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Abstract
Urbanization produces higher air temperatures in cities than in the undeveloped rural surroundings.

This phenomenon is known as the Urban Heat Island (UHI) effect and has been measured in different
cities around the world. Conventional building energy programs use standard meteorological databases
obtained from measurements at operational weather stations, which are usually located in open areas
outside of the city, typically at the airport. Therefore, air temperature measurements may not include the
UHI effect.

The UHI effect can have an impact on the energy consumption of buildings, especially residential and
naturally ventilated buildings. At the same time, the energy performance of buildings can affect outdoor

air temperatures, mainly through the waste heat emissions from outdoor air-conditioning equipment.
Consequently, there are situations in which the interactions between the indoor and outdoor environments
are reciprocal and thus both domains have to be solved simultaneously.

This thesis presents a study of the energy interactions between buildings and the urban climate
through the development and evaluation of a set of models. Based on first principles, these models

include three different Urban Canopy and Building Energy Models (UC-BEMs), with different levels of
detail and applications, and a novel urban climate prediction tool, the Urban Weather Generator (UWG).
Developed at the intersection of building energy and urban climate studies, the research builds on funda-
mental knowledge in both domains.

The UC-BEMs account for building thermal effects on climatological predictions and have the poten-
tial to predict building energy consumption at urban scale. The UC-BEMs can be coupled with mesoscale

atmospheric simulations, establishing a multi-scale model approach from the atmosphere down to build-
ings that can be used to analyze the impact of future climate change scenarios on the urban climate and
the energy consumption of buildings.

The UWG calculates site-specific urban climate conditions from measurements at an operational
weather station. The model can be used alone or integrated into existing programs in order to account

for the UHI effect in building energy simulations. The UWG is evaluated with field data from Toulouse,

France, and Basel, Switzerland.
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Title: Professor of Building Technology
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Chapter 1

Introduction

1.1 Context

This research is motivated by the environmental and societal challenges we face in the context of an

increasing global population, global warming, and energy scarcity. In particular, it aims to be a step to-

ward the improvement of the sustainability of urban areas, where more than half of the global population

currently lives [P.R.B., 2011].
Urban areas are affected by an increase in air temperature relative to the surrounding rural areas,

a phenomenon known as the Urban Heat Island (UHI) effect. The UHI effect has been documented

based on meteorological experiments carried out in different cities around the world [Roth, 2007; Hicks

et al., 2010; Lee and Baik, 2010; Zhou and Shepherd, 2010; Houet and Pigeon, 2011]. Fig. 1.1 shows
the average diurnal cycle of urban and rural air temperature measured in Basel (Switzerland) during the

summer of 2002 [Rotach et al., 2005]. The UHI effect has a characteristic diurnal pattern [Oke, 1987],

being more intense at late afternoon and night. In the morning, the urban-rural temperature difference

can be negative, what is called the Urban Cool Island effect.

30 - --"U RBAN
30 - -- RU RAL

25-

20-

15 ** --

10
0400 0800 1200 1600 2000

Figure 1.1 - Monthly-average diurnal cycle of urban and rural air temperatures measured in Basel, Switzerland,
between June 10 and July 10, 2002, during the experiment BUBBLE [Rotach et al., 2005].

The observed UHI effect can be explained by the different morphology of the urban terrain relative
to the rural terrain. The effective albedo tends to be higher due to the inter-reflections between urban

surfaces. Additionally, the urban terrain delays the diurnal cycle of air temperature due to the fact that

13



CHAPTER 1. INTRODUCTION

there is more surface exposed to the environment, increasing the effective thermal inertia [Erell and

Williamson, 2007]. Furthermore, urban surface roughness decreases the mean wind velocity and reduces

the convective heat removal. Added to this is the heat gain due to anthropogenic sources [Sailor, 2011]

and the lower evaporation due to the reduction of vegetated areas. To analyze the UHI effect, it is useful

to differentiate between its mesoscale component, produced by the aggregated effect of the city on the

urban boundary layer [Kuttler, 2008], and its canopy-scale component due to the urban canyon effect

(Fig. 1.2).

Wind direction
and Intensity

Urban Boundary
Layer

MESOSCALE
COMPONENT

CANOPY-SCALE
COMPONENT 0 Urban

Rural Boundary nop Rural Boundary

Layer 'yLayer Layer

Figure 1.2 - Representation of a city and the components of the UHI effect: mesoscale and canopy-scale.

The UHI effect can have an impact on the energy consumption of buildings, especially residential

and/or naturally ventilated buildings. It increases their cooling energy consumption in summer [Assi-

makopoulos et al., 2007; Santamouris et al., 2001] but can also reduce their heating energy consumption

in winter [Memon et al., 2011]. In temperate climates, urban design strategies that combine building

energy efficiency and urban climate considerations can optimize the energy demand of urban areas. In

hot climates, the operation of residential air-conditioning (AC) systems is a significant percent of a city's

total energy consumption and peak power demand [Rhodes et al., 2011]. Furthermore, AC systems

are responsible for waste heat emissions that contribute to the UHI effect, and their use is expected to

increase in the following years as a consequence of global-scale climate warming [Adnot, 2003] and

improving economies in developing countries.

This research has been developed at the intersection between building energy and urban climate stud-

ies. Building energy engineering focuses on the indoor environment but requires weather information as

boundary conditions for its calculations. On the other hand, urban climatologists are interested in phe-

nomena such as the UHI effect, which is partially caused by building energy operation. The combination

of these two scientific communities can benefit from complementary expertise.

Urban planning also has a crucial role to play for improving urban sustainability. Urban planners have

already started to incorporate energy efficiency strategies into the design process of urban areas [Mackey

et al., 2012]. However, these initiatives are still tepid or purely experimental. This can be explained

by the fact that there has not yet been established a clear and trustworthy relationship between urban

design alternatives and their energy performance. This research is presented as a step toward developing

a solid knowledge of the physical principles that make some design alternatives more sustainable than

others. The ultimate goal is to be able to integrate building energy consumption and urban-scale climate

warming considerations into the decision-making process of urban design and operation.

14



1.2. NEEDS

1.2 Needs

1.2.1 Building energy engineering

Building energy simulation programs use standard meteorological databases obtained from measure-

ments at operational weather stations for annual energy calculations. Operational weather stations are

usually located in open areas, without nearby obstructions, and outside the city, typically at the airport.

Therefore, air temperature measurements might not include the UHI effect.

Crawley [2008] studies the impact of the UHI effect on a small office building by assuming typical

diurnal cycles of urban-rural temperature difference. His study suggests that the UHI effect modifies the

energy consumption of office buildings between 5% and 10% (increasing their cooling energy demand

in summer and decreasing their heating energy demand in winter). A study carried out in this thesis

predicts a similar impact of the UHI effect on commercial buildings (i.e. office buildings) and concludes

that these buildings are less affected than residential buildings by this phenomenon because their energy

performance is usually dominated by internal heat gains. The study shows that the energy demand of

residential buildings can be modified by 20% for a typical 4 K daily-maximum UHI effect.

At the same time as the UHI effect modifies the indoor energy operation, the energy performance of

buildings can have an impact on outdoor air temperatures, mainly through the waste heat emissions from

outdoor AC equipment. Consequently, there are situations in which the interactions between the indoor

and outdoor environments are reciprocal and thus both domains have to be solved simultaneously.

This thesis proposes an Urban Weather Generator (UWG) to calculate urban air temperatures using

meteorological information measured at an operational weather station and accounting for the reciprocal

interactions between building and the urban climate. Other studies that calculate urban weather infor-

mation through meteorological modeling can be found in the literature. Erell and Williamson [2006]

presented a rural-to-urban weather transformation (the CAT model) based on the urban canopy model

LUMPS [Grimmond and Oke, 2002] and the CTTC model [Swaid and Hoffman, 1990], which requires

the calibration of empirical parameters at the location of analysis. Oxizidis et al. [2008] proposed a com-

putationally expensive method of generating urban weather files by coupling EnergyPlus [Crawley et al.,

2001] with Computational Fluid Dynamics (CFD) and mesoscale atmospheric simulations. The UWG

overcomes the limitations of previous models.
In urban planning, there is also a demand for building stock models to assist with the implementa-

tion of policy. Swan and Ugursal [2009] review the various modeling techniques used to estimate the

energy consumption at neighborhood or city scale. The top-down approach utilizes historic aggregate

energy data, deriving the energy consumption of building stocks as a function of top-level variables such

as macroeconomic indicators, energy price, and general climate. Bottom-up models account for the

energy consumption of individual end-users and extrapolate it to represent an urban area based on the

representative weight of the modeled sample. A number of physically-based bottom-up models can be

found in the literature [Kavgic et al., 2010]. However, none of these models specifically accounts for

the interactions between buildings and the urban environment. The Urban Canopy and Building Energy

Models (UC-BEMs) presented in this thesis overcome this limitation and have the potential to become

fully-operative building stock models.

1.2.2 Urban climatology

Different research groups are interested in predicting future climate change scenarios and their implica-

tions in the urban climate and the energy consumption of buildings [CNRM-GAME, 2010]. This requires
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CHAPTER 1. INTRODUCTION

a multi-scale model approach from the atmosphere down to buildings.

Urban Canopy Models (UCMs) have been developed to represent urbanized surfaces in atmospheric

numerical simulations and are being used as urban-climate prediction tools. The Town Energy Balance

(TEB) scheme [Masson, 2000] is a well-established example of a physically-based UCM [Masson and

Grimmond, 2002; Lemonsu et al., 2004; Pigeon et al., 2008]. The TEB scheme is based on a two-

dimensional approximation of an urban canyon (Fig. 1.3) formed by three generic surfaces: a wall, a

road, and a roof. The urban canyon air is represented as a well-mixed thermal zone that exchanges heat

with the generic wall, the generic road, and the atmosphere above the urban canopy layer. The generic

roof exchanges heat directly with the atmosphere. Further developments of the TEB scheme divide the

urban canyon in multiple horizontal layers [Hamdi and Masson, 2008].

Figure 1.3 - Image of a typical urban canyon in Toulouse (France).

Previous versions of the TEB model implement a simple representation of building energy processes,

which did not include important features such as internal heat gains or infiltration. In order to improve

the representation of buildings in TEB, this thesis proposes two different approaches.

The first approach is to couple EnergyPlus with TEB. The Coupled Scheme (CS) presented in this

thesis makes it possible to analyze the effect on urban climate of all building parameters included in a

detailed building model. It also enables the identification of building configurations whose analysis and

design are more sensitive to urban climate conditions. Furthermore, taking advantage of the previous

evaluations of EnergyPlus, the CS can be used in the evaluation process of new models. However, the

scheme requires a number of iterations between EnergyPlus and TEB, which makes it unsuitable for

coupling with atmospheric models.

The second approach is to develop a new building energy model integrated in the urban canopy

model. This is the method used by Kikegawa et al. [2003] and Salamanca et al. [2010]. They developed

-simplified building energy models that are able to capture the main heat transfer processes that occur

inside buildings and to calculate building energy demand and waste heat emissions from AC systems

[Kondo and Kikegawa, 2003; Salamanca and Martilli, 2010; Kikegawa et al., 2006; Ihara et al., 2008].
However, their models do not include active and passive building systems, which are sometimes neces-

sary to get a good estimation of building energy consumption. Furthermore, active and passive system

16
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models allow for an evaluation of the impact of energy efficiency strategies on climate. The new building

energy model integrated in TEB overcomes the limitations of previous models.

UCMs can be coupled with a mesoscale atmospheric model (on-line approach) or forced with me-

teorological information above the urban canopy layer (off-line approach) [Masson and Seity, 2009].

The off-line approach takes advantage of the low computational cost of UCMs in order to effectively

perform parametric analyses of urban design criteria. However, this approach generally assumes that

forcing conditions (i.e. boundary conditions) are not affected by changes in the urban surface, which is

a restrictive assumption if one is interested in contrasted scenarios of urban heat fluxes. Furthermore,

forcing meteorological information above the urban canopy layer is only available through short-term

experiments, a few permanent urban stations, and mesoscale simulation results. This limits the use of

UCM by other communities, such as building engineers and urban planners, who may be interested in

urban climate prediction but do not have access to this type of information. On the other hand, meteoro-

logical information can be easily found in weather data files obtained from measurements at operational

weather stations located in open areas outside the city.

The atmospheric component of the UWG, developed in this thesis, calculates air temperatures above

the urban canopy layer from measurements at an operational weather station. Previous studies also

aimed to estimate the mesoscale UHI effect. Based on similarity theory, Hidalgo et al. [2009] developed

a correlation for the daytime UHI effect at mesoscale level. Previously, Lu et al. [1997] had proposed an

equivalent correlation for the nighttime case. The main limitation of these models is that they assume the

urban boundary layer is at steady state and not dominated by a geostrophic wind (i.e. calm conditions).

1.3 Research goals

The general objective of this thesis is to integrate building energy and urban climate studies, building on

fundamental knowledge in both domains. The specific goals are the following:

" Account for building thermal effects in climatological predictions, including the effect of active

and passive building systems.

" Develop physically-based bottom-up models to predict building energy consumption at neighbor-

hood or urban scale, specifically accounting for the energy interactions between buildings and the

urban environment.

" Understand the dominant mechanisms of interactions between the energy performance of buildings

and the urban climate.

" Identify building configurations whose energy performance is sensitive to the UHI effect.

" Develop a methodology to predict the UHI effect, both at mesoscale and canopy-scale levels, by

using standard meteorological databases measured at operational weather stations.

1.4 Methodology

Mirzaei and Haghighat [2010] review the existing approaches to study the UHI effect. Microscale CFD

models are capable of obtaining accurate information about the canopy-scale UHI distribution at a par-

ticular location [Santiago and Martilli, 2010]. However, due to their high computational cost, their scope
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must be spatially and temporary limited; thus, these models cannot be applied to annual energy calcula-

tions and to analyses at a larger scale than a few blocks. Furthermore, the accuracy of CFD simulations

strongly depends on the supplied boundary conditions, for which detailed information in most cases is

not available, and on the treatment of the turbulence closure and radiation. In summary, although CFD
simulations can be very useful for specific studies, especially involving air velocity distribution, a very

high computational cost is paid for a gain in accuracy that is not guaranteed.

Mesoscale models are considered the state-of-the-art in atmospheric weather prediction, used as

operational tools [Lafore et al., 1998]. These models represent the urban canopy as an aerodynamic

roughness for which correlations act as a bridge between the surface and the first atmospheric layer.

The latest generation of mesoscale models is coupled with UCMs, improving the representation of the

thermal effect of urban areas on the atmosphere. However, their application to urban climate predictions,

for which the temporal scale of interest ranges between few days to one year or even a century, is affected

by the same limitations as microscale CFD models.

This research is based on the energy balance approach, which is the one used in building energy

and urban canopy models. This thesis shows that this methodology is capable of providing estimates

of the UHI effect within an acceptable accuracy range, both at mesoscale and at canopy-scale, and of

building energy consumption at urban scale. The advantages are its simplicity and low computational

cost. Simple models make the underlying physics easy to understand, test and improve. Fast models

allow for parametric studies of greater spatial and temporal scales. The main limitation of the energy

balance approach is that the air velocity field is not specifically solved and its effect is represented by
correlations. This is particularly important for the heat exchange between the urban canyon air and the

atmosphere above it, which is calculated from a formulation based on exchange velocities [Bentham and

Britter, 2003].

The models developed in this thesis are evaluated by comparison with both more sophisticated mod-

els whose validations have been reported in the literature and field data from experiments. The models

that have been used in the evaluation process are EnergyPlus [Crawley et al., 2001], the TEB model

[Masson, 2000], and a combination of the two (the CS presented in chapter 2) [Bueno et al., 2011]. The
thesis also uses mesoscale simulation results obtained by climatologists of the CNRM-GAME (France)

with the model Meso-NH [Lafore et al., 1998]. Field data corresponds to the experiment BUBBLE,

carried out in Basel, Switzerland, in 2002 [Rotach et al., 2005]; the experiment CAPITOUL, carried out

in Toulouse, France, between 2004 and 2005 [Masson et al., 2008]; and an experiment carried out in

Athens, Greece, in 2009 [Synnefa et al., 2010].

1.5 Thesis structure and scope

The core of the thesis is divided into two parts and five chapters, which correspond to the five publi-

cations that have come out of this research: three published and two in the process of being published

[Bueno et al. 2011; 2012; 2012a; 2012b; 2012c]. The first part is devoted to UC-BEMs, which are

used to represent building thermal effects on climatological predictions and have the potential to predict

building energy consumption at urban scale. The second part is devoted to a novel urban climate pre-

diction tool, the UWG, which predicts urban air temperatures, both at mesoscale and canopy-scale, from

measurements at operational weather stations.

Chapter 2 presents the CS between EnergyPlus and TEB. The CS combines models that are well-

accepted and evaluated within their respective scientific communities, building engineering and urban
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climatology. This makes the CS a very useful tool to evaluate other UC-BEMs (chapters 3 and 4). The CS
allows an analysis of the effect on climate of sophisticated building and building system configurations
(those included in EnergyPlus), as well as an evaluation of their sensitivity to urban climate conditions.
In this chapter, the CS is evaluated by using field data from Toulouse, France. The comparison includes
electricity and natural gas energy consumption of buildings, building fagade temperatures, and urban
canyon air temperatures. As application examples of the CS, the chapter analyzes the effect of different
building and HVAC system configurations on building energy consumption, waste heat released from
HVAC systems, and outdoor air temperatures for the case study of Toulouse. Three different energy

efficiency strategies are considered: shading devices, economizers, and heat recovery.

Chapter 3 presents the building energy model (BEM) that has been integrated in the TEB scheme.
The advantage of this model with respect to the CS presented in chapter 2 is that it can be coupled with
mesoscale atmospheric simulations. The CS required a number of iterations between EnergyPlus and
TEB, which makes it computationally unsuitable for atmospheric coupling. The development of BEM-
TEB is framed in the Project Muscade [CNRM-GAME, 2010] in order to represent future scenarios
of urban climate and building energy consumption in French cities. Compared to previous UC-BEMs
[Kikegawa et al., 2003; Salamanca et al., 2010], BEM-TEB accounts for the dependence of the system
capacity and efficiency on indoor and outdoor air temperatures and solves the dehumidification of the air
passing through the system. Furthermore, it includes specific models for passive systems, such as win-
dow shadowing devices and natural ventilation. BEM-TEB has satisfactorily passed different evaluation
processes, including testing its modeling assumptions, verifying that the chosen equations are solved
correctly, and comparing the model with field data from Toulouse, France, and Athens, Greece.

Chapter 4 presents another UC-BEM based on a space-state solution of the thermal network that rep-
resents the fundamental physical relations between buildings and the urban environment. The RC model

is a complement to the more detailed models previously presented (chapters 2 and 3). Its advantages are
its simplicity and computational efficiency. The model allows for faster parametric analyses and makes
it possible to easily evaluate modeling hypotheses. In this chapter, the RC model is evaluated against the
CS for different building configurations and seasons. The model is then used in a series of parametric
analyses to investigate the impact of the UHI effect on the energy consumption of buildings in configu-
rations that are parameterized in terms of internal heat gains, construction, geometry, glazing ratio, and
infiltration level. The RC model is also used to investigate the dominant mechanisms by which the indoor
environment affects outdoor air temperatures. Parameters such as indoor air temperatures, exfiltration

heat, and waste heat from HVAC systems are analyzed. The conclusions obtained by this study can be
applied to a wide range of urban configurations.

Chapter 5 presents a methodology to calculate air temperatures above the urban canopy layer from

meteorological data measured at an operational weather station. This provides the boundary conditions

required by UCMs used off-line (without being coupled with a mesoscale model). The proposed scheme

is composed of two modules: a Vertical Diffusion Model (VDM) to calculate vertical profiles of air tem-

perature at the weather station and an Urban Boundary-Layer (UBL) model to calculate air temperatures

above the urban canopy layer. The VDM-UBL scheme is proposed as an alternative to mesoscale atmo-

spheric simulations and makes it possible to include the coupled effect between the urban canopy layer

and the urban boundary layer in urban climate predictions. In this chapter, the VDM-UBL scheme is eval-
uated against mesoscale atmospheric simulations and field data from Basel, Switzerland, and Toulouse,

France.

Chapter 6 is devoted to the UWG scheme. The UWG is composed of the VDM-UBL scheme pre-
sented in chapter 5, a Rural Station Model that calculates sensible heat fluxes at the weather station, and
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a UC-BEM based on those presented in chapters 3 and 4. The computational cost of the UWG is inten-
tionally kept at the same order of magnitude as annual building energy simulations, and it specifically
accounts for the energy interactions between buildings and the urban climate. In this chapter, the UWG
is also evaluated against field data from Basel, Switzerland, and Toulouse, France.

Finally, chapter 7 provides a summary of contributions, comments on the limitations of the models,
and outlines the prospects for future work.
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Chapter 2

The Coupled Scheme between EnergyPlus
and the TEB scheme

2.1 Overview

This chapter presents a Coupled Scheme (CS) between a detailed building energy simulation model,

EnergyPlus [Crawley et al., 2001], and an urban canopy model, the Town Energy Balance (TEB) [Mas-

son, 2000]. The CS combines models that have already been extensively used and evaluated and are

well-known and accepted within their respective scientific communities, building engineering and urban

climatology. This makes the CS a very useful tool to evaluate new Urban Canopy and Building Energy

Models (UC-BEMs), such as those presented in chapters 3 and 4. It also allows an analysis of the ef-

fect on climate of sophisticated building configurations (those included in EnergyPlus), as well as an

evaluation of their sensitivity to urban climate conditions.

In this chapter, first, an overview of building energy modeling as related to urban climate studies

is presented. Then, the CS is described. An evaluation of the model is carried out by using field data

from the experiment CAPITOUL [Masson et al., 2008] conducted in Toulouse, France. As examples

of possible applications of the CS, the scheme is used to study the impact of different building and

HVAC system configurations on the energy consumption of buildings, HVAC waste heat emissions, and

outdoor air temperatures. Three different energy efficiency strategies are evaluated: shading devices,

economizers, and heat recovery.

2.2 Urban climate and building energy modeling

2.2.1 The Town Energy Balance (TEB) model

The TEB model [Masson, 2000] is a physically-based urban canopy model initially developed to repre-

sent urbanized surfaces in atmospheric numerical simulations. The TEB model has been evaluated with

observations in various urban sites and weather conditions [Masson and Grimmond, 2002; Lemonsu

et al., 2004; Offerle et al., 2005; Pigeon et al., 2008]. This model considers a two-dimensional approxi-

mation of an urban canyon formed by three generic surfaces: a wall, a road, and a roof. It calculates the

climate conditions, the drag force, and heat fluxes of a town or neighborhood formed by identical urban

canyons, where all orientations are possible and all exist with the same probability.
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The TEB model is based on the energy balance approach. The urban canyon air is represented as a
well-mixed thermal zone that exchanges heat with the generic wall, the generic road, and the atmosphere

above the urban canopy layer. The generic roof exchanges heat directly with the atmosphere. Further
developments of the TEB scheme divide the urban canyon in multiple horizontal layers [Hamdi and
Masson, 2008].

Prior to the integration of the building energy model presented in chapter 3, the TEB model im-

plemented a simple representation of building energy processes by solving a transient heat conduction

equation through a multi-layered wall and roof. The force-restore method was applied to calculate in-

door conditions from the contributions of the different building surfaces. Further developments of the
TEB model included a minimum threshold to calculate the heating loads of the building associated with

transmission through building surfaces [Pigeon et al., 2008]. Other phenomena, such as transmission

through windows, internal heat gains and infiltration, and the calculation of cooling loads, were not yet

included.

2.2.2 Building parametrizations

Building parametrizations are simplified building energy models that are integrated in urban canopy mod-
els. Their mission is to account for building effects such as the waste heat emissions from AC systems

on the urban climate, and to be able to represent the impact of the urban climate on the building energy
performance of urban areas. The first building parametrization is developed by Kikegawa et al. [2003].
In addition to solving the diffusion equation for walls, this model takes into account the internal sources

of heat, solar radiation transmitted through windows, and the energy loads due to ventilation. Applying

sensible and latent energy balances, the model calculates the energy demand required to maintain certain
indoor conditions.

Salamanca et al. [2010] developed another building parametrization, but this time coupled with a
multi-layer urban canopy model [Martilli et al., 2002]. This building parametrization allows the defini-
tion of multiple-story buildings and incorporates a more detailed treatment of windows, including the
calculation of the transmitted solar radiation as a function of the angle of incidence. A range of comfort
conditions and a maximum capacity of the HVAC system can also be specified in this model.

