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ABSTRACT
Sustainable neighborhood and building design has become a popular research interest in
recent years. Most current building design processes do not involve the consideration of the urban
neighborhood where the building is located. Although few previous studies investigated the
interactions between buildings, studies based on realistic neighborhoods and utility data are
limited.
University campuses can be taken as a neighborhood case study with reach data sets
available through the campus facility management offices. This thesis project has studied a
campus neighborhood to evaluate how interactions among adjacent buildings affect the
infiltration and shading of individual buildings in this environment. The thesis research objectives
include (1) quantification of the effects of surrounding buildings and urban neighborhood patterns
on the infiltration and energy consumption of a building, and (2) development of a workflow to
promote design of sustainable neighborhood with the LEED Neighborhood Development (ND)
guidelines.
By performing case studies using the utility data measured for buildings in this selected
neighborhood, results of the paired T tests show that the neighborhood patterns had statistically
significant effects on the building energy consumption. In order to quantitatively evaluate the
effects of interactions between surrounding buildings, one building in this neighborhood was also
chosen for detailed simulations. The simulation aimed to estimate the infiltration rates and energy
consumption by using three simulation tools: CFD0 (Computational Fluid Dynamic simulation
tool), CONTAM (multi-zone simulation tool), and EnergyPlus (energy simulation tool). The
results show that with different layouts of surrounding buildings, the monthly percentage
difference of infiltration loads can be as high as 14%, which confirms the findings in the case
study.
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Based on the model established for this neighborhood, sensitivity analyses were
performed to evaluate the influence of two neighborhood variables including heights of
surrounding buildings and site orientation. The results show that the monthly infiltration rates
decrease with the increased heights of surrounding buildings. The largest monthly percentage
difference of infiltration loads is 25%. For simulation cases with different site orientations, the
largest monthly percentage difference for infiltration loads is 18%.
In addition, this research study investigated the infiltration rates for different U.S. climate
zones using the neighborhood model. The simulated results show that Madison, WI has relatively
higher air infiltration rates than the infiltration rates in Baltimore, MD and Atlanta, GA. However,
the differences in infiltration rates among the three investigated climate zones are limited and not
as significant as other comparison cases in the sensitivity analysis.
With the simulation results, this thesis project also included an investigation on the LEED
Neighborhood Development (ND), aimed to promote construction of sustainable campuses by
combining the research findings with the requirements and credits in LEED ND. The developed
workflow included selection of construction site and orientation. The surrounding buildings in the
urban neighborhood should be considered to benefit the new construction by providing shading
and wind shielding.
In summary, by reducing infiltration rates and providing additional shading, the impact of
interaction among adjacent buildings on the building energy consumption is not negligible by an
average monthly difference of 12%. Results of this dissertation project may lead to an increased
awareness that a building is impacted by its immediate surroundings and provided a reference for
the future design of sustainable neighborhood.
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Chapter 1
Introduction
Construction of green and sustainable neighborhoods is encouraged to provide benefits
for occupants, community and environment (USGBC 2012). With the popularity of energy
efficient buildings, a wealth of research have been focusing on reduction of energy consumption
of individual buildings. To improve the energy performance in urban neighborhoods, it is
important to study building energy consumption on a neighborhood scale instead of focusing on
merely a single building. Most of existing studies worked on energy consumption with single
building level by assuming each building is isolated from surrounding buildings, and energy
consumption of the whole neighborhood were estimated by adding energy consumption of each
building. This aggregation method can lead to biased results, as the interaction between the
adjacent buildings is neglected. However, the interaction affects building energy consumption by
energy exchange process taking place between the adjacent buildings, and is essential to be
considered for more accurate estimation of building energy consumption.

1.1 Statement of problem
The current research aims to evaluate the influence of interaction between adjacent
buildings on building energy consumptions, so as to reduce the energy consumption at a
neighborhood scale and promote sustainable design of neighborhood. A case study of campus
buildings has proved that the construction of a new building statistically affected the energy
consumption of its surrounding buildings. By performing sensitivity analysis with a coupled
simulation approach, the research is able to quantitatively evaluate the influence of building
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interaction on energy consumption of its neighbors. The results enable the methodology to
optimize the design and retrofit of neighborhoods. In addition, the current research supports
Leadership in Energy and Environmental Design (LEED-ND) to promote development of
sustainable neighborhoods and provide strategies for improved energy performance of a building
portfolio, such as university campuses.

1.2 Research hypotheses
Buildings affect the total energy consumption in a neighborhood by influencing adjacent
buildings, and their retrofit or design can be optimized for an improved energy performance of a
building portfolio such as university campuses.
Previous studies have proved that the correlation between urban neighborhoods and
building energy consumption is evident. However, building energy simulations usually neglect
such interaction between adjacent buildings, possibly due to the complexity of the environmental
processes involved (Ratti 2005). A few previous studies examined the interaction by evaluating
the effects of neighborhood on building energy consumption, so as to prove the necessity of
considering neighborhood properties in building energy simulation, or to increase accuracy of
building energy simulation. On the other hand, the quantitative contribution of an individual
building to energy consumption of the urban neighborhood can also be important. A green
building should not only be energy efficient itself, but also limit the negative impacts on energy
consumption of its surrounding buildings and neighborhood. Therefore, a methodology to
evaluate an individual building’s effect on its adjacent buildings with an energy efficient
perspective is necessary.
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As for the neighborhood, buildings are the major components for energy consumption. In
order to promote development of sustainable urban neighborhoods, energy savings should be
achieved at a neighborhood scale. Since the varied properties of neighborhood could have both
negative and positive effects on building energy consumption, it is reasonable to consider the
adjacent buildings while designing a new building, in order to reduce the negative effects from its
adjacent buildings. By adjusting buildings’ form, orientation and spatial parameters, the design
and retrofit of neighborhoods can be optimized to achieve energy savings and sustainability. With
a proper master design plan of urban neighborhoods, the total savings of a building portfolio with
multiple buildings could be prominent.
LEED Neighborhood Development provides a framework and guide tool for
neighborhoods plan to promote sustainability. Not only many new neighborhoods are designed to
achieve sustainability, a lot of existing neighborhoods which are expanding or undergoing major
redevelopment aim to achieve this goal. Although the prerequisites and credits outlined by
LEED-ND describe the goals to be achieved for development of sustainable neighborhoods, the
current research would be helpful to support LEED-ND in developing more energy efficient
urban neighborhoods.

1.3 Research objectives
The goals of the current research are stated as follows:
(1) Evaluate whether a single building in a neighborhood can have statistically significant
impact on the energy consumption of surrounding buildings
(2) Identify and evaluate the parameters of building and spatial characteristics indicating the
interaction between adjacent buildings.
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(3) Develop a methodology to account for the neighborhood morphology impact on building
energy consumption
(4) Provide strategies for building design in neighborhoods to get fully benefits of wind
shielding and shading from its surrounding buildings.
(5) Quantify impact of neighborhood design choices on building energy consumption in
support of LEED ND

