energy
model (BEM) has been integrated with WRF and BEP [14] although
certain limitations of BEP-BEM have been identified [39]. BEP provides
outdoor air temperature, relative humidity, and radiation for BEM; BEM
feeds wall and roof temperature and heat flux from heating, ventilation,
and air conditioning (HVAC) systems to BEP [14]. Ribeiro et al. [39]
tested the integrated modeling schemes between WRF, BEP, and BEM.
Wong et al. [13] created an integrated multiscale urban model coupling
WREF, a single layer urban canopy model, a CFD model with OpenFOAM,
and EnergyPlus for modeling the National University of Singapore’s
Kent Ridge campus to demonstrate multi-domain simulations from
mesoscale to microscale for urban energy modeling.

Urban physics models such as UWG [32] and VCWG [33] predict
local urban microclimatic conditions, including dry bulb temperature
and relative humidity, by accounting for UHI effects on data from a
weather station located outside the city. UWG is composed of four
coupled submodels: a rural station model, a vertical diffusion model, an
urban boundary-layer model, and a coupled urban canopy and building
energy model. The rural station model calculates sensible heat fluxes at
the weather station; the vertical diffusion model calculates vertical
profiles of air temperature above the rural site; the urban
boundary-layer model calculates air temperatures above the urban
canopy layer (above urban canyons); and the integrated urban canopy
and building energy model calculates urban sensible heat fluxes and
urban canyon air temperature and humidity. Reinhart et al. [12]
developed umi—a Rhinoceros-based urban modeling tool for energy
use, daylighting, and walkability evaluations based on EnergyPlus,
Radiance/Daysim, Grasshopper, and Python scripts. Umi utilizes the
local climate weather file generated from UWG. VCWG v2.0.0 [33]
builds on UWG [32] and includes a hydrology model to account for the
biophysical and ecophysiological behavior of urban vegetation as well
as a vertical diffusion model for momentum, heat, humidity, and tur-
bulence kinetic energy. In addition, there are two options for microcli-
mate prediction in VCWG: (1) rural forcing near the surface; and (2) top
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forcing above the urban domain using such reanalysis datasets as ERA-5
data from European Centre for Medium-Range Weather Forecasts
(ECMWEF).

For such programs as UWG and VCWG, urban canopy models have
been integrated with simplified building energy models to predict mi-
croclimates in urban environments with the consideration of anthro-
pogenic heat from building heating and cooling. However, the simplified
building energy models treat buildings as a single well-mixed thermal
zone and predict energy consumption based on simplified equations for
HVAC equipment. The simplified building energy models cannot accu-
rately predict waste heat from commercial buildings [40], especially
high-rise buildings, due to their simplifications in thermal envelope load
calculations and HVAC systems and lack the capability of modeling
detailed building systems as well as novel building technologies (e.g.
renewable energy and energy storage).

Based on our literature review, we identified the research gap—a
lack of an urban building energy modeling framework that considers the
influence of the surrounding built and climatic environment on building
thermal performance. This can lead to inaccurate urban scale energy
modeling results since the thermal performance of individual buildings
is heavily influenced by their surrounding built and climatic environ-
ment. Although urban physics models predict microclimates in urban
environments with the consideration of anthropogenic heat from
building heating and cooling, these programs treat buildings as a single
well-mixed thermal zone, which cannot accurately predict building
waste heat, especially for high-rise buildings.

The objective of this study is to establish an interactive indoor-
outdoor building energy modeling framework to enhance the pre-
dictions of urban microclimates and building energy demands by
dynamically coupling an urban physics model with physics-based
building energy model. In the study, we evaluated the impacts of
different coupling schemes between the urban physics model and the
physics-based building energy model on microclimate predictions and
building energy use. The established coupling schemes from this study
can be adopted for urban-scale building energy modeling to enhance the
predictions of urban microclimate variables and large-scale building
energy demands.

Particularly, VCWG v2.0.0 is used to predict urban microclimate
conditions and is dynamically coupled with the EnergyPlus v22.1
building energy model through the Python application programming
interface (API). Validations for the dynamic coupling between the urban
canopy model and EnergyPlus are conducted using measurements from
projects in Basel, Switzerland [41], Toulouse, France [42], and Van-
couver, Canada [43]. Parametric simulation and analysis were con-
ducted to understand the influence of urban geometric and surface
features on canyon temperature and building energy profiles. Different
levels of building energy model complexity as well as different coupling
approaches were compared to evaluate their impacts on canyon tem-
perature and building energy profiles using two case study buildings.
This paper summarizes the advantages and disadvantages of adopting
different coupling strategies for urban microclimate and building energy
predictions.

