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Calculation of heating and cooling energy loads at the
district scale: development of MoDEM, a modular and
technologically explicit platform

Abstract

The rationalization of energy at the district scale requires the development
of numerical tools capable of simulating not only the energy demand, but
also energy loads at such a scale. However, such simulation remains difficult
because of the computational cost and lack of reliable data. A common solu-
tion to both these problems is to simplify the model, generally at the expense
of accuracy. To overcome these problems, a specific modeling and simula-
tion platform called Modular District Energy Model (MoDEM) is developed.
This platform enables the calculation of the heating and cooling load curves
of each building, integrating the interactions between the buildings taking
into account longwave radiative heat transfers between buildings external
surfaces. Moreover, with different levels of models included in its calculation
engine, MoDEM also enables the testing of modeling assumptions. MoDEM

can also handle the geographical information system geometry and detailed
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solar radiation calculation. To validate the application of MoDEM, a dis-
trict in Paris is modeled, comprising 900 flats built in the 1930s. The results
demonstrate that 1) various models have little impact on energy consump-
tion and 2) some physical phenomena usually not modeled appropriately,
such as the longwave radiative exchange between buildings, can no longer be
neglected while considering the load curve. It is worth mentioning that Mo-
DEM is based on a co-simulation layer allowing parallel computing. From a
broader point of view, this specific feature enables the easy and computation-
ally efficient integration of various models like, for instance, specific electricity
consumption, renewable energy production, grid management simulation and
energy storage.

Keywords: Heating Energy Loads, Cooling Energy Loads, Technologically
Explicit Model, MoDEM Platform, District modeling

1. Introduction

The building sector plays a major role in current environmental and ur-
ban growth dynamics, especially regarding the development or retrofitting
of districts. Therefore, tools are required to guide the choices and practices
of city decision makers, urban planners, and building designers [1-5]. As
current challenges particularly concern the design of energy conservative and
efficient buildings and districts, the availability of reliable dynamic energy

models suitable for urban studies appears to be essential, notably regarding:
e the demand side management of urban district networks [6, 7],

e the optimization of operation strategies for district systems [8-10],



e the design of smart heating/cooling grids [11-14],
e and the integration of waste heat or renewable energies [15-17].

To eventually address these operational goals, which rise different sci-
entific challenges, researchers have developed different approaches. In par-
ticular, as a large part of the energy consumed in cities is used to provide
comfortable indoor thermal conditions, Figure 1 depicts the main approaches
of simulating the heating and cooling loads of urban buildings in the litera-
ture. From the building to the urban scale, four main types of approaches

can be observed:

[Figure 1 about here.|

e Building energy models (BEMs) developed using usual programs,
such as TRNsys or Energy_Plus, can be adapted to consider some ef-
fects of the urban environment, such as the urban heat island intensity,
in the computation of the energy consumption of buildings [18-26].
Nevertheless, coupling to the urban environment is usually tricky as
BEMs were originally designed for studying a single isolated building.
Furthermore, their direct use at the district and city scales remains

difficult because of the associated computational cost.

e Urban building energy models (UBEMs) aim at comprehensively
considering interactions between a building and its urban environment
and microclimate. Corresponding tools (SOLENE-Microclimate [27,
28], EnviBatE [29] or 3D CAD-based coupled simulation tool [30, 31])



are often thermo-radiative tools that can be coupled with computa-
tional fluid dynamics. However, UBEMs demand a generally high com-
putational cost because of the relatively detailed modeling of external
physical phenomena and transfers. Therefore, it is generally difficult to
perform year-round simulations of numerous buildings in a reasonable

time, especially when using CFD.

District energy models (DEMs), such as CitySim [32], the succes-
sor of SUNtool [33], Smart-E [34], DIMOSIM [35], Virtual PULSE [36],
AMBASSADOR Project [37], or OpenIDEAS [38] aim at simultane-
ous, but relatively rapid, computation of energy loads of numerous
urban buildings. Their objective is to help decision makers under-
stand the flexibility of building demand, optimize the global district
energy system or the grid management, or perform integrated district
energy simulations at the building and neighborhood levels. However,
the computational effectiveness of DEMs is generally achieved at the
cost of a high simplification of interactions between buildings and their
surroundings. Nevertheless, computational costs can also be reduced
through mathematical reduction of equations describing the heat trans-
fers in a district, as in [39]. However, the loss of explicitness during the

reduction procedure remains a major issue.

