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ARTICLE INFO ABSTRACT

The urban context is often simplified or neglected in Building Energy Models (BEMs) due to the difficulties of
taking accurately into account all the heat fluxes emanating from the environment. Oversimplifying the urban
context can impact the accuracy of the BEM predictions. Nevertheless, several approaches can be used to allow
for the impact of the urban environment on the dynamic behavior of a building, its heating and cooling demands,
and thermal comfort. This state of the art review provides a critical overview of the different methods currently
used to take into account the urban microclimate in building design simulations. First, both the microclimate and
building models are presented, focusing on their assumptions and capabilities. Second, a few examples of
coupling, performed between both modeling scales are analyzed. Last, the discussion highlights the differences
obtained between simulations that take the urban context into consideration and those that simplify or neglect
urban heat fluxes. The remaining scientific obstacles to a more effective consideration of the urban context
impacting the BEMs are indicated.
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techniques to estimate heating or cooling needs of buildings. The third
approach, called hybrid method, uses both physical and statistical
techniques.

BEM require inputs like geometrical and construction data, usage
schedule and occupancy or meteorological data in order to calculate

1. Introduction
1.1. Context

In Europe, buildings are responsible of about 40% of final energy

consumption [1]. In the framework developed with new energy po-
licies, the building sector is urged to improve energy performance: new
construction should move towards Nearly Zero Energy Buildings
(NZEB), while efficient retrofit should be done on the existing building
stock. To meet these objectives, Building Energy Models (BEM) are
powerful tools to evaluate various technical solutions and opportu-
nities.

In their review, Foucquier et al. [2] listed three approaches for
predicting building energy performance: “white box”, “black box”, and
“grey box”. The first is based on physical models for evaluating thermal
dynamics and energy behavior on components or whole buildings. This
approach is currently the most widespread as highlighted by the hun-
dreds of software tools available [3]. The second uses statistical
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heat and mass flows in and around buildings. Particularly, six heat
fluxes may be considered on buildings’ external surface:

e The convective heat flux at the external surface: it depends on both
the near-wall air velocity and local variations in outside air tem-
perature [4].

o The solar radiation exchange: it depends on the shading, the optical
characteristics of the building's surfaces and of the surrounding ones
[5].

e The Long-Wave (LW) radiation exchange with the sky and sur-
rounding surfaces: it depends on form factors, temperature and
emissivity of the building's surfaces and of the surrounding ones [6].

e Heat losses due to ventilation and air infiltration: they depend on
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the flow rate driven by the gradient of pressure on the building's
facades as a result of wind velocity and local variations in outside
temperature [7]. Inlet air humidity brought by ventilation can also
have an impact on air conditioning latent heat load [8].

® Thermal conduction through walls: internal or external insulation
lead to different internal and external surface temperatures, thus
also influencing the exchanges between the indoor and outdoor
environments.

e Latent heat fluxes due to hygrothermal transfers: similar to heat
transfer, moisture transfer may occur through the wall and depends
on internal and external relative humidity.

These fluxes are usually evaluated for stand-alone buildings by
using weather datasets including air temperature and relative humidity,
wind velocity and direction and solar radiation at least. Nowadays,
numerous datasets are available for multiple regions worldwide in vi-
able format (TRY, TMY, etc.), even if they are provided for reference
weather stations, that are located outside the cities.

In urban context, the local microclimate and the heat fluxes ex-
changed between a building and its environment are different [9]. For
instance, the geometrical environment is more complex: on the one
hand, surrounding buildings cause shadowing effects which reduce
solar gains during the daytime; on the other hand, the sky view factor is
decreased which limits the radiative cooling to the sky. In addition,
solar and infrared interreflections are increasing with neighboring
buildings’ surfaces. Because of urban morphology, local wind speeds are
lower and airflows around buildings are modified. Last, Urban Heat
Island (UHI) effect results in higher air temperatures.

All the above-mentioned phenomena influence the prediction of
buildings energy performance [10-17] and may be one of the causes
explaining the gap between targeted and measured buildings perfor-
mances [18-21]. Therefore, it is relevant to explore methods that ac-
count for the local microclimate and the effect of neighboring buildings
when conducting energy simulations.

1.2. Previous reviews and overview of this paper

To date, numerous reviews have been conducted at the building or
urban scale.

BEM are usually classified into top-down and bottom-up approaches
[22]. The second approach being more widespread in the building
community, other reviews classified them according the methodology:
engineering methods, statistical methods, artificial intelligence models,
machine learning and hybrid methods [23-25].

In recent years, the scientific knowledge on urban climates has
improved at all scales of interest: from the street (micro) scale through
the neighborhood (local) to the city and regional (meso) scale [26-29].
Therefore, previous reviews have covered recently aspects of the field
of Urban Climate Modeling (UCM) [30-32]. In 2007, Kanda [30] pre-
sented a short overview of simulation techniques and distinguished
“simple” urban canopy models from CFD models. Later, Lun et al. [31]
classified various tools into mesoscale meteorological models, micro-
climate models, building models and human thermal models, for urban
climate studies. In the framework of an international project, Grim-
mond et al. [32] compared 33 urban land-surface models in terms of
accuracy and complexity. Since microclimate models are composed of
CFD, radiation transfer and heat conduction models, some state-of-the-
art focus rather on one of these three subcategories [6,33,34].

In the last 5 years, previous reviews have covered also hybrid
modeling approaches between the building scale and the city scale; the
most relevant are summarized below.

Allegrini et al. [35] reviewed modeling approaches that address
district-level energy systems, namely district energy systems, renewable
energy generation and urban microclimate as it relates to energy de-
mands. The authors highlighted the possibilities of twenty tools in a
simple comprehensive matrix.
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Anderson et al. [36] proposed a broad overview of main research
area at building and urban scale. They argued that the interaction be-
tween both scales should be considered in particularly to account for
induced impacts in life cycle assessment studies.

Reinhart and Cerezo Davila [37] reviewed bottom-up urban
building energy models (UBEM). Their review focuses on the energy
performance of neighborhoods (several dozens to thousands of build-
ings). After discussing the validity of UBEM, the authors underlined that
uncertainty and the definition of level of investigation remain the main
challenges.

Li et al. [38,38] listed top-down and, more in detail, bottom-up
approaches for implementing urban-scale building energy models
(UBEM). In addition, they discussed the recent advances in the in-
tegration of geospatial techniques in UBEM. They noted that there are
still challenging issues associated with model preparation and calibra-
tion.

Frayssinet et al. [39] reviewed existing computational approaches
to estimate heating and cooling energy demand of buildings from in-
dividual building in urban environment to city scale. The authors
suggested that finding relevant physical and mathematical simplifica-
tions and implementing efficient numerical and computational techni-
ques are crucial issues for urban energy micro-simulation.

Sola et al. [40] limited their review only on Urban-Scale Energy
Modeling (USEM) (at the district or city level). They focused their work
not only on building energy demand modeling, but also building energy
supply modeling and energy transportation models (even if the methods
on how to couple these models are not discussed).

Castaldo and Pisello [41] proposed an extensive overview of BEM
possibilities and questioned on how to simulate buildings in realistic
dense urban environments. In their conclusions, the authors call for
extending multiscale simulation approaches between BEM and UCM.

These previous reviews focused mainly on modeling of energy de-
mand of several buildings in urban level. The general consensus is that
physically-based bottom-up methods seem to be the most interesting for
catching the physical phenomenon in spite of computational cost and
uncertainties. These methods rely on the modeling of stand-alone
buildings in built environment. Unfortunately, only a general overview
of the last point is given in the previous reviews. Our review aims to
address this topic through a more focused and detailed examination.
Particularly, we detail the heat fluxes exchanged between a building
and its environment, how they are taken into account at both modeling
scales, and how the coupling attempts have managed to represent these
fluxes.

The aim of this paper is twofold. First, Section 2 and Section 3 give
an overview of the kind of local data provided by UCMs (variables,
spatial and temporal discretization) and of the different ways BEMs take
fluxes into account at the building's external surface, respectively.
Second, through the analysis of eight examples of coupling or chaining
attempted in research works in Section 4, we show what kind of stra-
tegies has already been carried out, analyze the encountered difficul-
ties, the capacities of the resulting tools and how these attempts en-
hanced our understanding of the physical phenomena occurring
between these scales. In the discussion (Section 5), we analyze the is-
sues that must be addressed, especially in terms of the spatial and
temporal description of the local climate and buildings, but also arising
from the assumptions that are made in the physical modeling of the
microclimate or of the building. This could bring to new developments
for the use of BEM directly coupled with UCM.

2. Urban Climate Modeling

UCM is usually performed at different scales related to the land
surface represented and the resolution at which balance equations are
written [26]. At the mesoscale, a whole city and its surroundings
(suburban and rural areas) can be examined over a zone of several
kilometers. At the local scale, a district is extracted from its urban
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Fig. 1. Classification of UCMs in terms of their spatial study scales and resolution.

context, and climate solicitations are specified for an area whose di-
mensions range from hundred meters to a few kilometers. This scale
allows for the representation of the meteorological phenomena in the
urban canopy layer (UCL). Building forms, materials, natural surfaces,
etc. can be considered explicitly or through mean parameters (rugosity,
albedo, etc.). At the microscale, an urban zone of a few meters or a
hundred meters is examined, and physical processes can be computed
in more detail (~1 m). In Fig. 1, we classify the models detailed in the
paper, using two criteria: spatial scale of the represented areas (in terms
of urban scale) and the horizontal resolution (the horizontal size of the
mesh elements used in the model). These spatial scales are also closely
linked to the temporal scale.

