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ABSTRACT 

This study provides an overview of a recently 
developed web-based urban scale modeling platform 
named “Virtual PULSE” that enables quantitative 
assessments for the influence of urban neighborhoods 
on building energy simulations. University of 
Maryland and Pennsylvania State University 
campuses serve as case studies. This paper first 
provides a framework to model campus buildings 
located in urban neighborhoods, with the use of 
newly developed urban scale physical models and 
integration of simulation tools. Then, this paper 
highlights steps required to create building energy 
models to quantify energy consumption of campus 
buildings.  
 

INTRODUCTION 
Recently there has been an interest to model 
buildings located in urban neighborhoods using 
simulation tools such as airflow, energy, and solar 
irradiance simulations. This can allow urban 
planners, designers, and engineers to design 
sustainable neighborhoods. Use of Computational 
Fluid Dynamics (CFD) to simulate outdoor 
temperature, velocity, Convective Heat Transfer 
Coefficients (CHTCs), and pressure coefficients are 
among examples of using airflow simulations to 
model airflows around buildings located in the urban 
neighborhood (Hang et al. 2013, Liu et al. 2013, 
Toparlar et al. 2015). More practical modeling 
approaches incorporate CFD simulation results with 
building energy simulations (Yaghoobian and Kleissl 
2012, Liu et al. 2015). This study aims to first lay out 
a framework required to perform multi-scale 
modeling of building energy and airflows in the built 
environment based on a newly developed and tested 
web-based urban scale modeling platform named 
Virtual PULSE1. This framework allows urban scale 
modeling with the use of integrated airflow, energy, 
and solar radiation engines. Finally, the current paper 

                                                            
1 http://virtualpulse.buildsci.us/#/   

provides an overview of the urban scale building 
energy modeling using Virtual PULSE.  
 
Virtual PULSE has been developed and 
demonstrated over the past five years. It uses open 
source simulation engines, newly developed urban 
scale physical models, and simplifications required to 
create reduced-order building energy, airflow, and 
solar radiation models. The development team plans 
to keep the tool publically available to the building 
science community. This urban modelling platform 
has been used for research and teaching purposes, 
allowing dissemination of the research results to a 
broader audience for the teaching of graduate 
students in a course named “Urban Microclimate and 
Energy” 2 . Energy managers of building portfolios 
can use the tool to model many buildings quickly for 
benchmarking or energy retrofit analysis. This 
application of Virtual PULSE provides opportunities 
for institutions such as university campuses to 
develop and validate their long-term energy savings 
or carbon emission target initiatives. 
 

CHALLENGE OF URBAN SCALE 
MODELING 
In general, simulation of buildings in an urban 
neighbourhood is computationally intense. For  urban 
scale modeling, there is a need to solve numerically 
the total energy budget in the neighborhood as it is 
shown in Equation (1) (Masson 2000, Srebric et al. 
2015): 
 

∗ Δ Δ  (1) 
 

Where ∗ , , , , Δ , and Δ  are net 
solar radiation, anthropogenic, sensible, latent, 
storage, and advection heat transfer. Estimation of 
these terms in the modeling of the urban 
neighborhood requires careful consideration of the 
models and assumptions. Virtual PULSE benefits 
from multi-scale energy and airflows modeling to 

                                                            
2 http://www.buildsci.us/software.html  
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allow accurate assessment of the heat transfer 
processes.  
 

Another limitation in the urban scale modeling of 
building energy and airflows in the built environment 
is the geometry of the urban neighborhoods and 
representation of buildings. Implementation of the 
complex building geometry may not lead to a 
converged solution or not feasible with current 
computational resources. Based on existing research, 
this study uses reduced-order building energy and 
airflow models (Heidarinejad et al. 2014, Gracik et 
al. 2015, Liu et al. 2015, Srebric et al. 2015). Use of 
the reduced-order models (1) enables exchange of 
identical models between different engines 
(Heidarinejad et al. 2014), (2) allows modeling 
buildings located in built environment, and (3) 
enhances interoperability of Virtual PULSE.  
 