Finally, energy consumption models (ECMs) rely on either a top-
down approach when utilizing historic aggregated energy values and
regressions, or a bottom-up approach when extrapolating the estimated

energy consumption of a representative set of buildings [40]. Because



of their basic assumptions, ECMs cannot be used to assess heating and

cooling loads.

This classification highlights the main problems underlying the develop-
ment and use of energy models for studying urban issues: (1) representa-
tiveness of the considered models, (2) rapidly increasing computational costs
of detailed energy simulations at the urban scale, and (3) lack of relevant
data/parameters to feed the corresponding models. Consequently, simpli-
fications are generally mandatory, especially with respect to the modeling
of radiative transfers and microclimate, as well as the building envelope [2].
However, these simplifications can significantly affect the reliability and ef-
fectiveness of simulations, especially when addressing power load problems.
In addition, care should be given to the initialization of simulation depending
on the modeling strategy.

Given the above-mentioned common limitations of BEMs, UBEMS, DEMs,
and ECMs and current challenges linked with the design of energy efficient
buildings and districts, the present work suggests a flexible and modular

DEM, in which:

e geometrical models can be generated automatically from Geographical

Information System (GIS) to ease the modeling pre-process,

e cach building model can be explicitly described with sufficient details

to account for the properties of its building envelope and systems,
e the embedded BEMs can integrate the diversity of occupant behaviors,

e interactions between each building and the surroundings can be taken

into account,



e and the output can be presented as, at least, the heating and cooling
loads of each building, and by extension, the heating and cooling loads

of the district/city.

In addition, the modularity of the developed DEM implies that it should be
able to integrate different levels of details—model adaptations—depending
on the available input data and computational resources.

These different features were integrated in the developed Modular District
Energy Model (MoDEM) platform, which is especially suited to the study of
residential districts. Regarding the above-mentioned modeling challenges as
well as the research challenges highlighted in [3], the MoDEM platform will
relevantly help the design and operation of low-energy cities, mainly from a
district energy point of view, thanks to its following original feature. Based
on a bottom-up and techno-explicit approach, the MoDEM platform gath-
ers in a modular workflow diverse input data and multi-scale engineering
modelings capable of simulating the heating and cooling power load curve of
districts, taking into account inter-building effects, thanks to the use of paral-
lel and interoperable new generation computational tools based on Modelica
and functional mockup interface (FMI) standards (IEA EBC - International
energy agency, energy in buildings and communities programme - Annex 60
).

The general methodology of MoDEM is presented in Section 2. Reliable
calculations requiring reliable input data and relevant physical modeling,
data sources are detailed in Section 3, and the physical models are described
in Section 4. Section 5 presents a case study of MoDEM, highlighting the

possibilities offered by the developed platform. Finally, the conclusions are



drawn in the last section.

2. Methodology: the genesis of MoDEM

The structure of the MoDEM toolchain is built on the most promising
tools developed for the new generation of BEMs [41] and includes an upscal-
ing level to build and simulate the DEM. A sketch of the MoDEM toolchain
showing the different links between the physical models, input data, and

simulation tools is depicted in Fig. 2.
[Figure 2 about here.|

The first step in the toolchain is to automatically generate the BEMs.
The generation of the model geometry is based on GIS and is performed
using MERRUBI! tool [42, 43], via SketchUp?. A detailed .xml (.bsp) file of
the geometry is then created, and a form factor table is generated using the
ray tracing method. Then, BEMs are generated for each building using the
BuildSysPro Modelica library [44, 45], which is based on a 0D/1D approach,
and a finite volume method for conduction. This EDF3 R&D’s library has
been validated with respect to experimental data, especially regarding highly
energy efficient buildings [46, 47|, and used to study the effects of urban envi-
ronments and building external boundary conditions on the energy behavior

of lowly or highly energy efficient buildings [48, 49].