2.1. City-scale models

The impact of urban areas can be examined at the city scale to es-
timate meteorological patterns. The domain for such models usually
extends both horizontally (beyond the urban areas) and vertically
(above the urban boundary layer) [42]. The local characteristics are
hence parameterized, as the low horizontal resolution of the horizontal
grid cells does not allow for an explicit representation of the urban
areas. The results are obtained for homogeneous cells, the dimension of
which is generally more than 200 m. At this scale, it is, for example,
worth analyzing the interactions between the urban surface and the
urban boundary layer in the development of the UHI over a city [43].

2.1.1. MESO-NH & TEB

The MESO-NH model [44] is a non-hydrostatic mesoscale model
that has been applied in many studies of climate change impacts at city
scale [45-47]. A comprehensive surface model, SURFEX [48], is in-
tegrated and includes the Town Energy Balance (TEB) model. TEB is a
single layer urban canopy model [49] that incorporates multiple urban
parameterizations. In MESO-NH, a city is discretized, and at each grid
point, TEB shows the average characteristics of the local environment
as a single urban canyon composed of a ground-based surface bordered
by two flat-roof buildings of same height. The urban environment is
thus described based on four distinct elements that compose the urban
canyons: roof, wall, and for the ground-based surfaces, a combination of
impervious and natural covers referred to as road and garden,

respectively. It can be highlighted that recent development of the
models included the integration of trees [50]. For each urban facet, the
model computes a radiation budget and a surface energy balance. It also
resolves an equation of the temperature evolution with a single surface
temperature associated with each facet. For natural soils and vegeta-
tion, the radiative and energy exchanges with the atmosphere, and the
hydrological and thermal processes in the ground are parameterized
with the interaction soil-biosphere-atmosphere model (ISBA) [51].
Such a representation, based on the canyon analogy, has the advantage
of taking into account the urban context and the location of the site in
the city. It provides mean microclimatic values (temperature in the
canopy, wall roof and soil surface temperatures, net radiative fluxes,
wind velocity) for the cell, but not the accurate value for a building
depending of the other surfaces arrangement. TEB can also be run alone
with 1D meteorological forcing [52] (see section 2.3).

2.1.2. Weather research and forecast model & BEP

The Weather Research and Forecast (WRF) model [53,54] integrates
three urban schemes [55]. The first one is the SLAB model that does not
include the canopy parameters [56]. The second one is the Urban Ca-
nopy Model (UCM) [57,58] with properties similar to the TEB model.
The last one, the Building Effect Parameterization (BEP) [59], is in-
tegrated into WRF. The BEP is a multi-layered canopy model that
provides direct interactions with the planetary boundary layer (PBL). It
includes the vertical and horizontal surface impacts on the momentum,
temperature, and turbulent kinetic energy (TKE). A turbulent scheme
based on [60] is also integrated into WRF to include a source TKE term
that also uses modified turbulent length scales. A BEM has also been
introduced to improve the representation of the buildings and to in-
clude anthropogenic heat fluxes [61,62]. Additionally, CIM has also
been recently integrated in WRF to improve the computation of high
resolution vertical profiles within the urban grid cells.

2.2. District scale models

At the district scale, we distinguish two families of models. The first
one brings together models that do not represent the urban shapes
explicitly but use parameters that translate their impact. They produce
homogeneous data for the district examined. The second one includes
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models that use the geometrical representation of the district and mesh
it so that they explicitly resolve the governing equation for the inter-
exchanges.

2.2.1. Parametric models

For parametric models, the climate characteristics are assumed to be
constant in the UCL, in terms of the urban shapes, surfaces, materials
and vegetation, etc.

e UWG and CAT

The Urban Weather Generator (UWG) [63], and the Canyon Air
Temperature (CAT) models [64], start from one point of measurement
outside of the city exposed to the same mesoscale climatic conditions,
such as an operational measure station at an airport or standardized
weather files [65].

The UWG is based on energy conservation principles and is a
bottom-up building stock model. It uses input parameters that describe
urban morphology, geometry, and surface materials. The UWG has four
coupled modules: the rural station model (the forcing temperature), the
vertical diffusion model, the urban boundary layer model, and the
urban canopy and BEM. This chain of models makes possible translating
rural temperatures into urbanized ones for a specific site in the city. It
can be extended for simulations at the city scale. From the UWG [66],
have developed the spatial urban weather generator (SUWG), which
computes (horizontally) a 2D field for the temperature above the UCL
and takes into account wind advection and height of the boundary layer
depending on the weather type.

The CAT model can be used to simulate the air temperature in a
specific site of a city. However, due to the lack of advection processes, it
cannot be used to simulate regional/city-scale UHI.

e CIM

The Canopy Interface Model (CIM) is a 1D meteorological model
[67] that can be either coupled with a 3D meteorological model (such
as the WRF [54,68]) or used in an offline mode as a stand-alone module
[11,69]. In such a case, the meteorological variables used as boundary
conditions for the top cell of the column are usually taken from a cli-
matic dataset. The district or block geometrical characteristics (building
characteristics, street widths, and number of cells where buildings are
present) are also given as input to the model. The CIM stands out from
other canopy models by its ability to show different building sizes in the
x or y-direction, and it can also calculate an adaptive mixing length
along the z-axis based on the density in each cell. The CIM solves a
diffusion equation derived from the Navier-Stokes equation reduced to
one-dimension and calculates high-resolution vertical profiles of me-
teorological variables (wind speed, wind direction, and air tempera-
ture). It includes a 1.5-order turbulent closure scheme and resolves
locally the turbulent kinetic energy by considering the obstacles present
in the canopy, which is usually not the case in other canopy models
[671.

2.2.2. Explicit models

An explicit 3D shape of the area of interest is modeled in these
UCMs. The urban surfaces and the surrounding air volumes are meshed,
which provides a detailed representation of the microclimatic variables
around the buildings.

o ENVI-met

ENVI-met [70,71] is a widely used tool that includes air flow, heat
and moisture exchanges, and vegetation. The scene representation is
pixelated with a typical horizontal resolution ranging from 0.5 to 5m.
The aeraulic flow is resolved using a computational fluid dynamics
(CFD) simulation. Only the absorbed and reflected shortwave (SW)
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radiative flux densities are calculated (inter-reflections are not in-
cluded). Longwave (LW) radiation and conduction in walls has recently
been added using a simplified scheme (including the mean temperature
of walls and soil and fixed view factors) [72]. The surface-plant-air
interactions model is very detailed and documented to assess the effects
of green architecture visions on local comfort conditions. The typical
simulation period is 24-48 h with a time step of 1-5s.

o SOLENE-Microclimat

SOLENE-Microclimat is the result of the coupling of two tools, Code-
Saturne [73] (a CFD open source code developed by EDF) and SOLENE
(a radiative tool [74]), to which different modules have been added to
represent conventional built elements (conduction in paved soil,
building thermal models) as well as natural elements and climate
adaptation solutions (trees, natural soil, green roofs and walls, water
ponds, pavement watering). Because of a flexible geometry re-
presentation, all kinds of geometry aspects can be handled. The canopy
is meshed to run CFD simulation and the lower boundary of this mesh
corresponds to the surface mesh used by SOLENE and the building
model. At each time step, the absorbed solar radiation of each facet is
computed as the result of the direct and diffuse solar radiation received
by the facet directly from both the sun and the sky, plus reflections from
all other facets in view, minus the reflected flux away from the surface.
To link the different fluxes, a thermal model incorporates LW radiation,
conduction and storage in built surfaces. The LW radiation is calculated
from surface temperatures using the radiosity method [75,76]. For one
building, energy balance can be applied; it is partitioned according to
its floors, and the choice is given to assess the energy needed to
maintain comfort conditions or to evaluate comfort using the adaptive
comfort model. Conduction is represented by a 1D detailed finite dif-
ference model [77]. For the other buildings (in which balance is not
calculated), the indoor temperature is imposed, and the conduction
model is a lumped-capacitance R2C one [78]. As a result, outdoor air
temperature and humidity, wind velocity, and surface temperatures can
be calculated in the mesh so that the impact on the local climate
characteristics of the planning can be evaluated, together with more
integrated indexes such as comfort indexes (MRT, PET, UTCI). Indoor
comfort conditions or building energy demands can be assessed for the
building for which energy balance is calculated.

2.3. Street models

The street scale is the lowest scale at which the local climate is
examined. The street defines a confined air volume bordered by walls,
in which the solar trapping effect and airflow regimes can easily be
defined. As seen in section 2.1.1, the canyon model on which TEB is
based can be used alone to study a particular street [50].

Bozonnet [79] proposes a zonal model of a canyon street including
airflow and heat transfer (radiation, convection, conduction). Solar
radiation is the only driving force in the street air movement. The value
of such an approach is to show the interaction between the street and
the buildings and to take into account the impact of cooling loads on
the air temperature within the canyon [79]. This kind of model has also
recently been developed by Liang et al. [80] with the aim of assembling
several canyons and linking the local climate with the energy balance of
buildings.

2.4. Discussions

The list of tools presented in this section is not meant to be ex-
haustive; other tools can be used to calculate fluxes above a district,
such as Lazer-F [81], or energy needs at the district scale, such as En-
viBatE [82].

Table 1 summarizes the different physical processes taken into ac-
count in the models presented for each scale.
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An interesting option for coupling 1D thermal and moisture transfer
is available in EnergyPlus: the Heat and Moisture Transfer (HAMT)
Model [83]. It uses the FE method. However, the HAMT option is about
100 times more time consuming for simulation than the standard one,
the CTF [16] (Table 2).