The building energy models of Kikegawa and Salamanca are able to capture the main heat transfer
processes that occur inside buildings [Salamanca et al., 2010]. They are also able to predict the en-
ergy demand of a basic building configuration and to estimate the energy consumption and waste heat
emissions of an HVAC system [Ihara et al., 2008; Salamanca and Martilli, 2010].

2.2.3 'EnergyPlus

One industry-standard building simulation model, EnergyPlus [Crawley et al., 2001], calculates the en-

ergy demand of a building by applying a heat balance method [DOE, 2010a], somewhat similar to that

used in the above-mentioned building parametrizations. It also implements detailed models for exter-

nal heat transfer calculations such as convection, solar radiation (including shadows and reflections),
and longwave radiation exchange with the sky. EnergyPlus has been extensively evaluated according to

building simulation standards [DOE, 2010b,c].

One difference with respect to building parametrizations is that EnergyPlus can calculate the energy
consumption of a specific HVAC system by solving the sensible and latent energy transformations of
a working fluid (air or water) when this passes through the different HVAC components (coils, fans,
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heating and cooling plant equipment, economizers, cooling towers, etc.). Examples of specific HVAC

systems are variable-air-volume, fan-coils, or chilled ceilings with dedicated outdoor air systems.

This detailed definition is intended to capture the real performance of HVAC systems that supply

energy to cover the energy demand of the building and to counteract thermal losses through the system.

The capacity of the system depends on the conditions inside and outside the building, and there are situa-

tions where the system is not able to supply the required energy, affecting the resulting indoor conditions.

Cooling-system efficiency (as measured by the coefficient of performance (COP), the dimensionless ratio

of thermal output to fuel input) also depends on the conditions inside and outside the building and on the

part load ratio of the cooling plant. The latter takes into account the loss of efficiency when the cooling

plant is not working at its maximum capacity.

In an ideal building energy model, the indoor air humidity is assumed constant and the latent energy

supplied or removed by the HVAC system is directly equal to the latent energy demand of the building.

On the contrary, a detailed definition solves for the dehumidification of the air passing through a cooling

system. In many HVAC system configurations, the indoor air humidity is not controlled in the same

way as the air temperature, so the calculation of the air humidity requires a psychrometric model of the

air crossing the system. This capability allows a better estimation of building energy consumption and

associated waste heat emissions.

Another difference between detailed building simulation models and building parametrizations is the

capability of modeling building demand reduction strategies or passive systems. Passive systems take

advantage of the sun, the wind and environmental conditions to reduce or eliminate the need for HVAC

systems. Accurate simulation of their effect is sometimes crucial in predicting the overall energy perfor-

mance of buildings and consequently the heat released from buildings into the environment. Examples

of passive systems are shading devices, double-skin fagades, natural ventilation, heat storage devices,

evaporative cooling, earth tubes for pre-heating or pre-cooling ventilation air, and cool or green roofs.

Finally, detailed building simulation models can make daylighting calculations and include them in

the thermal energy balance of buildings. Lights can contribute significantly to building energy end-use,

both directly and by adding heating loads, which affect the eventual waste heat released from HVAC

systems.

2.3 Model description

The CS combines EnergyPlus and the TEB model to calculate the energy performance of buildings and

the urban climate around the buildings, taking into account the reciprocal interactions between the two.

The latest version of the CS uses EnergyPlus 5.0 and the TEB model integrated in SURFEX 6.1.

2.3.1 Definition of a reference building in EnergyPlus

In the TEB model, the morphology of urban areas is represented by three parameters: the average build-

ing height (hbld); the horizontal building density (Pbld), defined as the building plan area divided by the

plan area of the urban site; and the vertical-to-horizontal urban ratio (VHurb), defined as the exterior verti-

cal building area divided by the plan area of the urban site. The model approximates any urban layout by

a homogeneous and regular urban morphology through this parameterization. Although the TEB model

has been evaluated in different and not necessarily regular urban areas, the effect of heterogeneities in

this approximation has not been formally tested yet.
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The CS uses the same urban morphology parameterization as the TEB model, including the concept

of an average-oriented urban canyon [Masson, 2000]. The reference building in EnergyPlus is specified

from TEB urban morphology parameters by assuming a regular layout of square-plan buildings (Fig.

2.1). The geometric relationship can be expressed as:

Pbid = a2 /(a/2+b/2)2, (2.1)

VHurb = 4ahbld/(a/2+b/ 2)2 , (2.2)

where a is the side of the square-plan building and b is the side of the square formed by the projection
of the surrounding buildings fagades on the ground (Fig. 2.2). The geometric unit of the urban grid used

to derive Eqs. 2.1 and 2.2 is indicated with a broken-dash line in both Figs. 2.1 and 2.2.

Figure 2.1 - Plan view of an urban area composed of a homogeneous grid of square-plan buildings. The geometric
unit of the grid is indicated with a broken-dash line.

The reference building is composed of a single zone with an internal thermal mass representing
intermediate floor constructions. Windows are defined such that their vertical dimension matches the
vertical dimension of building fagades, and their horizontal dimension is a fraction of the horizontal

dimension of building fagades according to the glazing ratio. Surrounding buildings are represented by
shadowing surfaces. The solar radiation received by the four vertical surfaces of the reference building

approaches the solar radiation received by walls in the average-oriented canyon calculated by the TEB

model. A closer agreement to the average-oriented canyon approach can be achieved by rotating the

building 450 with respect to the north-south axis (Fig. 2.2).

2.3.2 Exchanged information

Both EnergyPlus and the TEB model are able to calculate exterior wall and roof surface temperatures.

In the CS, these surface temperatures are calculated by TEB and then used in EnergyPlus as boundary

conditions. One of the reasons for this choice is that EnergyPlus simplifies the calculation of longwave

radiation between a building surface and the surrounding urban surfaces, assuming that the latter are at
the outdoor air temperature. Wall convective heat transfer correlations (CHTC) also differ between the
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Building walls
----- +- Building windows

- - - Surrounding buildings

It IN

Figure 2.2 - Plan view of the reference building defined in EnergyPlus, indicating building walls, building win-

dows and surrounding buildings. The building is rotated 45' with respect to the north-south axis. The geometric

unit of the grid is indicated with a broken-dash line. The dimension parameters a and b are calculated from TEB's

morphology parameters.

two models. Palyvos [2008] presented a literature review of CHTC applied to building surfaces, and

proposed a generic correlation more similar to the one used in TEB [Masson, 2000] than to that used in

EnergyPlus [DOE, 2010a].

The original version of the TEB model is only able to calculate surface temperatures associated with

the fraction of fagades covered by walls, neglecting the effect of windows in the outdoor energy balance.

Window surface temperatures can be significantly different from wall surface temperatures and are more

affected by the indoor environment. The CS uses an adapted version of TEB that is able to use the

window temperatures calculated by EnergyPlus in its outdoor energy balance according to the glazing

ratio of building fagades. Solar reflections, convective and radiative heat exchanges are modified in TEB

accordingly.

EnergyPlus also calculates the waste heat released from HVAC systems. In vapor-compression re-

frigeration cycles (the most common cooling systems), waste heat emissions (Qwaste) can be calculated

by adding the heat exchanged between the HVAC system and the building (Qexh) and the energy con-

sumption of the HVAC system (QHVAC), Gwse= QHVAC -+ Qexch. In fuel-combustion heating systems,

waste heat emissions correspond to the combustion gases exhausted from chimneys and are calculated

as Qwaste = QHVAC - Qexch- The energy exchanged between the HVAC system and the building and the

energy consumed by the system are calculated by EnergyPlus taking into account the interactions among

system, building, and environment.

In reality, outdoor HVAC equipment can be located on the fagade or the roof of buildings. If located

on the roof, waste heat emissions can have no effect on urban canyon air temperatures or an indirect

effect through air recirculation from the roof to the urban canyon. This version of the CS assumes that

all waste heat is released from building fagades, which represents a typical situation in which window or

small split AC units are used. The calculated waste heat emissions are included in the outdoor energy

balance of TEB as a wall-distributed eneeray source.

Future developments of the CS should also include the heat flux associated with the exfiltrated and

exhausted air. Chapter 4 shows that the exfiltration heat flux can have a noticeable effect on urban air
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temperatures in winter. This effect is not accounted for in this chapter.

2.3.3 Iterative coupling method

The CS uses an iterative method to calculate the interactions between EnergyPlus and the TEB model.

The iterative coupling process starts from a preliminary TEB simulation using off-line meteorological

forcing information [Masson and Grimmond, 2002]. The wall temperatures, roof temperatures, and ur-

ban canyon climate conditions calculated by TEB are supplied as boundary conditions to an EnergyPlus

simulation. Then, window temperatures and HVAC waste heat emissions calculated by EnergyPlus are

used in a new iteration of TEB. This process (Fig. 2.3) is repeated until a convergence criterion is satis-

fied. In the present study, convergence was assumed to be reached when the average canyon temperature

difference between iterations fell below 0.05 'C. This was typically achieved after two or three iterations.

HVAC waste heat emissions
Window surface temperatures

BUILDING URBAN
ENERGY CANOPY
MODEL MODEL

Urban climate conditions
Wall and roof surface temperatures

Figure 2.3 - Iterative method of the CS. The building energy model (EnergyPlus) calculates window temperatures

and waste heat release from HVAC systems. The urban canopy model (TEB) calculates wall and roof surface

temperatures, as well as climate conditions inside the urban canyon. Both models iterate until a convergence

criterion is satisfied.

2.4 Model evaluation

The CS is intentionally composed of well-established models and therefore relies on their respective

previous evaluations. Additionally, this section uses field data from the experiment CAPITOUL, carried

out in Toulouse, France, from February 2004 to March 2005 [Masson et al., 2008], to verify that the

iterative procedure of the CS is correctly implemented and to carry out a first evaluation of the model.

2.4.1 Observations from the CAPITOUL experiment

Weather information at the top of urban canyons is used as boundary conditions in urban canopy models,

such as the TEB model. During the CAPITOUL experiment, meteorological measurements were taken

from an instrumented tower in the dense urban center of Toulouse at 27.5 m above the average building

height and 47.5 m above the ground. In the same area, urban air temperatures were measured inside
urban canyons. Instruments were placed in locations where air temperature could be representative of a
larger scale than the street around them [Oke, 2004].
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Surface temperatures of building fagades were measured with infrared radiometers for different urban

canyon orientations. The results are the area-weighted fagade temperature resulting from the surface

temperatures of the wall and the windows included in the view angle of the sensor. In addition, traffic

heat release over a 500-m radius circle area around the instrumented tower was estimated by using

automatic counters [Pigeon et al., 2008]. Anthropogenic heat from traffic is an input of the TEB model

and the CS.
A city-scale inventory of electricity and natural gas energy consumption of buildings was also con-

ducted during the experiment [Pigeon et al., 2007]. This is used to evaluate the capacity of the CS to

predict heating energy consumption in winter. As it is explained below, electricity consumption data in

summer suggests that AC systems are not widely used in Toulouse, so this case study is not suitable to

compare cooling energy consumption. On the other hand, summer electricity consumption data is used

to estimate building internal heat gains, which are an input of the model.

In climatology, anthropogenic heat flux refers to the energy input of an urban area that can be com-

puted to human activity. It is therefore composed of traffic heat and building internal heat gains, which are

inputs of the model, and energy consumption of HVAC systems, which is dynamically calculated by the

model. This is different from the waste heat flux released by outdoor HVAC equipment, which includes

internal heat gains and HVAC energy consumption, but also heat gains through the building enclosure.

During the CAPITOUL experiment, anthropogenic heat flux data was obtained from the residual of the

surface energy balance (SEB) equation [Pigeon et al., 2007] and is compared with the CS simulations.
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2.4.2 Characterization of the dense urban center of Toulouse

Table 2.1 presents the set-up of the original TEB model and the CS according to the reported information
from the experiment. The thermal properties of construction materials used in this study are specified in
Table 2.2. A number of modeling assumptions were made given the lack of detailed information about
the buildings of the site. In the comparison between TEB simulations and CAPITOUL observations
carried out by Pigeon et al. [2008], walls and roof were assumed to have no insulation. However, prelim-
inary comparisons between simulation results and observations showed that both TEB and EnergyPlus
consistently overpredict exterior wall temperatures in winter when no insulation is considered in the
walls and roof. Furthermore, it is reasonable to think that many of the buildings in Toulouse are provided
with some kind of insulation to reduce heating energy consumption in winter. This can be a simple air-
cavity or an insulation material installed after a rehabilitation process. Based on a comparison between
calculated and observed wall surface temperatures in winter (section 2.4.3), an interior insulation layer
0.3-m thick was assumed in this study.

Figure 2.4 represents the daily-average observations of electricity consumption of buildings and out-
door air temperatures during two months in summer. As can be seen, variations of air temperature do
not have a noticeable impact on electricity consumption, which presents a typical-week profile. This fact
suggests that AC systems are not extensively used in Toulouse during the summer and that the electricity
consumption of buildings is dominated by the use of domestic electricity devices. This conclusion is
used to obtain an average internal heat gain value of 5.8 W m- 2 (building floor area) to be used in the
model. This value typically corresponds to the residential sector, which represents the majority of the
buildings of the urban area under study.
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Figure 2.4 - Daily-average observations of electricity consumption per unit of urban area (thick points) and urban
canyon air temperature (thin points) between 19 June 2004 and 17 August 2004. The urban area corresponds to
the dense urban center of Toulouse.

Infiltration level in buildings is an important source of modeling uncertainty, above all in the resi-
dential sector. Our analysis uses a generic infiltration/ventilation air flowrate value of 0.5 ACH (room air
volume changes per hour). Finally, it is also assumed that 60% of heating systems are fueled by natural
gas and 40% are electric. This assumption is revisited in section 2.4.4.
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Table 2.1 - Simulation parameters used for the evaluation of the CS with field data from the experiment CAPI-

TOUL conducted in Toulouse (France). The terms urb and fl indicate unit of urban area and floor area, respectively.

Parameter
Urban parameters
Location
Latitude
Longitude
Average building height
Horizontal building density
Vertical-to-horizontal urban area ratio
Roughness length
Anthropogenic heat from traffic
Wall and roof construction

Wall and roof albedo
Road construction

Road albedo
Building parameters
Building floor construction
Glazing ratio
Window construction
Internal heat gains

Infiltration/ventilation air flowrate
Cooling system
Heating system
Heating efficiency
Thermal set points
Fraction of gas heating systems
Fraction of electric heating systems

Table 2.2 - Thermal properties

Material

Brick and tiles
Concrete
Wood
Insulation
Asphalt
Stones
Gravel and soil

Thermal
conductivity

W m 1 K- 1

1.15
0.93
0.93
0.03
0.74
2.1
0.40

of construction materials used in the simulations.

Volumetric heat
capacity
J m-3 K1
1.6e6
1.5e6
1.2e6
5.2e4
1.9e6
2.0e6
1.4e6

2.4.3 Model verification

This section presents a comparison between the fagade temperatures and urban canyon air temperatures

calculated by the CS and by the TEB model and those observed during the CAPITOUL experiment. The
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Settings

Toulouse
43.480
1.3'
20 m
0.68
1.05
2 m
8.0 W m-2 urb [Pigeon et al., 2007]
Brick - 30 cm
Insulation - 3 cm
0.32
Asphalt -5 cm
Stones - 20 cm
Gravel and soil
0.08

Concrete - 20 cm
0.3
Double-pane clear glass
Residential: 5.8 W m-2 fi

Latent fraction: 0.2
Radiant fraction: 0.2
Electric fraction: 0.7
Schedule: weekdays, 1; weekend, 0.71.
0.5 ACH
None
Gas furnace
0.9
19 C - No max.
60%
40%
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objective is to explain the effect of windows in the outdoor energy balance and to show that the iterative

procedure of the CS is well implemented. Due to the lack of AC systems in this case study, outdoor

air temperatures are expected to be very similar between the CS and the TEB model. A more detailed

analysis of urban air temperatures is presented in chapter 6.

Faeade temperatures

Figure 2.5 presents a comparison between the measured fagade surface temperatures, the wall tempera-

tures calculated by the original TEB, and the window and fagade temperatures calculated by the CS for

winter and for summer.

Exterior window surface temperatures have a very different behavior with respect to exterior wall

surface temperatures between winter and summer. Apart from thermal inertia and solar considerations,

window surface temperatures are more affected by the indoor environment than exterior wall surface

temperatures, because windows are less insulated. In winter, indoor air temperatures are significantly

higher than outdoor air temperatures; thus, window surface temperatures are in general higher than ex-

terior wall surface temperatures (Fig. 2.5 left). In summer, the difference between indoor and outdoor

air temperatures is lower than in winter, and wall and window surface temperatures are similar. In Fig.

2.5 (right), window temperatures are slightly higher than wall temperatures during the night, which is

related to the fact that the indoor air is not conditioned (no cooling system).

For this particular case study, the faeade temperatures calculated by the CS are similar to those
predicted by the TEB model, although the latter excludes windows. In both cases, the error compared to

observations is small (about 1 K), which justifies the assumptions relative to wall construction made in

this comparison.
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Figure 2.5 - Monthly-average diurnal cycle of fagade temperature from observations, calculated by TEB, and
calculated by the CS for winter, January 16, 2005 - February 15, 2005 (left); and for summer, July 16, 2004 -
August 15, 2004 (right). The urban area corresponds to the dense urban center of Toulouse.

Outdoor air temperatures

Figure 2.6 compares the measured urban canyon air temperatures with the air temperatures calculated by
TEB and by the CS for winter and for summer. Both models predict very similar outdoor air tempera-
tures. In winter, waste heat emissions due to indoor air heating are small, and the difference in outdoor
air temperatures are given by the higher window surface temperatures calculated by the CS. In summer,
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windows and walls have similar surface temperatures, and there are no waste heat emissions associated

with cooling systems. This comparison shows a reasonably good agreement between the simulation

results and observations with errors smaller than 1 K.
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Figure 2.6 - Monthly-average
TEB, and calculated by the CS
2004 - August 15, 2004 (right).
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diurnal cycle of urban canyon air temperature from observations, calculated by
for winter, January 16, 2005 - February 15, 2005 (left); and for summer, July 16,
The urban area corresponds to the dense urban center of Toulouse.

2.4.4 Comparison with field data from Toulouse, France

Heating energy consumption

In this section, the capacity of the CS to predict heating energy consumption is tested by using electricity
and natural gas consumption data obtained during the experiment.

Figure 2.7 shows the daily-average electricity and natural gas consumption for two months in winter.
Observations are compared with the simulation results of the TEB model and the CS. The original TEB,
which does not account for heat losses due to windows and infiltration, underestimates the heating energy
consumption of buildings. Electricity and natural gas consumption computed as root-mean-square error
(RMSE) and mean-bias error (MBE) between the CS and observations are presented in Table 2.3. Given
the modeling hypothesis indicated in section 2.4.2, the CS is able to capture the variations of electricity
and gas consumption during the winter with RMSE and MBE lower than 7 W m- 2 per unit of urban
area, where the average electricity and gas consumption for the same period is 30.8 W m- 2 and 19.0 W
m-2 , respectively. The underestimation in gas consumption can be related to uses of gas other than for
indoor air heating, such as cooking and domestic hot water. Independent of the estimate of the fraction
of houses with gas heat, the prediction of the sum of electricity and gas consumption agrees relatively
well with observations.

Table 2.3 - Root-mean-square error (RMSE) and mean-bias error (MBE) between the daily-average electricity and
gas consumption per unit of urban area calculated by the CS and observed from December 19, 2004, to February
17, 2005. The reference value (REF) is the average energy consumption for the considered time period.

RMSE MBE REF
Electricity consumption W m- 2 urb 3.8 -0.7 30.8
Natural gas consumption W m- 2 urb 6.6 -4.2 19.0
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Figure 2.7 - Daily-average electricity (left) and natural gas (right) consumption per unit of urban area from obser-
vations, calculated by TEB, and calculated by the CS between December 19, 2004, and February 17, 2005. The
urban area corresponds to the dense urban center of Toulouse.

Anthropogenic heat fluxes

An additional comparison is carried out by using the anthropogenic heat flux data obtained during the

experiment. Daily-average values of anthropogenic heat fluxes are represented for two months in winter

and two months in summer (Fig. 2.8). Observations are available for a certain number of days [Pigeon

et al., 2007]. In winter, the original TEB accounts for anthropogenic heat fluxes due to traffic and building

heating, without including other building energy uses. As a result, overall anthropogenic heat fluxes are

underpredicted. In summer, assuming that a negligible number of cooling systems operate in the urban

area, anthropogenic heat fluxes are dominated by the internal heat gains calculated in section 2.4.2. The

relatively good agreement reinforces the validity of the assumptions made in this evaluation of the CS.
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Figure 2.8 - Daily-average anthropogenic heat per unit of urban area from observations, calculated by TEB,
and calculated by the CS between December 19, 2004, and February 17, 2005 (left); and from observations and
calculated by the CS between June 19, 2004, and August 17, 2004 (right). In summer, the predicted anthropogenic
heat fluxes are entirely based on the inputs of the model justified in section 2.4.2. The urban area corresponds to
the dense urban center of Toulouse.
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2.5. APPLICATION

2.5 Application

In section 2.4.2, observations indicated that AC systems are not used in the urban center of Toulouse,

so waste heat emissions do not contribute significantly to urban heating. This situation is expected to

change in the following years as a consequence of global-scale and urban-scale climate warming [Adnot,

2003].
This section presents examples of the kind of analyses that can be carried out with the CS. In partic-

ular, the CS is used to analyze different scenarios of buildings and HVAC systems in Toulouse, including

the presence of cooling systems and the waste heat emissions associated with them. Table 2.4 summa-

rizes the new modeling parameters used in this analysis (other parameters are defined in Table 2.1).

Table 2.4 - CS simulation set-up used in the application examples. Other parameters are defined in Table 2.1.

Parameter Settings
Infiltration air flowrate 0.1 ACH
Internal gains Residential: 5.8 W m- 2 fi

Commercial: 29.0 W n 2 fl
Solar protections Residential: exterior window shades are deployed if beam plus diffuse solar radiation incident

on the window exceeds 100 W m- 2

Commercial: white painted metal blinds are controlled to block beam solar radiation on windows.

HVAC system All-air unitary system [DOE, 2010a]
Outdoor air flowrate Residential: 0.4 ACH

Commercial: 0.6 ACH
Thermal set points 19 0C - 24 0C
Schedule Operative 24 hours
Cooling system Single speed fan on the air side, with evaporating refrigerant in the coils.

Nominal COP 2.5
Economizer Set the outdoor air flowrate at maximum (5 times the minimum) if the outdoor air

temperature is lower than 24 'C and higher than 19 0C.
Heating system Gas furnace
Heating efficiency 0.9
Heat recovery Type: sensible; efficiency: 0.7

2.5.1 Differences between an ideal and a realistic simulation of an HVAC system

The contribution of a detailed definition of HVAC systems with respect to an ideal representation was

highlighted in section 2.2.3. Here, the detailed definition will be referred to as a real HVAC simulation,

in contrast to an ideal HVAC simulation. Fig. 2.9 shows the difference in HVAC waste heat emissions

between a real and an ideal HVAC simulation for summer, which ranges between 7% and 13%. Two

different building uses are represented: residential and commercial (Table 2.4). Different levels of waste

heat emissions are predicted for the residential and the commercial buildings, around 60 W m- 2 and 190

W m- 2 , respectively, averaged on the urban area. A similar study carried out by Salamanca and Martilli

[2010] predicted waste heat emissions in Basel (Switzerland) at summertime that ranged between 90 W

m- 2 and 160 W m-2.

The differences between the real and the ideal HVAC simulations are mainly related to the dehumid-

ification of the air passing through the system, when this is cooled to meet the sensible energy demand

of the building. The waste heat flux associated to the latent heat exchanged between the HVAC system

and the building is accounted for in the real simulation but not in the ideal one.
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Figure 2.9 - Monthly-average diurnal cycle of HVAC waste heat emissions per unit of fagade area from a real and
an ideal HVAC simulation of a residential (left) and a commercial building (right) for summer, July 16, 2004 -
August 15, 2004. In this case study, units of fagade area and urban area are equivalent because VHurb - 1. The
urban area corresponds to the dense urban center of Toulouse.