2. Methodology

The interactive coupling scheme between the urban physics model
VCWG and the building energy simulation program EnergyPlus, ach-
ieved through a Python API, is shown in Fig. 1. In each timestep of the
coupled simulation, VCWG provides predicted local climate conditions,
such as canyon temperature, relative humidity (RH) and roof convective
heat transfer coefficient, to EnergyPlus as boundary conditions; Ener-
gyPlus calculates waste heat generated from building HVAC systems and
building exterior surface temperatures and passes both to VCWG. The
simplified building energy model and exterior surface temperature
calculation from VCWG are replaced by the results produced by Ener-
gyPlus [44].
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Fig. 1. Interactive coupling method between urban physics model and building energy model for building energy modeling in urban environments.

Semaphore objects in threading from Python Threading Library were
used to synchronize and coordinate EnergyPlus and VCWG runs for data
exchange during each timestep. The rationale of using semaphores is for
synchronization among multiple tasks and access control in the con-
current multitasking environment. VCWG interacts with individual
EnergyPlus threads, which pass control in and out in a synchronized
fashion to connect other simulation programs. The semaphore objects
define which program to run and when to run. Each semaphore object
was first initialized with an unsigned integer value. The initial value of
the semaphores is the desired number of initial allowed concurrent ac-
cesses. An initial value of one for semaphores represents a mutual
exclusion lock and only one thread at a time can be executed. The
semaphore object with an initial value of one enters the task section
without waiting. The other semaphore objects with assigned initial
values of zero must wait. Each semaphore object is accessed through two
operations: acquire() and release(). Acquire() requests a permit to run
and decrement the integer value (minimum 0) of the available permit by
each call, and release() calls release a permit and increment the integer
value of the available permit. Therefore, between acquire() and release()
operations, each semaphore uses the permit to run a specific task. The
calling points of acquire() and release() are critical to ensure that mul-
tiple tasks are executed in a requested sequence.

There are four sequential tasks (Tasks 0-3) during each timestep. We

use four semaphore objects (Semaphores 0-3) to define the sequence of
running each task between EnergyPlus and VCWG as shown in Fig. 2.
Starting from the beginning, in each time step, Semaphore O obtains a
permit to request VCWG to calculate canyon microclimate profiles such
as temperature and humidity (Task 0). After the completion of the
calculation from VCWG, Semaphore 1 obtains the permit and the canyon
microclimate conditions including outdoor dry bulb temperature, out-
door relative humidity, and roof convective heat transfer coefficient
calculated by VCWG are used to override outdoor conditions in Ener-
gyPlus for the same time step (Task 1). After that, Semaphore 2 requests
EnergyPlus to calculate waste heat generated from building systems and
building surface temperatures (Task 2). Finally, Semaphore 3 obtains
the permit and allows VCWG to receive the waste heat and surface
temperatures from EnergyPlus for the time step (Task 3). The interactive
coupling then moves to the next time step.

3. Validation of the interactive coupling approach

We validated the interactive coupling scheme with data from three
field measurements campaigns: the Basel UrBan Boundary Layer
Experiment (BUBBLE) in Basel, Switzerland [41]; the CAPITOUL
experiment in Toulouse, France [42]; and the Sunset neighborhood field
measurement in Vancouver, Canada [43]. We used both VCWG and the

Task 0 (VCWG) Task1 (EP) Task 2 (EP) Task 3 (VCWG)
Semaphore 0.acquire() Semaphore 1.acquire() Semaphore 2.acquire() Semaphore 3.acquire()
/* VCWG calculates /* EnergyPlus receives /* EnergyPlus calculates /* VCWG receives waste
canyon microclimate canyon microclimate waste heat and surface heat and surface
profiles */ profiles from VCWG*/ temperatures*/ temperatures */
Semaphore 1.release() Semaphore 2.release() Semaphore 3.release() Semaphore 0.release()
(@)
VCWG EnergyPlus VCWG EnergyPlus

| TaskO(VCWG) =) Task1(EP)

Task 3 (VCWG) <—| Task 2 (EP)

Task0 (VCWG) [E====)  Task1 (EP)

Task3 (VCWG) (===  Task2 (EP)

Current Timestep t

Next Timestep t+1

(b)

Fig. 2. Python semaphore schema for interactive coupling method between VCWG and EnergyPlus (a) semaphore definition (b) sequence definition.
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coupled EnergyPlus and VCWG for microclimate data predictions first
and then compare the predicted canyon temperatures at specified
heights to the measurements from the three field measurements. In
addition, we compared building surface temperatures and HVAC waste
heat generation rates between VCWG and the coupled simulation be-
tween EnergyPlus and VCWG.

3.1. BUBBLE in basel, Switzerland

In the BUBBLE project, experiments were conducted in the city of
Basel, Switzerland [41]. A measurement tower at the site (Uel)
extended from street level up to 30 m [41]. Temperature and wind
profiles at specific vertical heights were measured from fall 2001 to
summer 2022. In addition, measurement of heat fluxes contributed
to/from the canyon, satellite ground truth for long-wave radiations, and
urban turbulence and profiling were taken during an intensive obser-
vation period of June 10, 2002-July 12, 2002.