3.2. Solar radiation

Resistance-Capacitance

Simplified models
model

Solar radiations plays a major role in the building energy balance
and indoor comfort. In temperate climates, maximizing the solar gains
in winter and minimizing them in summer is the biggest challenge for
all building design projects. Therefore, it is important to know how the
BEMs take this phenomenon into account. Solar radiation is divided
into three components: direct, diffuse, and inter-reflection.

3.2.1. Direct, diffuse SW incoming radiation

All BEMs take the direct and diffuse part of solar radiation into
consideration, and most of them take into account the shading of
neighboring buildings. A sky-view factor can be calculated to obtain a
more precise computation of the incoming solar radiation. Other far
masking effects from distant obstruction, such as topography, can
sometimes be included.

The direct and diffuse SW incident flux on a component (e.g. wall,
window) is either partly absorbed and/or partly transmitted, depending
on the type of surface. The transmitted part is then distributed over the
interior building surfaces either by solar tracking [88,94] or through a
weighted method. Different weighted methods can then be used: it can
be affected directly to the floor, or spread by geometrical parameter of
the surface (i.e. the surface area ratio).

Heat transfer: Finite Difference model reduced

by modal analysis [84]

Model Order Reduction
Can be used

(HAMT) model [83]

Can be used
Heat and Moisture Transfer

Finite Element

3.2.2. SW radiation: inter-reflection

Calculating solar inter-reflection between building surfaces and the
surrounding ones requires geometrical simulation and the knowledge of
surfaces albedo. It is the reason why the BEMs commonly take into
account only the reflection from the soil in a unidirectional way (i.e. a
part of the solar flux received by the soil, which is reflected towards the
building wall). The ground plane is considered to be unobstructed, the
shadowing of the ground by the building itself or by other obstructions
is ignored. Design Builder provides a “reflection option”. In this case,
building surfaces reflect solar radiation onto another section (and vice-
versa). The building surfaces are assumed to be reflecting diffusely if
they are opaque and specularly if they are windows or glass doors. The
shadowing of the ground is taken into account if the reflection option is
used. CitySim takes a slightly different approach. A surface energy
balance is conducted for each of the surfaces in the model, thereby
accounting for both the inter-reflection and the shadowing between the
buildings (Table 3).

For phase change material or variable thermal

conductivity:
Crank-Nicholson semi-implicit or Euler

implicit scheme [92].
Euler implicit scheme [91]

Finite Difference
Thermal.Heat Transfer (modelica library)

3.3. Infrared radiation

Two bodies at different temperatures and in co-visibility with each
other tend to exchange energy by LW radiation (infrared) in order to
reach an equilibrium. These exchanges occur inside and outside the
building. When studying them, the difficulty is that all surrounding
surfaces must be taken into account, including the sky. The exchanges
will be calculated between each surface of the building and all the
others, the temperature and emissivity of which must be known.
Moreover, in these calculations, the surface temperature appears with
an exponent 4, which complexifies calculations. Infrared calculations
thus require the thermal calculation of a larger system to be performed
and introduce non-linear terms, so that simplifications have been pro-
posed. First, exchanges between urban surfaces are commonly ne-
glected, external building surfaces are assumed to be at the same
temperature, and so at the thermal equilibrium. Then, only exchanges
with the sky are taken into account.

Heat transfer: Z- transfer function [89]

Heat transfer: CFT response factor.

Moisture transfer: Effective Moisture Penetration
Depth (EMPD) model

Transfer function
Can be used

BEM

TRNSYS

PLEIADES
BuildSysPro
EnergyPlus
DesignBuilder
Virtual Environment
CitySim

Methods used to solve conductive heat transfer through the walls.

Table 2
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Table 3
Ways BEMs take solar radiation into account.

Renewable and Sustainable Energy Reviews 116 (2019) 109390

BEM Direct Diffuse Inter-reflection Inside: Solar radiation incidence

TRNSYS X X Only with the soil Weighted method

PLEIADES X X Only with the soil Surface area ratio

BuildSysPro X X With the soil in base, but can include the others urban surfaces by external calculation ~ Any weighted method can be
(not available in the opensource model) parameterized

DesignBuilder/EnergyPlus  x X In base: With the soil Option: with building surfaces Weighted method

Virtual Environment [91] x X Only with the soil Solar tracking

CitySim [91] X X With the soil and with external building surfaces Weighted method

o Infrared exchanges with the sky included in convection

The simplest way to consider this infrared exchange is to linearize it,
to estimate sky temperature as a function of air temperature depending
on sky type (clear or covered), thus making it possible to aggregate this
transfer with the external convective one by increasing the convective
heat transfer coefficient (CHTC) by a constant value. This is what is
done in the Pleiades and Virtual Environment software.

o Infrared exchanges with the sky

In EnergyPlus, building facades are assumed to be at the same
temperature; hence, there is no LW radiation between them. The ex-
changes occur with the sky and the ground using the view factors cal-
culated between surfaces and the sky (SVF).

e Infrared exchanges with the sky and between built surfaces

BuildSysPro and CitySim are the only programs capable of simu-
lating the infrared radiations between building facades [67,87,95],
using view factors (Table 4).

3.4. Aeraulic flows

Aeraulic flows impacts several terms in the energy balance of the
simulated building. Wind speed and direction as well as the local
thermal gradient change the CHTC. Air pressure at the facade level
causes infiltrations of fresh external air inside the building through
openings (case of natural ventilation) and envelope defects (air per-
meability).

3.4.1. Convection

CHTCs are commonly assumed to be a constant, or just depending
on the facade inclination, horizontal or vertical [96]. They can also be
calculated using wind speed (forced convection), and/or from surface-
air temperature (natural convection). However, in these two cases, as
BEMs cannot calculate near wall values of wind speed or air tempera-
ture, these values are taken from weather data and do not take local
features into account. Regarding wind speed, the weather station ve-
locity can be resettled, considering site characteristics and wind speed
calculated at any height using these adapted profiles. It is not the case
for temperatures for which no method exists (Table 5).

Table 4
IR calculation options taken by the different BEMs.

3.4.2. Infiltration and ventilation

To assess wind pressure and then infiltration flows, BEMs use
pressure coefficients that vary depending on the exposure of the surface
to the wind (upwind or downwind). These coefficients are taken from
tables of the Air Infiltration and Ventilation Center [97], and wind
speed can be adjusted to take into account the height of the surface and
site rugosity [98]. Ventilation flows are calculated in the same way in
the case of natural ventilation and resulting heat fluxes calculation uses
outdoor temperature from the weather station. It is the same for the
calculation of flows driven by buoyancy forces (Table 6).

3.5. Hygrometry

In a comfort study, the advantages of using hygroscopic materials
has been experienced on site. It is through the numerical calculation at
the design stage that such materials could be highlighted and then
appear in the building project. In most of the BEMs, hygrometry is not
very well integrated in the calculations. Often, the relative humidity of
the air from the weather file is considered in post processing for thermal
comfort studies (Givoni [99] diagram, ISO 7730 norm). Nevertheless,
some tools such as EnergyPlus give a choice of many solving options
and one of them allows for moisture transfer through a wall: the Heat
And Moisture Transfer (HAMT) finite solution. This calculation com-
bining both heat and moisture transfers could give evidence of the
utility of specific materials able to regulate hygrometry inside a
building.

3.6. Vegetation

Vegetated walls can be represented in building thermal simulation.
The process can be very simple (i.e. changing the albedo of the surface),
or the representation can be more complete and involve the evapo-
transpiration of the vegetation. These phenomena impact the surface
temperature due to the solar absorption level for the first case or due to
the latent energy consumed for evapotranspiration for the second.
However, the vegetation representation rarely influences the level of
the relative humidity of the air in the BEMs, although it has been shown
it can have an impact on latent cooling loads [8]. An evapotranspiration
model has also been recently included in CitySim to represent natural
surfaces and trees [100,101].

BEM Included in the convective coefficient Only with sky Whole infrared calculation

TRNSYS X TRNSYS is a program with large modularity so this calculation might be implemented
PLEIADES X

BuildSysPro Can be included A module has been developed (not available in the opensource model)
DesignBuilder/EnergyPlus Can be included X EnergyPlus is open source model; hence this calculation may be implemented

Virtual Environment X The LW radiation received from the ground is estimated

CitySim

X
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Table 5
Calculation of the external heat convection coefficient.
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BEM Constant Natural convection (function of the temperature ~ Forced convection (function of the wind LW radiation exchanges taken into
gradient) speed) account

TRNSYS X Can be implemented Can be implemented Can be implemented

PLEIADES X X

BuildSysPro X X X Can be included

DesignBuilder/EnergyPlus ~ With “CIBSE”  With “Adaptive Convection Algorithm” or

“Simple Combined”
Virtual Environment X
CitySim X

With “Adaptive Convection Algorithm”

Can be included with “Simple
Combined”

Table 6
Calculation of infiltration and natural ventilation.

BEM Constant (Simple method) Flows rate equations Computational Fluid Dynamics CFD
TRNSYS X TRNFLOW model

PLEIADES X x (based on CONTAM model)

BuildSysPro X Can be included Can be included
DesignBuilder/EnergyPlus X X X (SIMPLER algorithm)

Virtual Environment X MacroFlo model MicroFlo model

CitySim X

Chaining Weak coupling | | Strong coupling
toot+1 t+2 t t+2 tot+1 42
BEM simulation ! BEM simulation
R R S
| | ‘
i | A Al
[} ‘ ‘l‘ I
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[

Iteration until
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Fig. 2. Sketch to introduce coupling and chaining methods.