The fact that the evolution of waste heat during the day is less dynamic in the real case than in the

ideal case can be explained by the limited capacity of the real HVAC system. During the peak hours of

the warmest days, the system may not be able to provide the required energy and its energy consumption

decreases with respect to the ideal simulation.
A statistical analysis of this comparison for the whole cooling period (cooling energy consumption is

positive) indicates that the average waste heat difference between the real and the ideal HVAC simulation

ranges between 2.4 and 9.1 W m- 2 of urban area, with maximum differences of 23.4 W m- 2 and 46.9 W

m- 2 for the residential and the commercial cases, respectively. This analysis corresponds to the simplest

representation of a realistic HVAC system. Other common HVAC system configurations have associated

energy losses (e.g. reheat systems) that would lead to greater differences between the real and the ideal

simulation.
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2.5.2 Effect of waste heat on outdoor air temperatures

Figure 2.10 compares the calculated outdoor air temperatures for summer with and without waste heat

from HVAC systems. For the residential case, which is associated with low energy consumption and

waste heat emissions, the average increase in outdoor air temperature is 0.8 K. In the commercial case,

the average increase in the outdoor air temperature is 2.8 K. Similar values of air temperature increase due

to HVAC systems have been reported previously [Kikegawa et al., 2003; Ohashi et al., 2007; Hamilton

et al., 2009]. A comprehensive parametric analysis of the impact of waste heat emissions on outdoor air

temperatures is presented in chapter 4.
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Figure 2.10 - Monthly-average diurnal cycle of urban canyon air temperature from a CS simulation of a residential
and a commercial building in summer, assuming waste heat emissions from HVAC systems are released into the

urban environment. The urban area corresponds to the dense urban center of Toulouse.

2.5.3 Effect of shading devices on energy consumption and HVAC waste heat emissions

Shading devices are passive systems that reduce the transmitted solar radiation into the building. Ideally,

these devices should block direct solar radiation in the cooling period (summer), but allow the transmis-

sion of diffuse solar radiation for daylight purposes. They should also allow solar heat transmission in

the heating period (winter) provided that there are no glare issues. In this analysis, two different shading

devices typically used for residential and for commercial buildings in Toulouse are considered (Table

2.4).
Table 2.5 presents the annual cooling energy savings and average waste heat reduction associated

with the use of shading devices in summer for residential and commercial buildings. Residential build-

ings, whose cooling loads are more sensitive to the transmitted solar radiation due to the low internal heat

gains, can achieve reductions in energy savings and waste heat emissions of 21% and 29%, respectively,

by using shading devices. Having a similar absolute value of waste heat reduction (similar impact on the

outdoor environment), commercial buildings present lower relative values of energy consumption and

waste heat reduction than residential buildings (around 5%).

2.5.4 Effect of economizers on energy consumption and HVAC waste heat emissions

An economizer allows more than the minimum outdoor airflow to enter the building when the outdoor
temperature is favorable (cooler than indoors in summer). This reduces the consumption of the cooling
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Table 2.5 - Annual energy savings and average waste heat reduction associated with the use of shading devices,
economizers, and heat recovery systems. Energy savings and waste heat reductions are referred to the cooling
system for shading devices and economizers and to the heating system for the heat recovery.

Annual energy savings per Average waste heat reduction per
unit of building plan area unit of fagade area (- urban area)
Absolute Relative Absolute Relative

(kW h m-2) (%) (W m-2) (%)

Shading devices Residential 24.0 20.50 8.5 28.83
(Cooling) Commercial 26.5 5.60 10.2 5.06
Economizers Residential 8.7 7.44 3.3 14.80
(Cooling) Commercial 27.1 3.60 4.3 3.21
Heat recovery Residential 153.8 49.57 3.1 60.02
(Heating)

plant and its waste heat emissions but penalizes the electricity consumption of fans. The application

of economizers can be useful in commercial buildings when outdoor air temperatures are below the

cooling set point and buildings still have cooling energy demand due to internal heat gains. In residential

buildings, the same effect is usually achieved by means of natural ventilation (opening the windows),

which does not require the electricity consumption of a fan. The effectiveness of these strategies is very

sensitive to increases in outdoor air temperatures, which reduce the amount of time they can operate. For

the purposes of this analysis, an economizer is also applied to the residential case instead of a natural

ventilation system. The main difference is the outdoor airflow passing through the building, which is

constant for an economizer and variable for a natural ventilation system. The results of this analysis

provide an upper limit for natural ventilation potential.

Table 2.4 presents the modeling parameters of the economizer considered in this study. Energy

savings and waste heat reduction are achieved when outdoor air temperatures are within the minimum

and the maximum temperature thresholds of the economizer. This occurs during the warmest days in late

spring and fall and during the coolest days in early summer and fall. For the warmest days in summer

(from mid-July), the economizer cannot operate and there are no associated reductions in waste heat.

Table 2.5 presents the annual cooling energy savings and average waste heat reduction associated

with the use of economizers for residential and commercial buildings in Toulouse. Residential buildings

can achieve reductions in energy consumption and waste heat emissions of 7% and 15%, respectively.

Commercial buildings can save around 3% in both energy consumption and waste heat emissions by

using economizers. In both cases, the effect of waste heat reduction on the outdoor environment is

negligible.

2.5.5 Effect of heat recovery on energy consumption and HVAC waste heat emissions

A heat exchanger located between the exhaust air coming from the building and the ventilation air coming

from outdoors reduces ventilation heat losses, which are an important fraction of the heating energy

demand of buildings in winter. Although not included in this analysis, heat recovery systems also reduce

the exfiltration heat flux, which can have an effect on outdoor air temperatures in winter (see chapter 4).

In summer, the temperature difference between indoor and outdoor conditions is lower than in winter

and heat recovery systems are less effective. Due to the close interaction with the outdoor environment,

heat recovery systems are also sensitive to the UHI effect.

Table 2.4 presents the parameters of the heat recovery system considered in this analysis. Table 2.5
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presents the annual heating energy savings and average HVAC waste heat reduction associated with the

use of heat recovery systems for residential buildings in Toulouse. Reductions in energy consumption

and waste heat emissions of 50% and 60%, respectively, can be achieved by this strategy. However,

due to the low waste heat emissions associated with fuel-combustion heating systems, the effect of heat

recovery systems on the outdoor environment is negligible. This analysis does not include commercial

buildings because their heating energy consumption is very small in this case.

39





Chapter 3

The building energy model integrated in
the TEB scheme

3.1 Overview

This chapter presents a Building Energy Model (BEM) integrated in the Town Energy Balance (TEB)

scheme [Masson, 2000]. BEM-TEB is therefore an improvement of TEB, which allows a better repre-

sentation of the effect of buildings on the urban climate. The advantage of this model with respect to

the Coupled Scheme (CS) presented in chapter 2 is that it can be coupled with mesoscale atmospheric

simulations. The CS required a number of iterations between EnergyPlus and TEB, which makes it

computationally unsuitable for atmospheric coupling.

The development of BEM-TEB is framed in the Project Muscade [CNRM-GAME, 2010] in order

to represent future scenarios of urban climate and building energy consumption in French cities. BEM-

TEB proposes a physically-based (bottom-up) approach to estimate building energy consumption at city

scale (-10 km) with a resolution of a neighborhood (-100 m). Modeling building energy consumption

at urban scale has the advantage of building aggregation but requires taking into account the energy in-

teractions between buildings and the urban environment. Building aggregation allows the simplification

of the building thermal definition. The underlying assumption is that the average building of a certain

urban area is more homogeneous and generic than each particular building. Compared to previous urban

canopy and building energy models [Kikegawa et al., 2003; Salamanca et al., 2010], BEM-TEB includes

specific models for active and passive building systems. As described in section 2.2.3, the possibil-

ity to model specific active and passive building systems allows a better estimation of building energy

consumption and associated waste heat emissions.

The chapter is divided in two main sections. In the first one, the underlying physics of the model are

presented in detail. In the second section, the model is evaluated at three levels: modeling assumptions;

model verification, based on a comparison with the CS; and model validation, based on a comparison with

field data from the experiment CAPITOUL [Masson et al., 2008] (Toulouse, France) and an experiment

carried out in Athens, Greece [Synnefa et al., 2010].
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3.2 Model description

3.2.1 Objective and main features

BEM-TEM constitutes a new version of the urban canopy model TEB, in which the energy effects of

buildings on the urban climate are better represented. The new version of the model makes it possible

to calculate building energy consumption at city or neighborhood scale. Previous versions of the TEB

model (without being coupled with EnergyPlus) could not calculate cooling energy consumption and

waste heat emissions associated with HVAC systems.
BEM calculates the energy demand of a building by applying a heat balance method. It considers a

single thermal zone and represents the thermal inertia of intermediate building levels by a generic thermal

mass. The model accounts for solar radiation through windows, heat conduction through the enclosure,

internal heat gains, infiltration, and ventilation (Fig. 3.1).
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Figure 3.1 - Diagram of a building and an urban canyon. The main physical processes included in BEM-TEB
are represented: heat storage and conduction of construction materials, waste heat from HVAC systems, solar
radiation through windows, internal heat gains, infiltration, and ventilation. The diagram also represents the multi-
layer version of the TEB scheme [Hamdi and Masson, 2008] and the possibility of coupling it with a mesoscale
atmospheric model. Diagram elaborated by G. Pigeon.

BEM includes specific models for active and passive building systems. It considers the dependence

of the cooling system efficiency on indoor and outdoor temperatures and solves the dehumidification of

the air passing through the system. The model implements simple representations of window shades and

natural ventilation.
The model has been kept as simple as possible, while maintaining the required features of a compre-
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hensive building energy model. Multizone building calculations have been intentionally avoided, as part

of an overall goal to sacrifice computational efficiency only for a significant gain in accuracy.

3.2.2 Geometry and building definition

BEM uses the same geometric principles as the TEB model and the CS, described in section 2.3.1. These

geometric principles imply that the building enclosure is defined as an average-oriented fagade and a flat

roof, and that the glazing-to-fagade ratio is assumed uniform for all the urban area under study. In

addition, the following is assumed to define buildings in BEM:

" Single thermal zone: BEM assumes that all buildings in a particular urban area have the same

indoor air temperature and humidity. This approach is justified if the objective is to calculate the

overall energy consumption of a building (or neighborhood), rather than the energy performance

of a specific building zone.

" Internal thermal mass: In the single-zone approach, an internal thermal mass represents the thermal

inertia of the construction materials inside a building (e.g. separation between building levels). The

transmitted solar radiation and the radiant fraction of internal heat gains are perfectly absorbed by

the internal thermal mass and then released into the indoor environment.

3.2.3 Heat balance method

BEM uses a heat balance method to calculate indoor thermal conditions and building energy demand.

An energy balance is applied to each indoor surface (is: wall, window, floor, roof, and internal mass),

accounting for conduction, convection, and radiation heat components, viz.

Qcd + Qcv + FQrd = 0- (3.1)
is

The convection and radiation terms are calculated from a standard heat transfer coefficient formulation,

Q = hAT (see appendix B). Convective heat transfer coefficients depend on the relative position between

the surface and the indoor air. Radiative heat transfer coefficients are obtained from linearization of the

Stefan-Boltzmann equation, assuming only one bounce of radiative heat fluxes between surfaces. The

transient heat conduction through massive building elements (walls, floor, roof, and internal mass) is

calculated using TEB routines, which are based on the finite difference method.

To calculate the dynamic evolution of indoor air temperature between a cooling and a heating thermal

set point, BEM solves a sensible heat balance at the indoor air. The sensible heat balance is composed

of the convective heat fluxes from indoor surfaces, the convective fraction of internal heat gains, the

infiltration sensible heat flux, and the sensible heat flux supplied by the HVAC system.

VbldPcvy = LAishev,is (Tis - Tin)dt is

+Qig (l - frd) (I - fiat) (3.2)
+VinfPcp (Turb - Tin)
+msyscp (Tsys - Tin),

where Tin is the indoor air temperature; Vbid, p, cv, and cp are the volume, density, and specific heat

at constant volume and pressure of the indoor air, respectively; Ais is the area of the indoor surface; Qig
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represents the internal heat gains; flat is the latent fraction of internal heat gains; frd is the radiant fraction

of sensible internal heat gains; inf is the infiltration air flowrate; Turb is the outdoor air temperature; and

hsys and Tsys are the mass flowrate and temperature of the air supplied by the HVAC system.

A latent heat balance is also solved to calculate the dynamic evolution of indoor air humidity. The

latent heat balance is composed of the latent fraction of internal heat gains, the infiltration latent heat

flux, and the latent heat flux supplied by the HVAC system.

VbldPlv dt - Qigflat + VinfPlv (qurb - qin) + hsysl (qsys - qin), (3.3)

where 1, is the water condensation heat, and qin, qurb, and qsys are the specific humidity of the indoor air,

of the outdoor air, and of the air supplied by the HVAC system, respectively.

The building energy demand is calculated by applying the same sensible and latent heat balances at

the indoor air, but assuming that this is at set point conditions. The specific humidity set point used for

latent energy demand calculations is obtained from the relative humidity set point and the cooling or the

heating temperature set point, which are provided by the user.

Qdem,sens = E Qcv,is + Qig,sens + Qinf/ventsens, (3.4)
is

Qdem,lat = Qig,lat + Qinf/vent,lat - (3.5)

3.2.4 Windows and solar heat transmission

Window effects have been introduced in the outdoor energy balance of the TEB model. The external

surfaces of windows participate in the outdoor energy balance in the same manner as other urban sur-

faces (walls, road, garden, etc.). Window surfaces are semi-transparent and therefore have three optical

properties (albedo, absorptivity, and transmittance). Two coupled surface energy balances are solved

to calculate the internal and external surface temperatures of windows. Each surface energy balance
accounts for the convective and radiative heat fluxes reaching the surface and the steady-state heat con-

duction through the window.
Building energy models usually consider the dependence of the solar heat transmitted through win-

dows on the angle of incidence of the sun. However, simulations with EnergyPlus for different window

orientations show that for an average-oriented canyon, the solar transmittance of windows (win) can be

approximated by a uniform value of 0.75 times the solar heat gain coefficient (SHGC) (see appendix B).

The SHGC can be found in window catalogues and represents the fraction of incoming solar radiation

that participates in the indoor energy balance. The solar heat transmitted through windows (Qsoi,win) is

then calculated as:

=sol,win =Qsol,wrwinGR, (3.6)

where Qsoi,, is the solar radiation reaching the building fagade and GR is the glazing ratio.

The solar absorptivity of windows is calculated as a function of the U-factor and the SHGC, by using

the equations proposed in EnergyPlus documentation [DOE, 2010a]. The U-factor can also be found in

window catalogues and measures the window conductance, including the convective and longwave heat

transfer coefficients at both sides of the window.
The window albedo is calculated so that the three optical properties (albedo, absorptivity, and trans-

mittance) sum to unity. Then, the model uses an area-averaged fagade albedo to calculate solar reflections
by weighting the albedo of walls and windows with the glazing ratio of buildings.
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3.2.5 Passive building systems

Section 2.2.3 highlighted the importance of considering passive building systems in energy simulation

both at building scale and at urban scale. Passive systems may affect drastically the building energy

performance, reducing or eliminating the need of HVAC systems; and they are among the strategies to

improve the sustainability of urban areas.

Natural ventilation

In residential buildings in summer (especially when an active cooling system is not available), occupants

usually open their windows to naturally ventilate indoor spaces. To represent this situation, BEM in-

cludes a natural ventilation module, which modifies the indoor air energy balance (Eqs. 3.2 and 3.3) by
including an outdoor air flowrate term, similarly to the infiltration term. If the conditions are favorable

for natural ventilation, the HVAC system is assumed to be turned off at least during one hour. The nat-

ural ventilation air flowrate is calculated from a correlation that depends on the outdoor air velocity, the
indoor and outdoor air temperatures, and the geometry of buildings and windows (see appendix B).

Window shades

BEM also includes a simplified model to account for window shadowing devices. If the solar radiation

reaching the window is above a predefined threshold, the model considers that shades are placed outside

and in front of the windows. These shades are characterized by a predefined transmittance. The model

reduces the solar radiation reaching the windows by changing its optical properties. The solar radiation

that is not reflected, absorbed, or transmitted by the windows is assumed to be converted into a sensible

heat flux toward the urban canyon.

3.2.6 HVAC system

Ideal and realistic definitions of an HVAC system

BEM includes both an ideal and a realistic definition of an HVAC system (see section 2.5.1). In the ideal

definition, the system capacity is infinite, and the system supplies the exact amount of energy required

to maintain indoor thermal and humidity set points. On the contrary, the realistic definition considers a

finite capacity that can be provided by the user or calculated by the autosize function.

In the case of a cooling system, the realistic definition also takes into account the dependence of the

system capacity and efficiency on outdoor and indoor conditions. Furthermore, the system efficiency is

affected by part-load performance, when the system does not work at its nominal capacity. The realistic

definition of the cooling system solves for the dehumidification of the air passing through the cooling

coil. In most HVAC system configurations, the indoor air humidity is not controlled in the same way

as the air temperature, so the calculation of the air humidity requires a psychrometric model of the air

crossing the system. Fig. 3.2 represents a psychrometric chart of humid air and the significant points of

the HVAC model for a cooling situation (summer).

Mixing conditions

To calculate the supply air conditions and the energy consumption of the HVAC system, the model first

calculates the mixing conditions of the air recirculated from the building and the outdoor air required for
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DRY BULBTEMPERATURE (90

Figure 3.2 - Psychrometric chart of humid air. The significant points of the HVAC system model for a cooling
situation are represented. Zone conditions refer to the temperature and humidity of the indoor air. Recirculated
air from the zone is mixed with outdoor air before entering the cooling coil (mixing conditions). The air leaves
the cooling coil at supply conditions. The apparatus dewpoint (ADP) is an input of the model and represents the
temperature of the air leaving the cooling coil if this would be saturated.

ventilation. This calculation is the same for both the cooling and the heating system models. The mixing

ratio (Xmix) is calculated as Xmix = VventP/Isys, where rsys is the supply air mass flowrate and Vvent is

the ventilation air volume flowrate, which are given by the user (or calculated by the autosize function

in the case of the air mass flowrate) . Then, the mixing air temperature and humidity are calculated from

the building air temperature and the outdoor air temperature as follows:

Tmix = Xmix Turb+(I -Xmix) Tin, (3.7)

and

qmix = Xmixqurb+(I -- Xmix)qin. (3.8)

Cooling system

In the ideal cooling system model, the energy consumption is calculated by adding the sensible and

the latent energy demand of the building and dividing by the system coefficient of performance (COP),

QHVAC,cool = Qdem,cool/COP. The supply conditions are then calculated to meet the building energy de-
mand:

TSYS = Tmix - Hdem,cool/ (Ihsyscp), (3.9)

and

qsys = qmix - LEdem,cool/ (rnsysiv), (3.10)

where Hdem,cool and LEdem,coo1 are the sensible and latent cooling demand of the building.
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In the realistic cooling system model, the model solves a pychrometric model based on the apparatus

dewpoint (ADP) temperature. The current version of BEM considers a constant-volume direct-expansion

cooling system without reheat, but other system configurations can be added in future versions of the

model. At each time step, the supply air temperature and humidity are calculated by satisfying two

conditions. First, the supply point in the psychrometric chart (Fig. 3.2) must fall on the line connecting

the mixing point and the ADP point. Second, the supply temperature should meet the sensible energy

demand of the building (Eq. 3.9). If the energy demand of the building is greater than the system capacity,

the system capacity is used to calculate the supply temperature.

The system capacity (Qcap,sys) is calculated from the nominal system capacity multiplied by a coef-

ficient that depends on outdoor and indoor conditions (see appendix B). The electricity consumption of

the cooling coil (QHVAC,sys) is calculated by the following expression:

QHvAC,sys = Qcap,sysPLRfPLR/COP, (3.11)

where PLR is the part-load ratio, calculated as the fraction between the energy supplied and the system

capacity, and fPLR is a coefficient that depends on the PLR and accounts for the loss of the system

efficiency due to part-load performance. The actual COP of the system is calculated from the nominal

COP (provided by the user) multiplied by a coefficient that depends on outdoor and indoor conditions

(see appendix B).

Heating system

The current version of BEM considers a fuel-combustion heating system. Other heating systems, such

as heat pumps, can be added in future versions of the model. The supply air temperature of the heating

system is calculated to meet the sensible heating energy demand of the building (Eq. 3.12). If the energy

demand of the building is greater than the system's heating capacity, the heating capacity is used to

calculate the supply temperature.

TSys = Tmix + Hdem,heat/ (hsyscp) (3.12)

The heating system model assumes that the indoor air humidity is not controlled and that the supply air

humidity is the same as the mixing humidity (Eq. 3.8). The energy consumption of the heating system is

calculated from the thermal energy exchanged between the heating system and the indoor air (Qexch,heat)
divided by a constant efficiency(nheat), provided by the user.

QHVAC,heat = Qexch,heat/ theat- (3.13)

Fan electricity consumption

The fan electricity consumption is calculated from the following correlation extracted from EnergyPlus

documentation [DOE, 2010a]:

Pfan = 1sysAPfan7fan/P, (3.14)

where APfan is the fan design pressure increase, predefined as 600 Pa; and rfan is the fan total efficiency,
predefined as 0.7. These predefined values are the same as the default values used in EnergyPlus.
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Waste heat emissions

The waste heat released into the environment by a cooling system is given by:

Qwaste,cool = Qexchcool + QHVAC,cool 1 (3.15)

where Qexch,cool is the thermal energy exchanged between the cooling system and the indoor air, and

QHVAC,cool is the energy consumption of the cooling system (e.g. electricity). The user can specify the
sensible-latent split of the waste heat produced by the cooling system, depending on whether the system
is air-condensed, water-condensed, or both.

For the heating system, the waste heat flux is related to the energy contained in the combustion gases
and is given by:

Qwasteheat = QHVAC,heat - Qexchheat, (3.16)

where QHVAC,heat is the energy consumption of the heating system (e.g. gas).

The heat flux associated with the exfiltrated and exhausted air is added to the waste heat flux from
HVAC systems, assuming that the air leaves the buildings at indoor air temperature.

Autosize function

For the realistic model of an HVAC system, BEM requires information about the size of the system. The
parameters that determine the size of a system are the rated cooling capacity and the maximum heating
capacity. For a constant-volume cooling system, the model also requires its design mass flowrate. This
information can be provided to the model manually, or it can be automatically calculated by the autosize

function.

The autosize function first calculates the maximum heating capacity by applying a sensible heat
balance at the indoor air (Eq. 3.4), assuming steady-state heat conduction through the enclosure. An
equivalent outdoor air temperature is calculated as the average between the design minimum air tem-
perature (provided by the user) and a generic sky temperature (253 K). The required air flowrate is then
obtained from Eq. 3.17, assuming a supply air temperature of 323 K.

Qheat,max
msysrat - Cp (Tsupply - Theat,target) (3.17)

To calculate the rated cooling capacity, the model dynamically simulates the building during four days,
between July 12 and July 15. The rated cooling capacity corresponds to the maximum cooling energy
required to maintain indoor set point conditions for the last day of simulation. This dynamic simulation
uses a predefined diurnal cycle of outdoor air temperature and incoming solar radiation (see appendix
B). Incoming solar radiation depends on the specific location of the urban area, using the solar zenith
angle calculated by the TEB model. Outdoor air humidity, air velocity, and air pressure are considered
constant during this simulation.

Once the rated cooling capacity is calculated, the required air flowrate is obtained assuming a supply
air temperature of 287 K. The rated air flowrate is the maximum of those calculated for cooling and for
heating conditions.
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3.3 Model evaluation

3.3.1 Modeling assumptions

A methodology is proposed to evaluate BEM assumptions. Two models of the same building with differ-
ent levels of detail are compared by simulating them with EnergyPlus. The first model, which is referred
as the detailed model (DM), includes the exact geometry of the building enclosure, defines each build-
ing level as a separate thermal zone, and introduces internal heat gains in terms of people, lighting, and
equipment. The second model, which is referred as the simplified model (SM), maintains the assump-
tions of BEM. It considers a square-base building defined as a single thermal zone with internal mass,
somewhat similar to the reference building of the CS described in section 2.3.1. The building height,
vertical-to-horizontal building area ratio, roof-to-horizontal building area ratio, glazing ratio, construc-
tion configuration of the enclosure (materials and layers), total internal heat gains, and infiltration air
flowrate are the same as the DM (Table 3.1).