In this study, we compared air temperatures at 10-min intervals
among measurements from BUBBLE, rural weather data, microclimate
predictions from VCWG 2.0.0 and the interactive coupling. We modified
the DOE EnergyPlus reference building model for a middle-rise apart-
ment based on the building envelope and system properties [32,33,41].
The building height for Uel is 14.6 m. Urban albedo is 0.15 and urban
emissivity is 0.95. The canyon width is 18.2 m and the canyon axis
orientations are 65°.

Fig. 3 shows the 10-min time series comparison between measure-
ments and predictions from VCWG 2.0.0 as well as the interactive
coupling between VCWG and EnergyPlus (VCWG_EP) for Uel at the
height of 13.9 m. We calculated the statistical results of air temperature
predictions from VCWG and VCWG_EP in comparison with measure-
ments for six canyon heights (2.6 m, 13.9m, 17.5m, 21.5 m, 25.5 m and
31.2 m). We used the coefficient of variation of root mean square error
(CV-RMSE) and normalized mean bias error (MBE) from ASHRAE
Guideline 14 [45] to compare measurement and simulation results from
VCWG and VCWG_EP. Egs. (1) and (2) are used for calculating CV-RMSE
and MBE.
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where N is the number of samples, Y represents the measurements, and

Y represents the predictions from VCWG or VCWG _EP.

We found that the air temperature predictions from both VCWG and
VCWG_EP are comparable and very close. This also indicates the inter-
active coupling scheme was correctly implemented in VCWG_EP. CV-
RMSE ranges from 7.38 % to 10.70 % for VCWG and from 7.46 % to
10.71 % for VCWG_EP. MBE ranges from 0.29 % to 1.44 % for VCWG
and from 0.60 % to 1.65 % for VCWG_EP. The deviations between
measurements and predictions can be attributed to the simplification of
urban canyon settings in microclimate modeling, non-uniform temper-
ature distribution within urban canyons, and uncertainties of air tem-
perature measurements.

3.2. CAPITOUL in Toulouse, France

The Toulouse urban layer (CAPITOUL) experiment aimed to quantify
the interactions between the urban surface, urban canopy layer, and
urban aerosols. The joint experimental effort of the CAPITOUL project in
Toulouse, France was conducted from March 2004 to February 2005.
The downtown area of Toulouse has a relatively homogeneous building
height of ~20 m and construction materials with brick walls and tile
roofs. Sensors for temperatures and radiative fluxes were mounted on a
27.5 m pneumatic tower installed on a roof at a height of 20 m. Six
resistance thermometers in gill-ventilated shields were installed along
the mast at different heights. Adjacent to the mast site, turbulence
sensors and optical particle counters were mounted on booms, extending
across approximately one-third of the width of the street away from the
canyon wall. In addition, mini-stations continuously measured the
temperature and humidity of 21 sites in various districts of the urban
area. Besides temperature, humidity, and aerosol data, seasonal
anthropogenic fluxes, net all-wave radiation, and the turbulent sensible
and latent heat fluxes between surface and atmosphere were also
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Fig. 3. Ten-minute time series comparison for BUBBLE Uel site between measurements and predictions from VCWG and VCWG_EP between June 19, 2002 and June

23, 2002. (VCWG_EP: the interactive coupling between VCWG and EnergyPlus).
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reported from March 2004 to February 2005 for the city center of
Toulouse [42].

We used the DOE reference building prototype for a medium office
building for the CAPITOUL project validation. We created a rural
weather data file based on the measurements of air temperature, relative
humidity, and solar radiation from Mondouzil, France. The urban
weather station on Pomme Street next to the Monoprix building repre-
sents the urban microclimate of the city center. The urban albedo is 0.25
and urban emissivity is 0.95. The canyon width is 9 m. The canyon axis
orientations are —50°.

We calculated CV-RMSE and MBE of canyon temperature between
measurements of CAPITOUL and predictions from VCWG only and
VCWG_EP. CV-RMSEs are 5.02 % and 5.13 % between June 1-30, 2004
for VCWG and VCWG_EP, respectively. Fig. 4 shows the comparison of 5-
min time series data among measurement, VCWG_EP, and VCWG at the
height of 19 m as well as rural ambient temperature. The predictions
from VCWG_EP and VCWG match measurements closely.

3.3. Sunset neighborhood in Vancouver, Canada

A 30-m micrometeorological tower located in the Sunset neighbor-
hood of Vancouver, BC, Canada measured urban climate variables,
including air temperature and wind profiles and energy fluxes. For a
500-m radius around the tower, the mean building height was 6.5 m;
building types include residential houses for the majority of buildings,
commercial offices, retail buildings, and schools. Measurements from
May 2008 to September 2008 were used for validation. The urban
canyon axis has a north orientation. Approximately 90 % of buildings in
the Sunset neighborhood have natural-gas space heating [43].

We used a modified DOE reference building prototype for the small
office in the interactive coupling. In particular, we modified the internal
heat gains of the small office building model based on those in the res-
idential building type to reflect the major building type of the mea-
surement site. For this project, ERA-5 data from ECMWF were used in
the top forcing validation. Urban emissivity is 0.95 and urban albedos
for roof, ground, walls, and vegetation are 0.13, 0.14, 0.2, and 0.27,
respectively ECMWF [33]. We compared predictions from VCWG and
VCWG_EP to air temperature measurements at 1.2 m.