3.7. Discussion

This section comparing BEMs shows how, with more or less accu-
racy, every flux is taken into consideration in the tools. These BEMs
have been developed mostly about one decade before UCMs; hence,
they are adapted to integrate external climatic solicitations with the
available data at that time, i. e weather data at mesoscale. Nowadays,
the development of UCMs gives new perspectives to introduce the
urban climate or even urban microclimate in BEMs. Temperature, hu-
midity, and air speed are taken as one homogeneous value for the whole
building envelope; hence the output data from the UCMs can be easily
transferred to BEMs through a “new local climatic file”. On the other
hand, for the radiation solicitations such as solar rays or infrared ex-
changes, the link between UCMs and BEMs is complicated. In BEMs,
global radiation data are taken from the weather file, and then a ra-
diation calculation is performed to attribute those fluxes to the different
external building surfaces such as walls or windows. Even for modular
BEMs with good flexibility (TRNSYS, EnergyPlus, BuilSysPro), it can be
difficult to match the geometries of both the UCM and BEM tools to give
the possibility of integrating the radiation flux for each building en-
velope part.

4. Coupling or chaining UCMs and BEMs

After searching for published papers describing the chaining or
coupling of UCMs and BEMs, we selected a set of eight projects
([11,102-108]). The selection was made so as to represent a range of
UCMs and BEMs as large as possible, using the information we could
extract from the publications in order to have an accurate under-
standing of the interaction between the UCMs and the BEMs. All the
information was obtained from the cited publications, cross-checked
with the information provided on the UCM and BEM tools, and some-
times checked by contacting the authors.

This section presents a non-exhaustive set of UCM and BEM cou-
pling or chaining published attempts. Our aim is to highlight the par-
ticularities of each one as well as their main limitations. Then, we give a
global overview of these chaining or coupling attempts in terms of
impacts on the BEM results, simulation time period capabilities, and the
main locks that have appeared.

To consider the local climate in a building energy simulation,
chaining or coupling strategies are adopted to link UCM and BEM
software. Coupling strategies show strong coupling or weak coupling.
For strong coupling, both UCM and BEM solvers are running at the
same time to converge to a consistent result and go through the next
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time step simulation (Fig. 2). For weak coupling, solvers of the UCM
and BEM tools are running but in an iterative way to go ahead to the
next time step simulation (Fig. 2). Coupling strategies allow feedback
regarding building use on the local climate, in particular the anthro-
pogenic emissions released outside due to air-conditioning or heating
systems (such as heat pumps). In strong and weak coupling methods,
UCM and BEM simulations have an impact on each other. Finally, the
chaining method involve making a whole UCM simulation for the study
period and providing the results into the weather files used in a BEM
tool (Fig. 2); it thus involves one-way communication from the UCM to
the BEM, without feedback.

All the weather data used by the BEMs are found in mesoclimatic
files. Theoretically, they could be modified, using information resulting
from the UCMs, to obtain a better representation of the surrounding
climatic conditions for a study case. Depending on the kind of UCM
used, the local climate information is more or less aggregated to specify
the temperature and humidity of the outside air and the wind velocity
without changing the climatic file format. Concerning radiation ex-
changes (SW and LW), explicit geometry tools are needed to determine
the data all around the building, that can be used in a BEM if it can
integrate such heterogeneity.

In the following section, we present and analyze practical examples
of these strategies, as well as attempts that include the simplified re-
presentation of the direct surroundings through canyon models. The
chaining or coupling strategies are summarized in Fig. 3 and detailed in
the following sections.
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Table 7
UWG + TRNSYS.
Phenomenon Treatment
Long wave TRNSYS configuration
Short wave TRNSYS configuration
Convection TRNSYS configuration with local air temperature

and relative humidity
TRNSYS configuration with local air temperature,
fixed air flow rate

Ventilation and infiltrations

4.1. Chaining strategies

4.1.1. UWG and TRNSYS

Aim and method: Palme et al. [102] present a methodology for
considering the urban heat island (UHI) to enhance a building perfor-
mance simulation. The method is applied to four different residential
building types (two-story family housing, semi-detached house of two
floors, block of apartments of five floors and tall building of twenty
floors). The urban weather files are generated by using the UWG soft-
ware for numerous urban tissue categories (UTCs). In this case, UTCs
are classified according to their morphological characteristics, i.e. the
built-up area, the green area, and the facade to site area ratio. Then, a
building performance simulation is performed for each building type
with TRNSYS using the generated weather files. In this work, the UCM
is a global parametric model and the used BEM is a detailed multizone
model.

Symbols Urban climate models Building energy models
? e | Dpavodotamonths | |= e
= .c‘*-..s s el 1961 " TRNSYS
X | Se =
“\ﬁ
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Fig. 3. Different coupling and chaining projects.
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Analysis of the coupling: In this case, the chaining is quite simple
as it involves modifying only part of the input weather files for the BEM
without changing specific parameters of the model such as CHTC.
(Table 7). Even if the building model is quite detailed only a unique
outdoor air temperature can be used for the whole building. This is
independent of the coupling method used as it is proper to the BEM
(here Trnsys).

Capabilities and limits: As a parametric model, the UWG can re-
build hourly weather data with homogeneous values over the study
zone. Long simulation periods are possible; the study presents 3 months
of simulation.

As the UWG has an implicit representation of the study case, ra-
diation solicitations are not calculated which is a drawback. So, this
coupling allows to consider air temperature due to UHI but not the
complete impact of urban forms and materials. Thus, the obtained re-
sults, particularly the impact of the size and orientation of buildings,
should be put into perspective as the environment is only represented
through the air temperature. Taking into account the solar radiation
reduction due to urban form would decrease this effect as shown in the
next coupling strategy (Salvati et al. [103]). To that end, it would have
been possible to consider the advanced capabilities of TRNSYS such as
the calculation of local short wave radiation to better represent the
surrounding environment and urban surfaces, still with the limits re-
lated to TRNSYS and described above. However, this would require to
explicit the building environment, what is, in the case of the study
conducted by Palme et al. [102], somewhat contradictory to the gen-
eralization toward which the authors tend.

One can also note that there is no feedback from the BEM to the
UCM to take into account the thermal loads due to cooling systems.

However, bearing in mind the above-mentioned limitations as well
as those mentioned by the authors, this chaining method could be ex-
tended to study the impact of adaptation strategies on buildings’ energy
consumption at the urban scale.

4.1.2. UWG and EnergyPlus

Aim and method: Salvati et al. [103] seek to investigate the direct
and indirect effect of urban morphology on buildings energy perfor-
mance in the Mediterranean climate, by means of the use of the global
parametric UCM UWG and the detailed multizone BEM EnergyPlus. The
improvements include local outdoor air temperature and radiation. A
sensitivity analysis was carried out on typical realistic urban forms and
buildings within these urban forms in order to quantify how these two
changes modify the building energy demand.

Analysis of the coupling:UWG calculates hourly values of urban
air temperature from the data measured at an operational weather
station located outside the city. This calculated temperature is then
used at the whole building scale. In addition, the SW received by walls
and road is calculated by assuming an average urban canyon orienta-
tion. The LW radiation between walls, road and the sky is computed by
linearization of the Stefan-Boltzmann equation. To conclude, the
chaining consists in modifying the input weather files (outdoor tem-
perature and radiation) for the BEM without changing specific para-
meters of the model Table 8. Here again, there is no feedback from the
BEM to the UCM to take into account the thermal loads due to cooling
systems.

Capabilities and limits:As for the first example, the UWG uses a
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long time simulation period; in this case, one year is studied. This is
valuable in terms of next estimating the heating needs, which are
usually expressed over a whole year. Concerning thermal comfort, the
number of uncomfortable hours is often provided from early May to late
September, namely over a five 5 months period.

As stated previously, without an explicit 3D geometry of the zone
examined, the UWG cannot simulate radiations; in this case, an alter-
native methodology is proposed by estimating a ratio of incoming
shortwaves from an averaged urban canyon orientation. The paper
demonstrates that this is crucial when willing to asses the impact of
urban environment on buildings’ energy consumption.

It remains that the urban environment effect is averaged on the
building which does not allow detailing spatially the impacts within the
building, which is a limit for the use of the coupling for comfort as-
sessment purposes.

With the previous limitations, this chaining method could be used to
improve the consideration of the built environment in buildings’ design
process but it will not allow an accurate assessment of the impact of a
specific climate adaptation strategy at the neighborhood scale.

4.1.3. SOLENE-microclimat and BuildSysPro

Aim and method: Merlier et al. [104] develop a methodology
aiming at modeling the local thermo-aeraulic environment of buildings
and studying the relative effects of radiative, convective, thermal and
pressure conditions on their thermal behavior. The microclimate tool
used is the explicit 3D model SOLENE-Microclimat and is then linked to
the BEM BuildSysPro. In order to show the uncertainties related to the
use of default boundary conditions in usual dynamic building energy
studies different simulations have been launched:

® a default simulation taking the Meteonorm weather file but with no
surrounding environment;

e asimulation considering the boundary conditions given by SOLENE-
Microclimat for a single isolated building;

e a simulation where SOLENE-Microclimat is applied to buildings
arranged in plots and provides the fluxes obtained for the central
building that are used in BuildSysPro.

Analysis of the coupling: This chaining method uses the output of
SOLENE-Microclimat directly as input to BuildSysPro, but there is no
feedback to the SOLENE-Microclimat model. The different heat fluxes
calculated by SOLENE-Microclimat and used by BuildSysPro are de-
scribed in Table 9. As SOLENE-Microclimat uses a detailed triangular
meshing for solar radiative exchanges, a mean solar radiation is cal-
culated for each wall element in BuildSysPro. Mean heat flows are taken
by each wall and depend on the convective heat transfer coefficient.
This latter is calculated by using the wind speed calculated by SOLENE-
Microclimat with Equation (1):

CHTC = 4. vy + 4 6h)

with v, the wind speed.
As in the previous examples, there is no feedback from the BEM to
the UCM to take into account the thermal loads due to cooling systems.
Capabilities and limits: The high meshing level of SOLENE-
Microclimat (characteristic length of 2m) is time consuming for the
calculation, which leads to short study periods (2 days are simulated in
this example, using an hourly time step).