1.4 Dissertation outline
Chapter 2 presents the relationship of urban neighborhood patterns and building energy
consumption based on previous literature. Chapter 3 introduces existed integrated simulation
tools in previous studies, and explains the methodology of integrated simulation that is performed
in the dissertation. Chapter 4 presents the case study performed using Penn State campus
buildings. Analyses of building utility data are shown based on statistical methods. The integrated
simulation process and results are presented by Chapter 5, sensitivity analyses with varied
neighborhood properties are also shown. In Chapter 6, a work flow is given to promote the LEED
Neighborhood Development. Chapter 7 summaries the results and gives the research conclusions,
as well as the recommendations for future research in this field.
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Chapter 2
Urban Neighborhood and Energy Consumption
A number of studies have been performed with the objective of improving the thermal
environment and air quality in urban canopy areas. For the buildings located in urban areas, the
neighborhood is the environment where the building locates, including the vegetation canopy,
water bodies, adjacent buildings and other urban elements. A building located in an urban
neighborhood has a different energy performance pattern compared to an identical building
located in an isolated outdoor environment. The urban neighborhood properties affect the
microclimate environment around buildings and thus influence the building energy
consumption. Research has defined the impact of local outdoor thermal conditions on
building thermal-energy behavior enlarge the boundary conditions of the problem for assessing
building energy dynamics beyond the envelope of a building (He, Hoyano et al. 2009).
On the other hand, as the major components, multiple buildings affect the neighborhood
properties with buildings’ forms and spatial characteristics. The literature review first provides an
overview of microclimate environment around buildings, and then examines the effects of
neighborhood properties on building energy consumption since urban neighborhood properties
determine the microclimate. In addition, the importance of interactions between buildings in
neighborhoods is discussed. Since integrated simulations will be the major methodology used in
this research, a summary in Chapter 3 presents research methods and software commonly used in
previous studies. At last, previous research topics related to urban neighborhoods and building
energy consumption are summarized with their limitations.
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2.1 Microclimate environment of buildings
Compared to buildings located in areas with non-neighborhood environments, buildings
located in urban neighborhoods are situated with metrological data significantly modified by
microclimate (Futcher, Kershaw et al. 2013). The microclimate is partly the aggregate outcomes
of energy exchanges between individual buildings and surrounding outdoor environment. Urban
heat island (UHI) is one common microclimate effect resulted from building blocks and urban
neighborhood properties. A few building technologies may be utilized in order to reduce the
effects of individual buildings on microclimate environment in urban neighborhoods, including
the green roof technology (Tabares-Velasco, Zhao et al. 2012; Zhao and Srebric 2012; Zhao,
Tabares-Velasco et al. 2014).
The importance of local microclimate on building energy consumptions has been studied
in previous research (Yang, Zhao et al. 2012). In building design process, meteorological data are
important for thermal load calculations so as to determine the proper type and capacity of
building mechanical systems. Most outdoor meteorological data used are derived from the longterm observations of local weather station, this would reduce the accuracy for thermal load
calculations because: (1) the meteorological data series could be smoothed, averaged or even
entirely based on statistics (Yang, Zhao et al. 2012); (2) weather stations are located at certain
locations of the city, so the bias could exist by employing the data to describe the meteorological
condition of building’s location. This is because the outdoor meteorological data of buildings are
different due to modification from surrounding microclimate. Therefore, the input of outdoor
meteorological data should be modified to enable accurate thermal load calculations and thus
better building design.
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2.2 Urban neighborhood properties and building energy consumption
Building energy consumption depends on: building design, efficiency of building
systems, occupants and the surrounding neighborhood environment (Ratti 2005). Properties of
urban neighborhoods create specific microclimate environment around buildings, thus impacts of
urban neighborhoods on building energy consumption is not negligible (Futcher, Kershaw et al.
2013; Liu, Heidarinejad et al. 2014). One previous study has illustrated the urban neighborhood
effects on building energy consumption are influential when all other parameters of buildings
kept identical (Ratti 2005). A case study also confirmed the effects of greenery and surrounding
buildings on building energy consumption of a building located in south China (Yang, Zhao et al.
2012). The results showed that when comparing identical buildings with different location
environments, the percentage difference of cooling demands is from -19% to +10%, while
another study reported the cooling demands reduction is around 10% (Wong, Jusuf et al. 2011).
In addition, one study examined the energy performance of a building with different urban
neighborhood contexts for three climate regions, and the results showed the cooling demands
decrease with deeper street canyons (Ali-Toudert 2009).
With a more detailed perspective, urban neighborhoods affect the building energy
consumption by restricting the airflow movements below the roof level, changing the availability
of sunlight and daylight on building facades to affect the solar gains and energy absorbed by
building exterior surfaces (Ratti 2005), and promoting heat and moisture transfer through
building envelops. For buildings which are outdoor environment dominated, the influences of
urban neighborhoods are especially distinct.
From previous studies, a few urban neighborhoods properties related to building energy
consumption are (Ratti 2005; De Souza and Rodriguez 2006; Tarabieh and Malkawi 2007; Wong,
Jusuf et al. 2011):
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(1) Urban horizon angle (UHA): the altitude angle subtended from the mid-point of the
module window to the mean roof height of the adjacent buildings.
(2) Obstruction sky view (OSV): angle to quantify the luminance of the obstructing facades
as a function of their view of the sky. Energy falling on the target façade includes the
radiation from the sky and radiation reflected from opposite façade of adjacent building.
OSV equals to UHA for obstructing facades.
(3) Green plot ratio: the surrounding greenery which is derived from the average of greenery
on a lot using the leaf area index (LAI), in proportion to the total lot area. A large green
plot ratio can help to reduce urban heat island.
(4) Surrounding building density: sum of all building footprints divided by the total
neighborhood area. A lower surrounding building density may increase the green plot
ratio, result in a lower ambient air temperature and cooling load (Wong, Jusuf et al. 2011;
Liu, Srebric et al. 2013; Gracik 2014).
(5) Average surrounding building height. A relatively higher surrounding building height
could provide shading thus positively affect the cooling load.
(6) Building spatial characteristics: surface to volume ratio (form factor), percent of façade
exposed to sunlight (orientation indicator), and the proximity to district heating and
cooling (location indicator).
(7) Sky view factor (SVF): a ratio between the total amount of radiation received from a
plane surface and that received from the whole radiant environment.
The properties of urban neighborhoods are determined by neighborhood components,
including buildings, vegetation canopy and other structures which are made of various materials
with complicated spatial forms (He 2009). The current Ph.D. research focuses on how the
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interaction between adjacent buildings affects the building energy consumption in an urban
neighborhood.

2.3 Interactions between adjacent buildings in urban neighborhoods
The components of urban neighborhoods affect the indoor and outdoor thermal
environments by two ways: (1) various urban surface materials, such as vegetation area, and
urban canopy configurations; and (2) outdoor spatial conditions, such as building forms and
spatial characteristics, street patterns and tree shapes. Trees and parks affect the energy
consumption by reducing urban heat island effects. With decreased incident solar radiation on the
wall and roof, it is possible to quantitatively evaluate the tree effects on reducing the cooling
demands (He 2009). Buildings directly affect the urban neighborhood properties by modifying
the local microclimate (Givoni 1989). Buildings affect surrounding buildings by restricting
airflow movement around the buildings, intercept overshadowing resulted from solar radiation,
and permits energy exchanges caused by long-wave radiation between buildings surfaces
(Futcher, Kershaw et al. 2013). One previous study analyzed building energy performance
inclusive of the effects of building interaction created by the network of surrounding buildings
(Pisello, Taylor et al. 2012). This study examined a case study of urban residential block revealed
the substantial modeling inaccuracies created by the building interaction.
In summary, the impacts on building energy consumption resulted from surrounding
buildings are related to four factors:
(1) Relative position of surrounding buildings
The orientation and distances from surrounding buildings affect the shading effects,
outdoor air temperature and thus the heat and moisture transfer through the building exterior
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surfaces. For central urban areas solar radiation absorbed by building envelopes and the
dynamic nature of mutual shading between buildings can directly affect both indoor and
outdoor thermal environments, as well as the associated building cooling and heating
demands (Smith and Levermore 2008).

(2) Density of surrounding building
With comparative studies, one previous study showed that a building with higher
surrounding building density could reduce the energy consumed for sensible cooling loads by
29% compared to an isolated building (He 2009).

(3) Forms of surrounding buildings
A building could get more shading and less solar radiation with a certain increase of
its surrounding building height, which may help reducing the cooling demands (He 2009;
Hien and Jusuf 2010; Yang, Zhao et al. 2012). Increasing the height of surrounding buildings
reduces outdoor air temperature with cooling demands decreased by around 5%. However,
this positive effect on cooling demands is limited since further increase in height only
contributes to increased wall surface area when maximum effective shading is achieved.
Previous research studied the relationship of surrounding buildings and building energy
consumption with different perspectives. One case study simulated a single three-floor, air
conditioned warehouse/office building with tropical climate over one day based on 32 different
urban neighborhood contexts (Wong, Jusuf et al. 2011). The results show that the surrounding air
temperature of a building may increase when new building blocks are added around it, and this
temperature difference could easily reach about 1 C during the day. This study also found the
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effect is not significant if only the surrounding building density is considered, but another
comparison study does not agree so (Hien and Jusuf 2010).
In summary, buildings affect energy consumption of surrounding buildings by changing
the neighborhood properties and thus to modify the surrounding microclimate. To reduce building
energy consumption at a neighborhood scale, it is necessary to avoid negative effects for each
individual building from its surrounding buildings while designing or retrofit a neighborhood.
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Chapter 3
Integrated Simulations

3.1 Existing integrated simulation tools
Cities are major energy consumers, accounting for an estimated 67% of global primary
energy demand and 71% of energy-related greenhouse gas emissions (IEA 2008). Previous
studies have indicated that 36% of total global energy consumption is attributable to buildings
(USGBC 2011). Building energy analysis and simulation have become powerful tools
for predicting and improving building energy consumption for both design and research purposes.
Most of existing energy simulation tools operate by considering the buildings as isolated entities
while neglecting the inter-building effects occur at the urban level, such as EnergyPlus, DOE-2,
and TRANSYS (Ratti 2005; He 2009). For the energy simulation software operate at urban scale,
the effects of neighborhoods are usually simulated by default assumptions (Ratti 2005). A few
previous studies focus on combining different simulation tools for integrated simulation, since
there is a lack of simulation tools which are able to connect building energy simulation with
detailed urban neighborhood conditions, such as building forms, street patterns and tree shapes
(He 2009). One study evaluated energy consumptions of a building within an urban neighborhood
by inputting results of an urban canyon model to a building energy simulation tool (De la Flor
and Dominguez 2004). Another study developed a coupling platform to simulate building energy
consumption in an urban neighborhood by combination of a thermoradiative code and CFD
software (Bouyer, Inard et al. 2011). He et al. (He 2009) developed a 3D-CAD integrated system
to simulate the interaction between indoor and outdoor environment by assuming homogenous
distribution of ambient air temperature and velocity. To quantitatively evaluate the microclimate
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effects on building energy consumption, another study (Yang, Zhao et al. 2012) integrated
EnergyPlus with a microclimate simulation tool, ENVI-met, and Building Controls Virtual Test
Bed. In addition, another study developed a coupled urban-building energy evaluation system
based on a one-dimensional canopy model (AUSSSM) to evaluate the effects of neighborhood
canopy configurations on outdoor thermal comfort under different building thermal conditions,
(Zhu, Liu et al. 2007). Table 3-1 summarizes the previous studies of integrated simulations for
evaluating the relationship between building energy consumption and neighborhood.