To avoid orientation-specific results, DM is simulated for eight different orientations, every 450, and
SM is simulated for two different orientations, rotated 45* between each other. Then, the averaged results
from each set of simulations are compared.

Table 3.1 - Simulation parameters used in the comparison between the simplified EnergyPlus model and the de-
tailed EnergyPlus model of a residential Haussmannian building. The thermal properties of construction materials
are summarized in Table 2.2. The term fl indicates unit of floor area.

Parameter

Vertical-to-horizontal building area ratio

Building height
Length of the side of the square building plan
Roof-to-horizontal building area ratio

Internal heat gains
Radiant fraction of internal heat gains

Latent fraction of internal heat gains
Window solar heat gain coefficient (SHGC)
Window U-factor
Glazing ratio
Floor height
Infiltration
Ventilation
Thermal set points

Internal mass-to-horizontal building area ratio

Internal thermal mass construction

Wall construction

Roof construction

Settings
3.14
21.50 m
27.36 m
0.69
5.58 W m- 2 fi

0.40
0.20
0.60
4.95 W m- 2 K-1
0.2
2.90 m
0.11 ACH
0.43 ACH
19 0C - 24 0C
12.83
Concrete - 10 cm

Main fagade: Stone - 38 cm
Side walls: Brick - 22 cm
Slate, wood, air cavity

The results presented in this section were obtained in collaboration with K. Zibouche from CSTB

(Paris, France) and G. Pigeon from CNRM-GAME (Toulouse, France). The case study corresponds to

a Haussmannian building in Paris (Fig. 3.3). Fig. 3.4 and 3.5 represent the daily-average and monthly-

average diurnal cycles, respectively, of heating energy demand in winter and cooling energy demand

in summer calculated by the simplified and the detailed EnergyPlus models. Differences in heating

and cooling energy demands, computed as root-mean-square error (RMSE) and mean-bias error (MBE)

between the SM and the DM, are presented in Table 3.2. The RMSE of heating energy demand is
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0.9 W m- 2 of floor area, where the average heating energy demand calculated by the DM for the same

period is 19.5 W m- 2 . The RMSE of cooling energy demand is 1.4 W m- 2 , where the average for the

same period is 9.1 W m- 2 . In this case, the MBE is 0.9 W m- 2 , which indicates that the SM overestimates

the cooling energy demand.

Figure 3.3 - Image of a Haussmannian building in Paris (top). Representation of the detailed model defined in
EnergyPlus (middle). Representation of the simplified model defined in EnergyPlus (bottom).
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Figure 3.4 - Heating (left) and cooling (right) energy demand per unit of floor area for winter and summer calcu-
lated by the simplified and the detailed EnergyPlus models of a Haussmannian building in Paris.

0500 1000 1500 2000

20

E

C

2
E,

C

@1

15

10

5.

01
0000 0500 1000 1500 2000

Figure 3.5 - Monthly-average diurnal cycles of heating energy demand between January 16 and February 15, 2005
(left), and cooling energy demand between July 1 and July 30, 2004 (right), per unit of floor area calculated by the
simplified and the detailed EnergyPlus models of a Haussmannian building in Paris.
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Table 3.2 - Root-mean-square error (RMSE), mean-bias error (MBE), and reference value (REF) of the variables

compared in each of the three evaluation sections. The reference value of energy and heat fluxes is the average of
the energy and heat fluxes for the considered time period. The terms urb and fl indicate unit of urban area and floor
area, respectively.

RMSE MBE REF
modeling assumptions (Simplified-Detailed)
Heating energy demand (W m- 2 fl) 0.9 0.4 19.5
Cooling energy demand (W m- 2 fl) 1.4 0.9 9.1
Model verification (CS-BEM)
Heating energy demand (W m- 2 fl) 0.8 0.3 5.6
Cooling energy demand (W m-2 fl) 1.1 -0.4 6.0
Cooling energy consumption (W m- 2 fi) 0.7 0.5 3.0
Waste heat emissions (W m- 2 urb) 9.8 6.0 50.2
Model validation (BEM-Observations)

Case study: Toulouse, France

Simulation period: Dec 19-Feb 17, 2005
Electricity consumption (W m- 2 urb) 5.1 -2.8 30.8

Gas consumption (W m- 2 urb) 7.4 -6.0 19.0

Case study: Athens, Greece
Simulation period: Jun 30-Aug 29, 2009
Indoor air temperature (K) 1.1 0.1

3.3.2 Model verification

To check that the chosen equations are solved correctly, BEM-TEB is compared to the CS between

EnergyPlus and TEB (chapter 2). The case study corresponds to the residential urban center of Toulouse,
which was characterized in section 2.4.2. To be able to compare cooling energy consumption between the

two models, this study assumes that AC systems are widely used in the urban area. The input parameters
are summarized in Table 3.3.

Figures 3.6 and 3.7 represent the daily-average and monthly-average diurnal cycles, respectively, of
heating energy demand in winter and cooling energy demand in summer calculated by BEM and the CS.
Scores for this comparison are presented in Table 3.2. The RMSE of heating and cooling energy demand
ranges between 0.8 and 1.1 W m- 2 of floor area, where the average heating and cooling energy demand
calculated by the CS is around 6 W m- 2 for the same period. As can be seen, BEM slightly overestimates
cooling energy demand in summer (negative MBE) and underestimates heating energy demand in winter

(positive MBE) compared to the CS. This can be explained by the fact that the solar radiation model of

the TEB scheme tends to overestimate the solar radiation reaching building fagades as compared with

the CS.

Figure 3.8 compares the daily-average cooling energy consumption and waste heat emissions of the

HVAC system calculated by BEM and the CS. The RMSE of cooling energy consumption is 0.7 W m-2

of floor area (Table 3.2), where the average cooling energy consumption calculated by the CS is 3 W m-2

for the same period. A relative error of 20 % in building energy consumption is acceptable given the state-

of-the-art of urban canopy models. Grimmond et al. [2011] show that the surface heat flux error of urban

canopy models is usually greater than 20 %. A similar order of magnitude difference is encountered for
the waste heat emissions calculated by both models. The RMSE of waste heat emissions is 9.8 W m-2

of urban area, where the average waste heat fluxes for the same period is 50.2W m-2.

52



3.3. MODEL EVALUATION

Table 3.3 - Simulation parameters used in the evaluation of BEM-TEB for the case study of the residential urban
center of Toulouse, France. In the comparison between BEM-TEB and the CS, the study assumes that AC systems

are used in this urban area. In the comparison between BEM-TEB and observations, the study represents the

actual situation in which AC systems are not widely used in the urban area. The thermal properties of construction
materials are indicated in Table 2.2.

Parameter
Urban parameters
Location
Latitude
Longitude
Average building height
Building density
Vertical-to-horizontal urban area ratio

Roughness length

Anthropogenic heat from traffic

Wall and roof construction

Wall and roof albedo
Road construction

Road albedo
Version of the TEB scheme

Building parameters
Building floor construction

Glazing ratio
Window construction
Internal heat gains
Infiltration/ventilation air flowrate

Thermal set points
Cooling system

Nominal COP
Heating system
Heating efficiency
Fraction of gas heating systems

Fraction of electric heating systems

Settings

Toulouse

43.480
1.30
20 m
0.68
1.05
2.0 m
8.0 W M2 urb
Brick - 30 cm
Insulation - 3 cm
0.32
Asphalt - 5 cm
Stones - 20 cm
Gravel and soil
0.08
Single-layer

Concrete - 20 cm
0.3
Double-pane clear glass
Residential (see Table 2.1)
0.5 ACH
19 C - 24 C
Section 3.3.2: Single speed fan on the air side,
with evaporating refrigerant in the coils.
Section 3.3.3: None
2.5
Gas furnace
0.9
60%
40%
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Figure 3.6 - Daily-average heating (left) and cooling (right) energy demand per unit of floor area for winter and
summer calculated by the CS and by BEM-TEB for the dense urban center of Toulouse.
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Figure 3.7 - Monthly- diurnal cycles of heating energy demand between January 1 and January 30, 2005 (left),
and cooling energy demand between July 1 and July 30, 2004 (right), per unit of floor area calculated by the CS
and by BEM-TEB for the dense urban center of Toulouse.
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Figure 3.8 - Daily-average cooling energy consumption per unit of floor area (left) and waste heat emissions per
unit of urban area (right) calculated by the CS and by BEM-TEB for the dense urban center of Toulouse.
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3.3.3 Comparison with field data from Toulouse, France

Field data from the CAPITOUL experiment is used to evaluate BEM-TEB in winter. The case study of
Toulouse was used in the previous section and characterized in section 2.4.2. The characterization of
the site includes the justification of modeling assumptions, given the lack of detailed information about

buildings. A summary of the input parameters of BEM-TEB for this case study is presented in Table 3.3.

As it was previously done with the CS (section 2.4.4), electricity consumption, natural gas con-

sumption, and anthropogenic heat fluxes from the CAPITOUL experiment are compared to BEM-TEB
simulation results for two months in winter (Fig. 3.9). Electricity and natural gas consumption computed
as MBE and RMSE between BEM and observations are presented in Table 3.2. The RMSE of electric-
ity consumption is 5.1 W m- 2, averaged over the urban area, where the average electricity consumption
calculated by the model is 30.8 W m- 2. A similar RMSE of gas consumption is obtained, 7.4 W m- 2. It
can be seen that BEM-TEB slightly underpredicts electricity and gas consumption in this comparison,
which can be due to internal heat gains not accounted for in the analysis, such as cooking and domestic
hot water.
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Figure 3.9 - Daily-average electricity consumption (top-left), natural gas consumption (top-right), and anthro-
pogenic heat (bottom) per unit of urban area from observations and calculated by BEM-TEB in winter for the
dense urban center of Toulouse.
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3.3.4 Comparison with field data from Athens, Greece

Field data from a second experiment is used to evaluate BEM-TEB in summer. This experiment was car-

ried out in Athens (Greece) between May and September 2009, framed in the European project BRIDGE

[Synnefa et al., 2010, 2011]. Indoor air temperatures were measured in representative residential build-

ings of the Egaleo neighborhood. Sensors were placed in the center of the living room of an intermediate

floor, at a height of about 1 m above the floor. Outdoor air temperatures were simultaneously monitored

by a meteorological station located at the municipality of Egaleo. Three of the monitored buildings share

similar input parameters in BEM-TEB (Table 3.4) and are used in this comparison.

The three analyzed buildings were built between 1945-1965 (Fig 3.10). They are made of reinforced

concrete with no insulation and single-pane windows. In summer, buildings are naturally ventilated and

provided with exterior window shades. The geometry and construction parameters of this case study were

reported in the experiments. Typical values of internal heat gains and infiltration for residential buildings

are assumed. Reasonable modeling assumptions are made in terms of shades and natural ventilation

operation (Table 3.4). A low pressure coefficient difference is chosen to represent the impediment to air

movement imposed by interior partitions.

The measured indoor air temperatures are compared to BEM simulation results for two months in

summer (Fig. 3.11). Indoor air temperatures in naturally-ventilated buildings are very sensitive to occu-

pant behavior (e.g. occupation schedules, shades and window operation); thus, even if the buildings have

similar parameters in terms of the simulation, their performance can be significantly different. As can be

seen, BEM is able to reproduce the daily-average evolution, as well as the daily cycle amplitude, of in-

door air temperatures measured in building 1 with an RMSE of 1.1 K (Table 3.2), but it overestimates the

indoor air temperatures measured in building 2 and, to a lesser extent, those measured in building 3. This

can be explained by the fact that building 1 performs more in phase with the outdoor environment than

building 2, which means that building 1 has less fluctuations of internal heat gains and human building

operation and, therefore, can be better captured by the simulation. Compared to building 1, BEM slightly

overestimates the indoor air temperature during daytime (positive MBE), probably because BEM does

not consider occupation schedules, which would decrease internal heat gains during working hours.

Building 1 Building 2 Building 3

Figure 3.10 - Images of the buildings used in the comparison between BEM-TEB and the experiment carried out
in the Egaleo neighborhood of Athens. Source: Synnefa et al. [2011].
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Table 3.4 - Simulation parameters used in the comparison between BEM and observations. This configuration

represents an urban area composed of residential buildings in the Egaleo neighborhood in Athens, Greece. The

thermal properties of construction materials are indicated in Table 2.2.

Parameter
Location
Latitude
Longitude
Average building height
Building density
Vertical-to-horizontal urban area ratio
Roughness length
Wall and roof construction

Wall and roof albedo
Building floor construction
Glazing ratio
Window construction
Internal heat gains
Infiltration/ventilation air flowrate
Cooling system
Natural ventilation

Shading devices

Settings
Athens
37.980
23.680
9.5 m
0.64
1.05
0.95
Concrete - 30 cm
No insulation
0.32
Concrete - 20 cm
0.25
Double-pane clear glass
Residential (see Table 2.1)
0.5 ACH
None
Activated; AC, = 0.1; hwin= 1.5 m
(see appendix B)
Exterior shades; solar radiation on windows for which shades are
ON: 250 W m-2; solar transmittance of shades: 0.3

315
3

E

28 Jul 11 Aug 25 Aug

310 F

305

300

295
00( 0500 1000 1500 2000

Figure 3.11 - Daily-average (left) and monthly-average diurnal cycle (right) of indoor air temperature from ob-

servations and calculated by BEM-TEB from June 30 to August 30, 2009, for the Egaleo neighborhood of Athens.

Observations correspond to three different residential buildings. Daily-average outdoor air temperatures are also
represented (left).
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Chapter 4

The RC model for the analysis of the
energy interactions between buildings and
the urban climate

4.1 Overview

This chapter presents an urban canopy and building energy model based on a thermal network of con-

stant resistances and capacitances. The benefits of the RC model with respect to the more detailed models

previously presented (chapters 2 and 3) are its simplicity and computational efficiency. The model rep-

resents the fundamental physical mechanisms that govern the reciprocal energy interactions between

buildings and the urban environment, retaining the sensitivity to the design parameters typically used in

building energy and urban climate studies. The RC model is based on a state-space formulation that can

be very efficiently solved by a numerical program. This allows for faster parametric analyses and makes

it possible to easily evaluate modeling hypotheses.

In this chapter, the RC model is described and evaluated against the Coupled Scheme (CS) between

EnergyPlus and TEB (chapter 2) for summer and winter and for different scenarios of waste heat emis-

sions. The model is then used in a series of parametric analyses to investigate the impact of the UHI

effect on the energy consumption of buildings for different building configurations. The model is also

used to investigate the dominant mechanisms by which the indoor environment and the energy perfor-

mance of buildings affect outdoor air temperatures. The conclusions of this study can be applied to a

wide range of building and urban configurations.

4.2 Model description

Figure 4.1 shows the thermal network that represents the energy interactions within and between the

indoor and outdoor environments. The indoor environment is defined as a single-zone building with

an internal thermal mass. The outdoor environment is defined by an average-oriented urban canyon,

composed of a generic fagade and a generic road. Other urban canyon and building energy models,

such as BEM-TEB (chapter 3), solve a very similar thermal network. The main difference is that, in the

RC model, the state-space formulation solves the thermal network once for the whole simulation period

instead of solving it at each time step.
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Tatm Tsky

Qsol

Troof

Tsky

Figure 4.1 - Representation of an urban canopy and building energy model based on a thermal network of constant
resistances and capacitances. A capacitance is associated with each temperature node. Nodes are connected by
resistances. The heat sources of each node are represented by arrows. Four nodes are used to calculate the heat
transfer through the wall, the roof and the road.

4.2.1 Physics

The RC model represents the following heat transfer phenomena and calculations:

" Transient heat conduction through building walls and roof.

" Steady state heat conduction through windows.

" Solar transmission through windows.

" Heat storage in intermediate floor constructions.

" Longwave radiant heat exchange among interior surfaces (wall, roof, and mass).

" Sensible heat balance of the indoor air, including the convective heat fluxes from walls, windows,
roof, and intermediate floors, the convective fraction of internal heat gains, the heat fluxes due to
infiltration and ventilation air, and the heat fluxes from the HVAC system.

" Sensible heat balance of the urban canyon air, including the convective heat fluxes from walls,
windows and the road, the sensible heat exchange between the canyon air and the atmosphere, the
heat fluxes due to exfiltration and exhaust air, and the waste heat from HVAC equipment.
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" Solar radiation absorbed by walls, roof, and road assuming an average orientation of an urban

canyon (see appendix D).

* Heat storage in the road soil.

" Wall-sky, road-sky, roof-sky, and wall-road longwave radiant heat exchanges, taking into account

the view factors between each pair of elements. This represents the longwave trapping of urban

canyons due to reduced sky view factors.

4.2.2 Assumptions

The objective of the RC model is to capture the fundamental physical mechanisms that govern the indoor

and outdoor energy interactions, while keeping a state-space formulation that can be efficiently solved.

This implies constant resistances in the thermal network represented in Fig. 4.1.

The rate of heat exchange between the urban canyon air and the atmosphere is usually characterized

by an exchange velocity uex, which can be defined as:

Uex = Htirb (4.1)
PCP(Turb - Tarm)'

where Hurb is the sensible heat exchange between the urban canyon and the atmosphere, Turb is
the urban canyon mean air temperature, and Tarm is the air temperature above the urban canopy layer.

Preliminary results obtained with the RC model showed that urban canyon air temperatures are sensitive

to the exchange velocity values. Different methods are proposed in the literature to calculate exchange

velocities. In this version of the RC model, the correlations of Louis [1979] are used (Eq. C.13 in

appendix C). In this method, exchange velocities depend on the Richardson number, which is a measure

of the air stability inside the canyon and is a function of the canyon air temperature calculated by the RC

model. Therefore, an iteration of the RC model is required to match the input and calculated exchange

velocities.
As a consequence of the state-space formulation, the RC model assumes that the convection heat

transfer coefficients (CHTC) and the exchange velocities remain invariant during the simulation. In de-

tailed urban canopy and building energy models (e.g. CS and BEM-TEB), the CHTC can be calculated

by correlations as a function of the wind speed and surface-air temperature difference. Exchange veloci-

ties usually depend on geometry, roughness length for momentum and heat, wind speed, and atmospheric

stability. Even so, the RC model is able to reproduce the average diurnal cycle of the results of more so-

phisticated models by using the average exchange velocity calculated by correlations for the simulation

period.
Other assumptions of the RC model include:

" Constant indoor air temperature.

" Constant infiltration and ventilation air flowrate.

" Constant internal heat gains.

" Single-zone building with intermediate floors represented as an internal thermal mass. The trans-

mitted solar radiation and the radiant fraction of internal heat gains are perfectly absorbed by the

internal thermal mass and then are released into the indoor environment.
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" Adiabatic building floor. This condition is reasonable if the floor is well insulated.

" Ideal HVAC system: the energy supplied by the system equals the building energy demand, and

the energy consumption is calculated from a constant efficiency. The dependence of the COP of

cooling systems on outdoor air temperatures is included in BEM-TEB (chapter 3).

" Well-mixed air inside the urban canyon. This is a reasonable assumption for relatively homogenous

urban canopies composed of low-rise to medium-rise buildings. Building, cars, and other heat

sources keep a positive buoyancy level inside urban canyons, even at night, and enhance the mixing

of air inside the urban canopy.

" Linearized radiation formulation and one-bounce approximation for indoor and outdoor longwave

radiative heat exchanges.

" Air temperatures at the top of the urban canopy layer are boundary conditions of the model and

therefore not affected by the heat fluxes from the canopy. This assumption is relaxed in chapters 5

and 6, and its effect is discussed.

* No sensible-to-latent conversion due to vegetation or other mechanisms. A simple urban vegetation

model is presented in chapter 6.

" The water vapor of the urban canyon air does not participate in the radiant heat balance. This

assumption is relaxed in chapter 6 to account for humid climates.

These assumptions have a small or no effect on the conclusions obtained with the RC model in this

chapter. A systematic error will cancel when comparing different simulations with the RC model.

4.2.3 State-space formulation

The RC model is derived from energy conservation principles. For each capacitance node (Fig. 4.1), the

rate of change of its internal energy is related to the heat fluxes reaching the node. This can be generally

expressed as:

C/ j = 4 (Tk-Tj)+ Qj, (4.2)

where C1 and Tj represent the capacitance and temperature of the node j, Rk and Tk represent the

resistance and temperature of the nodes k that interact with the node j, and Qj represents the heat fluxes

acting on the node j.
Using these relations, a state-space formulation can be set up and efficiently solved by a numerical

simulation tool. The general formulation can be written as:

dTj(t) (43
dt= ATj (t)+Buj(t), (4.3)
dt

where Tj(t) is a vector of state variables that correspond to each of the temperature nodes associated

with a capacitance, uj(t) is a vector of inputs that can be known temperatures or heat fluxes, and A and

B are coefficient matrices.
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4.2.4 Heat fluxes

The transmitted solar radiation is obtained by multiplying the solar radiation that reaches the average-
oriented wall by a constant window transmittance provided by the user (see section 3.2.4).

In the case of a cooling situation, waste heat from the outdoor equipment is released into the outdoor

environment (Qwaste). The waste heat is calculated as a function of the cooling energy demand of the

building (Qdem) and the energy consumed by the HVAC system to dehumidify the air that passes through
the cooling coil (Qlat):

Qwvaste = f (Qdem + Qlat), (4.4)

where the function f depends on the coefficient of performance (COP) of the cooling system, f =

(1 + 1/COP). The dehumidification energy (Qa t ) is obtained by assuming that the air enters the cooling
coil at indoor conditions and leaves the cooling coil at supply temperature and at 90% relative humidity.

Then,

Qiat = msys v(qin - qsys), (4.5)

where msys is the supply mass flowrate; lv is the water condensation heat; qys is the supply specific

humidity, calculated from the supply temperature (Tsys) and 90 % RH; and qin is the indoor specific

humidity, calculated from the set point of temperature and relative humidity provided by the user. To

obtain the supply mass flowrate, the model requires the maximum sensible cooling load of the building,

which is calculated through the simulation. Therefore, an iteration of the RC model is required in order

to calculate waste heat emissions.

4.2.5 Boundary conditions, inputs and outputs

As boundary conditions, the RC model requires time-step values of air temperatures and wind speed at

the top of the urban canyon (above the urban canopy layer), solar heat fluxes over the horizontal, and

incoming longwave radiation or equivalent sky temperature. The inputs of the model are construction and

geometric information, internal heat gains, indoor thermal and humidity set points, supply air temperature

of the HVAC system, maximum sensible cooling load calculated through iteration of the model, CHTC

of the different surfaces, and exchange velocity between the urban canyon and the atmosphere calculated

through iteration of the model (see Table 4.1 for specific inputs). The outputs of the model are the average

diurnal cycles of node temperatures, heat fluxes, building energy demand, and waste heat emissions for

the simulation period.

4.3 Model evaluation

In this section, the RC model is compared with the EnergyPlus-TEB Coupled Scheme (CS) (chapter 2).

The CS was evaluated with field data from the experiment CAPITOUL conducted in Toulouse (France)

from February 2004 to March 2005 [Masson et al., 2008]. The same case study is used for the evaluation

of the RC model but assuming that AC systems are widely used in summer. Table 4.1 describes the

inputs of the RC model used in this study.
Three different case studies are compared (Table 4.2). The first two cases are summertime simula-

tions of a residential and a commercial building, respectively. The third case corresponds to a wintertime
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Table 4.1 - Inputs of the RC model used in the comparison of the model with the CS. This configuration represents
the dense urban center of Toulouse (France) assuming AC systems are used in summer. The thermal properties of
construction materials are summarized in Table 2.2. The term fl indicates unit of floor area.

simulation of a residential building. The average diurnal cycles calculated
for 15 days in summer and 15 days in winter are compared.

by the RC model and the CS

4.3.1 Building energy demand

Figure 4.2 compares the sensible cooling energy demand in summer and the heating energy demand
in winter calculated by the RC model and the CS. The root-mean-square error (RMSE) and mean-bias
error (MBE) of the comparison is presented in Table 4.3. As can be seen, the RC model is able to
reproduce the average diurnal cycle of building energy performance predicted by the CS with RMSE
between 0.3 and 1.8 W m- 2 of floor area. These values are much lower than the average building energy
demand calculated by the CS for the simulation period, which is taken as the reference value (REF)
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Parameter

Location
Latitude

Longitude
Simulation time-step
Simulation period

Average building height
Building density
Vertical-to-horizontal urban area ratio
Floor height
Glazing ratio
COP of the cooling system
Fraction of waste heat mixed with the urban canyon air
Indoor air temperature

Indoor relative humidity
Supply temperature of the cooling system

Internal heat gains

Radiant fraction of internal heat gains
Latent fraction of internal heat gains

Indoor convective heat transfer coefficient (CHTC)
Indoor radiative heat transfer coefficient

CHTC road-air
CHTC wall-air
CHTC roof-air
Indoor thermal mass construction
Wall and roof construction

Wall and roof albedo
Road construction

Road albedo
Window construction

Infiltration

Settings
Toulouse
43.48'
1.30
1800 s
Summer: 07/15 - 07/30
Winter: 02/01 - 02/16
20 m
0.68
1.05
3 m
0.3
2.5
1.0
Summer: 25 'C
Winter: 20 *C
50%
14 C
Residential: 6.25 W m-2 l

Commercial: 31.75 W m-2 l

0.2
0.2
2.0 W m-2 K-1
6.0 W m-2 K- 1

15 W m-2 K- 1

25 W m-2 K- 1

20 W m- 2 K-1
Concrete - 20 cm
Inner layer: Insulation - 3 cm
Outer layer: Brick - 30 cm
0.32
Gravel and soil - 1.25 m
0.08
Transmittance: 0.6
U-factor: 2.5 W m- 2 K-1
0.5 ACH



4.3. MODEL EVALUATION

Table 4.2- Case studies used in the comparison of the RC model with the CS, and inputs of the RC model obtained

through iteration for each case study. In winter, the model assumes that there are no waste heat emissions from

HVAC systems.