We calculated the CV-RMSE and MBE of canyon temperatures
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between measurements and predictions from VCWG only and VCWG_EP
in Vancouver, CA between July 1 and July 31, 2008. CV-RMSEs are 9.61
% and 9.76 % between July 1 and July 31, 2008 for VCWG and
VCWG_EP, respectively. Fig. 4 shows the comparison of 30-min time
series data among measurement, VCWG_EP, and VCWG at the height of
1.2 m as well as rural ambient temperature. In comparison with CAP-
ITOUL and BUBBLE, the predictions from VCWG_EP and VCWG show
larger deviations from measurements in Vancouver, CA. Especially,
peaks of canyon temperature measurements were not well captured.

4. Sensitivity analysis

Using the coupled modeling approach VCWG_EP, we conduct para-
metric simulations and analysis to evaluate the impacts of urban geo-
metric and surface features on canyon temperature, building energy
consumption, and demand. These features include the ratio of roof
width to canyon width (0.75, 1, 1.5, 3), which represents canyon den-
sity; canyon orientation (—45°, 90°); and ground vegetation fraction (0,
0.5, 1). We implemented these features by modifying the input files for
VCWG and EnergyPlus and programmed a Python script to automati-
cally run the parametric simulations. Twenty-four simulations were
conducted using the modeling methods of VCWG_EP. The simulation
results of averaged canyon temperature and building energy consump-
tion were compared to the baseline scenario with roof to canyon width
ratio = 1, canyon orientation = 90° (building orientation = 0°, north),
and ground vegetation fraction = 0. The VCWG and EnergyPlus ex-
change data at 5-min time intervals. We chose to use the medium office
building prototype model in Chicago, IL and conducted the simulation
for the period of June 1 to June 30 using the typical meteorological year
version 3 (TMY3) weather file for Chicago. The sensitivity analysis
demonstrates the capability of coupled modeling between VCWG and
EnergyPlus to provide guidelines in urban design. Different climates,
simulation periods, and building types can result in different results.

Figs. 5 and 6 show the variations of average and maximum canyon
temperature with urban geometric and surface features. Across the 24
simulation scenarios, the maximum canyon temperatures within the
month of June vary between 33.5 °C to 39.0 °C and the average canyon
temperature varies between 21.4 °C and 22.9 °C. The maximum canyon
temperature of 39.0 °C occurs near noon for the scenario with canyon
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Fig. 4. Five-minute time series comparison for CAPITOUL between measurements and predictions from VCWG and VCWG_EP (VCWG_EP: the interactive coupling

between VCWG and EnergyPlus).
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Fig. 5. The variation of average canyon temperatures with urban features (VF: ground vegetation fraction; RcwR: roof to canyon width ratio).
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orientation = 90°, ground vegetation fraction = 0, and roof to canyon
width ratio = 3, while the maximum average canyon temperature of
22.9 °C occurs for the scenario with canyon orientation = 45°, ground
vegetation fraction = 0, and roof to canyon width ratio = 3. Although
the total heat rejection from buildings with canyon orientation = 45°
can be higher than those with canyon orientation = 90°, the wall surface
temperatures at noon for scenarios with canyon orientation = 45° are
less than those at noon for scenarios with canyon orientation = 90° due
to the differences of projected solar radiation fluxes on walls. This results
in slightly higher maximum canyon temperatures for scenarios with
canyon orientation = 90° than those with canyon orientation = 45°.
Based on the modeling results, we can also conclude that the increase in
ground vegetation and decrease in building planar area density can
effectively reduce urban canyon temperature.

We also evaluate the variations of predicted cooling electricity con-
sumption and peak cooling demands in comparison with those from the

defined baseline scenario for the simulation period among the 24
simulation scenarios. In this study, cooling demand represents the peak
cooling demand for the simulation period. Fig. 7 compares the cooling
electricity of individual scenarios with the baseline results. It is found
that cooling electricity consumption varies between —6.6 % and 14.9 %.
Roof to canyon width ratio is the most influential factor among the three
urban features. By increasing the roof to canyon width ratio from one to
three (increasing urban canyon density), cooling electricity consump-
tion increases by 10.6 % and 9.6 % for canyon orientation —45° and 90°,
respectively. Changing building orientation from 0° to 45° increases
building cooling electricity consumption by 4.2 %-6.0 %. Increasing the
ground vegetation fraction from zero to one can reduce building cooling
electricity consumption by 4.1 %-5.2 %. The cooling demand variation
as shown in Fig. 8 ranges from —8.8 % to 17.5 %. The variations of
cooling demands are largely driven by the maximum local outdoor air
temperature. The maximum increase in cooling demands occurs for the
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scenario with canyon orientation = 90°, ground vegetation fraction = 0,
and roof to canyon width ratio = 3.