Table 8
UWG + EnergyPlus.
Phenomenon Treatment
Long wave EnergyPlus configuration
Short wave EnergyPlus configuration with ratio applied to incoming solar flux
Convection EnergyPlus configuration with local temperature from UWG

Ventilation and infiltrations

EnergyPlus configuration with a fixed rate of 2 vol/h
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Table 9
SOLENE-Microclimat + BuildSysPro.
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SOLENE-Microclimat + BuildSysPro

Long wave

Short wave
calculated

Convection

Infiltrations and ventilation

All LW exchanges (with the sky and urban scene) are calculated by SOLENE as input to BuildSysPro.
SW provided from SOLENE-Microclimat: incident solar radiation on building facades and the shadowing effects of adjacent obstructions are

CHTCs are calculated using the wind speed from SOLENE-Microclimat and Equation (1) from the French Regulation
Infiltrations are modeled assuming a homogeneous wall permeability (K) and a power law for infiltrated air flow rates: Q p = K AP ". The external

pressure is computed using default pressure coefficient values and the building height. For the ventilation, the air temperature of the weather file is

considered.

In this case, all fluxes are modified so as to take the local context
into account. However, the main limitation is the need to average local
data because BuildSysPro can include only one value per facet so that
the spatial detail capacity of the UCM is not completely used. This is
limiting to carry out detailed inside thermal comfort assessments.

With the previously underlined limitations, this chaining method
could be used to improve the consideration of the built environment in
buildings’ design process, including the impact of specific climate
adaptation strategies at the neighborhood scale. However, due to the
calculation time, a focus on specific conditions such as heat waves is
required.

4.1.4. ENVI-met and EnergyPlus

Aim and method: Yang et al. [105] present a method for the
quantitative analysis of building energy performance under any given
urban contexts. The authors linked EnergyPlus with the explicit 3D
micro-climate simulation tool ENVI-met. A case study is presented to
show the impact of microclimatic boundary conditions on an individual
building performance.

Analysis of the coupling: An initial simulation was performed in
ENVI-met to obtain microclimatic parameters, which were averaged
and used in a modified weather file for an EnergyPlus simulation. One
of the assumptions in EnergyPlus is that the surface temperatures of
ground and obstructions are the same as the outdoor air temperature:
therefore, the authors had to replace the original ground/obstruction
surface temperature (equal to the outdoor air temperature) in
EnergyPlus with the mean temperature of all neighboring surfaces
calculated by ENVI-met. The incident solar radiation is directly calcu-
lated by EnergyPlus taking the masks into consideration. There are
therefore no inter-reflections. Finally, the convective flow, infiltration,
and humidity were calculated by ENVI-met and modified in EnergyPlus.
The different heat fluxes calculated and used as input to EnergyPlus are
summarized in Table 10.

Capabilities and limits: As in the previous case, the high precision
of ENVI-met describing explicitly the study area leads to short study
periods; in this case, 3 days are simulated.

One of the major limits is that inter-reflections are not taken into
account in the SW radiations calculated thanks to EnergyPlus. However,
it would have been the same using the output from ENVI-met.

Table 10
ENVI-met + EnergyPlus.

Moreover, as for the previous case, the averaging of the heat fluxes
transferred to the BEM limits the assessment of the impact of a local
adaptation solutions. On the other hand, in ENVI-met an averaging of
surface temperatures is already performed when calculating the in-
frared exchanges. Hence, this kind of study is already of limited accu-
racy when using ENVI-met. To conclude, concerning the air tempera-
ture and the relative humidity, ENVI-met often gives too precise results
to be directly used in EnergyPlus, which is why an average is calcu-
lated. Concerning radiations, the solution adopted by the authors could
be discussed if the output proposed by EnergyPlus would have been
more accurate, but as previously explained, here it certainly does not
add to the degradation of the results accuracy. Nevertheless, the
method could be used to improve the consideration of the built en-
vironment in buildings’ design process. It is less adapted to assess the
impact of a climate adaption solution that would be placed especially to
optimize its effect (for example a specifically treated surface just in
front of a building). In addition, due to the calculation time, a focus on
specific conditions such as heat waves is required.

4.1.5. OpenFoam (CFD) + TRNSYS

Aim and method: Dorer et al. [106] analyze the impact of the
urban microclimate and in particular the UHI on the space heating and
cooling energy demand for typical office buildings in street canyon
configurations. Therefore, the open source CFD software package
Openfoam which is a district model with explicit geometry (OpenFoam,
2012 [109]) is chained to TRNSYS 17.0.

Analysis of the coupling: The convective heat fluxes and data are
transferred to the BEM, either through CHTC or by directly coupling
CFD and BEM for street canyon case modeling [106]. CFD simulations
are performed using the RANS models of the open source CFD software
package OpenFoam (OpenFoam, 2012 [109]). The UHI intensity is
approximated by using results of the BUBBLE project [110]. A diurnal
rural-urban temperature is generated for each month. For this study,
TRNSYS 17.0 (TRNSYS 17.0, 2010) [111] is employed. For the external
radiation fluxes, the authors use the TRNSYS 3D radiation model that
has been developed to assess reflections within interior cells. To this
end, they view the building surrounding spaces as an atrium with an
open ceiling, so that finally, the shadowing by the neighboring build-
ings and the SW and LW radiation exchanges between the different

ENVI-met + EnergyPlus

Long wave

Short wave
Convection

Infiltrations and ventilation

LW exchanges between the surfaces of the urban scene and those of the building are calculated by replacing the outdoor neighboring surface
temperature in EnergyPlus with the mean of surface temperatures calculated in ENVI-met. As there is no actuator in EnergyPlus to override the
thermal radiative heat flux, the authors combine the actual LW radiative flux at the building external surfaces into the component of convection
heat transfer using the same procedure as considering the actual outside air temperature.

The incident solar radiation on building facades and the shadowing effects of adjacent obstructions are calculated by EnergyPlus, but the average
ground reflectance and tree transmittance determined by ENVI-met are used for the EnergyPlus simulation.

Since the outside air temperature can not be changed in the current version of EnergyPlus (only if modifying the EnergyPlus source code), a
workaround is implemented by modifying the CHTC in order to integrate the simulated air temperature by ENVI-met.

The specific humidity and air temperature along the whole building simulated by ENVI-met are averaged. The average specific humidity is
converted to dew point temperature and relative humidity. The original air temperature, dew point temperature, and relative humidity of the
EnergyPlus weather file are replaced by the calculated mean values.

11



N. Laugzet, et al.

Table 11
OpenFoam (CFD) + TRNSYS.

Renewable and Sustainable Energy Reviews 116 (2019) 109390

OpenFoam (CFD) + TRNSYS

Long wave

representing the street.
Short wave Same as LW.
Convection

LW radiation between the building and its surroundings is dealt with through the use of the TRNSYS 3D radiation model using a fictive atrium

Convection aspects of the urban microclimate are modeled using the results of OpenFoam (CFD), and the data are transferred to BEM. The air

temperature used can take the UHI intensity into account if a previous model from the BUBBLE project is used.

Infiltrations and ventilation Not detailed in the paper.

buildings are taken into consideration. The SW diffuse and LW radia-
tions are determined using Gebhart factors (view factors, corrected to
include the effect of multiple reflections). The different heat fluxes
calculated and used as input to TRNSYS are summarized in Table 11.

Besides this paper that mainly demonstrates the above-mentioned
coupling for canyon streets, another chaining project is proposed, using
OpenFoam for convection fluxes and CitySim for radiation exchanges to
produce boundary conditions for TRNSYS. The first solution implies the
use of several tools to prepare input data for BEM. OpenFoam estimates
the CHTC, the UHI model from the BUBBLE project is used for the
temperature calculations, and radiation fluxes are simulated from the
TRNSYS 3D radiation model. The second solution replaces the model
for radiation estimations by using CitySim.

Capabilities and limits: Whatever the solution adopted, because
CFD calcultions are time consuming, these chaining processes have
been set for a short period of 2 days.

Both solutions seem to offer relatively complicated processes where
different climatic solicitations provided by different tools lead to no
interactions between the phenomena investigated, which could give
inconsistent results.

One of the major limitations of these chaining solutions is that UHI
intensities are approximated based on measured data. These data are
valid for the city of Basel but if wanting to replicate this method on
another city, the UHI intensity would not be correct anymore. A second
one is that the method is restricted to buildings located in street canyon.

To conclude, when disposing of UHI data, the method could be used
to improve the consideration of the built environment in the case of
buildings inserted in canyon streets, as well as to assess the impact of a
climate adaption solution applied to the street.

4.2. Coupling strategies

4.2.1. TEB and EnergyPlus

Aim and method: The aim of the study of Bueno et al. [107] has
been to analyze how the outdoor air temperature is impacted by waste
heat emissions with a realistic definition of HVAC systems which allows
a broader analysis of the two-way interactions between the energy
performance of buildings and the urban climate around the buildings.
Therefore EnergyPlus (with a monozonal representation of the
building) and the district model with explicit geometry TEB are used.