Table 3-1. Summary of Related Studies on Integrated Simulations
Authors and year

Simulation tools

Interested variables

EnergyPlus, ENVI-met,
Yang et al., 2012

Building Controls

Adjacent buildings

Virtual Test Bed
Zhu et al., 2007

AUSSSM

Greenery
Height and density of adjacent

He et al., 2009

VectorWorks (3D-CAD)
buildings, trees patterns

3.2 Methodology of integrated simulations
The integrated simulation is necessary since building energy simulation tools, such as
EnergyPlus, are able to model building systems in detail while neglect modifying effect of
surroundings. On the other hand, some outdoor environment simulation tools may enable smallscale climate predictions under different microclimate conditions while simplify or neglect the
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thermal processes of buildings (Yang, Zhao et al. 2012). An integration of building energy
simulation tools and outdoor environment simulation tools could be a possible solution to
quantitatively evaluate the interaction between adjacent buildings on building energy
consumption.
As stated above, the building energy consumption will be estimated using building
simulation tools. By modifying the outdoor metrological data as the inputs, the simulations are
able to present building energy changes due to the varied neighborhood properties resulted from a
surrounding building. EnergyPlus will be used to simulate the building energy consumption with
input boundary condition of surrounding outdoor environment information. EnergyPlus offers a
realistic description to estimate shadowing, diffuse solar radiation and solar reflection, but it has
some weakness to specify the boundary conditions which take consideration of surroundings
(Yang, Zhao et al. 2012).
The energy balance equation for a zone in EnergyPlus is (Yang, Zhao et al. 2012):

(3-1)

Where
Qloads: building thermal loads
Qint: internal heat gains from occupants, equipment, and lights
Qconv,int: convective heat transfer between interior surface and indoor air
Qinf: heat transfer from infiltration from outdoor
∆Eair: exchange of energy stored in the indoor air

The energy balance equation of building exterior surfaces is:
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(3-2)

Where
qtrsol: transmitted solar radiation
qabsol: absorbed solar radiation
qlongwavesol: net long wave radiation
qconv: convective heat flux exchanged with outside
qcond: conduction heat flux into the exterior

From Equation (3-1) and (3-2), it can be concluded that the building indoor environment
affected by neighborhoods with direct and indirect ways. The surrounding buildings with spatial
properties cause the direct effects, include shading effects, and amount of solar radiations
reaching building exterior surfaces (Yang, Zhao et al. 2012). To calculate the solar radiation flux
at building exterior surfaces, EnergyPlus was used to calculate the incident solar radiation and
shadowing effects of adjacent obstructions. The indirect effects come from the microclimate
which is influenced by urban neighborhood properties, including convective heat flux between
the building exterior surfaces and outdoor air temperature, heat and moisture transfer due to
infiltration, and intensity of incoming long wave radiation. For simulations of these indirect
effects, the outdoor environment simulation software was used to generate inputs (e.g. the
modified outdoor air temperature and wind speed) to EnergyPlus.
One campus building was chosen as the target building for coupled simulation. The
varied properties of adjacent buildings for sensitivity analysis include: (1) average height of
adjacent buildings, (2) site orientation with 4 directions, and (3) different climate zones. By
inputting the varied parameters of the urban neighborhood, the outdoor environment simulation
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tools and building energy simulation tool simulate the following variables to access the effect of
the interactions between adjacent buildings on building energy consumption: (1) transient air
infiltration rates for the building, (2) infiltration load of the building, and (3) monthly building
energy consumption.

3.3 Summary and limitations of existing integrated simulations
There are a number of previous research studied the topic of urban neighborhoods and
building energy consumption. The objectives of these previous studies can be concluded as
follows:
(1) Prove that neighborhoods could affect building energy consumption. Comparison study is
commonly used to compare the energy consumption of a building located in urban
neighborhood environment and isolated environment (Pisello 2012; Yang, Zhao et al.
2012).
(2) Improve the accuracy of simulating building energy consumption by considering the
impacts from the neighborhoods. A few previous studies illustrated the importance to
modify building energy simulation inputs with properties of urban neighborhoods to
achieve a higher accuracy level for prediction of energy demands (Ratti 2005; Pisello
2012).
(3) Connecting with other research area for multi-discipline research, such as set connection
with transportation energy systems, lighting networks. For example, one paper examined
how occupant social networks influence energy consumption situated in neighborhoods,
and confirmed this inter-building relationship (Xu 2012).
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(4) Create methods and/or tool to evaluate energy consumption at neighborhood scale by
integrated simulation. One study combined urban 3-D database and LT method to
simulate energy consumption at the neighborhood scale, but cost expensively with more
than 30 parameters required to perform the calculation (Ratti 2005). Based on indicators
and methods used to assess energy performance at single building level, another study
applied similar methods to site level to build an energy performance framework for urban
neighborhoods (Tarabieh and Malkawi 2007).
The major methodologies employed in previous studies are: (1) comparison study to
compare energy consumption of buildings located in isolated environment and in a neighborhood
with fixed properties, (2) sensitivity analysis to evaluate building energy consumption in different
neighborhood contexts by varying interested properties. Most previous studies compared different
neighborhoods by changing neighborhood properties for simulation, and a few studies performed
case studies to compare neighborhoods in different cities (Ratti 2005). Table 3-2 summarizes the
previous studies which related to urban contexts and building energy consumption, including
methodology and related parameters.
Table 3-2. Summary of related studies of neighborhoods and building energy consumption
Simulation

Building type

Neighborhood

Interested

Authors and year

Difference
Energy type

tools

& location

contexts

parameters

Residential

Urban

and office

horizon angle

percentage
Annual cooling 17~-22%

Futcher et al.,
IES VE
2013

Marique et al.,

Pleiades,

Varied
buildings,

(UHA),

London

building type

Residential

Varied (3

Orientation,

& heating

(office),10~15%

demands

(residence)

Annual heating

Up to 56%
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2012

Comfie

buildings,

neighborhoods)

Belgium

adjacent

demands

building
density

Single-family

Monthly

37~+ 32%

Adjacent
Pisello et al., 2012

E+

houses, MN,

Fixed

cooling/heating (MN),-18~buildings

FL

demands

58% (FL)

Digital
Office
elevation
building,
model,
Ratti et al., 2005

Distance,

Annual cooling

orientation,

& heating

UHA, OSV

demands

Varied(compare
London,

Lighting and

Up to 10%

between cities)
Toulouse,

thermal
Berlin
method
Greenery,
adjacent
STEVE tool,

Office

TAS

building,

Cooling
building

Wong et al., 2011

Varied

demands in a

-10~+2%

density &
simulation

Singapore

summer day
height

Greenery,
adjacent
VectorWorks, Residential
He et al., 2009

Daily cooling
Varied

SMASH

building

houses, Japan

-29~16%
demands

density &
height
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EnergyPlus,
ENVI-met,

Office

Building

building,

Yang et al., 2012

Greenery

Daily cooling

,adjacent

demands,Daily

-19~+10%, -

buildings

heating

2~+2%

Fixed
Controls

Guangzhou,

Virtual Test

China

demands

Bed

A number of previous studies have proved that the energy consumption of an identical
building vary according to its position in the neighborhood and its juxtaposition to the
surrounding buildings. However, the building energy consumption is often examined as the
buildings were located in isolated environments by neglecting the surrounding buildings’ effects
on building energy consumption (Bouyer, Inard et al. 2011). It could be problematic to aggregates
the sum of single building performance without counting the surrounding buildings. In addition,
as for most current frameworks to measure building sustainability, such as ASTM Standards and
Energy Star program of the U.S. Department of Energy (DOE), it is not clear how to evaluate the
impact of buildings on its neighborhoods and its overall contribution to the surrounding urban
environment (Tarabieh and Malkawi 2007). There are some reasons causing the above
limitations: (1) difficulty of modeling complex neighborhood properties (Ratti 2005); (2) lack of
numerical simulation tools available for predicting building energy consumption with detailed
urban neighborhood information (He 2009).
In addition, although LEED Neighborhood Development rating system has been
developed for a couple of years, studies about application of LEED-ND for case studies are
limited. One study evaluated the applicability of LEED-ND for assessing the sustainability of two
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existing communities located in Canada (Weshah and Sadeghpour 2011). Based on guidelines
outlined by LEED-ND, these case studies provided suggestions of making modifications to
promote sustainability for the two neighborhoods. Another study used LEED-ND as a standard
for investigation of four neighborhoods by principles of New Urbanism (Ferriter 2008). This
study focused on neighborhood development patterns, renewable resources, and twelve related
sustainable neighborhood principles. The established connection between sustainability and
LEED-ND was limited to two environmental categories, which are Smart Location and Linkage
(SLL) and Neighborhood Pattern and Design (NPD). Although the limited previous studies
empirically established a relationship between the sustainable neighborhoods and LEED-ND,
there is a limitation of improving the building energy performance at the scale of neighborhoods
based on certification levels provided by LEED-ND. Therefore, the current research aims to
provide a workflow to promote energy efficient neighborhoods by using LEED-ND as a
framework and guide tool.
As a summary, a few conclusions can be obtained from the previous literatures are:
(1) Surrounding buildings within neighborhoods affect building energy consumption,
both in a positive and negative way.
(2) It is not proper to neglect the effect of neighborhood properties when estimating
building energy consumption.
(3) A number of neighborhood properties were identified to quantitatively describe
microclimate environment around buildings.
(4) Building energy simulation tools could be integrated with outdoor environment
simulation tools to address the relationship between neighborhood environments and individual
buildings.
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Though impacts of surrounding buildings within certain urban neighborhood properties
influence the building energy consumption, studies that attempt to evaluate the buildings’ mutual
impact and quantify potential energy savings to be gained from changing urban neighborhood
properties are limited. However, enlarge the research scope by considering the individual
building’s impacts on energy consumption of its neighborhoods are necessary. This aggregate
view at the inter-building level systematically examines the relationship between surrounding
buildings and the whole neighborhoods, and highlight energy conservation strategies that could
neither be revealed nor attained using an approach that considers only buildings (Hitchcock
1993).
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Chapter 4
Case Study based on Penn State Campus Buildings

4.1 Demonstration of case study
As stated in the previous chapters, most existing studies relied on simulations of different
neighborhood patterns. The studies that evaluate the changes of a realistic neighborhood are
limited. The current research used campus buildings as case studies, aiming to examine the
impact of an individual building on the energy consumption of surrounding buildings based on
real utility data.