5. Case study

In this section, we conducted case studies using two synthetic
buildings—a medium office building and a high-rise office building—to
evaluate the impacts of different modeling approaches and whole
building model complexity on canyon temperature and building energy
use. We compared different levels of building energy model complexity
(e.g., detailed vs. simplified building models) as well as different
coupling approaches. Urban configurations for the case studies were set
as follows: roof to canyon width ratio = 1; canyon orientation = 90;

vegetated ground fraction = 0.

These coupling approaches include embedding a single zone energy
model in an urban canopy model (VCWG); running an urban physics
model first to generate an urban weather file followed by running
building energy models (VCWG_EP, one-way coupling); and interactive
coupling between VCWG and EnergyPlus during each time step
(VCWG_EP, two-way coupling). In VCWG_EP (one-way coupling),
VCWG was run first to generate a local weather file representing urban
microclimate conditions and then EnergyPlus models were simulated
using the local weather file. A more complex coupling approach
(VCWG_EP_Profile, two-way coupling) was evaluated for the high-rise
office building case. In VCWG_EP_Profile (two-way coupling), detailed
profiles varying with heights for wall surface temperatures and HVAC
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heat dissipations were passed from EnergyPlus to VCWG at each time
step and similarly, detailed profiles of canyon temperature and relative
humidity varying with height besides roof convective heat transfer co-
efficient were fed to EnergyPlus from VCWG. The impacts of coupling
approaches and model complexity on canyon temperature and building
energy profiles are evaluated using two case study buildings.

5.1. Baseline model development

The two synthetic buildings are the medium office (Fig. 9) and the
high-rise office building (Fig. 10). The detailed model for the medium
office building (Fig. 9) has 15 thermal zones with five thermal zones per
floor while the simplified model for the medium office is a single-zone
model. We look into the single-zone model because building energy
consumption and waste heat dissipation were predicted using single-
zone models in VCWG and UWG. Both the detailed model and the
single-zone model have the same building height and internal heat gains
from people, lighting, and miscellaneous loads. The cooling and heating
of the medium office building were supplied by variable air volume
systems. The detailed energy model for the 20-story office building
(Fig. 10) has 100 thermal zones. The simplified energy model for the 20-
story office building contains 15 thermal zones for the ground floor,
middle floor, and top floor; the thermal zones of the middle floor have a
multiplier of 18 to represent 18 typical floors in total. The cooling and
heating of individual thermal zones in the large office building were
supplied by package terminal heat pumps. All the models were simu-
lated for the period June 1-30 using the typical meteorological year
version 3 (TMY3) weather data for Chicago, IL.

Table 1 summarizes cooling energy consumption and cooling de-
mands normalized by building footprint for the medium and high-rise
office building models. Because waste heat dissipation normalized by
building footprint predicted by EnergyPlus was passed to VCWG for
microclimate predictions, building cooling energy consumption and
cooling demands are normalized by building footprint in this study. For
the high-rise office building, the deviations between the simplified
model and the detailed model are within 1 % for cooling energy con-
sumption and cooling demands. However, for the medium office
building model, the deviations between the detailed model and the
single-zone model are 18.3 % and 27.1 % for cooling consumption and
cooling demands, respectively. This is mainly due to the fact that com-
plex multi-zone buildings cannot be well represented by single-zone
models.

5.2. Canyon temperature comparison

5.2.1. The impact of energy model complexity on canyon temperature
Canyon temperature predictions for the month of June from different
coupling approaches and different model complexities, including
average, maximum, and minimum temperatures, were compared and
summarized in Tables 2 and 3 for the medium office building and the
high-rise office building, respectively. The deviations of canyon tem-
perature predictions are 0.04 °C, 0.30 °C, and 0.01 °C for average,
maximum, and minimum temperatures with the medium office building

Fig. 9. Detailed medium office building model.
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Fig. 10. Detailed high-rise office building model.

Table 1
Comparison of energy profiles from EnergyPlus models for the medium office
building (simulation period: June 1- June 30).

Building EnergyPlus Normalized cooling Normalized cooling
type model type consumption based on demand based on
footprint (MJ/m?) footprint (W/m?)
Medium Detailed 30.4 50.6
office model
building Single-zone 24.8 36.9
model
High-rise Detailed 278.5 379.5
office model
building Simplified 279.9 381.5
model

(obtained based on the temperature differences between the “Detailed”
model and the “Single zone” model of Table 2); the deviations of canyon
temperature predictions are within 0.05 °C, 0.04 °C, and 0.03 °C for
average, maximum, and minimum temperatures with the high-rise of-
fice building, (obtained based on the temperature differences between
the “Detailed” model and the “Simplified” model of Table 3). In com-
parison with rural temperature data, the average, maximum, and min-
imum canyon temperatures from two-way coupling and detailed
medium building office model are 1.11 °C, 2.41 °C, and 3.76 °C above
the rural temperatures respectively. In summary, the level of EnergyPlus
model complexity has a limited impact on urban canyon temperature.