Overall, various solutions are utilized in the 
development of Virtual PULSE to reduce the 
computational time of simulations for buildings 
located in an urban neighbourhood: 

(1) Simplifying the urban geometries using a 
validated framework. 

(2) Relying on new physical models that account 
for the influence of the urban neighbourhood 
on the thermo-fluid properties. 

(3) Using physics based reduced-order building 
models. 

(4) Considering the exiting temporal and spatial 
scales in the integrated energy and airflow 
simulations. 
 

Virtual PULSE enables decision making using user 
inputs such as the building shape, size, location, and 
age to suggest suitable systems and component 
throughout the model creation. An example of newly 
validated physical models for buildings located in the 
urban neighborhoods is CHTC models (Liu et al. 
2013, Liu et al. 2015, Liu et al. 2015) for buildings 
located in different urban plan area densities. 

URBAN SCALE MODELING 
FRAMEWORK 
Figure 1 illustrates the proposed framework to 
perform simulations for the design and retrofit of 
buildings located in an urban neighborhood. This 
developed framework for Virtual PULSE includes two 
different paths: (1) when there is a need to consider the 
influence of the urban neighborhood (the top path of 
Figure 1) and (2) when there is no need to consider the 
influence of the urban neighborhood (the bottom path 
of Figure 1).  
 

The first path requires using the urban morphology 
parameters such as the urban plan area density  
and urban frontal area  to specify the Urban 
Terrain Zone (UTZ). The determination of UTZ 
allows for the consideration of similarities and 
differences between different neighborhoods and using 

new urban scale physical models to facilitate the urban 
scale modeling of energy and airflows in urban 
neighborhoods. Different modules including the 
modules to assess the influence of the long-wave and 
short-wave radiation, airflow modules, and co-
simulation of the modules are required to calculate the 
modified thermo-fluid properties. Then, the calculated 
thermo-fluid properties are passed to the second path. 
Next, sections will present the airflow modules to 
calculate the modified CHTC and Cp for the 
integration of these thermo-fluid properties into the 
energy models. Details for the implementation of 
urban scale CHTCs in energy models can be found in 
Liu et al. (Liu et al. 2015). 
 

The second path focuses on using reduced-order 
building energy models and assesses installation of 
different Energy Efficiency Measures (EEMs). The 
results of this path allow simulation of different design 
or retrofit scenarios (Dahlhausen 2014, Heidarinejad et 
al. 2014).  
 

DETAILED OVERVIEW OF THE 
DEVELOPED FRAMEWORK 
This section provides detailed descriptions for the 
developed framework.  

Modelling Urban Neighbourhood 

One of the important decisions in modelling an urban 
neighborhood requires modeling geometry of the 
buildings located in the urban neighborhood. 
Buildings with different configurations exist in urban 
neighborhoods. Figure 2 provides a screenshot of the 
University of Maryland campus visualized in the 
geometry module of Virtual PULSE. This 
visualization module enables users to view the 
developed STL (STereoLithography) file for 
graphical visualization. The visualization module 
enables users to import different urban 
neighbourhood configurations. 
 

In general, a practical approach uses typical building 
shapes to represent buildings in the built environment, 
enabling to create reduced-order building energy 
models (Heidarinejad 2014, Heidarinejad et al. 2014). 
Virtual PULSE utilizes the developed typical building 
shapes. 
 