The campus buildings are located at the Pennsylvania State University,

University Park campus.
The case studies include two parts: (1) in the first case study, a small neighborhood was
investigated due to the change of neighborhood context in the last few years, and (2) the second
case study is a comparison case study by investigating another campus building whose
neighborhood context were kept the same in the same time.
The first case study examines the changes of energy consumption of two buildings while
their neighborhood context varied due to an individual building. A newly constructed building
(Millennium Science Center) was taken as the individual building in this case study, and energy
consumption of its two surrounding buildings was compared before and after the new building’s
construction.
The surrounding buildings selected for the case study should meet the following
conditions: (1) the building is outdoor weather dominated (Heidarinejad 2014), (2) has relatively
complete dataset of energy consumption for analyses, (3) close to the location of the new
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building, and (4) the building did not have large renovations. Table 4-1 shows the two
surrounding buildings selected on Penn State campus.
Table 4-1. Summarized of information of chosen surrounding buildings
Name

Type

Renovation
Installed 7 HVAC sensors

Thomas building (TMS)

Office and classroom
on 2009

Student healthy center (STH)

Medical center

No recorded renovations

The locations of the new constructed building (MSC) and target buildings are shown in Figure 41.

Figure 4-1. The location of new constructed building and target buildings

This second case study is a parallel study for a campus building without change of
neighborhood context in the period of 2009~2011.The Carnegie building located in University
Park campus, functioned with offices and classrooms, has been selected for this parallel study.
There was no significant renovation for this building except HVAC system commissioning (eg.
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air flow) for 2008~Sep. 2009. Figure 4-2 shows the location of Carnegie building at University
Park campus.

Figure 4-2. The locations of Carnegie building with its neighborhood

4.2 Major assumptions and methodology
The major assumptions made for this case study are listed below:
(1) The parameters of building and spatial characteristics are the major drivers to
differentiate energy performance of surrounding buildings. This assumption enables
energy consumption analyses beyond the single building level and into a multiple
building level.
(2) Impact of the individual building (MSC) on energy consumption is only based on
neighborhood related properties, with all the other parameters kept identical during the
simulation.
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(3) The impacts of energy consumption on a building from its surrounding buildings are
independent, and an individual building’s effect on energy consumption of its
neighborhood can be considered aggregate results of effects on all the surrounding
buildings. This is a limitation of the research; since the energy consumption of a building
may be influenced by combined effects resulted from interactions between its
surrounding buildings. However, using the assumption could simplify the problem and
give a more clear vision.
There are three major steps of the research: (1) comparison case study with operational
building energy consumption data of two Penn State campus buildings, (2) parametric study with
a coupled approach combining EnergyPlus and infiltration simulation tool, and (3) create a
workflow and prediction methodology to promote LEED Neighborhood Development by
estimating the effects of urban neighborhood. Figure 4-3 shows the methodology and each step.
The step of case study is presented in the current chapter; the other steps are presented below in
the following chapters.
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Figure 4-3. The flowchart of research methodology

4.3 Analyses and results
The available energy consumption data for the two surrounding buildings include daily
steam and chilled water consumption for 2009~2011. Regression methods are employed in the
analyses with the following steps:
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(1) Regress daily steam and chilled water consumption on Heating Degree Days/ Cooling
Degree Days (HDD/CDD) for 2009.
(2) Predict energy consumption using HDD/CDD with regression equation for 2010 and
2011.
(3) Compare the predicted energy consumption with the utility data using paired T test to see
if the difference is statistically significant.
The flowchart of performing the analysis with the utility data is shown by Figure 4-4.

Figure 4-4. The flowchart of case study with campus buildings

Table 4-2 and Table 4-3 show the results of the first case study for the two campus
buildings. To be noticed, the analyzed steam data only include data collected from weekdays,
because the steam data from weekends have a different pattern due to the university heating
schedule.
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Table 4-2. Analyses results of Student Health Center in response to change of neighborhood
morphology
Student Health Center 2010 CHW 2010 steam
Measured mean

794

1020

Predicted mean

542

537

Difference percentage

46%

90%

Table 4-3. Analyses results of Thomas building in response to change of neighborhood
morphology
Thomas Building

2010 CHW 2010 steam 2011steam

Measured mean

3154

28

25

Predicted mean

2530

25

22

12%

14%

Difference percentage 25%

From the regression results, both chilled water and steam consumption have significant
relationship with CDD/HDD, indicating that both the cooling degree days and heating degree
days are good predictors for energy consumptions of the campus buildings in the case study. The
new building (Millennium Science Center in this case study) has changed the neighborhood
properties of its surrounding buildings, and thus affected the microclimate in this neighborhood.
The change of neighborhood morphology has resulted in significant changes of building energy
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consumption, and also impacted the relationships between the energy consumption and
CDD/HDD.
With the same methodology used in the first case study, the utility data of Carnegie
building was analyzed in the same way for comparison. Table 4-4 shows the results of chilled
water consumptions of Carnegie building for the year 2010 and 2011. Based on the regression
correlation developed using 2009 utility data, the differences between measured mean and
predicted mean are less than 10%. Therefore, the results indicate compared to Thomas building
and Student Health Center, energy consumption patterns did not have significant change for
Carnegie building. In other words, without change of neighborhood morphology, such as new
constructed surrounding buildings, buildings may have no significant change of annual energy
consumption patterns.
Table 4-4. Analyses results of CHW consumption for Carnegie building
Carnegie Building

2010 CHW

2011 CHW

Measured mean

620.7

536.8

Predicted mean

579.6

559.8

Difference percentage

7.1%

4.1%
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As a summary, based on analyses of the relationship between degree days and building
energy consumption, this dissertation research found the significant effect of building interactions
on the building energy consumption. However, it is necessary to understand why and how the
interactions between adjacent buildings may cause the change in their energy consumption.
Therefore, a numeric analysis method was employed and the results are presented in Chapter 5.
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Chapter 5
Building Energy and Infiltration Simulations

The case studies in the previous chapter show that the change of neighborhood
morphology can significantly change the building energy consumption patterns due to the
interactions between adjacent buildings. The results motivate the investigations in the current
chapter on simulating the effect of building interactions with a few numeric tools. The simulated
neighborhood is the Penn State neighborhood which includes MSC, Student Health Center, a
parking lot building and the career service building. The simulation models in the current chapter
imitate the buildings in the realistic neighborhood, but may not be exactly the same due to a few
default settings in the software or lack of info about the building itself. Therefore, the purpose of
numeric investigations was not to compare to the practical building operations but to provide a
magnitude of building interaction effects on the idealized neighborhood.

5.1 Infiltration and building energy consumption
Air exchange between air outside the building and air inside the building can be driven
by two processes: ventilation generated by air-conditioning system and natural ventilation; as
well as the infiltration through building envelopes. Air exchange rate describes the efficiency of
the airflow into the building inside (ASHRAE,2009):
(5-1)
Where:
Q=volumetric flow rate of air into space, cfm
V=interior volume of space, ft3
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The unit of air exchange rate is 1/time. When the time indicates an hour, the unit is h-1
and the air exchange rate is also called air exchanges per hour (ach).
Infiltration, which is also known as air leakage into a building, indicates the air flow
through building cracks and other unintentional openings and through the normal use of exterior
doors for entrances (ASHRAE 2009). Infiltration is driven by natural or artificial pressure
differences between building inside and the outdoor environment. Infiltration through the
building envelope in to the building interior has a considerable effect on the thermal loads and
energy consumption of the building. Outside airflow into the building inside mostly caused by
pressure differences affected by outside gusting winds, or by the pressure difference across the
building envelop resulted from the difference between the inside and outside temperatures by
buoyancy or the stack effect (Jackman 1974). The pressure difference between building inside
and exterior surfaces at a certain location on the building facade is dependent on the magnitude of
the pressure driving mechanisms and the characteristics of the openings/cracks in the building
envelop (i.e. the correlation between airflow through the opening and the pressure difference at
the opening).
The pressure gradient on the facade of a building as a result of gusting wind is the major
driven force for low-rise buildings (Brownell 2002). Among the difference driving mechanisms
for infiltration, stack pressure, mechanical systems and wind pressure are the three main reasons.
Stack pressure is the hydrostatic pressure caused by the weight of a column of air located inside
or outside a building (ASHRAE 2009). The stack pressure can occur within a flow element. For
example, within a duct or a chimney this has vertical separation between its inlet and outlet.
Operation of building mechanical systems, such as air supply and return systems in the building
ventilation equipment, may influence the pressure difference between the building inside and the
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outside environment. The airtightness of building envelop and air-flow between building zones
may affect the performance of building mechanical systems, since the air exhausted and inhaled
must achieve a balance by adjusting airflow into the building through other openings.
In the current dissertation, wind pressure is the main research focus to be investigated as
the driving mechanisms of infiltration. This is because the local wind around a building can be
highly affected by the neighborhood context, including the heights of the surrounding buildings,
and orientation of the neighborhood. When wind blows on a building facade, it can create a
distribution of static pressure on the building’s facade (ASHRAE 2009). The static pressure
distribution depends on wind speed and direction, building façade orientation and surrounding
conditions. The static pressure over the building facade is proportional to the velocity head of the
undisturbed airstream.
The calculation of the amount of air infiltration rate for a building is very complicated
and subject to significant uncertainty. One common procedure used by simulation tools is
calculate the infiltration rates from the zone air heat balance using the outside air temperature at
the current simulation time step. EnergyPlus can calculate infiltration with three models. First, the
“Design Flow Rate” model is based on environmental conditions modifying a design flow rate.
This model needs input of typical values for coefficients, which are the subjects to debate in in
different building simulation tools. The second one is “Effective Leakage Area” model based on
Sherman and Grimsrud (1980) model. This model needs local wind speed, a user-defined
schedule, effective air leakage area, difference between indoor and outdoor air as inputs. The
third one is “Flow Coefficient” model which is based on Walker and Wilson (1998) model. This
model requires inputs of schedule, flow coefficient, pressure component, and shelter factor.
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Air infiltration through building envelops may contribute to 25% of the heating loads in
winter and about 4% of the cooling loads in summer. Therefore, the determination of the
infiltration load resulting from the passage of outside air into the building inside is a necessity.