Analysis of the coupling: The coupled scheme EnergyPlus — TEB
proposed here is a weak coupling. The iterative coupling process starts
from a preliminary average-oriented canyon using TEB simulation and

off-line meteorological forcing information [49]. The wall and roof
temperatures and the urban canyon climate conditions calculated by
TEB are supplied as boundary conditions to the EnergyPlus simulation;
external convection and radiation exchanges are thus by-passed. One of
the reason for this choice is that EnergyPlus simplifies the calculation of
LW radiation between building surfaces and the surrounding ones, as-
suming that the latter are at the outdoor air temperature, which is a
strong assumption. Similarly, the calculation of convective heat flux
and SW radiation differs in the two tools, so that transferring surface
temperature avoids inconsistencies that would have appeared because
of different flux calculation in the tools. EnergyPlus then proceeds to
the building energy balance, taking into account HVAC and windows
temperature and return it to TEB. TEB does not deal with transmission
through windows, internal heat gains, air infiltration, and the calcula-
tion of cooling loads. The latter are used in a new iteration of TEB,
which uses the window temperatures calculated by EnergyPlus in its
outdoor energy balance according to the glazing ratio of building fa-
cades. This process is repeated until a convergence criterion is satisfied,
reached when the average canyon temperature difference between
iterations is below 0.05°C. Surrounding buildings are represented by
shadowing surfaces within the average-oriented canyon in TEB. In
order to match with the representation of a canyon street, which does
not mesh facades vertically and uses an average oriented street, the
building in EnergyPlus is monozonal and rotated by 45°C with respect
to the north-south axis. This example illustrates the complete coupling
regarding the main phenomenon (Table 12). However, it is worth
noting that it is simplified as TEB and EnergyPlus rely on homogeneous
conditions per floor.

Capabilities and limits: It is worth noting that the results of this
coupling strategy have been confronted to experimental measurements,
which showed that both TEB and EnergyPlus consistently overpredict
exterior wall temperatures in winter but the general simulation results
are satisfactory: a root mean square error (RMSE) between 0.3 and 1.3 K
for facade temperatures and a RMSE smaller than 1 K for air tempera-
tures.

Simulation are run over a long simulation period (2 months are
coupled), allowing to carry out seasonal studies. Indeed, the coupling
gives more interaction between the physical phenomena than the
chaining method, but leads to more time-consuming computation.

The study focuses mainly upon the impact of the building onto the
urban microclimate. Thus, the building model is really simple with only
one thermal zone. Moreover, the district being represented through the
canyon street analogy in TEB, radiation fluxes estimations transferred

Table 12
TEB + EnergyPlus.
Phenomenon Treatment
Long wave LW exchanges are calculated in TEB and the external surface temperatures are used in EnergyPlus as boundary conditions.
Short wave The solar radiation received by the four vertical surfaces are calculated from the one received by the average-oriented canyon in TEB. The paper
does not explain whether and how the solar flux is transmitted through windows to the indoor surfaces.
Convection The convection heat flux is calculated in TEB using Wall CHTC (Masson 2000 [49]) and transferred to EnergyPlus through the external surface

temperature
Ventilation and infiltrations

The paper estimates the impact of the building HVAC system on the canyon energy balance, but does not explain whether the canyon air

temperature is taken into account as an inlet temperature for this flux (air flow rates are fixed so that we know that air velocity is not used).
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to the BEM are approximated. For these reasons, to carry out analyses
focused on buildings’ energy consumption with this coupling strategy, it
would be necessary to assess these strong assumptions. It also limits the
ability to perform studies related to people vulnerability within build-
ings, as comfort conditions can vary strongly depending on the con-
sidered storey. However, with further developments, the building re-
presentation could be multizonal in EnergyPlus so that to represent a
typical building of the district.

It would certainly be too complicated to extrapolate the coupling of
TEB and EnergyPlus performed at the street scale as presented in the
analyzed paper, to developments at the city scale. A simplified mono-
zonal BEM has been integrated to TEB so that to improve the con-
sideration of buildings operation in urban climate simulations. TEB can
now also be used to assess the impact of global urban adaptation
strategies on buildings energy consumption at the city scale [112], still
with the limitation that have been above-mentioned.

However, the coupling, as presented can be used at the street/dis-
trict scale to asses the impact of building operation on local climate.

4.2.2. Urban canopy parametrization and BEM

Aim and method: This paper studies the increase of energy con-
sumption due to the artificial air-conditioning of buildings in summer.
Kikegawa et al. [108] developed a numerical simulation system that
can express the city-block-scale interaction between summertime out-
door thermal conditions and cooling energy demands in the urban ca-
nopies. Therefore, a new one-dimensional urban canopy meteorological
model coupled with a simple sub-model for the building energy analysis
is developed. The BEM is a box-type heat budget model in which the
building is treated with a monozonal approach. The urban canopy
model comes from a meso-scale meteorological model.

Analysis of the coupling: Kikegawa et al. [108] coupled a BEM to a
UCM, which is itself chained with a mesoscale atmospheric model
(MM). The UCM and BEM are bi-directionally exchanging, and it seems
to be a strong coupling, as both tools solve the physical problem at the
same time. In this approach the feedback between the urban local cli-
mate and the building energy balance can be taken into account. The
interaction between summertime outdoor thermal conditions and
cooling energy demands in the urban canopy is calculated for the dis-
trict scale. The UCM is a vertical one-dimensional model. It can com-
pute the temporal variations of air temperature, humidity and wind
velocity in the UCL. The UCM includes the effects of SW and LW ra-
diations (whereas LW radiation is neglected in the mesoscale meteor-
ological model) and the effects of building drag and anthropogenic heat
release. In the BEM, the two components of the cooling loads (sensible
and latent) are calculated separately. The energy released in the at-
mosphere is calculated in terms of the heat pump coefficient of per-
formance. All heat fluxes are summarized in Table 13.

Capabilities and limits: In this paper, the method has been run on
a short period (4 days) but the simplicity of the UCM (compared to
models using explicit geometries as (SOLENE-Microclimat or ENVI-met)
that offer more precise spatial results) suggests that it could be applied
to longer periods. However, the large link scales, as three models
communicate (mesoscale, microscale, and building scale) could also
lead in intensive computations. Then, the method results were com-
pared to data acquired within the Ootemachi area, a central business
district in Tokyo, which leads the author to consider that it reasonably
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reproduces the temporal variations of the outdoor air temperature and
the indoor thermal environment under summer-day conditions.

However, according to the authors, the simulation system needs to
be tested to urban districts with different conditions such as a re-
sidential area. There is also a need to expand its applicability to winter
urban canopies.

This coupling is focused on urban microclimate estimation taking
into account the buildings’ operation and particularly its consequences
in terms of heat released outside by the air conditioning system in
summer. As in the previous example, the building model is quite simple
as it considers a monozone approach which prevents its use for appli-
cation aiming at studying the impact of local strategies on a specific
building. On the contrary, an up-scaling could be performed so that to
integrate the anthropogenic fluxes in the UCM.

4.2.3. Canopy Interface Model and CitySim

Aim and method: The goal of this coupling was to compute en-
hanced boundary conditions for both the parametric district model
(Canopy Interface Model (CIM)) and the building model (CitySim), so
that to provide an annual estimation of the energy demand at the dis-
trict scale taking into account local climate phonomenon.

Analysis of the coupling: Mauree et al. [11] coupled the Canopy
Interface Model (CIM) and CitySim (see Table 14). The simulation takes
place in three steps. First, a simulation with CitySim is performed with
the standard typical meteorological year data file to obtain the surface
temperatures. Using the surface temperatures from CitySim. The den-
sity and height of the obstacles in the canopy being estimated using a
methodology proposed by Mauree et al. [67], the CIM is then used to
simulate the flow in the column module and to recalculate high re-
solution vertical profiles of meteorological variables, such as the air
temperature and the wind speed. Finally, CitySim is provided with lo-
calized meteorological data to simulate the energy demand. The mod-
ification of the variables influences the computation of the CHTC and
the calculation of the LW radiation.

Capabilities and limits: This example focuses on the energy needs
of several buildings through CitySim tool which has an explicit geo-
metry of the study area allowing for radiation exchanges. It estimates
flux exchanges at the external envelop surfaces of buildings and at the
ground surface. Combined with the CIM that calculated air temperature
and wind speed at local scale, this coupling seems interesting to gen-
erate hourly microclimate data (air temperature and wind speed from
CIM, SW and LW radiations from CitySim) and this for one year.

A comparison of the outside air temperature and the wind speed was
performed over the year 2015 and gave good agreement with mea-
surements.

The limit of this coupling strategy is that it is not a two-way coupling
between CitySim and CIM. Thermal loads due to systems operation are
not taken into account in CIM. This coupling project is more adapted to
the calculation of energy consumption in an urban district than to design
of a specific building taking into account its environment. To illustrate
the fist kind of applications, it has been used to downscale climate data
[113] and to design urban energy systems [114]. For the second kind of
applications, CitySim has been coupled with EnergyPlus recently [13].
Moreover, as CIM is a large scale model its meshing is not adapted to
consider the impact of local adaptation strategies, the radiative impacts
of which would be considered in CitySim.

Table 13

Urban canopy parametrization + BEM.
Phenomenon Treatment
Long wave The re-emission of LW from the building and ground surfaces is allowed for.
Short wave The shading effect and reflection of SW radiation are incorporated.
Convection Convection exchanges are viewed on either windows or walls.

Ventilation and infiltrations
into account the COP of the HVAC.

The heat flux from ventilation is taken into account in the BEM and the heat released by the HVAC system is returned to the canopy model taking
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Table 14
Canopy Interface Model + CitySim.
Phenomenon Treatment
Long wave The re-emission of LW from the building and ground surfaces is taken into consideration. It is influenced by the local computation of the air
temperature.
Short wave The shading effect and the reflection of SW radiation are taken into consideration.
Convection Convective exchanges are considered on either windows or walls. The modification of the wind speed, air temperature and surface temperatures

significantly influences these exchanges.

Ventilation and infiltrations No information.