Parameter Case 1 Case 2 Case 3
Season Summer Summer Winter
Internal heat gains Residential Commercial Residential

Parameters obtained through iteration
Exchange velocity 0.29 m s-1  0.31 m s~ 0.30 m s-
Maximum sensible cooling load 11.3 W m-2 fl 32.3 W m-2 l _

to which evaluate errors. The RMSE associated with the transmitted solar radiation calculated by both

models ranges between 1.3 and 1.8 W m- 2 of floor area. Negative MBE values of transmitted solar

radiation indicate that the RC model overestimates this parameter systematically. In addition, the solar

transmission error is high compared to its reference value, which can be explained by the simplifications

made in the RC model for its calculation. Interior wall and mass surface temperatures are well captured

by the RC model with RMSE between 0.0 and 0.6 K.
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Figure 4.2 - Average diurnal cycle of sensible cooling energy demand of case 1 (top-left) and case 2 (top-right)
for summer, July 15 - July 30, and average diurnal cycle of heating energy demand of case 3 (bottom) for winter,
February 1 - February 16, calculated by the RC model and by the CS.
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4.3.2 HVAC waste heat emissions

Figure 4.3 shows the average diurnal cycle of waste heat emissions in summer calculated by the RC

model and the CS. As can be seen, the RC model is able to reproduce the waste heat emissions predicted

by the CS with RMSE around 6.5 W m- 2 of urban area, where the average waste heat flux calculated by
the CS is 55 W m- 2 for the residential case and 220 W m- 2 for the commercial case.

200- 350-

RC ----- RC

150 - -- CS 300.-- CS

100 L 250

50 -200

0 150
0000 0400 0800 1200 1600 2000 0000 0400 0800 1200 1600 2000

Figure 4.3 - Average diurnal cycle of HVAC waste heat emissions of case 1 (left) and case 2 (right) for summer,
July 15 - July 30, calculated by the RC model and by the CS.

4.3.3 Urban air temperatures

Figure 4.4 represents the average diurnal cycle of air temperatures inside the urban canyon calculated

by the RC model, the CS, and the TEB scheme. In case 1, in which waste heat emissions are around

55 W m- 2 of urban area, the three models predict similar urban air temperatures. The RMSE between

the RC model and the CS is 0.4 K, where the average temperature difference between the canyon and

the atmosphere is 1.2 K. Case 2 presents waste heat emissions of around 220 W m- 2 of urban area, and

the urban air temperatures calculated by the RC model and the CS are around 1 K higher than those

calculated by the TEB model, which does not account for waste heat emissions. The RMSE between the

RC model and the CS is also 0.4 K, being the reference value 2.1 K. These relative errors are acceptable

given the important uncertainties related to urban climate predictions.

In winter (case 3), the three models predict similar urban air temperatures. The RMSE between the

RC model and the CS is 0.5 K, for which the reference canyon-atmosphere temperature difference is 0.7
K. Although the relative difference between the error and the reference value is higher in wintertime,

the fact that for the three cases the error is very similar suggests that this is systematic and probably

related to the different methods used to calculate exchange velocities. A systematic error will cancel

when comparing different simulations with the RC model, as in the parametric analyses of the following

sections.

In terms of wall and road surface temperatures, the RMSE between RC and CS ranges between 1.7 K
and 0.6 K. The reference values for these parameters can be of the same magnitude or even lower, which

can be explained by the generic values of CHTC used as inputs of the model. A better agreement of

surface temperatures can be obtained by using the average CHTC calculated by the CS. However, these

simulations show that these differences in surface temperatures do not have a significant effect on urban
air temperatures.
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Figure 4.4 - Average diurnal cycle of urban air temperatures of case 1 (top-left) and case 2 (top-right) for summer,

July 15 - July 30, and of case 3 (bottom) for winter, February 1 - February 15, calculated by the RC model, by the

CS, and by the TEB scheme.

Table 4.3 - Root-mean-square error (RMSE), mean-bias error (MBE), and reference value (REF) of the com-

parison between the CS and the RC model. The reference value of outdoor air temperature is the average of

the difference between the outdoor air temperature calculated by the CS and the atmospheric temperature. The

reference value of indoor and outdoor surface temperatures is the average of the difference between the surface

temperatures calculated by the CS and the indoor and outdoor air temperature, respectively. The reference value

of energy and heat fluxes is the average of the energy and heat fluxes calculated by the CS. The terms urb and fl

indicate unit of urban area and floor area, respectively.

Case 1 Case 2 Case 3

Parameter RMSE MBE REF RMSE MBE REF RMSE MBE REF

Urban air temperature (K) 0.4 0.2 1.2 0.4 -0.1 2.1 0.5 0.5 0.7

Road surface temperature (K) 1.7 0.7 2.7 1.6 0.4 2.6 0.6 -0.4 -0.7

Exterior wall surface temperature (K) 1.2 -0.3 1.2 1.3 -0.6 1.1 1.5 1.4 0.6

Waste heat emissions (W m- 2 urb) 6.8 -5.4 55.2 6.2 1.5 219.9 - - -

Interior wall surface temperature (K) 0 0 0.7 0.3 0.3 1.8 0.3 -0.3 -1.7

Mass surface temperature (K) 0 0 0.8 0.2 0.2 1.8 0.6 -0.6 -0.7

Transmitted solar radiation (W m- 2 fl) 1.8 -1.7 2.6 1.8 -1.7 2.6 1.3 -1.2 0.9

Building energy demand (W m- 2 fl) 1.2 -1.1 6.3 1.8 -1.7 26.6 0.3 0.2 6.4
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CHAPTER 4. THE RC MODEL FOR THE ANALYSIS OF THE ENERGY INTERACTIONS BETWEEN
BUILD1NGS AND THE URBAN CLIMATE

4.4 Impact of the UHI effect on the energy performance of buildings

In this section, the RC model is used to analyze the impact of the UHI effect on the energy performance

of buildings. A series of simulations is carried out imposing outdoor conditions (Turb) to the RC model.

This is achieved by using outdoor temperatures as boundary conditions at the top of the urban canyon

and introducing a high exchange velocity between the urban canyon and the atmosphere. The outdoor

conditions used in this analysis correspond to an UHI scenario measured during the CAPITOUL exper-

iment (Table 4.4). The dependence of the building energy performance to other UHI scenarios is also

tested.

Table 4.4 - Nighttime and daytime maximum urban-rural temperature differences that characterize the diurnal
cycles of UHI effect used to analyze its impact on the energy performance of buildings.

Summer Winter
Design day 07/31/04 02/26/05
Maximum urban-rural Night 4.1 5.3
temperature difference (K) Day 0.3 0.9

Five case studies are analyzed (Table 4.5). The first three cases are simulated using summer outdoor

conditions and the last two using winter outdoor conditions. Cases 1, 2, 4, and 5 correspond to a res-

idential building with and without insulated walls. Case 3 corresponds to a commercial building with

insulated walls.

Table 4.5 - Case studies used to analyze the interactions between buildings and the urban environment. In the
insulated cases, the building wall is composed of 30 cm brick and an inner layer of 3 cm insulation. In the

uninsulated cases, the building wall is composed of 30 cm brick. Internal heat gain values for the residential and
commercial cases, as well as other building and urban parameters are defined in Table 4.1.

Cases Insulation Building use Design day
1 Yes Residential Summer
2 No Residential Summer
3 Yes Commercial Summer
4 Yes Residential Winter
5 No Residential Winter

Figure 4.5(left) shows the daily-average change in sensible energy demand due to the UHI effect for

different building glazing ratios. In Fig. 4.5(right), the energy demand change is divided by the actual

energy demand of the building. The graphs show the absolute value of the change in energy demand,

which is positive in summer and negative in winter. Fig. 4.5(left) shows that the UHI effect has a greater

impact on the building energy performance for higher glazing ratios. As expected, the slope is lower for

the cases in which walls are not insulated, and there is a convergence in energy demand change between

insulated and uninsulated cases for higher glazing ratios. The fact that the ratio of energy demand change

due to the UHI effect is decreasing in summer for higher glazing ratios is explained by the fact that the

overall building energy demand increases faster than the energy demand change due to the UHI effect

for higher glazing ratios. The results show a small influence of the glazing ratio and wall insulation on

the ratio of energy demand change due to the UHI effect.

Figure 4.6 shows the daily-average ratio of energy demand change due to the UHI effect for different

infiltration air flowrates and vertical-to-horizontal building area ratios. Infiltration heat gains can be an

important fraction of the building energy demand, above all in winter when the temperature difference
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Figure 4.5 - Daily-average change in sensible energy demand due to the UHI effect for different building glaz-

ing ratios. The following cases are analyzed: 1. summer, residential, insulated walls; 2. summer, residential,

uninsulated walls; 3. summer, commercial, insulated walls; 4. winter, residential, insulated walls; and 5. winter,

residential, uninsulated walls. Results are given in absolute form (left) and relative form (right) divided by the

overall sensible building energy demand. Other parameter settings are Tin, = 22 'C, VHbld = 2, and V, = 0.5 ACH.

between indoor and outdoor environments is high. The UHI effect modifies the heat gain due to infil-

tration, increasing the cooling energy demand in summer and decreasing the heating energy demand in

winter. The vertical-to-horizontal building area ratio determines the relative amount of building surface

area exposed to the outdoor environment and, therefore, affected by the UHI effect by means of heat

transmission through walls and windows. The graphs show a significant influence of the infiltration level

and weak dependence on the vertical-to-horizontal building area ratio. Having more building surface

exposed to the outdoor environment usually implies more infiltration through opening cracks, but this

effect is not taken into account in this analysis. The results suggest that the main mechanism by which

the UHI effect influences the indoor environment is the outdoor air entering the building, which can be

produced by infiltration but also by natural or forced ventilation. The UHI impact from the conductive

heat transfer through the building enclosure is relatively small.

Different UHI effect scenarios are represented in Fig. 4.7. The ratio of energy demand change due

to these UHI effect scenarios is indicated in Fig 4.8, which shows a linear relationship. For residential

buildings in summer, the results show a 5% increase in cooling energy demand per 1 K increase in

the maximum UHI effect at night. A similar order-of-magnitude decrease in heating energy demand is

also produced by an equivalent wintertime UHI effect. The energy demand of commercial buildings,

usually dominated by internal heat gains, are less influenced by the outdoor environment, and therefore

not significantly affected by the UHI effect if they do not have building systems with a close interaction

with the outdoor environment such as economizers or natural ventilation.
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Figure 4.6 - Daily-average change in sensible energy demand due to the UHI effect divided by the overall sen-
sible building energy demand for different infiltration air flowrates (left) and vertical-to-horizontal building area
ratios (right). The following cases are analyzed: 1. summer, residential, insulated walls; 2. summer, residential,
uninsulated walls; 3. summer, commercial, insulated walls; 4. winter, residential, insulated walls; and 5. winter,
residential, uninsulated walls. Other parameter settings are Tin = 22 'C, GR = 0.4, VHbId = 2, and V = 0.5 ACH.
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Figure 4.7 - Diurnal cycles of urban air temperature in summer (left) and in winter (right) for different maximum
urban-rural air temperature difference.

4.5 Impact of the energy performance of buildings on the outdoor envi-
ronment

In this section, a parametric analysis is carried out with the RC model to investigate the impact of the
indoor energy performance on urban air temperatures. Table 4.6 summarizes the boundary conditions
above the urban canyon used in this analysis. The summer and the winter design days correspond to a
hot and a cold day, respectively, measured in Toulouse during the CAPITOUL experiment. The average
wind speed above the urban canyon is set to 5 m s-1. The dependence of outdoor temperatures to this
parameter is also tested. The same five case studies presented in the previous section are analyzed (Table
4.5).
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Figure 4.8 - Daily-average ratio of energy demand difference for different maximum urban-rural air temperature

difference. The following cases are analyzed: 1. summer, residential, insulated walls; 2. summer, residential,

uninsulated walls; 3. summer, commercial, insulated walls; 4. winter, residential, insulated walls; and 5. winter,
residential, uninsulated walls. Other parameter settings are Ti, = 22 'C, GR = 0.4, VHbld = 2, and V, = 0.5 ACH.

Table 4.6 - Meteorological conditions above the urban canyon used to analyze the impact of the energy perfor-

mance of buildings on the outdoor environment.

Summer Winter
Design day 07/31/04 01/26/05
Maximum air temperature 35.1 0C -0.2 0C
Daily air temperature range 15.6 K 2.8 K
Average wind speed 5.0 m s 1 5.0 m s-1

4.5.1 Effect of the indoor environment without waste heat emissions

Without considering waste heat emissions, a change in the indoor thermal conditions can affect the

outdoor environment by heat conduction through the building enclosure, which modifies outdoor surface

temperatures and end up affecting outdoor air temperatures by convective heat transfer. A change in the

indoor environment can also have an impact on outdoor air temperatures through exfiltration. Assuming

that all the air that enters a building through infiltration leaves it at indoor air temperature, there is an

exfiltration heat flux associated with the indoor-outdoor temperature difference, which is more important

in winter than in summer.

Figure 4.9(left) shows the daily-average difference in outdoor air temperature due to an increase in

the indoor air temperature of 5 K in summer and in winter for different building glazing ratios. As can

be seen, indoor air temperatures have a small influence on the outdoor environment when there are no

waste heat emissions from AC systems and no exfiltration heat.

Figure 4.9(right) shows the daily-average difference in outdoor air temperature due to a change in

the exfiltration air flowrate from 0.0 to 0.5 ACH for different indoor air temperatures. As can be seen,

exfiltration has an unimportant influence on the outdoor environment in summer, but it might be relevant

in some winter situations. Due to the high indoor-outdoor temperature difference, the exfiltration heat

flux can be compared to other urban fluxes in a cloudy day in winter.
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Figure 4.9 - Daily-average difference in outdoor air temperature due to a change in indoor air temperature from 22
'C to 27 'C in summer and from 17 'C to 22 'C in winter for different building glazing ratios (left). Daily-average
outdoor air temperature difference due to a change in exfiltration air flowrate from 0.0 to 0.5 ACH for different
indoor air temperatures in summer and in winter (right). The following cases are analyzed: 1. summer, residential,
insulated walls; 2. summer, residential, uninsulated walls; 3. summer, commercial, insulated walls; 4. winter,
residential, insulated walls; and 5. winter, residential, uninsulated walls. Other parameter settings are Pbld = 0.5,
VHurb = 1, GR = 0.4, fwaste = 0.0, and V0 = 0.0 ACH.

4.5.2 Effect of waste heat emissions

Waste heat emissions from HVAC systems are significant sources of heat in the energy balance of an
urban canyon. Fig. 4. 10(left) shows the daily-average difference in outdoor air temperature due to the
waste heat from AC systems in summer for different indoor air temperature values. Daily-average waste
heat emissions are represented in Fig. 4. 10(right). Commercial buildings, due to their high internal heat
gains, have a greater impact on the outdoor environment.
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Figure 4.10 - Daily-average difference in outdoor air temperature due to waste heat emissions (left) and waste heat
emissions in summer for different indoor air temperatures (right). The following cases are analyzed: 1. summer,
residential, insulated walls; 2. summer, residential, uninsulated walls; and 3. summer, commercial, insulated walls.
Other parameter settings are Pbld = 0.5, VHurb = 1, Vo = 0.5 ACH, and GR = 0.4.

Figure 4.11 represents the daily-average difference in outdoor air temperature due to waste heat emis-
sions for different building densities. This parameter, typically used in urban planning, has a significant
impact on outdoor air temperatures. This can be seen by the fact that to condition bigger indoor spaces
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in summer implies pumping more heat into a smaller outdoor environment, and therefore outdoor air

temperatures soar.
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Figure 4.11 - Daily-average difference in outdoor air temperature due to waste heat emissions (left) and waste

heat emissions (right) in summer for different building densities. The following cases are analyzed: 1. summer,
residential, insulated walls; 2. summer, residential, uninsulated walls; and 3. summer, commercial, insulated walls.
Other parameter settings are VHurb = 1, V0 = 0.5 ACH, GR= 0.4, and Tn = 22 'C.

The wind speed above the urban canopy affects the heat exchange rate between the urban canyon

and the atmosphere through the average exchange velocity used in the RC model. Fig. 4.12 shows the

dependence of the urban canyon air temperature change due to waste heat emissions on the wind speed

above the urban canopy. For the residential cases, in which waste heat emission are around 100 W m-2

of urban area, the increase in outdoor temperature ranges between 0.5 K for a wind speed of 10 m s-1

and 1 K for a wind speed of 2 m s- 1. For the commercial case, in which the average waste heat flux is

220 W m- 2 of urban area, the increase in outdoor temperature ranges between 1.2 K for a wind speed of

10 m s-1 and 2.2 K for a wind speed of 2 m s-1. It can be concluded that, for building densities lower

than 0.6, the increase in outdoor air temperature is approximately proportional to the heat flux per unit

of urban area released into the urban canyon with a relation of 1 K per 100 W m- 2 for low wind speeds

and 0.5 K per 100 W m- 2 for high wind speeds.
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Figure 4.12 - Daily-average difference in outdoor air temperature due to waste heat emissions in summer for
different wind speeds above the urban canopy layer. The following cases are analyzed: 1. summer, residential,
insulated walls; 2. summer, residential, uninsulated walls; and 3. summer, commercial, insulated walls. Other
parameter settings are Pbld = 0.5,VHurb = 1, Vo = 0.5 ACH, GR= 0.4, and Iin = 22 'C.
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Chapter 5

The Urban Boundary-Layer model

5.1 Overview

Urban Canopy and Building Energy Models (UC-BEM), such as those presented in chapters 2, 3, and

4, require meteorological information above the urban canopy layer as boundary conditions for their

calculations. This information can be provided on-line if the UC-BEM is dynamically coupled with

a mesoscale atmospheric model, but can also be measured or simulated off-line (as done in previous

chapters). The off-line approach takes advantage of the low computational cost of UC-BEMs in order

to effectively perform parametric analyses of urban design criteria. However, this approach assumes

that the urban boundary layer is not affected by changes in the urban surface, which is a restrictive as-

sumption if one is interested in contrasted scenarios of urban heat fluxes. Furthermore, meteorological

information above the urban canopy layer is only available through short-term experiments, a few per-

manent urban stations, and mesoscale atmospheric simulation results. This limits the use of UC-BEMs

by other communities, such as building engineers and urban planners, who may be interested in urban

climate prediction but do not have access to this type of information. On the other hand, meteorological

information can be easily found in weather data files obtained from measurements at operational weather

stations, usually located in open areas outside the city (e.g. airports).

This chapter presents a methodology to calculate air temperatures above the urban canopy from mea-

surements at operational weather stations. The methodology is physically based and has a computational

cost equivalent to UC-BEMs. At each time-step, an Urban Boundary-Layer (UBL) model calculates air

temperatures above the urban canopy layer by solving an energy balance for a control volume inside

the urban boundary layer. The model requires meteorological information measured at an operational

weather station (air temperature at 2 m and wind speed at 10 m), surface sensible heat fluxes, and air

temperatures at two different heights above the weather station provided by a Vertical Diffusion Model

(VDM). The VDM calculates vertical profiles of air temperature by solving a one-dimensional transient

heat diffusion equation. The VDM requires measurements at the operational weather station and rural

sensible heat fluxes.

The chapter first describes the physics behind the UBL model and the VDM. Then, both models are

evaluated separately by comparing them with three-dimensional high-resolution numerical simulations

of an idealized city. These simulations are carried out by climatologists at the CNRM-GAME (France)

with the Nonhydrostatic Mesoscale (MESO-NH) atmospheric model [Lafore et al., 1998]. Then, the

coupled VDM-UBL scheme is evaluated against field data from two boundary-layer experiments, one
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carried out in Basel, Switzerland, in 2002 [Rotach et al., 2005]; and another one carried out in Toulouse,

France, during 2004 and 2005 [Masson et al., 2008].

5.2 Model description

The objective of this model is to describe the diurnal evolution of the UHI effect at mesoscale level based

on an idealized conceptual model of rural and urban boundary layers as described in Hidalgo et al. [2009]

(Fig. 5.1). At nighttime, the longwave radiation exchange between the rural surface and the sky keeps

the boundary layer stratified. In contrast, due to the thermal inertia of urban areas and the anthropogenic

sources of heat, the nighttime urban boundary layer is mixed. At daytime, the solar radiation heats the

rural and urban surfaces and the atmosphere is well mixed up to a high altitude [Stull, 1988]. As a result,

the UHI effect (urban-rural air temperature difference) presents a marked diurnal cycle with positive

values at nighttime, negative values during the morning, and weak positive values during the afternoon

[Oke, 1987].

UBLM UBLM

VDM Z-B VDM
UC-BEM UC-BEM

Weather Weather
statio Zr stto Zr

RSM RSM

Figure 5.1 - Representation of a city and the physical domain of the four modules that compose the Urban Weather

Generator (chapter 6): the Rural Station Model (RSM), the Vertical Diffusion Model (VDM), the Urban Boundary
Layer (UBL) model, and the Urban Canopy and Building Energy Model (UC-BEM). The diagram represents

nighttime (left) and daytime conditions (right) (not at scale). The VDM calculates vertical profiles of potential

temperature (Orr) at the rural site. The UBL model solves an energy balance at the urban boundary layer between
the blending height (zr) and the boundary-layer height (zi) to calculate air temperatures above the urban canopy
layer.

This chapter uses the concept of potential temperature, which is a magnitude commonly used in

meteorology to compare air temperatures at different heights without including the differences in pres-

sure. Potential temperature is defined as the temperature that a parcel of fluid at a certain pressure would

acquire if is brought adiabatically to a standard reference pressure.
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5.2.1 Urban Boundary-Layer Model

The UBL model is based on an energy balance for a selected control volume inside the urban boundary

layer delimited by the blending height (zr), at which the influences of individual obstacles on vertical
profiles or fluxes become horizontally blended, and the boundary-layer height (zi) (Fig. 5.1). It differ-
entiates between nighttime and daytime urban boundary layers, and between the advection effect driven

by a geostrophic wind (forced problem) and by the urban breeze circulation (buoyancy-driven problem)
[Hidalgo et al., 2008].

The energy balance of the UBL model is expressed as:

dOub
Vcvpciy d rb = Hurb + uref pcp(Oref - 9trb)dAf, (5.1)

where Vcv is the control volume, p is the air density, c, is the air specific heat at constant volume, cp is

the air specific heat at constant pressure, Ourb is the average potential temperature of the control volume,

Hurb is the sensible heat flux at the surface of the control volume [W], Oref is a reference potential

temperature outside the control volume, uref is a reference air velocity, and Af is the lateral area of heat

exchange between the control volume and its surroundings. In Eq. 5.1, the term on the LHS represents
the thermal inertia of the control volume and the second term on the RHS represents the advection effect.
The model assumes that the potential temperature is uniform inside the control volume and that there is

no significant heat exchange at the top of it.
At daytime, a control volume of the size of the city and height [Zi]day is selected. The reference

temperature of Eq. 5.1 is taken as the potential temperature outside the city at a height at which the

vertical profile is considered uniform, Orur(Zref). This temperature is provided by the VDM.
In presence of geostrophic wind, the reference velocity is taken as the air velocity measured at the

weather station, Uwind(Zm) (zm = 10 m), and the lateral area of heat exchange, Af, includes the width of

the city orthogonal to the wind direction, W. Under urban-breeze circulation at daytime, Hidalgo et al.