5.2 Model coupling methods
The research methodology proposes a series of simulation experiments as well as real
data of campus buildings at the Pennsylvania State University. The campus buildings are the
major studied objects since the neighborhood of campus can be taken as an initial step in advance
of a full deployment to a city level. To fully account for effects of an individual building on
surrounding buildings and the neighborhood, the research will evaluate the energy consumption
of an individual building by considering the effects of its urban neighborhood; instead of consider
the energy consumption at a single building level.
In this coupling simulation process, three simulation tools were used: (1) CFD0 was used
to generate the air infiltration coefficient for each flow path on the building envelop, (2)
CONTAM was used to perform multi zone simulation for infiltration rates, and (3) EnergyPlus
was used to simulate the monthly energy consumption. Figure 5-1 shows the flow chart of this
coupling simulation process.
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Figure 5-1. The flowchart of model coupling method

5.2.1 CFD0 simulations
CFD (Computational fluid dynamics) indicates the analysis of systems involving fluid
flow, heat transfer process and associated phenomena by performing computer-based simulation
(Versteeg and Malalasekera 2007). CFD is widely used to analyze the airflow as well as the
outdoor thermal environment in a neighborhood (Liu, Srebric et al. 2013). This current research
analyzes the wind pressure of the Student Health Center based on CFD simulations performed by
CFD0. Wind pressure could be an influential driving force for air infiltration through the building
envelop. Depending on the wind angle and building shape, wind pressure on the building facade
can be either positive or negative. The values of wind pressure are generally positive with respect
to the static pressure in the undisturbed airstream on the windward side of a building, and wind
pressure is negative on the leeward sides. The wind pressure can be calculated by Bernoulli’s
equation by assuming no height change or pressure losses:
(5-2)
Where:
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Pw is wind surface pressure relative to outdoor static pressure in undisturbed flow (pa)
ρ is air densiry (kg/m3)
Vref is reference wind speed at local height (m/s)
Cp is wind surface pressure; it can be calculated as a function of location on the building
facade and wind direction.
Wind data from weather files (for example, TMY3 files) are data collected from weather
stations which may be far from the building in the simulation case. The reference wind speed
usually used to determine the wind pressure coefficient is the wind speed at the eaves height for
low-rise buildings and the building height for high-rise buildings (ASHRAE, 2009). However,
wind speeds measured at meteorological stations are from a different height (usually 33 ft) and at
a different location. The terrain at the meteorological station can be very different from the
neighborhood where the building is located, and this difference of terrain should be considered.
Therefore, it is necessary to correct the wind speed by considering the reductions caused
by the difference between the height where the wind speed is measured and the height of the
building, and reductions caused by shelter effects.
The Handbook of Fundamentals (ASHRAE 2009) gives an equation to extrapolate the
wind speed measured at a meteorological station to other altitudes:
(5-3)
Where
Z is altitude, height above ground
Vz is wind speed at altitude z
α is wind speed profile exponent at the site
δ is wind speed profile boundary layer thickness at the site
zmet is height above ground of the wind speed sensor at the meteorological station
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Vmet is wind speed measured at the meteorological station
αmet is wind speed profile exponent at the meteorological station
δmet is wind speed profile boundary layer thickness at the meteorological station

Except the wind pressure reduction caused by local wind speed, the local shelter effect
from trees, adjacent buildings and other structures can also reduce the wind pressures. Other
structures and building within several building heights of a particular building can cause large
scale turbulence eddies that can alter wind direction and speed. In Equation 5-3, the wind speed
profile coefficients α, δ, αmet, and δmet are variables that depend on the roughness characteristics of
the surrounding terrain. Typical values of the boundary layer thickness and the power-law
exponent are given in the Table 5-1 below:
Table 5-1. Wind speed profile coefficients (ASHRAE 2009)
Boundary Layer Thickness, δ
Terrain Description

Exponent α
(m)

Flat, open country

0.14

270

Rough, wooded country

0.22

370

Towns and cities

0.33

460

Ocean

0.10

210

Urban, industrial, forest

0.22

370

In the current simulations using CFD0, the reference place was considered to be a
meteorological station in a flat place, with the layer thickness set to be 270 m and exponent to be
0.14. The local position, i.e. the campus neighborhood, was taken as an urban area with the layer
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thickness set to be 370 m and exponent to be 0.22. The wind angle data was set to change from 0
degree to 360 degree, with a 30 degree step.
The CFD0 enables creation of a CFD domain to simulate detailed airflow around
multiple buildings in a neighborhood. The simulation in CFD0 provides the wind pressure
coefficients to be input in CONTAM for infiltration simulation. Figure 5-2 shows the CFD
domain created to represent the neighborhood at Penn State campus. The blue building indicates
the Building Health Center, the three yellow buildings indicate Career Service building, the
parking lot and Milinium Science building, respectively from the top to the bottom.

Figure 5-2. The domain of the neighborhood simulated in CFD0
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The steady airflow calculation was performed using simple zero equation with
convergence criteria of 0.001, and maximum iterations of 1500.
The results from CFD0 were then incorporated into CONTAM to link the simulated
exterior wind pressure with CONTAM’s indoor multi zone simulations.

5.2.2 CONTAM multi zone simulations
CONTAM is multi zone airflow and contaminant transport analysis software developed
by National Institute of Standards and Technology (NIST). CONTAM is able to analyze indoor
air quality, air flow and pressures including infiltration, exfiltration, room to room airflows and so
on.
In the current research, CONTAM was used to estimate the infiltration rates resulted
from the wind pressures acting on the exterior of the building. The CONTAM model represents
the multi zone idealization of the Student Health Center and acquiring multiple inputs used to
describe that idealization in the model. Figure 5-3 shows the multi zone model of 4th floor of
Student Health Center at Penn State.
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Figure 5-3. Layout of 4th floor in CONTAM

In this model, each zone represents one or multiple rooms with the same function and
occupant schedules. The area of each zone and the height of each floor needs to be specified. In
addition, for rooms with supply and return ducts, the design flow rate needs to be input to the
software.
The infiltration is generally caused by the opening and closing of exterior doors, cracks
around windows, or even in quite small amounts of air flow can go through some building
elements. Infiltration is the unintended flow of air from the outdoor environment directly to the
indoor environment, and infiltration is a function of building configuration, local terrain effects,
wind speed and direction (Burley 2009). CONTAM accounts the effects of wind pressure through
flow paths on the building envelop (external air flow path), represented as the small circles shown
in Figure 5-3. The flow paths considered in the simulations include external doors, windows,
walls, door frames and window frames. The air flow simulation requires a range of input data: (1)
location inputs of flow path, including relative elevation, multiplier/area, location with x and y
axis values, (2) leakage characteristics of airflow elements including flow path type and leakage
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area. For each type of flow path, the calculation of the leakage area was based on the building
construction drawings and libraries provided by NIST (Persily and Ivy 2001), and (3) wind
pressure coefficients as a transiant variable obtained from coupling of CONTAM and CFD0.
CONTAM allows users to incorporate weather files to the building simulation, by
considering the effects of weather parameters including ambient temperature, barometric
pressure, wind speed and direction. The current research used transient weather data of University
Park, PA to simulate the changing outdoor weather and wind condition when performing the
transit simulations.
As a summary, Table 5-2 indicates all the possible inputs in the airflow simulations by
CONTAM.