Influence of the Urban Neighbourhood 

Virtual PULSE empowers users to consider the 
influence of the urban neighbourhood on the buildings 
using airflow and radiative simulations. When users 
select to include the influence of the urban 
neighborhoods, the computational time increases since 
additional modeling and simulations including 
categorization of the building based on UTZs, 
incorporation of the solar irradiances from the 
interactions of the buildings and ground, and outdoor 
airflow simulations using OpenFOAM simulations are 
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required. The results of these sets of simulations could 
be passed as new thermo-fluid properties such as 
CHTCs (hc) (Liu et al. 2013), pressure coefficient (Cp), 
and Coefficient of Performance (COP) of cooling 
systems (Gracik et al. 2015) for the reduced-order 
building energy simulations. 
 

Figure 3 shows a CFD representation for an urban 
neighborhood of buildings located at the 
Pennsylvania State University campus. Figure 3-a 
depicts the mesh generated for the selected buildings. 
This module benefits from the solar irradiance heat 
fluxes to consider the influence of the shaded and 
unshaded surfaces. Figure 3-b represents the surface 
heat fluxes. Finally, Figure 3-c illustrates the velocity 
flow field around the selected buildings. The CFD 
simulations occur through the OpenFOAM scripts 
developed by the Virtual PULSE team to automate 
the process of mesh generation and airflow 
simulations. 
 

Figure 4 illustrates the local distribution of the CHTC 
and Cp fields at the building and ground surfaces. 
Figure 4-a and Figure 4-b indicate that the edges of 
the buildings are singularities in the results that may 
not be an accurate representation of the thermo-fluid 
properties. Therefore, there is a need to make a 
reasonable selection of the area of interest. For 
example, consideration of 95% of the building 
surface areas (excluding the edges) provides a good 
representation of the CHTC and Cp. 
 

Then, in the next step, the CHTC and Cp properties 
are passed to the reduced-order building energy 
models. Virtual PULSE relies on building 
classification based on energy patterns developed 
based on campus buildings (Heidarinejad 2014) to 
create reduced-order energy simulations. Figure 5 
illustrates the urban scale reduced-order building 
energy models for the Penn State campus. A 
combination of rectangular shapes developed from 
the typical shapes and fixed WWR are used to create 
the building energy models. This integration of the 
solar irradiance, airflow, and energy models allows 
modeling buildings located in an urban 
neighbourhood. 
 

To validate the developed framework in Virtual 
PULSE, another case study at the University of 
Maryland is selected. This urban neighborhood has a 
plan area density of 0.2. Figure 6-a shows the 
representation of the CFD mesh and modified 
thermo-fluid properties for the selected case study. In 
this figure, the mesh around the building of interest 
(primary building) is finer compared to the 
surrounding buildings (secondary building). The fine 
representation of the mesh around the building of 
interest enables accurate calculation of the thermo-
fluid properties close to the building surface and save 
the computation time required to run the CFD 
simulations. Figure 6-b and Figure 6-c show the local 

CHTC and pressure coefficient due to the influence 
of the urban neighborhood. A comparison between 
Figure 6 and Figure 4 show that the CHTC at the 
edges of the buildings for the case study at the 
University of Maryland have lower values compare 
to Penn State’s case study. This might be associated 
with the lower urban plan area density for the 
University of Maryland’s case study. 
 

At present, the building energy models accept 
average values for the properties at the building 
surfaces. For example, for the implementation of the 
CHTC into the energy models, there is a need to take 
the average of local CHTC on the building surfaces. 
Previous studies from the authors indicated that 
consideration of urban scale CHTC could account for 
up to 11% and 8% changes in the heating and cooling 
loads (Liu et al. 2015). Therefore, one practical 
approach to facilitate the urban scale modeling is to 
benefit from the developed new physical models 
rather than deriving the CHTCs from airflow 
simulations. Table 1 provides an example of the new 
urban scale CHTC models for the building 
windward, leeward, and roof surfaces (Liu et al. 
2013). These CHTCs are a function of the urban plan 
area density from 0.04 to 0.44, incoming velocity of 
the urban neighborhood, and the temperature 
differences. For example, for the case of urban plan 
area density of 0.2, incoming velocity of 5 m/s, and 
temperature difference of 10, the corresponding 
windward, leeward, and roof CHTCs are 10.3, 5.5, 
and 12.6 W/m2K. 
 