4.3. Discussion

In this part, we first give as synthesis of the capabilities and lim-
itations of the methods presented above. Second, we discuss the impact
of coupling UCMs to BEMs as our interest relies in knowing whether the
chaining and coupling strategies can improve forecasting building
thermal behavior. The benefits of this coupling can be monitored in
terms of cooling and heating energy demands differences, but also in
terms of indoor air temperature and comfort. Then, we examine the
simulated period during which these chaining or coupling strategies
have been performed. Finally, we discuss how BEMs are adapted or not
to the integration of local climate heat fluxes and we compare these
strategies with integrated ones that involve either expanding the BEMs
to the outdoor calculation or modeling building energy balance within
UCMs.

4.3.1. Synthesis of the capabilities and limitations of the studied methods
with regards to potential applications

As developed above, the chaining and coupling strategies have been
developed to address different issues. They are also limited due to the
options retained by the developers related to the UCM, BEM and the
way they proceed to articulate the tools. In Table 15, an overview of
these capabilities and limitations, in terms of applications is given. Here
we detail what we mean for those different applications:

e Impact of buildings' operation on UC: the heat fluxes transferred
from the BEM to the UCM includes the heat released by cooling
systems so that urban climate calculations take into account these
anthropogenic fluxes;

e Impact of UHI and adaptation strategies on buildings' energy de-
mand at a large scale: the chaining or coupling allows assessing the
impact of UHI (air temperature) on the estimation of the building
energy demand of a building stock (at the block, district or city
scale);

e Impact of UHI on a building energy demand: the chaining or cou-
pling allows assessing accurately the impact of UHI (local air tem-
perature) on the estimation of the energy demand of a specific
building;

e Impact of local thermal phenomenon on a building energy demand:
the chaining or coupling allows assessing accurately the impact of
strategies such as adjacent green or cool surfaces on the estimation
of the energy demand (or indoor comfort conditions) of a specific
building.

4.3.2. Impact of coupling or chaining on the building thermal behavior

For all types of chaining or coupling projects, the urban climate
impact on the building energy behavior has been assessed. We find that
the urban climate has an impact on several outputs of the BEMs. The
main findings are detailed bellow.

Using parametric models to produce local climate data [103], con-
firm the effect of urban morphology on the UHI intensity and then on
the building energy balance. Warmer outdoor temperatures lead to an
average increase of total energy demand from 10% to 35%, depending on
different urban densities. At the same time, the incident radiation re-
duction due to urban obstruction is desirable in Mediterranean climate;
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it induces a reduction of the annual energy demand up to the 19%
compared to an unobstructed environment. Therefore, relevant errors
may occur if the contribution of urban morphology to energy demand is
neglected, approximately 89% for space heating and 131% for space
cooling calculations. With another parametric model [102], results in-
dicate that when the UHI effect is incorporated, an increase in heating
or cooling energy demand between 15% and 200% can be expected.

Using district explicit models, Merlier et al. [104] show that even
for an isolated building case, taking into account the surrounding en-
vironment instead of only considering outdoor conditions derived from
typical weather files may modify results by 1. 3°C for the indoor tem-
perature, mainly because of LW radiative exchanges with soil. These
account for an increase of the mean indoor air mean temperature by
2.05°C, while aeraulic effects (ventilation and infiltration) decrease the
mean indoor air temperature by 0.12°C and convection increases it by
0.07°C.

As in the previous study, Evins et al. [115] combine the effect of
adding a new ground model and surrounding building model on the LW
exchanges in EnergyPlus. The authors observe an increase in surface
temperatures by an average of 1. 9°C, with a maximum change of 6. 1°C.
The annual heating load decreases by 18%, and the cooling load in-
creases by 19% due to the introduction of local LW exchanges.

Also working with an explicit district model, Yang et al. [105] show
that the sensible cooling load is very sensitive to the different options
that can be taken to represent or not the built environment. First, taking
into account solar masks (but no UCM chaining) has a major effect,
decreasing cooling loads considerably (— 18.6%) and increasing heating
ones slightly (+ 0.8%). Second, when considering local climate simula-
tion (with trees), cooling loads increase (+ 10.2%) while heating ones
decrease (— 0.5%) due to the UHI effect. Taking into account the effect
of greenery is noticeable, but not as important as in the previous op-
tions. Infiltrations are shown to be the major phenomena in summer
and infrared exchanges in winter. The local microclimate is also shown
to influence the mean indoor air temperature in free running condi-
tions, with a difference that reaches 2. I°C when neglecting the mi-
croclimate boundary conditions.

Chaining a parametric model and a district explicit model to a BEM,
Yi and Peng [116] show the importance of outdoor and indoor coupled
assessment at microclimate level to deploy passive design features
adapted to climate change. The aim of this study was twofold: first, to
take into account the outdoor microclimate, and second, to take climate
change projections into account (but no change in urban context) on
indoor environmental performance simulations. Therefore, different
tools were used: CCWorldWeatherGen to generate recent (2012) or
future microclimate change (2050), ENVI-met to produce the local
boundary conditions for the building, and DesignBuilder to simulate the
building thermal behavior. Results show that for a meteorological air
temperature in 2050 that is increased by about 1. 7°C compared to
2012, the indoor thermal conditions increase by about 1. 8°C. The au-
thors show that the proposed simulation framework can be used to
assess the ability of a passive building adaptive device to reduce the
indoor air temperature in both 2012 and 2050 cases, by about 1. 2°C,
and 1. 4°C respectively.

Working on a canyon street model, Dorer et al. [106] show that the
space cooling demand for the stand-alone buildings is much lower than
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Table 15

Synthesis of the capabilities and limitations of the studied methods with regards to potential applications.

Impact of local thermal phenomenon on a building energy
demand

Impact of UHI on a building energy

demand

Impact of UHI and adaptation strategies on buildings'

energy demand at a large scale

Impact of buildings' operation

on UC

Chaining/Coupling method

Not appropriate

Limited due to the building

monozonal approach

Developed for that purpose but only integrates the impact
of air temperature changes

Not the scope

No BEM to UCM feedback

UWG + TRNSYS

Limited due the average of fluxes on the building's envelop

Developed for that purpose

Included

Not the scope
Not the scope

UWG + EnergyPlus

Developed for that purpose but limited due the average of fluxes

on the building's envelop

Not the scope

Solene-Microclimat + BuildSysPro

Limited due the absence of inter-reflections and the average of

fluxes on the building's envelop

Developed for that purpose

Not the scope Not the scope

Envi-met + EnergyPlus

Limited to buildings inserted in a street canyon

At the street canyon scale

Not the scope Not the scope

OpenFoam + TRNSYS
TEB + EnergyPlus

Limited due to the building monozonal approach

Limited due to the building

monozonal approach

Not the scope

Developed for that purpose

Limited due to the building monozonal approach

Limited due to the building

monozonal approach

Not the scope

Developed for that purpose

UCP + BEM

Possible by chaining EnergyPlus

Possible by chaining EnergyPlus

Developed for that purpose and includes radiative

phenomenon

No BEM to UCM feedback

CIM + CitySim
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that for the buildings situated in the street canyons. For wider street
canyons, the cooling demand is higher, because more solar and thermal
radiation is entrapped, mainly due to multiple reflections. In narrow
street canyons, the cooling demand is lower because less solar radiation
enters the street canyon.

At the city scale, Bueno et al. [117] show the impact of a realistic
definition of HVAC systems on waste heat emissions and outdoor air
temperatures. The study shows that waste heat emissions can raise
outdoor air temperature between 0.8 K for residential neighborhoods
and 2.8K for commercial neighborhoods in summer, under possible
future scenarios in which air conditioning is widely used.

These results show that it is important to take into account the local
configuration of all the fluxes, including LW radiation which is the most
poorly treated in both BEMs and UCMs.

4.3.3. Simulation period

Building energy simulation is usually performed by using as entry
the weather conditions of an entire year. The long period needed for
this kind of calculation is the main obstacle when aiming to account for
outdoor impacts more successfully.

Very few chaining projects simulate a period of a few months or one
year. Salvati et al. [103] simulate a one year sensitivity analysis of the
building energy demand to the air temperature increase. Mauree et al.
[11,113] Perera et al. [114] also conduct a yearly analysis of the impact
of urban climate on both energy demand and energy systems. Bueno
et al. [117] simulate a period of two months, based on a monthly-
average diurnal cycle of urban canyon air temperature. Palme et al.
[102] simulate a three month period.

Most of the coupling or chaining projects presented above are based
on a simulation period of a few days or a week. For example, Kikegawa
et al. [108] simulate four days, and similarly Yang et al. [105] simulate
three days. Finally, Merlier et al. [104], Dorer et al. [106] simulate two
days (Fig. 3).

All those chaining projects have been undertaken with an hourly
time step and inputs varying at the same frequency. Very few pull down
the time step although Evins et al. [115] simulate only one day with
6 min time step.

To synthesize, the chaining or coupling projects involving CFD are
realized only for two or three days (Fig. 3), because these CFD projects
are computationally time consuming. There is still a technological
hurdle on how to reduce computation while increasing the simulation
period. The only tools used for annual simulations are the parametric
tools (section 2.2.1 UWG and CAT and 2.2.1 CIM).

4.3.4. Are BEMs adapted to the integration of local climate heat fluxes? The
remaining technological locks

In this section, we discuss the three main locks related to the con-
struction of BEMs:

o the physical modeling and assumptions on which BEMs are built
does not allow all the fluxes to be dealt with similarly, which leads
developers to adopt complicated alternative solutions;

® building scale description is not the same in BEMs and UCMs, so that
the detailed information from the UCMs is often lost, or it can be
lacking for some building elements such as windows;

o the retro-action of buildings on the local climate is rarely taken into
account.