5.2.2. The impact of coupling approaches on canyon temperature

For the medium office building (Table 2), the impacts of coupling
approaches (VCWG_EP with one-way coupling and two-way coupling)
on canyon temperature prediction are small. The differences in average
temperature are within 0.46 °C (obtained based on the temperature
differences between VCWG_EP one-way coupling and VCWG_EP two-
way coupling in the row “Average temperature” of Table 2); the dif-
ferences in maximum temperature are within 0.38 °C (the row
“Maximum temperature” of Table 2); the differences in minimum tem-
perature are within 0.45 °C (the row “Minimum temperature” of
Table 2). For the high-rise office building (Table 3), the differences in
average temperature between VCWG_EP one-way coupling and
VCWG_EP two-way coupling are within 0.10 °C (obtained based on the
temperature differences between VCWG_EP one-way coupling and
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Table 2
Comparison of canyon temperature for different coupling approaches (medium office building).
Detailed Single zone Rural
VCWG_EP (one-way coupling) VCWG_EP (two-way coupling) VCWG_EP (one-way coupling) VCWG_EP (two-way coupling)
Average temperature (°C) 22.64 22.22 22.64 22.18 21.11
Maximum temperature (°C) 35.33 35.71 35.33 35.41 33.3
Minimum temperature (°C) 10.91 10.46 10.91 10.47 6.70

Table 3

Comparison of canyon temperature for different coupling approaches (high-rise office building).

Detailed

Simplified

VCWG_EP _Profile (two-

VCWG_EP _Profile (two-

VCWG_EP (one-way
coupling)

VCWG_EP (two-way
coupling)

way coupling)

VCWG_EP (one-way
coupling)

VCWG_EP (two-way
coupling)

way coupling)

Average 23.62 23.52 25.00
temperature (°C)

Maximum 35.35 36.86 41.15
temperature (°C)

Minimum 11.85 11.43 11.51

23.62

35.35

11.85

23.57

36.9

11.45

24.95

41.12

11.48

temperature (°C)

VCWG_EP two-way coupling in the row “Average temperature” of
Table 3); the differences in maximum temperature are within 1.55 °C
(the row “Maximum temperature” of Table 3); the differences in mini-
mum temperature are within 0.42 °C (the row “Minimum temperature”
of Table 3). However, the canyon temperatures predicted with
VCWG_EP_Profile (two-way coupling) are much higher than those with
VCWG_EP (one-way coupling) and VCWG_EP (two-way coupling). The
average and maximum canyon temperatures for the detailed high-rise
building model using VCWG_EP_Profile (two-way coupling) approach
are 1.38 °C and 5.80 °C higher than those using VCWG_EP (one-way
coupling), respectively. The canyon temperatures predicted using the
VCWG_EP _Profile approach are vertically averaged along the height of
the building. Waste heat is distributed at each floor level for
VCWG_EP_Profile while total waste heat is released at the roof level for
VCWG_EP and VCWG. Turbulence above building height can easily mix
with the waste heat source at roof level resulting in a lower canyon
temperature for VCWG_EP and VCWG than the vertically averaged
canyon temperature for VCWG_EP_Profile, where waste heat source
released at each floor level can be trapped within the canyon due to
relatively low turbulent diffusion.

5.3. Cooling energy profiles

5.3.1. The impact of energy model complexity on cooling energy

We evaluate how EnergyPlus model complexity impacts cooling
energy consumption and cooling demands for the medium office
building and high-rise office building. Based on the simulation results
summarized in Table 4, the deviations between the detailed medium
office building model and the single zone model using VCWG_EP one-
way coupling approach are 16.4 % and 18.1 % for cooling energy con-
sumption and cooling demand, respectively; the deviations between the
detailed medium office building model and the single zone model using
the VCWG_EP two-way coupling approach are 18.8 % and 25.7 % for

Table 4

cooling energy consumption and cooling demands, respectively. Our
study considers the single-zone building energy model because single-
zone models have been used to predict building waste heat dissipation
in both VCWG and UWG. These deviations in cooling energy con-
sumption and demands are mainly a consequence of the deviations from
EnergyPlus baseline models.

The simulation results for the high-rise office building models are
summarized in Table 5. The deviations between the detailed high-rise
building model and the simplified model using VCWG_EP one-way and
VCWG_EP two-way coupling are within 1.0 %; the deviations between
the detailed high-rise building model and the simplified model using
VCWG_EP_Profile two-way coupling approach are 2.2 % and 3.8 % for
cooling energy consumption and cooling demands, respectively.