Table 1. Urban scale CHTC correlations  

3.39 5.03λ U . 1.52|ΔT| .  (Windward) (2) 

1.15 0.82λ U . 1.52|ΔT| .  (Leeward) (3) 

3.57 1.72λ U . 1.55|ΔT| .  (Roof) (4) 

 

OVERVIEW OF THE ENERGY 
MODELING MODULE 
This section provides an overview of the steps for the 
energy modeling that is publically available for the 
users. These inputs are identified as minimum 
required inputs to create reduced-order building 
energy models (Heidarinejad 2014, Heidarinejad et 
al. 2014). Table 2 lays out these steps and the 
following section provides additional details about 
the steps. 
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Table 2. Virtual PULSE energy modeling steps  

STEP DESCRIPTION 

1 Construct the buildings in the neighborhood. 

2 
Manage and reconstruct the building in the 
neigborhood. 

3 Include building information and architecture. 

4 
Provide information about the building Heating 
Ventilation and Air-Conditioning (HVAC) systems. 

5 Include building construction materials. 

6 
Provide the schedules of the HVAC systems as well 
as lighting, and plug loads. 

7 Build/View the energy model. 
8 Simulate the building energy model. 
9 Review/Download the outputs. 

 

Step 1 & 2: Model creation and management 

Virtual PULSE uses 14 typical shapes, including (1) 
rectangular, (2) courtyard, (3) cross, (4) pie, (5) 
polygon, (6) square cut-out courtyard, (7) trapezoid, 
(8) triangle, (9) H, (10) L, (11) M/W, (12) S, (13) U, 
and (14) T shapes in addition to the custom shape to 
represent buildings in urban neighbourhoods. To allow 
a broader application of Virtual PULSE, the web 
application of Virtual PULSE allows users to draw 
geometries through a developed web-based application 
with overlying the building shape on the building 
footprint through an interactive map. Based on the 
building location, user can identify the building of 
interest and select one of the typical shapes. Then, 
based on the building footprint, user needs to adjust 
the building shape to match the building of interest 
shape. Figure 7 illustrates a screenshot of using the 
web-application to create T-shape, L-shape, and 
rectangular shape buildings at the University of 
Maryland. In this figure, the buildings with grey color 
illustrate the created buildings using Virtual PULSE 
visualized on the map. 
 

Step 3: Building information and architecture 
Figure 8 provides screenshot that illustrate different 
inputs for Virtual PULSE. After Step 1 that is shown 
in Figure 3, users have the option to review the 
constructed buildings in urban neighborhood and 
compare the results of the building dimensions with 
the actual building dimensions. In case of 
discrepancies, users have the option to reconstruct the 
buildings and include them in the analyses. Basic 
inputs are number of floors, floor-to-floor height, year 
built, location of the building, building type, Window-
to-Wall Ratio (WWR), and perimeter zone depth. Year 
built, size and location of the building allow Virtual 
PULSE to make informed suggestions to select the 
building HVAC system and construction sets. The 
building type uses the space type information from the 
DOE Reference Buildings (Deru et al. 2011). Figure 
8-a to -c illustrates screenshots of this step. 
 

Step 4: HVAC mechanical systems 
At present, the HVAC step allows users to select the 
10 HVAC baseline systems from the ASHRAE 

Standard 90.1 2010 Appendix G (American Society of 
Heating 2010) and a district cooling/heating system. 
The input requirements depend on the HVAC system 
selection. Figure 8-d shows a screenshot of the HVAC 
system selection tab. 
 
Step 5: Building construction 
For the building construction, Virtual PULSE includes 
five different standards including ASHRAE 90.1 
standards 2004 and 2010, ASHRAE 189.1, pre-1980 
as well as post-1980 (Deru et al. 2011). These different 
building construction materials enable representation 
of building enclosure for buildings with different ages 
and different construction materials. Figure 8-e 
visualizes a screenshot of construction set selection. 
 