Table 5-2. Inputs needed for CONTAM simulations (Persily and Ivy 2001)

CONTAM provides a general approach to estimate the varied effects of wind on the
building façade, this approach requires input related to the determination of a local wind pressure
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coefficient for the building envelop. The equation for wind pressure on the building façade is
(CONTAM):
(5-4)
Where
VH is the approach wind speed at the upwind wall height (usually the height of the
building, [m/s]
Cp is the wind pressure coefficient
The wind pressure coefficient Cp can be generalized by a local terrain effects coefficient
and the wind direction relative to the building façade under consideration. CONTAM uses the
following equation to calculate the wind pressure on the building:
(5-5)
Where
ρ is the ambient air density, [kg/m3],
Vmet is the wind speed measured at the meteorological station
Ch is the wind speed modifier coefficient accounting for both terrain and elevation effects
f(θ) is a function of the relative wind direction which is referred as “wind pressure
profile” in CONTAM.
The relative wind direction is given by wind azimuth angle (zero degree indicates the
north, 90 degrees indicate the east, etc.) and surface azimuth angle. The term ρV 2met/2 in the
Equation 5-5 is calculated from temperature, pressure and wind speed in the transient weather
file.
The wind speed modifier coefficient Ch presents the difference between V met and VH. In
CONTAM, The wind speed modifier coefficient is estimated by wall height and terrain around
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the building. The wind speed is usually provided by meteorological stations with open terrain at
the elevation Hmet=10m above the ground. Therefore, the wind speed with the same elevation at
the building site can be calculated:
(5-6)
The wind speed at the top of the wall with elevation H is calculated by
(5-7)
Where
A0 and a depend on the terrain the building shown in Table 5-4 as followed (ASHRAE
1993):
Table 5-3. Terrain type and coefficients

ASHRAE 2005 Fundamentals also presented an updated method to calculate VH with the
following equation:
(5-8)
Where
δmet is wind boundary layer thickness for the meteorological station, [m]
δ is wind boundary layer thickness for the local building terrain, [m]
amet is wind boundary layer exponent for the meteorological station
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a is wind boundary layer exponent for the local building terrain

The CFD0 was connected to CONTAM by providing wind pressure profiles to each flow
path. CONTAM can generate a Path Location Data (PLD) file with listed locations of all the
airflow paths which are connected to the ambient zone. Then a converter works with the PLD file
to create a WPC file specific to the simulated building based on results of CFD0. The wind
pressure profiles are used to account for the effects of wind direction in the air flow elements, and
the wind pressure profiles presents the function of average wind pressure coefficient for the face
of a building to the angle of incidence of the wind on the building façade. A wind pressure profile
includes up to 16 angle/pressure coefficient pairs with the wind coefficient ranges from -1 to1,
and the first coefficient must be at a wind direction of zero degrees. This angle zero shows a wind
blow on the building façade where the flow path is located, the coefficient for angle zero is
automatically assumed to be the same for the coefficient for angle 360. By definition in
CONTAM, 90 degrees indicates a wind blowing parallel to the building façade from the right,
while 270 degrees indicated the wind from the left. In the current dissertation project, CFD0
simulations were performed with a 30 degree step, therefore each wind pressure profile generated
from the CFD0 results includes 13 coefficients.

5.2.3 EnergyPlus simulations
Simulating building energy performance has become a crucial issue for both researchers
and building designers due to the concomitant potential for energy saving. With the calculated air
infiltration rates by CONTAM and CFD0, EnergyPlus was used to simulate monthly energy
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consumption of Student Health Center. EnergyPlus is a fully integrated building and HVAC
simulation program.
The infiltration rates can affect the calculation of infiltration loads as well as the zone
sensible and latent loads. The multi-zone load calculation process include incoming airflows from
the outside environment (air infiltration) and air flows from adjacent zones (mixing effect) with
and without the operation of fan systems. The calculation has variable and constant terms for the
zone energy balance equation: the variable term accounts for the impact from outside
environment and adjacent zone, while the constant term is the sum of the mass flow rate
multiplied by the specific heat for both infiltration and mixing. The zone energy balance equation
of sensible load is:
∑

(5-9)

∑

(5-10)

Where
MCPairflow is sum of air mass flow rate multiplied by specific heat for infiltration and
mixing [W/K]
MCPTairflow is sum of air mass flow rate multiplied by specific heat and temperature for
infiltration and mixing [W]
minf is Incoming air mass flow rate from outdoors [kg/s]
mmix is incoming air mass flow rate from adjacent zones [kg/s]
Tamb is outdoor air dry-bulb temperature [°C]
Tzone is adjacent zone air temperature [°C]

The latent load items from multizone load calculations may be written as follows:
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∑

(5-11)

∑

(5-12)

where
Mairflow is sum of air mass flow rates for infiltration and mixing [kg/s]
MWairflow is sum of air mass flow rate multiplied by humidity ratio for infiltration and
mixing
[kg/s]
minf is incoming air mass flow rate from outdoors [kg/s]
mmix is incoming air mass flow rate from adjacent zones [kg/s]
Wamb is outdoor air humidity ratio [kg/kg]
Wzone is adjacent zone air humidity ratio [kg/kg]

Similar to CFD0, EnergyPlus requires a drawing of the building domain. Figure 5-4
shows the neighborhood domain created by an interface of EnergyPlus (DesignBuilder). Since
EnergyPlus cannot simulate multiple buildings at the same time, other buildings in the
neighborhood had to be simplified and represented as component blocks.
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Figure 5-4. Layout of current neighborhood for EnergyPlus simulations

The building energy consumption was simulated using multi zone model and detailed
HVAC settings in EnergyPlus. Each floor of the building was divided into a few zones based on
their functions and HVAC drawings. Figure 5-5 shows the detailed HVAC system used in the
simulations.
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Figure 5-5. Layout of HVAC system in EnergyPlus

5.2.4 Simulation cases for sensitivity analyses
To evaluate how different neighborhood patterns affect the infiltration rates and building
energy consumption, sensitivity analysis was performed in this research. The sensitivity analyses
include four steps:
1. Evaluation of neighborhood effects based on current design of buildings.
A total of three cases were simulated for this step, Case 1 represents an isolated
building (Student Health Center) without any surrounding buildings; Case 2 is
previous neighborhood pattern before 2010 (i.e. MSC was not constructed or
considered as a surrounding building of Student Health Center); Case 3 is the current
neighborhood pattern after 2010, while Student Health Center has three surrounding
buildings.
2. Evaluation of the heights of surrounding buildings in the neighborhood
In this investigation, the surrounding buildings of Student Health Center had three
different height settings: current heights, half of the current heights, and double of the
current heights.
3. Evaluation of the orientation of the neighborhood
The major wind direction in a year can highly affect the annual infiltration loads of
buildings, and the building orientation affects the solar radiation and thus the thermal
loads. In this step, four possible orientations were considered and compared: the
current orientation, clockwise rotation of the current orientation by 90°, 180° and
270°.
4. Evaluation of different climate zones
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The wind environment can be very different in different locations. The current
research investigate how the infiltration rates of the building varies in four main U.S.
climate zones, in order to provide a magnitude of location’s effects on a
neighborhood with specific design.
For each simulated case in the investigation, hourly infiltration rates were calculated by
CONTAM, then the hourly infiltration rates were averaged monthly for calculation of monthly
infiltration loads in EnergyPlus.

5.3 Simulation results

5.3.1 Overview of CFD0 results and simulated profile of wind pressure coefficients
CFD0 was used to analyze the air flow around the neighborhood. Figure 5-6 to Figure 58 present the flood plot of wind speed in the z direction for the three different neighborhood
patterns.
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Figure 5-6. Flood plot of wind speed for Case 1 (isolated building)

Figure 5-7. Flood plot of wind speed for Case 2 (previous neighborhood)

Figure 5-8. Flood plot of wind speed for Case 3 (current neighborhood)
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After linking CFD0 to CONTAM, each flow path on the building facade was assigned 13
wind pressure coefficients with respect to the corresponding neighborhood pattern. For example,
show the profiles of wind pressure coefficients for a window located on the second floor. It can
be seen from Figure 5-9 to 5-11 that for different neighborhood patterns, the wind profile
coefficients can be very different and result in the changes of infiltration rates of the building.

Figure 5-9. An example profile of wind pressure coefficients for Case 1

53

Figure 5-10. An example profile of wind pressure coefficients for Case 2

Figure 5-11. An example profile of wind pressure coefficients for Case 3
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With the wind pressure coefficients, CONTAM can calculate the transient air flow rate
for each flow path on the building facade. Figure 5-12 to 5-14 show the calculated air flow rate of
a window on Jan. 1st for comparison between different cases.

Figure 5-12. Air flow rate on Jan. 1st for Case 1
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Figure 5-13. Air flow rate on Jan. 1st for Case 2
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Figure 5-14. Air flow rate on Jan. 1st for Case 3

5.3.2 Comparison of three neighborhood patterns
As discussed above, by comparing the three cases of simulated neighborhoods, this
investigation evaluated the effects of different neighborhood patterns on the infiltration rates and
infiltration loads. This comparison was based on AMY weather of State College, PA. Figure 5-15
shows the wind rose generated with the wind data from AMY, and Figure 5-16 shows the
monthly average infiltration rates of three cases calculated by CFD0 and CONTAM.
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Figure 5-15. Wind rose of State College, PA
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Figure 5-16. Comparison of infiltration rates for 3 cases
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From this figure, Case 1 has the highest infiltration rates among the three cases, and Case
3 has the lowest. This result indicates that the surrounding buildings can reduce the infiltration
rates by providing shield effect towards the wind. After the construction of Millennium Science
Center, infiltration rates of the Student Health Center has decreased since as a new surrounding
building, Millennium Science Center changed the local air flow around the Student Health
Center.
Since the infiltration is dependent on the wind speed and direction, regression analyses
were performed to validate the correlation between the simulated infiltrate rates and wind data. In
this analysis, the infiltrate rate calculated by CONTAM is the dependent variable and the wind
speed and direction are the two independent variables. Table 5-4 shows the regression results
with the estimate coefficient of the independent variables and P-values. All the P-values are less
than 0.05, so the results confirm the significant correlations between infiltration rates and wind
data. For a fixed wind direction, when the wind speed increase by 10 m/s, the infiltration rate will
increase by 0.13 calculated by the coefficient estimate. This result is reasonable, since higher
wind speed can increase the static pressure again the building exterior surface and thus increase
the infiltration. Compared to wind speed, the effect of wind direction is much smaller, which can
be seen from the very small coefficient estimate. Therefore, although both wind speed and
direction have statistically significant effects on the infiltration, wind speed is the dominant factor,
and should be paid more attention for building design process in State College.
Table 5-4. Regression results with coefficient estimate and P-value
Coefficients

Estimate

P-value

Intercept

1.865e-01

<0.001

Wind Speed

1.276e-02

<0.001
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Wind Direction

-6.749e-05

<0.001

With the energy consumption results from EnergyPlus, and by taking Case 2 as the base
case, Figure 5-17 presents the percentage difference of infiltration loads between Case 3 and Case
2, as well as Case 1 and Case 2. On average, the difference between Case 1 and Case 2 is much
larger than that of Case 3 and Case 2 on a monthly basis. Case 1 and Case 2 has the largest
difference of 36% for September and smallest difference of 13% for November. On the other
hand, the largest difference between Case 3 and Case 2 exists on May while the smallest
difference of 7 is for January.
case 2 vs. case 3 40
case 2 vs. case 1 35

Percentage Difference (%)

30
25
20
15

10
5
0

1 2 3 4 5 6 7 8 9 10 11 12
case 2 vs. case 3 7 9 12 14 17 12 11 13 14 9 16 9
case 2 vs. case 1 19 23 24 29 24 26 32 29 36 18 13 14

Figure 5-17. Percentage differences of infiltration loads for cases with different neighborhood
patterns
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5.3.3 Evaluation of the heights of surrounding buildings in the neighborhood
In this evaluation, neighborhood pattern of Case 3 was used to simulate different heights
of surrounding buildings. Figure 5-18 and 5-19 show the neighborhood layout for the scenario of
half height of surrounding buildings and double height of surrounding buildings, respectively.