[2009] proposed the following expression for the characteristic circulation velocity (ucirc):

ucirck Zi Hurb - Hrur 1/3 (5.2)
PCP

where k, is a constant (k. - 1), # is the buoyancy coefficient (# =g0-1), and Hurb and Hrur are the

sensible heat fluxes [W m 2 ] from the urban and the rural sites, respectively. The problem is assumed to

be driven by buoyancy if the circulation velocity is greater than the air velocity measured at the weather

station. For this situation, the circulation velocity (Eq. 5.2) is used in the energy balance and the lateral

area of heat exchange includes its entire perimeter, Pity.
At night, in presence of geostrophic wind, the urban boundary layer is horizontally divided in various

control volumes (Fig. 5.2). For the first control volume, the one upstream of the city, the reference

potential temperature and wind velocity are assumed to have the following linear vertical profiles:

Orur(Z) = (Orur(zi) - Orur(Zr)) Z + Orur(zr), (5.3)
Zi

and
uniswz) = unind (Zm)z , (5.4)

where Orur(Zr) is the air temperature measured at the weather station (Zr = 2 m). Orur(Zi) is provided

by the VDM, where the boundary-layer height (zi) is an input of the model. For simplicity, Eq. 5.4
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assumes that the air velocity is zero at Zr. For the control volumes downstream of the first one, the

reference temperature is assumed to be uniform and given by the temperature of the control volume

immediately upstream.

Uwind 0rur UL

Weather

Figure 5.2 - Representation of the nighttime-forced scenario of the UBL model, in which the urban boundary
layer is horizontally divided in various control volumes.

Under urban-breeze circulation at nighttime, the circulation velocity obtained by Eq. 5.2 is also used

for the reference air velocity of Eq. 5.1, although this velocity scale was initially developed for daytime

conditions (indeed, the circulation velocity scale proposed by Lu et al. [1997] for nighttime is equivalent

to Eq. 5.2). The reference air temperature is assumed to have also a linear vertical profile (Eq. 5.3).

To simplify the mathematical formulation of the UBL model, the height reference is taken at Zr (e.g.

[Zi]model = Zilreal - [Zr]real and Zrlmodel = 0). The numerical method used to solve Eq. 5.1 is implicit

Euler, in which "-gi = ""'9 u"b , where 3 is the simulation time-step. Then, Eq. 5.1 can be expressed as:

Ourb - 6 urb = Csurf + Cadv Oeq - Cadv Ourb, (5.5)

where Csurf, Cady and 6 eq are calculated for each scenario according to Table 5.1.

Table 5.1 - Surface coefficient (Csurf), advection coefficient (Cadv), and equivalent temperature (Oeq) used in Eq.
5.5 for each scenario. Grur is the potential temperature outside the city at different heights {Zr, zi, and zref}. 6 _1 is
the average potential temperature of the control volume upstream of the one considered. Hurb is the urban sensible

heat flux [W m-2.

Night Csurf Cadv ee

Forced (first) Hurb Uwind(Z)ZiCp 2 rur(Zi) + 'Orur(Zr)ZiPCv 
2zmdxcv 33

Forced (rest) On-I
3!~~ Pciycr~ 3 8C)

Buoyancy-driven "P "u" c 2rur(Zi)+ I rur(Zr)

Day

Forced Harb 3 WUwnd(Zm)6Cp Orur (Zref)
ZiPCv AcityCy

Buoyancy-driven H Pcityucic8p Orur(Zref)
ZiPCy ACitycv
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5.2.2 Vertical Diffusion Model

The VDM calculates the vertical profiles of potential temperature above the weather station by solving
the following heat diffusion equation:

d e(z) d (P (Z)z)= p(z)KI ( d (5.6)
dt p(z) dz

where z is the vertical space component, p is the air density, and Kd is a diffusion coefficient. The

lower boundary condition of Eq. 5.6 is the temperature measured at the weather station 0 (zr). The upper

boundary condition accounts for the fact that at a certain height (zref ~ 200 m), the profile of potential
temperature is uniform and | Izef = 0.

The difficulty of calculating vertical temperature profiles through a diffusion equation lies in the

calculation of the diffusion coefficient Kd. In some atmospheric models, such as the MESO-NH model,
this coefficient is related to the turbulent kinetic energy (TKE) at each vertical level [Bougeault and

Lacarrere, 1989]:

Kd - CklkE" 2  (5.7)

where E is the TKE, Ck is a model parameter set equal to 0.4, and ik is a length scale. In these models,
a prognostic equation for the TKE is then solved as a function of the temperature and velocity fields

[Martilli et al., 2002], so coupled equations for the air velocity components have also to be computed.
This approach adds excessive complexity and computational cost to this particular application, in which

the uncertainties associated with urban climate prediction limit the reachable accuracy level. A simpler

approach, proposed by Hong et al. [2006], calculates Kd based on correlations as a function of a mixed-
layer velocity scale and the planetary boundary layer height, which has to be calculated iteratively.

The VDM proposes an alternative and robust solution, which combines the two approaches men-

tioned above. The diffusion coefficient is calculated by Eq. 5.7 and the TKE at each vertical level is

approximated by:

E = max (wS, Emin), (5.8)

where ws is the mixed-layer velocity scale and Emin is set equal to 0.01 m2 s-2. Atmospheric models

usually establish a minimum TKE given the difficulties of predicting very stable boundary layers [Bravo

et al., 2008]. A comprehensive description of the VDM is presented in appendix C.

5.3 Model evaluation

5.3.1 Comparison with mesoscale atmospheric simulations

This section presents a separate evaluation of the VDM and the UBL model through a comparison with

idealized three-dimensional simulations carried out by J. Hidalgo from the CNRM-GAME (France) with
the MESO-NH atmospheric model. The horizontal domain is 80 km x 80 km with a circular city in

the middle (D = 10 km). The effects of the perturbations created by the city in the mean flow typically
have a horizontal extent two to three times the size of the city [Hidalgo et al., 2008], so the horizontal
domain was large enough to prevent interferences from the cyclic boundary conditions. The horizontal

grid resolution was set to 500 m. The vertical coordinate was composed of 56 levels over a vertical
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domain of 4 km. Vertical resolution varies from 4 m near the surface to 250 m on the top of the domain.

The subgrid turbulence was parameterized following the scheme of Cuxart et al. [2000] and the mixing

length of Bougeault and Lacarrere [1989].
Figure 5.3 represents the diurnal cycles of urban and rural surface heat fluxes imposed in the sim-

ulations. The integral of the difference between urban and rural sensible heat fluxes during one day of

simulation (EH), the capping inversion height (zjny), and the zonal wind force (uref) were used as external

forcing parameters (the capping inversion height is the same as the boundary layer height at daytime). A
set of these three parameters was chosen and fixed for each simulation. Simulations are carried out for

EH = {1350 W h m-2 and 650 W h m-2 }, ziny = {1000 m and 1500 m}, and uref = {0 m s- 1, 4 m s- 1,
and 8 m s- 1 }. The roughness length was set to zor = 0.01 m for rural surfaces and zou =1.0 m for urban

surfaces. The meteorological context was an idealized anticyclonic summer situation representative of

Southern France.

6: - Night Day Night

g500 - -- urb1
iuiA

4- - rb2

300

200-

100 -

0000 0400 0800 1200 1600 2000

Figure 5.3 - Diurnal cycles of rural and urban sensible heat flux imposed in the mesoscale simulations for the
cases of aggregated urban-rural difference EH = { 1350 W h m- 2 (urbl) and 650 W h m-2 (urb2)}. The model
considers daytime when Hurb reaches 80 W m- 2 in the morning and nighttime when Hurb drops below 30 W m-2
in the afternoon.

The simulation results used in this analysis correspond to a vertical plane passing through the city

center. Rural conditions at different heights are taken as the horizontal average of the mesh points

contained in a line of length D centered at a distance D/2 upwind of the city edge. Urban conditions are

taken as the average of the mesh points contained in a plane of width D centered at the city center and

height zi .
Figure 5.4 shows the contours of potential temperature above and around the idealized city at night-

time. It can be seen that the urban boundary layer presents a horizontal distribution of air temperature

due to the advection effect that could be captured by the discretization of the UBL model at nighttime

(Fig. 5.2). Still, this feature is not tested in this comparison, and the average temperature above the city

is used. It can also be noted that the effect of the city on the first atmospheric layers is almost restricted

to its horizontal area. A rural boundary layer is formed soon after the edge of the city, affecting the

region near the surface. The plume of the city may influence downstream rural areas but above the mea-
surement height of air temperature. This means that, excluding micro-climate effects, a weather station

located outside and downstream of the city would measure similar conditions as one located upstream of
the city.
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Figure 5.4 - Lower atmosphere nighttime contours of potential air temperature over a city of diameter D and its
surroundings in the presence of a geostrophic wind (uref = 4 m s-1) (left) and under urban-breeze circulation
(Uref = 0 m s-1) (right) calculated by the mesoscale simulation for the case EH = 1350 W h m- 2 and zj, = 1000
m.

Figures 5.5 and 5.6 compare the vertical profiles of potential temperature at the rural site for different

zonal wind forces. It can be seen that the VDM is able to reproduce the daytime and nighttime vertical

distribution of potential temperature calculated by the mesoscale simulations. Some differences appear

in the night-day transition period, due to the different turbulence models used by the VDM and the Meso-

NH model. The capacity of the VDM to predict e([zilnight) and e([Zreflday), which are the parameters

required by the UBL model, is evaluated in Table 5.2. The root-mean-square error (RMSE) of 6([zilnight)
between the VDM and the mesoscale simulations ranges between 0.6 and 0.9 K, which is lower than

the expected error of the UBL model (- I K). The RMSE of 6([zref]day) ranges between 0.5 and 0.9 K.

In this case, the mean-bias error (MBE) is always positive indicating a systematic overprediction of this

temperature as compared to the mesoscale simulations. This can be explained by the fact that the VDM

does not account for the longwave radiation exchange between the air and the upper atmosphere.
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Figure 5.5 - Vertical profiles of potential temperature at daytime (left) and at nighttime (right) calculated by the
VDM and by the mesoscale simulations for the case EH = 1350 W h m- 2 , Zinv = 1000 m, and uref = 0 m s-1.
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Figure 5.6 - Vertical profiles of potential temperature at daytime (left) and at nighttime (right) calculated by the
VDM and by the mesoscale simulations for the case EH = 650 W h m-2, zi, = 1500 m, and uref = 4 m s-.

Table 5.2 - Root-mean-square error (RMSE) and mean-bias error (MBE) between the potential temperature cal-
culated by the VDM and by the mesoscale simulation at [zi]night and [zrefday for different zonal wind forces (uref),
aggregated surface heat fluxes (EH), and capping inversion heights (ziv).

Mesoscale Zi," = 1000 m zi, = 1500 m
cases EH = 1350 W h m~- 2  EH = 650 W h m-2

Uef (m s'-) RMSE (K) MBE (K) RMSE (K) MBE (K)
kzilnight

0 0.6 0.0 0.6 0.5
4 0.8 0.3 0.6 -0.3
8 0.9 0.2 0.8 -0.4

[Zef]day
0 0.9 0.3 0.5 0.3
4 0.7 0.5 0.5 0.4
8 0.7 0.6 0.6 0.6

The input parameters used by the UBL model for the comparison with mesoscale simulations are de-

tailed in Table 5.3. The model requires rural air temperatures at three different heights {6 (Zr), 6 ([zi]night),
6 ({zref]day) }, which are provided by the mesoscale simulation results at the rural site (for the purpose of

this comparison since they are normally provided by the VDM). The same diurnal cycles of surface heat

fluxes imposed to the mesoscale simulations are used in the UBL model (Fig. 5.3).

Figures 5.7 and 5.8 compare the average potential temperatures of the urban boundary layer calcu-

lated by the UBL model with the average urban and rural boundary-layer temperatures calculated by

the mesoscale simulation for different situations in terms of capping inversion height, surface heat flux

and zonal wind force. Differences in air temperature, computed as RMSE and MBE between the model

and the mesoscale simulations, are presented in Table 5.4. The RMSE ranges between 0.9 and 1.3 K,

where the daily-maximum urban-rural temperature difference calculated by the mesoscale model ranges

between 1.8 and 2.5 K. This error is acceptable given the important uncertainties associated with urban

climate predictions. The MBE is generally low indicating that there are no systematic errors in the model.

Note that the UHI effect calculated with the mesoscale model does not make use of the near-surface air

temperature, which would come from an UC-BEM.
Figures 5.7 and 5.8 show that the difference in daytime urban sensible heat flux (Fig. 5.3) produces
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Table 5.3 - Modeling inputs used in the comparison of the UBL model with mesoscale simulations. Other inputs

of the model are rural air temperatures at three different heights {(zr), O([zilnight), 6(zref)} and the wind speed

at zm calculated by the mesoscale simulation. The same diurnal cycles of rural and urban surface heat fluxes are

imposed on the UBL model and to the mesoscale simulations.

Parameter Settings
Simulation time-step 8 = 300 s
Characteristic length of the city DW = 10000 m
Perimeter of the city Pcity= 4D

Horizontal area of the city Acity =D 2

Horizontal discretization for scenario night-forced dx = D/4
Nighttime boundary-layer height [zi]nigiu - Zr = 30 m

Daytime boundary-layer height (Zilday = 1000 m
Reference height [zreflday = 200 m
Rural roughness length ZOr = 0.01 m
Circulation velocity coefficient k, = 1.2

a relatively constant change in the air temperature of the urban boundary layer during the day. The wind

speed does not have significant impact on the average urban boundary-layer temperature, a feature that

is captured by both the mesoscale model and the UBL model.
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Figure 5.7 - Diurnal cycle of the average potential temperature over the urban boundary layer calculated by the

UBL model and by the mesoscale simulation for the case EH = 1350 W h m- 2 , zi, = 1000 m, and uref = { 4 m

s-1 (left), 0 m s- 1 (right) }. The diurnal cycle of the average potential temperature over the rural boundary layer

calculated by the mesoscale simulation is also represented (rur).

Table 5.4 - Root-mean-square error (RMSE) and mean-bias error (MBE) between the average potential temper-

ature of the urban boundary layer calculated by the UBL model and by the mesoscale simulation for different

aggregated surface heat fluxes (EH), capping inversion heights (z,,,), and zonal wind forces (uref). Errors are com-

pared to the daily-maximum urban-rural temperature difference calculated by the mesoscale simulation (UHIa).

Mesoscale zi, = 1000 m zi, = 1500 m
cases EH = 1350 W h m- 2  EH = 650 W h m-2

Uref (m s-1) RMSE (K) MBE (K) UHImax (K) RMSE (K) MBE (K) UHImax (K)
0 0.9 0.1 2.4 1.3 -0.1 2.4
4 0.9 -0.2 2.5 1.2 -0.4 2.0
8 0.9 -0.1 2.1 1.0 -0.3 1.8
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Figure 5.8 - Diurnal cycle of the average potential temperature over the urban boundary layer calculated by the
UBL model and by the mesoscale simulation for the case EH = 650 W h m-2, zi,, = 1500 m, and uref = { 4 m
s-1 (left), 0 m s- 1 (right) }. The diurnal cycle of the average potential temperature over the rural boundary layer
calculated by the mesoscale simulation is also represented (rur).

5.3.2 Comparison with field data from Basel, Switzerland, and Toulouse, France

In this section, the VDM-UBL scheme is compared with field data from two boundary-layer experiments:
the intensive observational period (IOP) of the BUBBLE experimental campaign, carried out in Basel
(Switzerland) between June 10 and July 10, 2002 [Rotach et al., 2005]; and the CAPITOUL experimental
campaign carried out in Toulouse (France) from February 2004 to March 2005 [Masson et al., 2008]. The
climate information of both sites is characterized in Table 5.5.

Table 5.5 - Monthly normals of climate variables in Basel, Switzerland, and Toulouse, France. Sources: Me-
teoSwiss (www.meteoschweiz.ch), Info Climat (www.infoclimat.fr), and Climate Temp (www.climatetemp.info).

Variable Site Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Min Temperature Basel -2 -1 2 4 8 11 13 13 10 7 2 -1
(0 C) Toulouse 2 3 4 7 10 13 15 15 13 10 5 3
Max Temperature Basel 4 6 10 14 18 22 24 23 20 15 8 4

(0 C) Toulouse 9 11 13 16 20 24 27 27 24 19 13 9
Mean Temperature Basel 1 2 6 9 13 16 19 18 15 10 5 2

(0 C) Toulouse 5 7 9 11 15 18 21 21 19 14 9 6
Mean Wind Speed Basel 3 3 3 2 2 2 2 2 2 3 3 3
(m s 1 ) Toulouse 3 3 3 3 3 3 3 2 2 2 2 3
Mean Precipitation Basel 53 40 48 55 76 93 86 94 79 60 56 44
(mm) Toulouse 55 55 58 64 73 58 41 47 48 52 49 56

In both experiments, weather data is measured simultaneously at rural and urban sites from both
in-canopy and above-canopy stations (Fig. 5.9). The evaluation of the VDM-UBL scheme consists of
introducing 2-m rural weather data as inputs in the model and comparing the calculated and observed
forcing air temperatures above the urban canopy layer.

In addition, during the CAPITOUL experiment, radiosondes (Vaisala RS92) were launched from
various rural and urban locations. As the balloons ascended, meteorological data were recorded each
second. This led to a vertical resolution of approximately 5 m. In this analysis, the measurements from
radiosondes launched at a rural site 17 km Northwest from Toulouse are compared to the VDM.

From the network of weather stations of the CAPITOUL experiment (Fig. 6.5), the station located
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at Mondouzil is assumed to be representative of rural conditions, and the station located next to the

Monoprix building in the dense urban center of Toulouse is selected as representative of urban conditions.

The main urban experimental site in BUBBLE is Basel-Sperrstrasse. The site represents a heavily

built-up part of the city center of Basel, mainly composed of residential buildings. The Grenzach weather

station, inside the valley of the Rhine River, is used as the reference rural station.

Modeling input parameters are detailed in Table 5.6. City characteristic lengths of 7.5 km and 5

km for Toulouse and Basel, respectively, are estimated based on aerial views of the cities. Rural and

urban sensible heat fluxes are obtained from the Rural Station Model (RSM) and the UC-BEM presented

in chapter 6. Similar results are obtained by using the measurements of sensible heat fluxes from each

experiment. A comparison of observed and calculated sensible heat fluxes is presented in section 6.3.4.

Figure 5.9 - Images of the weather stations of Sperrstrasse (top-left) and Grenzach (top-middle) in Basel, Switzer-

land, and of the weather stations of Monoprix (top-right) and Mondouzil (bottom) in Toulouse, France.

Vertical profiles of potential temperature obtained with the VDM are compared with measurements

from the radiosondes. Fig. 5.10 compares calculated and measured vertical profiles for a day in winter

and a day in summer, respectively. Given the simplicity of the VDM, the results show a reasonably

good agreement with observations. The vertical shape of the profiles is reasonably well captured by the

model, although the temperature values at the weather station, which are used as boundary conditions by

the VDM, were not measured at the same location as where the radiosondes were launched.

The capacity of the VDM-UBL scheme to predict forcing air temperatures above the urban canopy

layer is evaluated. Calculated monthly-average diurnal cycles are compared with observations at the

urban site for summer, fall, and winter in CAPITOUL (Fig. 5.11) and for summer in BUBBLE (Fig.

5.12). Air temperature measurements at 2 m at the rural site are also represented. As can be seen,

the VDM-UBL scheme is able to capture both the UHI effect observed at night and the Urban Cool
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Table 5.6 - Modeling inputs used in the comparison of the VDM-UBL scheme with field data from the experi-
ments CAPITOUL and BUBBLE. The scheme also requires O(zr) and u(zm) from measurements at the rural site.
9([zilnight) and 6(zref)) are provided by the VDM to the UBL model. Rural and urban sensible heat fluxes are
obtained from the RSM and the UC-BEM presented in chapter 6.

Parameter Settings
Location CAPITOUL: Toulouse

BUBBLE: Basel
Characteristic length of the city CAPITOUL: 7500 m

BUBBLE: 5000 m
Simulation time-step 300 s
Weather data time-step 3600 s
Nighttime boundary-layer height 50 m
Daytime boundary-layer height 1000 m
Reference height 200 m
Rural roughness length 0.01 m
Circulation velocity coefficient 1.2

270 275 280 285
Potential temperature (K)

- vdm 0500

- - - obs 0500

- vdm 0900

- - - obs 0900

vdm 1500
- - - obs 1500

--- vdm 1800

- - - obs1800

290 285 290 295 300 305
Potential temperature (K)

-- vdm 0400

- - - obs 0400

-- vdm 0800

- - - obs 0800

vdm 1300
- - - obs1300

-- vdm 1800

- - - obs 1800

310

Figure 5.10 - Vertical profiles of potential temperature calculated by the VDM and observed during the CAPI-
TOUL experiment on March 2, 2005 (left), and on July 4, 2004 (right).

Island (UCI) effect observed in the morning. Here, the UHI and UCI effects are defined as the difference
between the forcing air temperatures above the urban canopy layer and the rural air temperature measured
at 2 m.
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Figure 5.11 - Monthly-average diurnal cycle of forcing air temperatures above the urban canopy layer calculated

by the VDM-UBL scheme and observed during the CAPITOUL experiment for July (top) and October (middle),
2004, and January (bottom), 2005, in the dense urban area of Toulouse. Monthly-average diurnal cycles of mea-

sured rural air temperatures (rur) for the same period are also represented.

Statistical results of this comparison are presented in Table 5.7. The RMSE between the model and

observations ranges between 0.9 K and 1.2 K for both experiments, where the average daily-maximum

UHI effect is 4.4 K in BUBBLE, 2.5 K in summer in CAPITOUL, and about 1.3 K in fall and winter

in CAPITOUL. The MBE is small in all cases, which indicates that there are no systematic errors in the

model.

A sensitivity analysis of the model indicates that values of [zi]niglt between 30 m and 100 m have an

impact of +0.1 K on the results. No significant variations are obtained for [Zi]day between 800 m and

2000 m. Chapter 6 extends the sensitivity analysis to other parameters of the model.
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Figure 5.12 - Monthly-average diurnal cycle of forcing air temperatures above the urban canopy layer calculated
by the VDM-UBL scheme and observed during the BUBBLE experiment between June 10 and July 10, 2002.
Monthly-average diurnal cycle of measured rural air temperature (rur) for the same period is also represented.

Table 5.7 - Root-mean-square error (RMSE) and mean-bias error (MBE) between the forcing air temperatures
above the urban canopy layer calculated by the UWG and observed during BUBBLE experiment between June 10
and July 10, 2002; and between the urban air temperatures calculated by the UWG and observed during CAPI-
TOUL experiment in July and October, 2004, and January, 2005. Errors are compared with the average daily-
maximum UHI effect (UHImax) observed during each period, defining the UHI effect as the difference between the
forcing air temperatures above the urban canopy layer and the rural air temperature measured at 2 m.

Month RMSE (K) MBE (K) UHImax (K)
BUBBLE
Summer 1.0 0.2 4.4
CAPITOUL
Summer 1.0 0.3 2.5

Fall 0.9 0.3 1.3
Winter 1.2 0.2 1.4
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Chapter 6

The Urban Weather Generator

6.1 Overview

This chapter combines models previously presented in this thesis to propose an integrated Urban Weather

Generator (UWG) that calculates urban air temperature and humidity using meteorological information

measured at an operational weather station located in an open area outside the city.

The UWG is a computationally efficient model based on energy conservation principles. It can be

integrated into existing programs in order to account for site-specific urban weather files in building

energy simulations. It can also be converted into a fully-operative program to predict building energy

consumption at urban scale and the UHI effect, taking into account the energy interactions between

buildings and the urban climate.

This chapter first describes the physics behind the UWG. Then, the model is evaluated against field

data from the experiment BUBBLE (Basel, Switzerland) and the experiment CAPITOUL (Toulouse,

France).