Step 6: Operational schedules 
The next step requires modification of the default 
operational schedule of building occupancy, lighting 
fixtures, electric equipment, heating/cooling setpoints 
as well as internal densities. Two options of tabular 
and graphical inputs are included for the default 
schedules, weekday schedules, and Saturday 
schedules. Figure 8-f provides a screenshot of 
modifying the weekday lighting operation schedule. 
 

Step 7 & 8: Build, view, and simulate the model 
In the next step, users can build the energy models. 
After the model is built, there is a functionality to 
visualize the building geometry in a web-based 
rendering module developed by the OpenStudio 
developer’s team at the National Renewable Energy 
Laboratory (NREL). This module allows rendering the 
model by space types, construction sets, spaces, and 
thermal zones. Finally, if the model is acceptable, 
users can simulate the building energy model. Figure 
8-g illustrates the visualization module of Virtual 
PULSE. 
 

Step 9: Review/Download outputs 
In the last steps, Virtual PULSE provides graphical 
representation for the building energy use, energy 
utilization index, and uncertainty assessment with the 
actual building energy consumption. Figure 8-h 
demonstrates the end-use distribution of the modelled 
building visualized in Virtual PULSE. 
 

BRODER IMPLICATIONS 
Virtual PULSE uses a modern, user-friendly design 
that emphasizes simple user inputs, simulation 
progress updates, real time collaboration and useful 
results visualizations. The current development of 
Virtual PULSE utilizes Node.js, an asynchronous 
event-driven server-side javascript platform that 
enables Virtual PULSE to be fast and scalable. At 
present, Virtual PULSE developer’s team is 
collaborating with the OpenStudio developer’s team 
to finalize an OpenStudio measure to create building 
energy models through the Virtual PULSE urban 
scale building energy modeling module. Users have 
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the opportunity to download the EnergyPlus 
input/out files as well as the OpenStudio input file for 
further modification in EnergyPlus and OpenStudio 
user application. 

CONCLUSIONS 
This paper provides an overview of a newly 
developed web-based urban scale modeling platform 
named Virtual PULSE to consider airflow, energy, 
and solar simulations for buildings located in an 
urban neighborhood. This paper first elaborates on 
the developed framework and the integrated energy 
and airflow simulations. The second part of this part 
highlights steps required to create urban scale 
building energy models. University of Maryland and 
Penn State campuses serve as the case studies for this 
suite of tool development. The current version of the 
tool allows the urban scale building energy modeling 
through sketching the urban neighbourhood with the 
consideration of the reasonable inputs and 
recommendations in the literature.  
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Figure 1: Workflow used in the Virtual PULSE for the urban modelling simulations. 
 

 
Figure 2: Visualizing the buildings located at the Penn State’s campus. 

 

   
(a) (b) (c) 

Figure 3: Representation of (a) the CFD mesh for a urban neighbourhood at Penn State campus, (b) heat fluxes 
on the building surfaces, and (c) airflow distribution in the urban neigborhrood 
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(a) (b) 
Figure 4: Distribution of CHTC and Cp for the selected case studies at Penn State campus 

 

 
Figure 5: Reduced-order building energy models for the case study located at the Penn State campus  

 

  
(a) (b) (c) 

Figure 6: (a) Airflow mesh representation, (b) distribution of CHTC, and (c) Cp for the selected buildings at the 
University of Maryland campus 

 

 
Figure 7. Example of using the Virtual PULSE web-based application to create the building geometries 

(Note: grey buildings are the modelled buildings).  
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(a) (b) 

 
(c) 

 
(d) 

 

 
 

 
(e) (f) 

  
(g) (h) 

Figure 8. Screenshots of steps required to create the building energy model and visualize the outputs 
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