Figure 5-18. Layout of neighborhood with half height of surrounding buildings

Figure 5-19. Layout of neighborhood with double height of surrounding buildings

Figure 5-20 shows the infiltration rates calculated for the three cases. The scenario of half
height of surrounding buildings has the largest infiltration rates on a monthly basis, while the
scenario of double height has the smallest. This is because the shield effects from surrounding
buildings increase with the heights of those buildings.
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Figure 5-20. Comparison of infiltration rates for cases with different heights of surrounding
buildings

By taking the scenario of current height settings as the base case, Figure 5-21 shows the
percentage difference of infiltration rates. The percentage difference for half height and the base
case ranges from 0.3% to 14.7%, while the difference for double height and the base case ranges
from 2.5% to 6.9%.

62

Percentage Difference (%)

16
14
12
10
8

Half Height

6

Double Height

4
2
0
-2

1

2

3

4

5

6

7

8

9

10 11 12

Month

Figure 5-21. Percentage differences of infiltration rates for cases with different heights of
surrounding buildings

Although the percentage difference is not very high (less than 10%), it is necessary to
check if this percentage difference is statistically significant. Paired T test was performed to
figure out if the air infiltration rates statistically change with the change of heights. Figure 5-22
shows the box plots for all the three cases, and the p-values of T tests shown in Table 5-5
confirms that different heights of surrounding buildings may lead to significant difference in
infiltration rates.
Table 5-5. Results of paired T-tests for cases with different heights
Comparison

Mean

P-value

Current vs. Half

0.211 vs. 0.231

<0.001

Current vs. Double 0.211 vs. 0.202

<0.001
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Figure 5-22. Boxplot of infiltration rates for cases with different heights of surrounding buildings

The infiltration loads were then estimated for the three cases. Figure 5-23 and 5-24 show
the the simulation results from EnergyPlus. All the three cases follow the same trend from month
to month. Take the current height setting as the base case, the percentage difference can be as
high as 30%.
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Figure 5-23. Comparison of infiltration loads for cases with different surrounding building
heights
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Figure 5-24. Percentage differences of infiltration loads for cases with different surrounding
building heights

5.3.4 Evaluation of the orientation of surrounding buildings in the neighborhood
In this evaluation, neighborhood pattern of Case 3 was used to simulate different
orientations of the neighborhood. From the Figure 5-25, cases of rotating the neighborhood by 90
and 180 have relative higher infiltration rates on a monthly basis.
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Figure 5-25. Comparison of infiltration rates for cases with different orientations of the
neighborhood
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Figure 5-26. Percentage differences of infiltration rates for cases with different orientations of the
neighborhood

Although the monthly percentage differences are not very significant from Figure 5-25,
the results of paired T-tests from Table 5-6 and Figure 5-27 show that the orientation of the
neighborhood has statistically significant effects on the infiltration rates.
Table 5-6. Results of paired T-tests for cases with different orientations
Comparison

Mean

P-value

Current vs. 90 degree

0.211 vs. 0.221

<0.001

Current vs. 180 degree

0.211 vs. 0.220

0.001

Current vs. 270 degree

0.211 vs. 0.215

0.026
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Figure 5-27. Boxplot of infiltration rates for cases with different orientations

Figure 5-28 and 5-29 show the simulated infiltration loads as well as the percentage
differences. All the four cases follow the same trend of infiltration loads through the year and the
simulation results are very close. In addition, the case of current orientation has the smallest
infiltration load on a yearly average. This result indicates that while designing the campus, the
factor of wind effect and infiltration probably was considered.
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Figure 5-28. Comparison of infiltration loads for cases with different orientations of the
neighborhood
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Figure 5-29. Percentage differences of infiltration loads for cases with different orientations
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5.3.5 Evaluation of different climate zones
Besides the investigation of height of surrounding buildings and orientation of
neighborhood, the current research also included evaluation of different climate zones. Due to the
various locations, the wind speed and direction may change a lot from one climate zone to
another. The U.S. has seven climate zones, excepted Zone 5A where Penn State campus is
located, two zones (1 and 7) was omitted because it represents only a small percent of land area in
the mainland U.S. Table 5-7 shows representative cities for the remaining four climate zones
(ASHRAE 2007).
Table 5-7. Representative cities for the selected four U.S. climate zones

City
Climate zone Climate type
Austin, TX
2A
Hot
Atlanta, GA
3A
Warm
Baltimore, MD
4A
Mixed
State College, PA
5A
Cool
Madison, WI
6A
Cold
The TMY3 (Typical Metrological Year) data was used as weather input to CONTAM,
and Figure 5-30 to 5-33 show the wind roses generated by the weather data.
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Figure 5-30. Wind rose of Austin, TX

Figure 5-31. Wind rose of Atlanta, GA
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Figure 5-32. Wind rose of Baltimore, MD

Figure 5-33. Wind rose of Madison, WI
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By running CONTAM with the TMY3 weather data, Figure 5-34 show the simulated
infiltration rates of Student Health Center with current neighborhood pattern. In general,
Madison, WI has relatively higher air infiltration rates while State College, PA has the lowest air
infiltration rates. The values of infiltration rates in Baltimore and Atlanta are comparative.
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Figure 5-34. Comparison of infiltration rates for different climate zones

Table 5-8 shows the percentage infiltration rate difference of State College, PA compares
to the other cities. In general, Austin, TX has the smallest difference to PA while Madison, WI
has the largest difference.
The infiltration loads for each climate zone was not simulated, since except wind
direction and speed, a few other factors may also influence the loads simulation, such as the
outdoor temperature.
Table 5-8. Representative cities for the selected four U.S. climate zones
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Chapter 6
Sustainable Neighborhood and LEED Neighborhood Development

6.1 Overview of LEED certification
Sustainability is defined as meeting the need of current and future generations through a
combination of social advancement and economic prosperity with environment protection
(Newman 2005). It is necessary to design and retrofit urban neighborhoods towards being more
sustainable, since a sustainable neighborhood encourages a lifestyle that is environmentally,
socially and economically sustainable (Roseland 2000).
Sustainability assessment rating systems are considered as tools to integrate
environmental issues with economic and social considerations (Newman 2005). Leadership in
Energy and Environmental Design (LEED) is the most commonly used building certification
systems in North America. In 2009 the U.S. Green Building Council (USGBC) developed the
first LEED as a rating system to encourage sustainability in the built environment (USGBC
2012). For assessing sustainability of neighborhoods which integrates multiple buildings, roads
and infrastructure, the USGBC developed the LEED for Neighborhood (LEED-ND) rating
system. LEED-ND has been developed to provide an integration between three major principles
on sustainability: Smart Growth, New Urbanism and Green Building principles (USGBC 2012).
By earning points, LEED-ND provides certifications at four levels depends on number of points:
Certified (0-39 points), Silver (40-49 points), Gold (50-59 points), and Platinum (80-110 points).
LEED-ND includes the neighborhoods elements such as site selection, neighborhood patterns and
design. To be certified by LEED-ND, the candidate neighborhoods would be evaluated with five
environmental categories (USGBC 2012):
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1. Smart Location and Linkage (SLL)
2. Neighborhood Pattern and Design (NPD)
3. Green Infrastructure and Buildings (GIB)
4. Innovation and Design Process (IDP)
5. Regional Priority Credit (RPC)
Under each category, there are a set of mandatory prerequisites and optional credits to be
achieved by candidate neighborhoods. All the prerequisites and credits are defined with intents to
explain how they are contributed to promote sustainability of the neighborhoods. The
neighborhood projects need to meet the requirements of all the prerequisites and earn points as
many as possible under each credit.

6.2 LEED Neighborhood Development: credits and requirements
LEED-ND outlines credits to encourage development of energy-efficient neighborhoods
in the category of Green Infrastructure and Buildings (USGBC 2012). The prerequisite in this
category requires candidate projects to include at least one whole building being certified through
a green building rating system. 90% of the building floor area of all buildings in the candidate
projects should meeting the requirement of Minimum Building Energy Efficiency, points could
also be obtained by meeting higher requirements for credits.
In addition to the prerequisites and credits directly related to the building energy
consumption, a few credits of neighborhoods properties are indirectly relate to building energy
consumption, for example:
1. Smart Location and Linkage
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•

Preferred Locations: Encourage neighborhood projects located on a previously developed
site and/or an infill site.
2. Neighborhood Pattern and Design

•

Compact Development: Requirements for construction density per acre of buildable land.