6.2 Model description

The UWG calculates hourly values of urban air temperature and humidity given the weather data mea-

sured at an operational weather station located outside a city. The model is composed of four coupled

modules (Fig. 6.1): the Rural Station Model (RSM), which calculates sensible heat fluxes at the weather

station; the Vertical Diffusion Model (VDM), which calculates vertical profiles of air temperature above

the rural site; the Urban Boundary-Layer (UBL) model, which calculates air temperatures above the ur-

ban canopy layer (above urban canyons); and the Urban Canopy and Building Energy Model (UC-BEM),

which calculates urban sensible heat fluxes and urban canyon air temperature and humidity. The interre-

lations between modules are illustrated in Fig. 6.2. The atmospheric component of the UWG, composed

of the VDM and UBL model, is described in detail in chapter 5. This chapter describes the RSM and the

UC-BEM.
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IHurb I

Figure 6.1 - Diagram of the Urban Weather Generator (UWG) scheme, which is composed of four modules:
the Rural Station Model (RSM), the Vertical Diffusion Model (VDM), the Urban Boundary-Layer (UBL) model
and the Urban Canopy and Building Energy Model (UC-BEM). Thermal networks indicate the main heat transfer
processes included in the RSM and UC-BEM. Trur, Tub; and Turb represent the air temperature measured at the
weather station, calculated at the urban boundary layer, and calculated at the urban site. The RSM provides rural
sensible heat fluxes (Hrur) to the VDM and the UBL model. The UC-BEM provides urban sensible heat fluxes
(Hurb) to the UBL model.

Air temperature at
different height

Vertical Diffusion Model Urban Boundary-Layer model Air temperatures above
Rural sensible the urban canopy layer
heat fluxes Urban sensible

heat fluxes

/ F Rural Station MdlU-E

Urban air temp
Meteorological information at street l

at an operational
weather station

Figure 6.2 - Information exchanged among the different modules of the UWG.
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6.2. MODEL DESCRIPTION

6.2.1 Rural Station Model

The RSM is a rural canopy model that reads hourly values of meteorological fields measured at the rural

site and calculates sensible heat fluxes, which are then provided to the VDM and the UBL model.

The model is based on an energy balance at the soil surface. A transient heat diffusion equation

represents the storage and release of heat from the ground. Dividing the soil in discrete layers, the RSM

solves the following system of equations:

di(pc) I = C1, 2 (T2 - T)+ Qsurf (6.1)

for the first layer,

di(pc)i-' = Ci 1(Ti+1 I - T) + Ci,j-i (T- I - 11) (6.2)
dt

for each intermediate layer, and

dT-l
dn_1(pc=n-1 dt =Cn-i,n(Teep--Tn-1) (6.3)

for the deepest layer. In Eqs. [6.1-6.3], di, (pc)i, and T represent the depth, the volumetric heat

capacity [J m~ 3 K- 1], and the average temperature of the layer i, respectively; Ci,1 is the mean thermal

conductance over the distance between two layers [W m- 2 K- 1]; Qsurf is the sum of net-radiation,

sensible, and latent heat fluxes at the surface; and Tdeep is the annual-average air temperature of the site,

used as boundary condition deep into the ground.
Surface sensible heat fluxes are computed by using convective heat transfer coefficients (CHTC) (see

next section). Latent heat fluxes due to the evapotranspiration of vegetation (if present) are calculated as

a fraction of the absorbed shortwave radiation. More sophisticated vegetation models, usually applied to

numerical atmospheric models, can be found in the literature [Noilhan and Mahfouf, 1996]. However,

they contain various empirical parameters for which it is difficult to find values if detailed information

about the soil and plant composition is not available.
A suitable model for the accuracy requirements of the UWG takes advantage of the fact that the ratio

between the latent heat flux and the net radiation is relatively constant during daytime. The net radia-

tion is the sum of the net shortwave radiation (that which is absorbed) and the net longwave radiation,

which typically presents small variations during the day. In the absence of light, plants' stomata are

usually closed so that transpiration after sunset is virtually negligible. Roth [2007] shows this effect by

comparing heat fluxes measured in different cities with different vegetation fractions. Other studies also

indicate that the evapotranspiration from vegetation is mainly dependent on solar radiation [Shashua-Bar

and Hoffman, 2002]. The difficulty is then to determine the fraction of absorbed solar radiation that is

converted into latent heat by plants. As a first approximation, the current version of the model assumes

50% conversion.

6.2.2 Urban Canopy and Building Energy Model

Based on previous UC-BEMs (chapters 3 and 4), the UC-BEM of the UWG calculates urban canyon air

temperature and humidity from radiation and precipitation data, air velocity and humidity measured at

the weather station, and air temperature above the urban canopy layer calculated by the UBL model.
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The UC-BEM assumes that the air inside the urban canopy layer is well mixed. Urban canyon air

temperatures are obtained by the heat balance method, taking into account the heat capacity of the urban

canyon air (Fig. 6.1). The urban canyon energy balance accounts for the heat fluxes from walls, windows

and the road, the sensible heat exchange between the canyon air and the atmosphere, the heat fluxes due

to exfiltration, the waste heat from HVAC equipment and other anthropogenic heat sources, and the

radiant heat exchange between the canyon air and the sky. Thus, the urban canyon energy balance is

given by:

d Turb
VcanPcv = Awhw(Tw - Turb) +

dt
Arhr(T - Turb) +Arhr,sky(Tsky - Turb) (6.4)

AwinUwin (Tin - Turb) + inf/ventPCp(Tin - Turb) +

UexP cp(Tubl - Turb) + Hwaste + Htraffic,

where Turb, Tn and TubI are the air temperature of the urban canyon, the indoor air temperature, and

the air temperature of the urban boundary layer above the urban canyon, respectively; Tv and Tr are the

surface temperatures of walls and road, respectively; Tk is the effective sky temperature; Vcan is the
volume of the urban canyon air; Uwin is the U-factor of windows including heat exchange coefficients at

both sides; Vinf/vent is the exfiltration airflow rate; Hwaste is the sensible component of waste heat flux
released by HVAC systems into the urban canyon; Htraffic represents other anthropogenic sources of

heat; and ue is the exchange velocity between the in-canopy and above-canopy flows. An analogous
latent heat balance is solved to calculate the humidity content of the urban canyon air by computing the

latent heat fluxes from the atmosphere, buildings and road. The UWG assumes that the air humidity

above urban canyons is the same as the one measured at the weather station for each time step.
The exchange velocity (uex) is obtained from an expression extracted from Bentham and Britter

[2003]:

Uex = (6.5)

where u, is the friction velocity (see appendix C) and Uatm is a reference air velocity above the urban

canopy assumed equal to the air velocity measured at the weather station.
In large spaces such as urban canyons, the water vapor present in the air participates in the radiant

heat exchange. The air emissivity is calculated as a function of the humidity content and the size of

the space [Siegel and Howell, 1981]. In Eq. 6.4, h, and hr are the heat transfer coefficients of walls
and road, respectively, which combine convective and radiative effects (h = hev + hrd); and hrd,sky is the
radiant heat transfer coefficient between the urban canyon air and the sky (see appendix D).

External surface temperatures of walls, road, and roof are calculated by solving a similar surface

energy balance to the one described for the rural soil (Eqs. [6.1-6.3]). The boundary conditions for the

road are the same as for the rural soil. In the case of walls and roof, the indoor boundary condition is a
heat flux calculated by the building energy model.

The outdoor surface heat flux is composed of shortwave radiation, longwave radiation, sensible and

latent heat components. The solar radiation received by walls and road is calculated by assuming an

average urban canyon orientation (see appendix D). The longwave radiation among walls, road, urban

canyon air, and the sky is computed by linearization of the Stefan-Boltzmann equation accounting for

94



6.2. MODEL DESCRIPTION

the transmittance of the urban canyon air and assuming only one bounce of radiative heat fluxes between

surfaces (see appendix D). In terms of longwave radiation, window surfaces are assumed to have the

same temperature as wall surfaces. Surface sensible heat fluxes are computed by using CHTC, which

are calculated as a function of the air velocity above the urban canopy layer (uatm) by using a correlation

extracted from Palyvos [2008]:

hey = 5.8 +3.7uam. (6.6)

The air velocity inside the urban canyon (ucan) is used in Eq. 6.6 for the road. This is given by the

following equation [Bentham and Britter, 2003]:

ucan = u* . (6.7)
V Hurb

Urban sensible heat fluxes (required by the UBL model) are calculated as the sum of the heat ex-

change between the canyon air and the atmosphere and the convective heat flux from building roofs,

including the fraction of waste heat emissions from outdoor HVAC equipment located there.

For horizontal surfaces (road and roof), the UC-BEM calculates the latent heat flux associated with a

thin layer of water (max 1 mm) which remains after the precipitation water is run off. The mass balance

to the film of water is given by:

dwI = (Pg - Eg), (6.8)
dt

where Pg and Eg are the precipitation and evaporation mass fluxes, respectively [m s1]. The water

evaporation is calculated as:

1
Eg (qsat (Tsurf) -qa), (6.9)

pw R

where R is an aerodynamic resistance [s m-] obtained from the CHTC (Eq. 6.6), p, is the water

density, qsat is the saturation specific humidity [kg kg- 1 ] at surface temperature, and qa is the specific

humidity of the air above the surface. Whenever the depth of the layer of water is greater than zero, the

latent heat flux is calculated as LE = Egpwl,, where l is the latent heat of vaporization [J kg-1].

The vegetation model of the UC-BEM follows the shade-convection approach [Shashua-Bar and

Hoffman, 2002]. The solar radiation that reaches urban canyons is partially blocked by the tree canopy

according to the horizontal vegetation density of the site. The solar radiation absorbed by the trees is

split into sensible and latent heat fluxes as indicated in section 6.2.1. These fluxes then participate in the

energy balance of the urban canyon. Although the tree canopy reduces the sky view factor of the urban

canyon and consequently may reduce the net outgoing longwave radiation, the model assumes that the

temperature of urban surfaces is close enough to the one of the tree canopy so that the overall effect of

trees on the longwave radiation balance is negligible.

The building energy model is based on the one developed in chapter 3. The physical and geometric

definition of buildings is kept as simple as possible, while maintaining the required features of a compre-

hensive building energy model. The model considers a single thermal zone, where the thermal inertia of

building materials associated with multiple levels is represented by a generic thermal mass. The model

accounts for heat gains due to transmitted solar radiation, heat conduction through the enclosure, infiltra-

tion, ventilation, and internal heat gains, as well as for the dynamical evolution of indoor air temperature

(between thermal set points) and humidity.
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To calculate cooling energy consumption, the model solves the dehumidification of the air passing
through the cooling system by assuming that the air leaves the cooling coil at 90% relative humidity. The
model includes the mixture of recirculated air and outdoor air according to the ventilation air flowrate.

Waste heat fluxes are calculated as a function of the building energy consumption (QHVAC) and build-
ing energy demand (Qdem). For example, for a cooling system the waste heat flux is given by:

Qwaste = QHVAC + Qdem. (6.10)

6.3 Model evaluation

The UWG scheme is compared with field data from two boundary-layer experiments: the intensive
observational period (IOP) of the BUBBLE experimental campaign, carried out in Basel (Switzerland)
between June 10 and July 10, 2002 [Rotach et al., 2005]; and the CAPITOUL experimental campaign
carried out in Toulouse (France) from February 2004 to March 2005 [Masson et al., 2008]. The climate
information of both sites is characterized in Table 5.5.

Chapter 5 compares calculated and observed air temperatures above the urban canopy layer for these
two case studies. This chapter evaluates the UWG by comparing calculated and observed urban canyon
air temperatures.

The system parameters of the UWG used in this comparison are summarized in Table 6.1. The
parameters of the VDM-UBL scheme are the daytime and nighttime boundary layer heights (zi), the
reference height (zref), and the urban-breeze scaling coefficient (km) (see chapter 5). In addition, the
sensible-latent heat split of vegetation is assumed to be 0.5 and the vegetation albedo is taken as 0.25,
which is the average value reported in the experiments. Finally, the model accounts for the effect of
vegetation from May to November (deciduous vegetation).

Table 6.1 - System parameters of the UWG used in the model comparison with field data from Basel, Switzerland,
and Toulouse, France.

Parameter Setting
Daytime boundary-layer height 1000 m
Nighttime boundary-layer height 50 m
Reference height at which the vertical profile
of potential temperature is assumed uniform 200 m
Urban-breeze scaling coefficient 1.2
Latent fraction of vegetation 0.5
Albedo of vegetation 0.25
Begin month for vegetation participation May
End month for vegetation participation November

6.3.1 Comparison with field data from Basel, Switzerland

The main urban experimental site in BUBBLE is Basel-Sperrstrasse. The site represents a heavily built-
up part of the city center of Basel, mainly composed of residential buildings. Table 6.2 shows the inputs
parameters used in the evaluation of the UWG, based on a characterization of the urban site carried out
by Hamdi and Masson [2008]. A sensitivity analysis of input parameters is presented in section 6.3.3.

The Grenzach weather station, inside the valley of the Rhine River, is used as the reference rural
station.
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Figure 6.3 compares hourly values of urban air temperatures calculated by the UWG with the air

temperatures measured at the urban and rural sites for a week in June. The monthly-average diurnal

cycle for the IOP of the BUBBLE campaign is represented in Fig. 6.4. As can be seen, the UWG is able

to capture both the UHI effect observed at night and the Urban Cool Island (UCI) effect observed during

the day, although it overpredicts the later partly due to the simplifying assumptions of the vegetation

model.

Statistical results of this comparison are presented in Table 6.3. The root-mean-square error (RMSE)

between the model and observations is 1.1 K, where the average daily-maximum UHI effect is 5.2 K.

Errors of about I K are acceptable given the important uncertainties associated with urban climate pre-

dictions (see next section). The mean-bias error (MBE) is -0.5 K, which reproduces the overprediction

of the UCI effect observed in Fig. 6.3.

Table 6.2 - Inputs of the UWG used in the model comparison with field data from Basel, Switzerland, and

Toulouse, France. Both parametrizations represent densely populated residential areas and rural areas covered

by grass. The thermal properties of construction materials are indicated in Table 2.2.

Parameter

Urban parameters
Location
Latitude
Longitude
City diameter
Average building height
Horizontal building density
Vertical-to-horizontal urban area ratio

Horizontal vegetation density (trees)

Wall construction

Wall albedo
Roof construction

Roof albedo
Road construction

Road albedo
Building parameters
Building floor construction
Glazing ratio
Window construction
Internal heat gains
Infiltration/ventilation
Cooling system
Heating system
Weather station parameters

Construction
Albedo of the surface without vegetation

Vegetation fraction

BUBBLE

Basel
47.330
7.350
5000 m
14.6 m
0.54
0.48
0.16
Concrete - 20 cm
Insulation - 3 cm

0.15
Tiles - 6 cm
Concrete - 20 cm

Insulation - 3 cm
0.15
Asphalt - 5 cm

Stones - 20 cm
Gravel and soil

0.08

Concrete - 20 cm

0.3
Double-pane clear glass

Residential
0.5 ACH
None
Furnace

Soil
0.15
0.8

CAPITOUL

Toulouse
43.480
1.30
7500 m
20 m
0.68
1.1
0.08
Brick - 30 cm
Insulation - 3 cm
0.25
Tiles - 6 cm
Wood - 20 cm
Insulation - 3 cm
0.25
Asphalt - 5 cm
Stones - 20 cm
Gravel and soil
0.08

Concrete - 20 cm
0.3
Double-pane clear glass
Residential (see Table 2.1)
0.5 ACH
None
Furnace

Soil
0.15
0.8
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Figure 6.3 - Hourly values of urban canyon air temperature calculated by the UWG and observed during the
BUBBLE experiment between June 21 and June 28, 2002. Hourly values of measured rural air temperature (rur)
for the same period are also represented.
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Figure 6.4 - Monthly-average diurnal cycle of urban canyon air temperature calculated by the UWG and observed
during the BUBBLE experiment between June 10 and July 10, 2002. Monthly-average diurnal cycle of measured
rural air temperature (rur) for the same period is also represented.
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6.3.2 Comparison with field data from Toulouse, France

The CAPITOUL campaign is an extensive boundary-layer experiment, which includes (among other

types of measurements) a network of weather stations inside and at the periphery of Toulouse (Fig. 6.5).
In this analysis, the station located at the central location of the city, next to the Monoprix building

(MNP), is selected as representative of urban conditions. Five of the surrounding urban stations are also
included in the analysis (MIC, CIT, MIN, ILE, and CYP) to show the variability of air temperatures
within the same urban area. The characterization of the site is presented in section 2.4.2. Similar input

parameters are used here (Table 6.2). The reference weather station is located at Mondouzil (MON), an

agricultural rural area at the North-East periphery of the city.
Figure 6.6 compares hourly values of urban air temperatures calculated by the UWG with the air

temperatures measured at the urban and rural sites for a week in July. The monthly-average diurnal cycles
for July and October, 2004, and January, 2005, are represented in Fig. 6.7. The error bar represents the
root-mean-square difference between the air temperatures observed in the five urban stations surrounding
the MNP station and the air temperature measured at the MNP station (Fig. 6.5). The results show
the capacity of the UWG to reproduce the UHI effect for different seasons. The observed variability
of air temperature around the MNP weather station is about I K. This justifies the statement that the
error associated with UWG's predictions is acceptable and within the air temperature range observed in
different locations of the same urban area.

Statistical results of this comparison are presented in Table 6.3 for the three months. The RMSE
between the model and observations ranges between 0.8 K and 1.2 K, where the average daily-maximum
UHI effect ranges between 2.4 K and 3.6 K. The MBE is generally low, which indicates that there are no
systematic errors in the model.

Observations show that the UHI effect at mesoscale level (due to the aggregate effects of the whole
city) cannot be neglected. From the daily-maximum UHI effect observed inside urban canyons (e.g. 3.6
K in summer in Toulouse, Table 6.3), more than half (e.g. 2.5 K, Table 5.7) is due to the mesoscale
effect.

Table 6.3 - Root-mean-square error (RMSE) and mean-bias error (MBE) between the urban air temperatures cal-
culated by the UWG and observed during BUBBLE experiment between June 10 and July 10, 2002; and between
the urban air temperatures calculated by the UWG and observed during CAPITOUL experiment in July and Octo-
ber, 2004, and January, 2005. Errors are compared to the average daily-maximum UHI effect (UHIax) observed
during each period.

Month RMSE (K) MBE (K) UHIma, (K)
BUBBLE
Summer 1.1 -0.5 5.2
CAPITOUL
Summer 0.8 0.3 3.6

Fall 0.9 -0.1 2.5
Winter 1.2 -0.1 2.4
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Figure 6.5 - Map of the weather station network during the
France, from February 2004 to March 2005.

CAPITOUL experiment carried out in Toulouse,

I~
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Figure 6.6 - Hourly values of urban canyon air temperature calculated by the UWG and observed during the

CAPITOUL experiment between July 21 and July 28, 2004. Hourly values of measured rural air temperature (rur)

for the same period are also represented.
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Figure 6.7 - Monthly-average diurnal cycles of urban canyon air temperature calculated by the UWG and observed
during the CAPITOUL experiment in July (top) and October (middle), 2004, and in January (bottom), 2005.
Monthly-average diurnal cycles of measured rural air temperature (rur) for the same periods are also represented.
The error bar represents the root-mean-square difference between the air temperature observed in the five urban
stations surrounding the MNP station and the air temperature measured at the MNP station.

6.3.3 Sensitivity analysis

A sensitivity analysis is carried out for some of the model parameters. Table 6.4 shows the variation

of the error obtained in the comparison between the UWG and observations in summer when model

parameters range between -25% and +25% of the reference value indicated in Tables 6.1 and 6.2. It

can be seen that, although all parameters have an effect, the most critical ones are the morphological

parameters; in particular, the horizontal building density and the vertical-to-horizontal urban area ratio.

Values for these parameters are available for numerous cities around the world and can be obtained from
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geographic information systems.
Another parameter that has a noticeable effect on the results is the reference height of the VDM at

which the vertical profile of potential temperature is assumed uniform. The value used in this analysis
gives reasonably good results and was obtained from comparison with mesoscale atmospheric simula-

tions (chapter 5), but further investigation might be required.
The case study of BUBBLE is sensitive to some vegetation parameters for which it is difficult to find

exact values. This indicates another area for model improvement. It is also sensitive of the thermal mass

of the road (it has a lower building density than the case of CAPITOUL).

Table 6.4 - Maximum variation of the RMSE or the MBE obtained in the comparison between the urban air
temperatures calculated by the UWG and observed during the experiments in summer when model parameters
range between -25% and +25% of the reference value indicated in Tables 6.1 and 6.2. Units are K.

Parameter BUBBLE CAPITOUL
City diameter 0.1 0.1
Average building height 0.1 0.1
Horizontal building density 0.4 0.4
Vertical-to-horizontal urban area ratio 0.8 0.3
Horizontal vegetation density (trees) 0.1 0.1
Wall albedo 0.1 0.1
Roof albedo 0.1 0.1
Road albedo 0.1 0.1
Volumetric heat capacity of concrete/brick in walls 0.1 0.1
Volumetric heat capacity of asphalt in road 0.2 0.1
Internal heat gains 0.1 0.1
Rural vegetation fraction 0.3 0.1
Daytime mixing height 0.1 0.1
Nighttime boundary-layer height 0.1 0.1
Reference height at which the vertical profile
of potential temperature is assumed uniform 0.3 0.4
Urban-breeze scaling coefficient 0.1 0.1
Latent fraction of vegetation 0.4 0.1
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6.3.4 Heat flux comparison

An additional evaluation of the UWG (in particular, of the RSM and the UC-BEM) is carried out by

comparing the sensible and latent heat fluxes leaving the rural and urban canopies. The rural and urban

sensible heat fluxes are exchanged between the canopy models and the VDM-UBL scheme (Fig. 6.1).
The latent heat flux comparison allows testing the proposed vegetation model. Fig. 6.8 compares the

monthly-average diurnal cycle of sensible and latent heat fluxes calculated by the UWG and observed

during the BUBBLE and CAPITOUL experiments in summer. The sensible-latent split factor of the

vegetation model (section 6.2.1) may cause the overprediction of the latent heat flux at the rural site. The

oscillation of latent heat flux at the urban site can be explained by the intermittent precipitation recorded

for some days in summer. Still, the agreement between simulated and observed heat fluxes is acceptable

for the sensitivity of the UWG to these variables.
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Figure 6.8 - Monthly-average diurnal cycles of surface heat fluxes calculated by the UWG and observed during
the BUBBLE and CAPITOUL experiments in summer. The following scenarios are represented: (top-left) Basel-
urban sensible, (top-right) Basel-rural sensible, (middle-top-left) Basel-urban latent, (middle-top-right) Basel-rural
latent, (middle-bottom-left) Toulouse-urban sensible, (middle-bottom-right) Toulouse-rural sensible, (bottom-left)
Toulouse-urban latent, (bottom-right) Toulouse-rural latent.
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Chapter 7

Summary of contributions and future
work

This thesis presents a study of the energy interactions between buildings and the urban climate through

the development and evaluation of a set of models. Chapters 2, 3 and 4 are devoted to three different

urban canopy and building energy models (UC-BEMs) with different levels of detail and applications.

Chapters 5 and 6 present the different components of a novel urban climate prediction tool.

7.1 Urban canopy and building energy models

Chapter 2 presents a Coupled Scheme (CS) between a detailed building energy simulation model, En-

ergyPlus, and an urban canopy model, the Town Energy Balance (TEB) scheme [Masson, 2000]. The

CS combines models that have already been extensively used and evaluated within their respective sci-

entific communities, building engineering and urban climatology. This makes the CS a very useful tool

to evaluate other UC-BEMs. It also allows an analysis of the effect on climate of sophisticated building

and building system configurations (those included in EnergyPlus), as well as an evaluation of their sen-

sitivity to urban climate conditions. Apart from the respective evaluations of EnergyPlus and the TEB

model that can be found in the literature, this thesis presents a comparison of the CS with the original

TEB model and field data from the urban center of Toulouse, France. This comparison verifies that the

iterative coupling process between the two models is solved correctly and shows the capacity of the CS
to predict heating energy consumption at urban scale. Chapter 2 also presents some examples of appli-

cation of the CS. The scheme is used to evaluate the effect on the energy consumption and waste heat

emissions of three different energy efficiency strategies for Toulouse: shading devices, economizers, and

heat recovery.
Before this thesis, only the last two of the three most popular urban canopy models, Masson [2000],

Kusaka et al. [2001], and Martilli et al. [2002], had integrated building energy models [Kikegawa et al.,

2003; Salamanca et al., 2010]. The building energy model of the TEB scheme is developed as a part
of this research and is presented in chapter 3. Its objective is to represent the building effects on urban

climate and to estimate the energy consumption of buildings at city or neighborhood scale. In contrast

to previous building energy models integrated in urban canopy models, BEM-TEB is developed in col-

laboration between the urban climatology community represented by the CNRM-GAME (France) and

the building engineering community represented by the Building Technology Program at MIT. Further-
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more, it includes specific models for active and passive building systems, which allows a performance

assessment of different energy efficiency strategies in an urban context. An evaluation of the model

is presented in three steps: modeling assumptions, verification, and comparison with field data. The

CS, which already incorporates a detailed building simulation model, is used in the verification pro-

cess. BEM-TEB, and the possibility of coupling it with mesoscale atmospheric simulations, allows for

a multi-scale simulation platform from the atmosphere down to buildings that can be used to study the

implications for urban climate and building energy consumption of future climate change scenarios. Fur-

ther developments of BEM-TEB include extending the evaluation to other building configurations and

climates, introducing new HVAC configurations, such as heat-pumps or variable-air-volume systems,

and improving the current models of shadowing devices and natural ventilation systems.