5.3.2. The impact of coupling approaches on cooling energy

We compared cooling energy consumption and cooling demands
from different coupling approaches for the medium office building and
the high-rise office building. Fig. 11 shows the percentage variations in
cooling demands and cooling consumption between VCWG_EP two-way
and one-way coupling for the medium office building model. For the
detailed medium office building model, cooling energy consumption
and cooling demands using the VCWG_EP two-way coupling decreased
by 3.5 % and increased by 8.4 %, respectively in comparison with the
predicted results using VCWG_EP one-way coupling approach. For the
single-zone medium office building model, cooling energy consumption
and cooling demands using the VCWG_EP two-way coupling approach
decreased by 5.0 % and 1.7 %, respectively, in comparison with the
prediction results using VCWG_EP one-way coupling approach.
Depending on the actual modeling requirements, the improvement in
cooling energy consumption and demands prediction for the medium
office building case by taking VCWG_EP two-way coupling approach
may be compromised by a substantial increase in computing time.

Fig. 12 shows the percentage variations in cooling demands and

Comparison of cooling energy consumption and demands for different coupling approaches (medium office building).

Detailed

Single zone

Normalized cooling consumption

based on footprint (MJ/m2) on footprint (W/m2)

Normalized cooling demand based

Normalized cooling consumption
based on footprint (MJ/m2)

Normalized cooling demand based
on footprint (W/m2)

VCWG_EP (one-way 32.67 48.74
coupling)
VCWG_EP (two-way 31.54 52.85

coupling)

27.31 39.91

25.94 39.25
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Table 5
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Comparison of cooling energy consumption and demands for different coupling approaches (high-rise office building).

Detailed

Simplified

Normalized cooling consumption
based on footprint (MJ/m2)

Normalized cooling demand
based on footprint (W/m2)

Normalized cooling consumption
based on footprint (MJ/m2)

Normalized cooling demand
based on footprint (W/m2)

VCWG_EP (one-way 312.97 396.2 314.65 398.5
coupling)
VCWG_EP (two-way 314.65 423.85 317.35 428.29
coupling)
VCWG_EP_Profile (two- 356.73 503.39 364.43 522.3
way coupling)
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cooling consumption with the two-way coupling approaches (VCWG_EP
two-way and VCWG_EP_Profile two-way) in comparison with those with
one-way coupling method for the high-rise office building model.
Cooling energy consumption and cooling demands using the VCWG_EP
two-way coupling are increased by 0.5 % and 7.0 %, respectively in
comparison with the prediction results using VCWG_EP one-way
coupling approach for the detailed high-rise office building model. For
the simplified building model, we observe comparable percents of

10

sign indicates decreases in cooling consumption or demand).

increase in cooling energy consumption (0.9 %) and cooling demands
(7.5 %) to those for the detailed high-rise office building model when
using the VCWG_EP two-way coupling approach.

Adopting the VCWG_EP_Profile two-way coupling approach results
in substantial increases in both cooling energy and demands for the
high-rise office building model. As shown in Fig. 12, for the detailed
high-rise office building model, cooling energy consumption and cooling
demand using the VCWG_EP_Profile two-way coupling approach are
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increased by 14.0 % and 27.1 %, respectively in comparison with the
prediction results using VCWG_EP one-way coupling approach. The
complex two-way coupling approach with environmental data exchange
at various building levels is thus recommended for modeling tall
buildings at an urban scale. The computation times for VCWG_EP two-
way and VCWG_EP_Profile two-way are close. Enhanced modeling per-
formance for tall buildings comes from the combined effects of dynamic
coupling, feeding the building energy waste heat flux back into the
urban physics model, and detailed local climate profiles varying with
height. The impact of model complexity on computational time is rela-
tively small based on the tested cases coupling EnergyPlus and VCWG
for a single building (either medium office building or high-rise office
building). The computational time is the sum of the simulation time of
the two programs (EnergyPlus and VCWG) and the time required for
data exchange between the two programs. The current computational
times for two-way coupling scenarios are about one order of magnitude
greater than the time required for EnergyPlus simulations alone. The
computational time would vary with the computing hardware and
actual code implementation. Deviations in computational times due to
model complexity and coupling approaches may be expected for urban-
scale building energy modeling.

6. Conclusion

The thermal performance of individual buildings is influenced by
their surrounding built and climatic environment. However, the lack of
an urban building energy modeling framework that considers the in-
fluence of the surrounding built and climatic environment on building
thermal performance leads to inaccurate urban scale modeling results.
This study investigates dynamic coupling methods between the urban
physics model VCWG and the whole building energy program Ener-
gyPlus. Particularly, VCWG provides to EnergyPlus the predicted local
conditions of the urban microclimate such as canyon temperature,
relative humidity and roof convective heat transfer coefficient; Ener-
gyPlus predicts building heat dissipations and building exterior surface
temperatures and passes both waste heat generated by HVAC systems
and surface temperatures to VCWG.