•

Tree-Lined and Shaded Streets: Provide shade for at least 40% of the length of sidewalks
on street.
3. Green Infrastructure and Buildings

•

Existing Building Reuse: Aims reducing adverse environmental effects of new buildings.

•

Heat Island Reduction: Provide shade from open structures and tree canopy.

•

Solar Orientation: Requirements of orientation of block and buildings.
LEED-ND was developed for new constructed neighborhoods, some credits and

prerequisites are not even applicable for existed neighborhoods. In addition, LEED-ND was not
designed as rating system for existing universities and colleges, because circulation patterns and
building forms of universities are different from the strategies provided by LEED-ND (USGBC
2012). Nevertheless, the LEED-ND rating systems could be helpful to determine the strengths
and weaknesses of existed neighborhoods for improvement of sustainability (Weshah and
Sadeghpour 2011); and also used as a good framework and tool to guide the campuses which are
expanding or undergoing major redevelopment. The current research aims to support LEED-ND
in promoting sustainability in designing and retrofitting urban neighborhoods by reducing the
total building energy consumption.
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6.3 Application of LEED ND to sustainable campuses
University campus can be good candidates for the LEED Neighborhood Development,
and LEED ND can be used as a tool to promote sustainability. There are a few examples of
universities or college earns the LEED ND certification (Hercules and Hanff 2013). For example,
with the 17 acre development, Columbia University’s Manhattanville campus is the first project
in New York to earn the LEED ND designation from the U.S. Green Building Council. This
project included the community engagement by providing documents listed amount of
development anticipated and describes the economic, educational, cultural, environmental and
social benefits that might be expected from the campus project.
University of Washington is another example of campus certified by LEED ND. A total
of 4 potential sites for a new campus were identified for a North Sound Campus. The selection of
the new campus site was based on LEED, and reports were released as a part of the planning
process.
Syracuse University supported the project of SALT District in the neighborhood. The
assessment of the existing neighborhood was performed using LEED ND. The project brought
exciting changes to the neighborhood, in order to promote environmental sustainability and
economic opportunity for the neighborhood’s residents.
Based on the findings in the current research, there are two steps that can be considered
during the neighborhood design to promote LEED ND:
(1) Site selection
LEED ND has a few prerequisite and credits relates to the building and neighborhood
location, which encourages constructions on previously developed site and an infill site. With a
perspective of energy, buildings constructed in an infill site instead of a raw land may get benefits
of shading from surrounding buildings. The extra shading not only reduce the received solar
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radiation and cooling loads, but also can reduce the infiltration loads by providing shield of wind.
Base on the results from the current research, the infiltration loads can be reduced by up to 15%.
(2) Orientation selection
In the chapter of Green Infrastructure and Buildings, LEED ND has a credit of solar radiation to
encourage energy efficiency by creating appropriate conditions to perform both active and
negative solar strategies. This credit has two options: block orientation and building orientation.
The block orientation requires “75% or more of the blocks have 75% or more of the blocks have
one axis within plus or minus 15 degrees of geographical east-west, and the east-west lengths of
those blocks are at least as long as the north-south lengths of the blocks”, shown as Figure 6-1.

Figure 6-1. Solar oriented blocks meeting requirements of orientation selection credit

The second option of “building orientation” covers 75% or more of the LEED ND
project’s total building square footage (except the existing buildings). The requirement is that
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Solar-oriented buildings with longer axis (at least 1.5 times length of other axis) should within 15
degrees of geographic east-west, as shown in Figure 6-2.

Figure 6-2. Solar oriented buildings meeting requirements of orientation selection credit

The results from current research also confirm the importance of choosing the appropriate
building and site orientation. By understanding the wind direction and speed on a monthly basis,
a carefully chosen orientation may save the infiltration loads by up to 18%.
In summary, LEED Neighborhood Development has one single chapter for smart location
and linkage, aims to encourage neighborhood development within or near existing communities
and public transit infrastructure (USGBC 2012). This chapter reveals the importance of site
selection with respect to saving land, transportation resources and energy, and reducing vehicle
trips as well as the contaminants from vehicles. This chapter provides a guideline to site selection
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of campuses. The chapter of neighborhood patterns and design lists the sustainable strategies
within the neighborhood, such as design of streets and parking places. This chapter may help new
campus design and campus redevelopment. The chapter of green infrastructure and buildings
provides suggestions to save energy and water on a single building level. These criteria can help
with new construction or renovation of single building on campuses. In a word, the requirements
and criteria listed in LEED ND can be used as a reference while designing or renovating the
university campus. Although not every single campus is designed to get LEED ND certified,
promoting sustainability is always the right direction to follow.
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Chapter 7
Conclusions and Recommendations

7.1 Conclusions
This dissertation project has studied a few topics related to urban neighborhood patterns
and infiltration/shading of an individual building in the neighborhood environment. The main
objective of the research study was to evaluate the relationship of an individual building and its
surrounding buildings, and to quantify the effects of surrounding buildings and urban
neighborhood patterns on the infiltration and energy consumption of an individual building. This
research study also included an investigation of the LEED Neighborhood Development
guidelines in order to support performance analyses of sustainable campuses by combining the
research findings with the requirements and credits in LEED ND.
This research project used a neighborhood at Penn State University as a case study
because the neighborhood pattern has been changed in the past few years. First, a statistical
sensitivity study was performed using the utility data measured for buildings in this selected
neighborhood before and after the neighborhood pattern was changed. Paired T tests were used
and the results show that the neighborhood patterns had statistically significant effects on the
building energy consumption. In other words, the newly constructed building in this
neighborhood influenced the energy consumption of its surrounding existing buildings.
In order to quantitatively evaluate the effects of the newly constructed building on its
surrounding buildings, one of the buildings in this neighborhood (Student Health Center) was
chosen for detailed simulations. The simulation method included three simulation tools: CFD0,
CONTAM and EnergyPlus. The results show that the infiltration rates decreased after the
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construction of the new building, and the simulated building within isolated environment had the
largest infiltration rates. After the change of neighborhood pattern, the monthly percentage
difference of infiltration loads can be as high as 14%. Furthermore, the monthly energy
consumption decreased by up to 8%, because the newly constructed building offered extra
shading and wind shielding to the existing buildings, and changed the local wind speed and air
flow in this neighborhood, thus reduced both the infiltration rates and energy loads.
Based on the model established for this neighborhood, sensitivity analyses were
performed to evaluate the influence of two neighborhood variables: heights of surrounding
buildings and site orientation. The results show that the monthly infiltration rates decrease with
the increased heights of surrounding buildings. The average percentage differences of infiltration
loads for the current height vs. half height were larger than that of the current height vs. double
height. The largest monthly percentage difference of infiltration loads is 25%. As for the
investigation of site orientation, four orientations were considered in the simulations. The current
orientation resulted in the lowest infiltration rates and infiltration loads, while the largest monthly
percentage difference of infiltration loads was18%. The results of sensitivity analysis proved the
importance of the selection for neighborhood patterns and site orientation.
In addition, this research investigated the infiltration rates for different U.S. climate zones
using the neighborhood model. The simulated results show that Madison, WI has relatively
higher air infiltration rates than the infiltration rates in Baltimore, MD and Atlanta, GA. It can
also be seen that the differences in the infiltration rates among the three investigated climate
zones are limited.
A few building standards and codes encourage compact construction of neighborhood to
save land and resources, and it is reasonable to expect the urban morphology to evolve to tighter
spatial interactions among adjacent buildings. Therefore, the importance of accurate building
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energy simulations situated in the real context of an urban neighborhood will increase over time.
The coupling simulation result presented by this dissertation may provide a reference to future
design of sustainable urban neighborhoods. Furthermore, his project offers a workflow that can
be quickly checked by urban planners and designers during the design process of a building or a
neighborhood. As for the design of an individual building, by evaluating the neighborhood
morphology and adjacent buildings, the building can benefit from getting additional shading and
wind shielding from its neighbors. As for the design of neighborhood, local wind rose may
provide a reference to reduce the impact of infiltration, and LEED ND can be used as a guide tool
to promote sustainability while reduce the building energy consumption.

7.2 Recommendations for future study
A majority of existing building energy research studies focused on the mechanical
systems inside a building, but future studies in this field may enlarge the spatial footprint from a
single building level to a neighborhood level. The current research provides an example with
detailed investigation tracking the energy consumption in the campus neighborhood that was
changed over the past five years. Future studies may utilize this method to test multiple
neighborhoods under different environments in order to generalize the findings from the current
research study and to provide additional guidelines and references for neighborhood design.
In addition, it would be worthy to investigate the building portfolios with districted
cooling/heating systems. A lot of university campuses and residential neighborhoods may use the
districted steam, gas or chilled water for their cooling/heating use. Future studies may evaluate
what neighborhood properties should be considered in the design process of a new building; in
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order to minimize the energy consumption for all the buildings within the same districted
cooling/heating system.
The neighborhood investigated in the dissertation included four buildings. Future
research may enlarge the neighborhood scale to more buildings, or at the city scale for different
cities considering both the urban morphology and the building function. The local weather
conditions to the specific city can be another focus by investigating effects of a few important
climate parameters such as longitude, latitude, altitude of the city, and average humidity
conditions.
In addition, this research investigated two aspects of possible effects of neighborhood:
infiltration and shading. Future studies may extend the research scope to simulate the heat
transfer between buildings. The related future research project could focus on investigating how
the inter-building heat transfer effects energy consumption of neighborhoods.
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