Chapter 4 presents a simple and fast UC-BEM, the resistance-capacitance (RC) model, specifically

designed to investigate the energy interactions between buildings and the urban climate. The RC model

is built on a state-space formulation of the thermal network that represents the fundamental physical

relations between buildings and their urban environment. This allows for faster parametric analyses

and makes it possible to easily test modeling hypotheses. The RC model is evaluated against the CS

for summer and winter conditions and for different building configurations. The model is then used in

a series of parametric analyses to investigate the impact of the UHI effect on the energy consumption

of buildings. The resulting relationship is linear. For residential buildings in summer, a 5% increase

in cooling energy demand can be expected per I K increase in the maximum UHI effect (usually at

night). A similar order-of-magnitude decrease in heating energy demand of a residential building can be

expected from an equivalent wintertime UHI effect. The energy demand of commercial buildings is not

significantly affected by the UHI effect if they are not naturally ventilated. Although not included in the

analysis carried out with the RC model, the UHI effect can have an impact on the energy consumption

of commercial buildings through the dependence of the system efficiency on outdoor air temperatures.

Depending on the proportion of cooling and heating days of each particular climate and the type of

system used to meet building energy demands, the UHI effect can have a positive or negative impact on

the overall energy consumption of cities. The main mechanism by which the UHI effect influences the

indoor energy performance is infiltration and ventilation; the impact from the conductive heat transfer

through the building enclosure is relatively small. This result highlights the importance of considering

the UHI effect in the design and analysis of building systems, such as natural ventilation or economizers,

in which the outdoor air entering the building plays a critical role.

The RC model is also used to investigate the dominant mechanisms by which the indoor environment

affects outdoor air temperatures. In wintertime, exfiltration heat fluxes can have a noticeable effect on

outdoor air temperatures. Waste heat emissions from AC systems are the main mechanism by which the

energy performance of buildings affects outdoor thermal conditions, the impact from heat conduction

through the building enclosure again being relatively small. This analysis shows that, for building densi-

ties lower than 0.6, the increase in outdoor air temperature is approximately proportional to the heat flux

per unit of urban area released into the urban canyon with a relation of 1 K per 100 W m- 2 for low wind

speeds (~2 m s-1) and 0.5 K per 100 W m 2 for high wind speeds (~10 m s-1). This analysis can be

seen as a lower limit of the impact of waste heat on urban air temperatures because it assumes that the

boundary conditions at the top of urban canyons are invariant to the changes in the canopy heat fluxes.

Future work could relax this assumption by using the coupled effect between the urban boundary layer

and the urban canopy layer captured by the Urban Weather Generator (UWG).

The UC-BEMs developed in this thesis have been evaluated with field data from urban areas in which

the use of AC systems is negligible. The Center for Environmental Sensing and Modeling (CENSAM)
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in Singapore is carrying out urban climate experiments that could be adapted to simultaneously record

building energy consumption. Future work will consist of participating in such experiments and further

evaluating the capacity of UC-BEMs to predict cooling energy consumption of urban areas and the effect

of waste heat emissions on the urban climate.

7.2 Urban climate prediction tool

Chapters 5 and 6 present different components of the UWG scheme, a physically based and computa-

tionally fast model to predict the UHI effect in a city, both at mesoscale and at canopy-scale (Fig. 1.2),

given meteorological information measured in an operational weather station outside the city.

The atmospheric component of the UWG is presented in chapter 5. The Vertical Diffusion Model

(VDM) calculates vertical profiles of potential temperature at the rural site by solving a one-dimensional

heat diffusion equation. The diffusion coefficient is calculated dynamically as a function of a mixed-

layer velocity scale for which correlations can be found in the literature. Values of potential temperature

at different heights calculated by the VDM are used in the Urban Boundary Layer (UBL) model, which

calculates air temperatures above the urban canopy layer by applying an energy balance to the urban

boundary layer (or sub-divisions). The VDM-UBL scheme requires the rural and urban sensible heat

fluxes calculated by the canopy models.

The VDM-UBL scheme has been satisfactorily evaluated against three-dimensional mesoscale atmo-

spheric simulations and against field data from Basel, Switzerland, and Toulouse, France. The compari-

son shows a reasonably good agreement, given the important uncertainties associated with urban climate

predictions. The UBL model is being incorporated into the off-line model of the SURFEX scheme

[Martin et al., 2007] in the context of a French project studying climate change impact on urban energy

consumption [CNRM-GAME, 2010]. This makes it possible to carry out long-term analyses of future

climate scenarios without having to run computationally expensive mesoscale simulations.

The canopy components of the UWG are presented in chapter 6. The Rural Station Model (RSM)

reads hourly values of meteorological fields measured at the rural site and calculates sensible heat fluxes,

which are then provided to the VDM and the UBL model. The UC-BEM calculates urban canyon air

temperature and humidity from radiation and precipitation data, air velocity and humidity measured at

the weather station, and air temperature above the urban canopy layer calculated by the UBL model.

The UWG has also been compared with the data sets from Basel, Switzerland, and Toulouse, France.

The expected error associated with UWG predictions is about 1 K, which stays within the range of air

temperature variability observed in different locations of the same urban area. The comparison with

field data highlights that the UHI effect cannot be computed only from the urban canyon effect (vertical

component), but must also include the aggregate effect of the whole city (horizontal component). As a

consequence, urban climate prediction tools cannot be limited to an urban canopy model, but must also

consider the effect of the urban boundary layer. This can be achieved by using mesoscale atmospheric

simulations or by using the simplified approach of the VDM-UBL scheme.

The comparison of the VDM-UBL scheme with field data shows a slightly better performance than

that of the integrated UWG. This can be explained by the assumptions made by the UC-BEM to rep-

resent the heat exchange between the in-canopy and the above-canopy flows. The current version uses

semi-empirical correlations based on exchange velocities. This method was developed to represent ho-

mogeneous rural canopies (crops, trees, etc.), and its application to urban canopies has not been formally

tested. Future developments of the UC-BEM will improve this representation. One possible solution is
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the multi-layer approach developed by Hamdi and Masson [2008].

The reference weather station for the UWG can be situated in any location on the periphery of

the city as long as it is not surrounded by urbanization and is not affected by site-specific micro-climate

conditions produced by the orography or by the presence of large bodies of water. For example, a weather

station near the sea would not be appropriate for applying the UWG. The current version of the UWG has

performed well in European-type cities in which the urban morphology is relatively homogeneous and

the urban vegetation is scarce. Further developments of the model will address the heterogeneity of urban

areas and the spatial distribution of the UHI effect within a city. They will also include a better treatment

of latent heat fluxes, while maintaining the approach of keeping the model as simple as possible.

The UWG can be integrated into existing programs in order to account for site-specific urban weather

files in building energy simulations. It can also be converted into a fully-operative program to predict

building energy consumption at urban scale and the UHI effect, taking into account the energy interac-

tions between buildings and the urban climate.
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Appendix A

Nomenclature

Table A.1 - Nomenclature.

Designation

Area
City horizontal area
Lateral heat exchange area

Air-conditioning
Building energy model
Capacitance/Conductance/Coefficients

Convective heat transfer coefficient

Coefficient of performance of an HVAC system

Coupled Scheme between EnergyPlus and TEB
Specific heat

Air specific heat at constant pressure

Pressure coefficient

Air specific heat at constant volume

Von-Karman constant

Layer thickness
Length of the control volume parallel to the main wind direction

City characteristic length

Turbulent kinetic energy

Water evaporation flux

Fraction
View factor

Gravity acceleration
Glazing ratio

Heat transfer coefficient

Average building height
Opening height for natural ventilation

Sensible heat
Heating, Ventilation, and Air-Conditioning

Thermal conductivity

Urban-breeze circulation scale constant

Solar radiation

Diffusion coefficient
Solar constant

Length scale

Water condensation heat

Unit
s m2

m2

m2

W s K-'/W M-2 K-'/
W M-2 K-1

-

J kg-1 K-1
Jkg--1 K--1

Jkg-1 K--1

In
m

m
m

m2 s-2

m s-i

mn s-2

W m-2 K-
m
m
W m-2

W m-- K-1

W M-2

mn2 s- 1

W m-2

m

Jkg-I
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Symbol
A

Acity
Af
AC
BEM
C
CHTC
COP
CSCs
CP

Cp

Cp
Cv

Cyvk
d
dx
D
E
Eg

f
F

g
GR
h
hbld

hwin
H
HVAC
k
kw
Kd

Kg

la l
ly
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Table A.2 - Nomenclature (continued).

Symbol Designation Unit
L Monin-Obukhov length m
LE Latent heat Wm-2
LHS Left hand side of an equation
?h Air mass flowrate kg3 s-

Nfl Number of floors in a building
P Electric power/Partial pressure W/Pa

Pcan Canyon perimeter In

Pcity City perimeter m

Pg Precipitation flux m s-1
PLR Part-load ratio
q Specific humidity kgkg-1

Q Heat flux W m-2
R Resistance K W'
Ri Richardson number
RHS Right hand side of an equation
S Incoming solar radiation W m-2
SBL Surface boundary layer
SHGC Solar Heat Gain Coefficient
t Time s
T Temperature 'C, K
u Mean air velocity ms-1

Uex Exchange velocity m s-1

u* Friction velocity m s-1
UC - BEM Urban canopy and building energy model
UCM Urban canopy model

Uwin Window U-factor W m- 2 K- 1

V Volume m 3

Air volume flowrate m3 s-1

VO Infiltration/exfiltration air flowrate ACH

VHbId Vertical-to-horizontal building area ratio, defined as exterior vertical building area -
divided by building plan area.

VHurb Vertical-to-horizontal urban area ratio, defined as exterior vertical building area -
divided by the plan area of the urban site.

WS Mixed-layer velocity scale m s-
w* Convective velocity scale m s-

W Width of the city orthogonal to the wind direction m

Xmix Mixing ratio
z Vertical space component m
Zi Boundary-layer height m
Zinv Capping inversion height m
Zm Air velocity measurement height m
Zr Blending height m
Zref Reference height m

zo Roughness length m
Z Solar zenith angle rad
a Solar absorptivity
# Buoyancy coefficient m s- K1
3 Simulation time step s
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Table A.3 - Nomenclature (continued).

Symbol Designation Unit
E Emissivity

Efficiency
0 Potential temperature K

00 Critical canyon orientation
X Solar zenith angle -
p Density kg m- 3

Pbld Building density, defined as building plan area divided by the plan area of the -

urban site.
Pr Road reflectivity
PW Wall reflectivity/water density -/kg m-3
a Stefan-Boltzmann constant Wm- 2 K 4

EH Difference between urban and rural sensible heat fluxes during one day of simulation W h m-2

T Transmittance

(p Performance curve of a cooling system

#m Wind profile function
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Table A.4 - Nomenclature (continued).

Subscript Designation
a Air
atm Atmosphere
bld Building
can Urban canyon
cap HVAC system capacity
cd Conduction
circ Urban-breeze circulation
cons Consumption
cool Cooling
cv Convection
CV Control volume
dem Energy demand
dif Diffuse
dir Direct
exch Energy exchanged between an HVAC system and a building
fl Floor
heat Heating
HVAC HVAC system energy consumption
ig Internal heat gains
in Indoor air
inf Infiltration
is Interior surface
lat Latent or dehumidification
m Building internal thermal mass
mix HVAC mixing conditions
nt Natural ventilation
r Road
rat Rated conditions
rd Radiation
ref Reference
rur Rural
sat Saturation
sens Sensible heat
sol Solar radiation

supply HVAC system supply conditions
sys HVAC system
ubl Urban boundary layer
urb Urban
vent Ventilation
w Walls
waste Waste heat from HVAC systems
wi Inner layer of wall
win Windows
wind Wind
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Building Energy Model in TEB

B.1 Heat balance method

The convection term of Eq. (3.1) is calculated from:

QCV = hev (Tis - Tin) (B.1)

where Tis and Tin are the temperature of an interior surface and of the indoor air, respectively. The

convective heat transfer coefficient has the following values obtained from EnergyPlus documentation

[DOE, 2010a]: hev = 3.076 W m- 2 K-' for a vertical surface; hev = 0.948 W m- 2 K- 1 for a horizontal

surface with reduced convection (floor surface with Tis < Tin and ceiling surface with Tis > Tin); and hev =

4.040 W m- 2 K- for a horizontal surface with enhanced convection. The radiation term is calculated as:

Qrd,i-j = hrdFi-j (so - Tsj) , (B.2)

where hrd is a radiative heat transfer coefficient and Fj1 1 is the configuration factor between surfaces i

and j. Radiative heat transfer coefficients are calculated as:

hrd = 4e 2aT d, (B.3)

where e = 0.9 is the surface emissivity, a is the Stefan-Boltzmann constant, and Trd is an average surface

temperature. View factors (F) between surfaces are based on those developed by Masson [2000] for a

two-dimensional urban canyon:

Ffl-m = (h/w) +1)2 (h/w)fl, (B.4)

Ffl-wi = (1 - Ffl-m) ( - GR), (B.5)

Ffl-win = (1 - Ffl-m) GR, (B.6)

Faux = ((h/w) + 1 - ((h/W)2 + I)) / (h/w)fl, (B.7)
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Fwi-m = Fwin-m = Faux (2Nfl - 2) /(2Nfl), (B.8)

F =i-win (1 - Faux) GR, (B.9)

Fwifl = Fwinfl = Faux/2Nfl, (B.10)

Fwin-wi = (1 - Faux) (1 - GR), (B.11)

Fm-wi FwjmAwi/Am, (B.12)

Fm-win = Fwin-mAwin/Am, (B.13)

and

Fm-fl = Ffl-m/Am, (B.14)

where the subscripts fl, m, wi, and win represent floor, internal mass, internal wall, and window, respec-
tively; GR is the glazing ratio of the building; and (h/w)fl represents the aspect ratio of one building

level.

B.2 Solar heat transmission

Generally, the solar heat transmitted through windows depends on the angle of incidence of the sun.
However, based on simulations with EnergyPlus, it can be shown that the solar transmittance is propor-

tional to the window SHGC for an average-oriented canyon. The Solar Transmittance Factor (STF) is

defined as the ratio between the average of the solar transmittances for different window orientations and

the SHGC.
A series of simulations was carried out with EnergyPlus for eight different orientations of a window in

intervals of 45'. Three characteristic days in Toulouse, the two solstices and an equinox, were simulated

for different values of the SHGC. Fig. Al (top) represents the diurnal cycle of STF for windows with a

SHGC = 0.8. Fig. Al (bottom) shows the dependence of the daytime STF on the SHGC. This analysis

concludes that a constant STF of 0.75i0.03 can be considered for an average-oriented window with a

SHGC between 0.6 and 0.9.

B.3 Natural ventilation

The natural ventilation module first compares indoor and outdoor air temperatures. If Tin > Turb + 1 K,
the modules estimates a natural ventilation potential, by calculating the indoor air temperature with and
without natural ventilation, Topen and Tclose, respectively.

The conditions are considered favorable for natural ventilation if Topen < Tcooi,target, Topen < Tose, and

Topen > Theat,target + 4 K.

118



B.4. COOLING SYSTEM

1.01111

21jun
0.8 - 21Dec

S ... 21Sep
c.6 --

E
2Cn0.4 -

m 0.2 -

0.0 I
0000 0500 1000 1500 2000

0.9

0.8 -E

0.71

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90
SHGC

Figure B.1 - Diurnal cycle of the solar transmittance factor of a window with a SHGC =0.8 (top) and daytime-
average solar transmittance factor for different SHGC (bottom). The solar transmittance factor is defined as the
ratio between the average of the solar transmittances for different window orientations and the SHGC. In the first
graph, three characteristic days of the year are represented, the two solstices and an equinox.

The natural ventilation air flowrate per unit width (Vay) is calculated from the following equation for

a single opening with bidirectional flow [Truong, 2012]:

nv= - Ig in -(rb 1)hwin + '" u2 ACp (B.15)
3 [ Tin g (Tin - Turb) 2 r

where hwin is the window height, ACp is the pressure coefficient difference between the windward and

the leeward sides of the building, and uref is the average air velocity where the pressure coefficients are

measured.

B.4 Cooling system

BEM accounts for the dependence of a cooling system on outdoor and indoor conditions, through the

definition of characteristic performance curves [DOE, 2010a]. The total cooling capacity is calculated

from the rated capacity, modified by the following curve:

(pQ = A1 +B Twb,i+C1 Twb,i+Di Ti+Ei Ti+Fi Twb,iTe,i,, (B.16)
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where Twb,i ('C) is the wet-bulb temperature of the air entering the cooling coil and T ('C) is the
dry-bulb outdoor air temperature for an air-cooled condenser (wet-bulb outdoor air temperature for an
evaporative condenser). The actual COP of the system is calculated from the nominal COP, divided by
the following curve:

(pcoP = A2+B2Twb,i+C2T,2b,i+D2Tci+E2Ti+F2Twb,iTc,i.. (B.17)

The coefficients used in Eqs. B. 16 and B. 17 are the defaults used by EnergyPlus when a single-speed
direct-expansion cooling system is defined: A1 = 0.942587793, B1 = 0.009543347, C1 = 0.00068377,
D= -0.011042676, E1 = 0.000005249, F1 = -0.00000972, A 2 = 0.342414409, B2 = 0.034885008,

C2 = -0.0006237, D2 = 0.004977216, E2 = 0.000437951, and F2 = -0.000728028.
The coefficient fPLR of Eq. (3.11) is given by:

fPLR= 0.85 +0.15PLR, (B.18)

where PLR is the part-load ratio, calculated as the fraction between the energy supplied and the system
capacity.

B.5 Autosize function

The rated cooling capacity is calculated by dynamically simulating the building with predefined diurnal
cycles of outdoor air temperature and incoming solar radiation. The diurnal cycle of outdoor air temper-
ature has a maximum defined by the user and an amplitude of 10.7 K. The time evolution is sinusoidal
according to the following equation:

Tn = Tsizemax - 5.35 + 5.35sin (27r (t + 57600) /86400). (B.19)

The solar radiation at each time step is given by:

S = KsoiDcorrcos (Z), (B.20)

where Ksoi = 1367 W m- 2 , Dcorr = 1 + 0.0334 cos (0.01721Djuian - 0.0552), and Z is the solar zenith
angle; and where Djuli. is the Julian day of the year.
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Vertical Diffusion Model

The length scale (ik) used in Eq.
and Lacarrere, 1989]:

5.7 is determined by solving the following set of equations [Bougeault

J z+up #P(0(z) - e(z'))dz' = E(z),

z # (6 (z') - 6(z))dz' = E(z),
z--dowin

(C.1)

(C.2)

and

1k = min (lup ldown ) ,

where l, and dowi are the distances that a parcel originating from

kinetic energy E(z), can travel upward and downward before coming

'down cannot be greater than the height above the ground.

(C.3)

The mixed-layer velocity used in Eq. 5.8 is calculated according to [Hong et al., 2006]:

ws = (u* + #mCvkWz/zi)' (C.4)

where u, is the friction velocity, Cvk = 0.4 is the Von-Karman constant, 0m is a wind profile function,

w, is the convective velocity scale, and zi is the boundary-layer height.

For unstable and neutral conditions (Hrur >0), the wind profile function and the convective velocity

scale are calculated as:

(C.5)0.zi) -1/3
#m = (1 -8 L

SHrur 1/3
= (zr) PCp Zi) (C.6)
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For stable conditions, w, = 0 and

0.1lzi
1m= 1+5 L (C.7)

L

where L is the Monin-Obukhov length, calculated as:

L = u'0(zr) PCp (C.8)
Cvk Hrur

The friction velocity, u* is calculated according to Louis [1979]:

u, = au(zr)f1/2 , (C.9)

where a = Cvk is a drag coefficient, (zr) is calculated from u(zm) assuming a logarithmic profile,

and fm is a coefficient that accounts for the atmosphere stability and is given by:

11 =(C.10)
'" (1+4.7Ri)2 '

for stable and neutral conditions (Ri > 0) and

1 -9.4Ri
fm = I(C.11)1+ c(-Ri)2 '

for unstable conditions Ri < 0. In Eq. C.11, the constant c is given by c = 69.56a2 (4) 1/ 2 , and the

Richardson number is calculated as:

Ri = gzr(6(zr) - Osoiu) (C.12)
6(zr)u(zr)

2

The exchange velocity used in the RC model (chapter 4) is given by:

ue = 1.35a2 /mu(zr). (C.13)
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Urban Weather Generator

D.1 Outdoor radiant heat transfer

The radiant heat transfer coefficients (RHTC) among walls, road, and sky are given by:

hrd,i-j = 4(1 - Ecan)EeijaFi-jTi__- , (D.1)

where Eca, is the urban canyon air emissivity (Eq. D.3), e is the emissivity of the surfaces i, j = {
wall, road, sky (e, = 1) } ; a = 5.67e-8 W m- 2 K- 4 is the Stefan-Boltzmann constant; F-j is the view

factor between surfaces i and j; and Tjj is average temperature over surfaces i and j.
The RHTC between walls, road, sky and the urban canyon air are given by:

3
hrd,can-j = 4Ecan ejTcan-j . (D.2)

The air emissivity (Ecan) is calculated from the following expression as a function of the humidity

content and the size of the space [Siegel and Howell, 1981]:

Ecan = 0.683 (1 - exp (_1.17X1/2), (D.3)

where X = PLe4 3(Pa + bPw); and where P, and Pa are the partial pressures of water and air, re-

spectively; Le is the mean beam length calculated as the ratio between the transversal area of the urban

canyon and its perimeter, Le = 3. 6Acan/Pcan; and the parameter b = 5 (300)1/2
\Tu,j

D.2 Solar radiation received by walls and roofs

This formulation has been extracted from Masson [2000] for an average urban canyon orientation. The

first bounce of solar radiation is given by the following equations for walls and roof:

Kw = Kir 0.5- - + -tan(X)(1-cos(6o)) +FwKdi5, (D.4)
hbld 7 a

Kr = Kdir20 + 2hl tan( X )(1 - cos(00))) + FrKdi5, (D.5)
A 7 A Wr
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APPENDIX D. URBAN WEATHER GENERATOR

where Kdir is the direct solar radiation; Kdif is the diffuse solar radiation; hbld is the average building

height; wr is the average road width, wr = 2hbld Pbld); Pbld is the horizontal building density; VHurb is

the vertical-to-horizontal urban area ratio; X is the solar zenith angle; 0, is the critical canyon orientation

for which the road in no longer sunlit, 0 = arcsin (min r 1 1 ), Fw is the wall sky view factor,
\. L bld Tan(X)'

Fw= [h +1- ((hbid)2+ 1)1/2] /l , and Fr is the road sky view factor, Fr = ( ( )2 + 1) 1/ 2 _

Solar reflections are then calculated by:

MW = Rw+FpwRr (D.6)
1 - (1 - 2Fw)pw + (1 - Fr)FwPrPw'

and

Mr = Rr + (1- Fr)Pr(Rw + FwpwRr) (D.7)
r 1 -(1 - 2Fw)p+ (1 - Fr)FwPrPw'

where pw and Pr are the wall and road surface reflectivities, Rw = pwKw, and Rr = PrKr.

Then, the total solar radiation received by walls and road is given by:

Sw = Kw +(1 - 2Fw)Mw + FwMr, (D.8)

and

Sr = Kr +(1 - Fr)Mw. (D.9)
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