Most of the authors do not consider all urban local fluxes simulta-
neously, and the heat fluxes are only partially corrected. For example,
some authors do not alter the configuration of LW exchanges of their
BEM [102,103]; instead, they alter the convective exchanges and the
ventilation by introducing local air temperature. For the same authors
[103], however, the wind velocity is not locally calculated, and there-
fore the convective heat flux is only partially corrected owing to the
local air temperature. It is worth noting that the local relative humidity
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is usually not introduced. Few authors take it into account [102]. Other
authors focus on the importance of local LW exchanges with the ground
and the surrounding buildings, but introduce neither local SW and
convective exchanges nor local infiltration [115].

Some authors need to introduce patches or a workaround in the
BEM to enable these tools to allow for local urban heat fluxes or
parameters. For example, Yang et al. [105] introduce a modification of
the equation of the CHTC so as to include the local outside air tem-
perature variations, which cannot be modified directly in the used
version of EnergyPlus.

The level of detail of the BEMs and the UCMs is not the same. For
example, Palme et al. [102], Salvati et al. 103] modify the input
weather file so as to account for the local climate. This same file,
however, is used as a boundary condition for all the walls and roofs of
the building, regardless of their elevation or orientation, which may be
a strong simplification. Other chaining methods that involve a detailed
UCM need to process the outputs of the UCM first. For example, for
Yang et al. [105], the microclimate data of the grid cells within a
linking unit are averaged, and then the average value is passed to the
corresponding surfaces of the EnergyPlus model. Other authors adopt a
similar strategy [104]: as the SOLENE-Microclimat tool uses a detailed
triangular meshing for solar radiation exchanges, a mean solar radia-
tion needs to be calculated for each wall element in BuildSysPro. The
interface between UCM and BEM models, namely the building en-
velope, can be very differently represented in each model, thus creating
inconsistencies between tools: the ENVI-met model and the EnergyPlus
model use a different method to mesh the geometries, especially for the
sloped roofs and the facades. The ENVI-met model uses a Cartesian
mesh that is not adapted to tilted surfaces; the TEB model does not have
transparent surfaces within its canyon but has to provide transmitted
solar fluxes to EnergyPlus.

Some authors do take all the local urban heat fluxes as input in the
BEM, but they do not introduce feedback from the BEM to the UCM
[104,105], which can introduce an error due to the difference in as-
sumed and actual temperatures [115]. This error can be pulled down
for shorter time steps, as temperatures will not change dramatically.
However, hourly time steps are often adopted, as seen in the above
section.

4.3.5. Other strategies

The above-mentioned reasons certainly explain why some authors
aiming to take the local urban context into account do not propose
complex chaining or coupling processes. Two other ways are explored:
developing external functions in BEMs or developing BEMs in UCMs.

Introducing some patches or modifying some equations in the BEM
is the strategy chosen by Vallati et al. [15] who model a street canyon in
TRNSYS as an internal zone with an open air ceiling that is an atrium.
Djedjig et al. [118] also develop a new module in TRNSYS so as to
include the canyon street confinement effect.

Several modifications to EnergyPlus are proposed by Evins et al.
[115]) because EnergyPlus posits that the ground and the obstructions
to the building (i.e. the urban scene) are at the same temperature as the
air. View factors and linearized radiation heat transfer coefficients are
calculated for the ground, the exterior building surfaces and the sky.
The incident total LW radiation can finally account for the exchanges
with the ground, the sky and the obstructions (i.e. the urban scene
considered at a single surface temperature). The modifications pro-
posed in the paper improve the exterior LW radiation, including a
ground temperature and other urban surfaces at a different tempera-
ture.

The option taken in TRNSYS is the development of a new module
based on TEB called TEB-Type 201. Ali-Toudert and Bottcher [119]
describe the module and show its user-friendliness. A sensitivity study
reports the climatic conditions of a canyon (study area) regarding
several parameters related to the urban context (i.e. plan density, roof
surfaces/total), human activity (anthropogenic heat), building
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construction (thermal insulation of walls and roofs, thermal inertia) and
surface properties (albedo). A total of 729 simulations over a period of
one year have been conducted for this study; they demonstrate the
potential of extensive calculations of TEB-Type 201. An outlook is given
to work on the feedback of TRNSYS which could be integrated in TEB-
Type 201.

Some UCMs include BEMs direclty. The building energy balance is
integrated into the equation set, so that the coupling can be stronger,
and there is no inconsistency regarding meshing or time step. However,
in these cases the building energy balance is often rougher and provides
fewer options for different kinds of building simulations compared to
the BEM offer. Such a coupling was provided for example by Krpo et al.
[61], and Salamanca et al. [62] with the integration of a Building En-
ergy Model in the WRF-BEP model. The BEM included in TEB is
monozonal [117], and those included in SOLENE-Microclimat [77] or
LASER/F [81] can have only one air node per floor.

5. Conclusion and outlooks

This paper has presented and analized different proposals for
chaining a UCM and a BEM, following a description of the main BEMs
and UCMs. This study thus provides a baseline knowledge for re-
searchers who aim to develop a coupling or chaining, starting from a
BEM or UCM point of view. Although the issue was not the focus of this
study, the analyses can also be useful for UCM developers who intend to
take into account the effects of buildings.

The first conclusion from the analysis of eight coupling or chaining
attempts is that all chaining or coupling projects have shown that BEMs
are very sensitive to the climate, whether to estimate heating, cooling
demand, or indoor comfort conditions. Previous studies have shown
that 15%-89% of energy for heating is neglected if the urban context and
climate are not considered, 131%-200% for space cooling and several
degrees for indoor air temperature for non air-conditioned spaces in
summer. Thus, performing more accurate coupling is a crucial issue in
building energy modeling. However, this kind of chaining or coupling
between UCMs and BEMs is only attempted in research projects, cer-
tainly because to date, UCMs are not commonly used in consulting
agencies.

Most of the presented works use the uni-directional chaining
method: outputs from UCMs are used as inputs to the BEMs but no
feedback from the BEMs to the UCMs is provided, and no iterative
process is proposed to enhance the chaining. Hence, the local climate
cannot take into account the impact of buildings retro-action. This is a
minor issue in low density districts but not in very dense areas [79].
Some recent studies have, however, tried to provide new methods to
integrate these feedbacks [113,114].

This state of the art review has shown that three major issues need
to be addressed:

a) Most chaining strategies presented in this paper are partial as
most of the BEMs have not been designed to include all heat fluxes
stemming from the urban context. The most difficult to integrate is the
LW radiation heat flux which is often merged with the convection heat
flux. Morever, LW fluxes can be produced only by UCMs that run at the
neighborhood or street scale and use an explicit geometrical model,
which implies a very computer intensive process.

b) BEMs have not been developed to take spatially variable
boundary conditions on the facades into account. Therefore, a work-
around is often adopted to include some local mean climatic para-
meters. In so doing, the advantage of having performed an urban cli-
mate simulation is not fully used, which can increase numerical and
modeling errors.

c) As for the spatial scale, the time scales considered are often barely
compatible. In particular, explicit district UCMs, which would produce
detailed inputs for the BEMs, cannot be run over a year. This kind of
coupling can be run only over a several day period to verify the building
thermal behavior for extreme conditions.
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In the future, the chaining between BEMs ans UCMs needs to be
generalized to increase BEM accuracy. To improve this chaining, the
present analysis shows that BEM developers should add to their models
the possibility of considering all external fluxes separately and in par-
ticular LW radiation. They should also attempt to force external surface
temperatures or fluxes directly. They should split the external faces of
the building into several surfaces, with a minimum of one per internal
zone and per floor, to which different boundary conditions can be at-
tributed (including different air temperatures, humidity, CHTC, etc.).
From the UCM point of view, intermediate solutions must be found so
as to produce all the local data for external flux calculations over a year.
Current, parametric models can cover the period of one year, but they
do not provide all fluxes. In contrast, explicit models provide all fluxes
but cannot be run over such a period. Moreover, better integration of
buildings is also needed in UCMs, so as to take into account their action
on the climate. More effective representation of buildings will modify
the UHI intensity assessment [112]. However, as the goals are not the
same, and as the data will not be available to describe all the buildings
in the areas under investigation, specific consideration need to be given
to determine the best adapted description depending on the UCM spa-
tial scale.

Collaboration between urban climatologists and building physics
scientists is thus to be encouraged with a view converging towards
better integration of simplified BEMs within UCMs and better coupling
of UMCs and BEMs in order to use realistic urban conditions for bio-
climatic efficient building design [120].

In this review, except for TRNSYS, no commercial BEM tool (PLEI-
ADES, DesignBuilder, Virtual Environment) used by the engineering
consultants was included in the chaining or coupling projects analyzed.
Buildings are still designed and verified as if they were in rural areas. As
cities are densifying, it is necessary to bring these advances to the
market and to develop these kinds of coulpings (even if imperfect) for
commercial tools.
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Abbreviations

The following abbreviations are used in this manuscript

BEM Building Energy Model

Lw Long Wave radiation

CFD Computational Fluid Dynamics

RMSE Root Mean Square Error

CHTC Convective Heat Transfer Coefficients
SVF Sky View Factor

CTF Computational Transfer Function

SS State-Space

DRF Direct Root-Finding

Sw Short Wave radiation

FD Finite Difference

TKE Turbulent Kinetic Energy

FDR Frequency-Domain Regression

UCL: Urban Canopy Layer

FE Finite Element

UCM Urban Climate Model

HAMT  Heat and Moisture Transfer

ucCp Urban Canopy Parametrization
HVAC  Heating, Ventilation and Air-Conditioning
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