These coupling approaches include embedding a single zone energy
model in an urban physics model (VCWG); running the urban physics
model first to generate an urban weather file followed by running
building energy models (VCWG_EP, one-way coupling); and interactive
coupling between VCWG and EnergyPlus during each time step
(VCWG_EP, two-way coupling). In VCWG_EP (one-way coupling),
VCWG was run first to generate a local weather file representing urban
microclimate conditions and then the EnergyPlus model was simulated
using the local weather file. A more complex coupling approach
(VCWG_EP_Profile, two-way coupling) was evaluated for the high-rise
office building case. In VCWG_EP_Profile (two-way coupling), detailed
profiles varying with heights for wall surface temperatures and HVAC
heat dissipations were passed from EnergyPlus to VCWG at each time
step and similarly, detailed profiles of canyon temperature and relative
humidity varying with height besides roof convective heat transfer co-
efficient were fed to EnergyPlus from VCWG. The impacts of coupling
approaches and model complexity on canyon temperature and building
energy profiles are evaluated using two case studies.

We tested and validated the coupling method using three field
measurements: BUBBLE in Basel, Switzerland, the CAPITOUL experi-
ment in Toulouse, France, and the Sunset neighborhood field measure-
ment in Vancouver, Canada. Sensitivity analyses evaluated the impacts
of urban geometric and surface features on canyon temperature, build-
ing energy consumption, and demand. With the combination of roof to
canyon width ratio (0.75, 1, 1.5, 3), canyon orientation (—45°, 90°), and
ground vegetation fraction (0, 0.5, 1), cooling electricity consumption
varies between —6.6 % and 14.9 % and the cooling demand variation
ranges from —8.8 % to 17.5 % using the coupled VCWG_EP simulations
for the medium office building located in Chicago, IL in comparison with
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the baseline scenario (roof to canyon width ratio = 1, canyon orienta-
tion = 90°, and ground vegetation fraction = 0).

We used two synthetic building models to demonstrate the impacts
of building energy model complexity (simplified/single zone vs.
detailed/multi-zone models) and different coupling approaches on
canyon temperature and building energy profiles. We illustrate the
qualitative impacts of model complexity and coupling on canyon tem-
perature and energy use/demands using Fig. 13 (color-coded) for the
high-rise office building model. We categorize the impacts into mini-
mum, medium, and significant.

Fig. 13 helps us visualize two key findings from our study. First, the
level of EnergyPlus model complexity has limited impacts on urban
canyon temperature based on the similar color pattern indicating
qualitative impacts between detailed and simplified building energy
models. In fact, the differences in canyon average, maximum, and
minimum temperatures are within 0.3 °C. The differences in cooling
energy consumption and demands between detailed and simplified
single-zone models are mainly from the deviations of EnergyPlus base-
line models. Second, significant differences in maximum canyon tem-
perature and cooling energy profiles between the VCWG_EP_Profile two-
way coupling approach and VCWG_EP two-way coupling as well as one-
way coupling approaches suggest that adopting a complex two-way
coupling approach with environmental data exchange at various
building levels is necessary for modeling tall buildings at an urban scale.

We compared and analyzed VCWG_EP one-way coupling, VCWG_EP
two-way coupling, and VCWG_EP_Profile two-way coupling in this
study. Specific findings for the medium office building and the high-rise
office building are summarized below.

e The differences in average, maximum, and minimum canyon tem-

perature between VCWG_EP one-way coupling and VCWG_EP two-

way coupling are up to 0.46 °C for the medium office building and
up to 1.55 °C for the high-rise office building.

Utilizing VCWG_EP_Profile two-way coupling has a significant effect

on canyon temperature for the high-rise building model, resulting in

an increase of up to 1.38 °C in average temperature and an increase
of up to 5.80 °C in maximum temperature in comparison with

VCWG_EP (one-way coupling).

Cooling energy consumption and cooling demands using the

VCWG_EP two-way coupling approach decreased by 3.5 % and

increased by 8.4 %, respectively in comparison with the prediction

results using VCWG_EP one-way coupling approach for the detailed
medium office building model.

e Cooling energy consumption and cooling demands using the
VCWG_EP two-way coupling approach increased by 0.5 % and 7.0 %,
respectively in comparison with the prediction results using
VCWG_EP one-way coupling approach for the detailed high-rise of-
fice building model.

e Cooling energy consumption and cooling demands using the
VCWG_EP_Profile two-way coupling approach increased by 14.0 %
and 27.1 %, respectively in comparison with the prediction results
using VCWG_EP one-way coupling approach for the detailed high-
rise office building model.

This study on interactive coupled modeling engages urban physics
models such as VCWG and UWG, which use periodic features for urban
geometry and ground surface conditions to represent urban canyons.
The inclusion of regional weather or climate models may help better
describe realistic neighborhood settings. The proposed dynamic
coupling method between the urban physics model VCWG and the
whole building energy program EnergyPlus can be extended to large-
scale building energy modeling for sustainable and resilient future
communities and cities.
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Detailed Model Simplified Model

High-Rise Office Building VCWG_EP VCWG_EP

VCWG_EP |_Profile |VCWG_EP |_Profile
Canyon Temperature (Average)
Canyon Temperature (Maximum)
Canyon Temperature (Minimum)
Cooling Energy Consumption
Cooling Demands

Minimum Medium Significant

Fig. 13. Summary matrix for the impacts of model complexity and coupling on canyon temperature and energy use/demands.
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