IMERUBBI project available via https://anr.fr/

Projet-ANR-13-VBDU-0007 [French]
’https://www.sketchup.com/fr
3French electricity company



Each created BEM is basically an assembly of sub-models, automati-
cally generated and connected to other sub-models to enable the modeling
of different levels of details (BEM adaptations); each geometric element is
extracted from the .xml file and parameterized with data sources or default
values. BEMs are then run using the Dymola environment. The 'DASSL’
time step adaptation solver is used to solve the Modelica equations. The
basic observational time step is fixed to 1 h, considering the common time
step of weather files.

The second step is to simulate different BEMs comprising the DEM. To
account, for the potentially substantial computational costs induced by the
consideration of building details and the large number of buildings within a
district, the DESs are distributed.

To this end, the global problem is converted using Dymola into functional
mockup units (FMUs), each of which encompasses both a BEM and a nu-
merical solver according to the FMIs [50], an open-source community-driven
standard developed for coupled simulation and model exchanges. The dis-
tributed co-simulations of the FMUs are managed via a specific script (*.dng)
using Distributed Architecture for Controlled CO-SIMulation (DACCOSIM),
an FMI compatible master algorithm generator [51], which enables direct in-
tegration of different levels of building interactions. For this purpose, data
exchanges can be performed between FMUs by Daccosim every 900 s.

All the different parts of the platform are interlinked using specific Python
scripts. In terms of computational performance, a typical BEM lasts for 2
min on an 8-core computer with 2.5 GHz and 8 GB RAM, and a DEM
including 23 embedded BEMs lasts for 30 min on the same computer. A



specific Python application called DacRun enables cluster computations.

3. Data sources: The fuel of MoDEM

3.1. Foreword

Heating and cooling loads of a district are inherently dependent on its ge-
ometry, the thermo-physical properties of its construction materials and the
behavior of inhabitants. Therefore, district scale energy modeling requires
various information in terms of the district composition and use, which are
often not well known. In addition, when existing, related information is gen-
erally made available by very different sources, which implies very different
formats of data and levels of detail. Therefore, the MoDEM platform is ca-
pable of considering different data sources and enriching the integrated data

to complete the required inputs of techno-explicit models.

3.2. Geometrical data

The generation of a DEM obviously requires various information about
the district, which is often an issue. Nevertheless, the management of dis-
trict scale data is currently growing at a rapid pace, particularly with the
use of GIS. GIS data are based on geometrical data that represent a specific
territory, which are completed with various structured semantic information,
such as type description, use, and construction period. Various cities around
the world are developing GISs, often providing open access to databases?.
However, these data often exhibit topologically unclosed geometries, multi-

ple facets in collinear surfaces, or incorrect building splitting (see [52] for

4see for example https://data.grandlyon.com/.
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instance). In addition, GIS data often do not provide information regarding
the construction materials of buildings. Thus, given the current limitations of
GIS, the MoDEM platform only uses the geometrical data of GISs, which al-
ready comprise details of the building zones (volume) and enclosure surfaces

(area, orientation and adjacent zones).

3.3. Thermo-physical data

As information regarding the construction materials of buildings is gener-
ally not directly available in usual GIS data, the MoDEM platform deduces
them from the French typology of residential buildings defined in the Eu-
ropean TABULA ° project [53]. The aim of this project was to classify
European national building stocks and to estimate their energy consump-
tion and the related potential energy savings. The suggested typology is
classified into four building categories (single-family house, terraced house,
multi-family house, and apartment block) and ten construction periods. A
set of reference buildings is proposed for each building type along with a
description of the building materials and the system used, which enables the
characterization of existing buildings according to their construction period
and morphology.

In addition, the typology provides U-values of facade elements. As the
material thickness is not always available in the typology, the layers’ thickness
or thermal conductivity need to be specified complementarily to match the
U-value and build the BEM. Other properties of the element surfaces, such

as surface emissivity and albedo, also need to be specified. In this manner,

Shttp://episcope.eu/building-typology/
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the building information extracted by the MoDEM platform is enriched with

different thermo-physical parameters deduced from the usual BEMs values.

3.4. Occupant information

When considering the load curve at the district scale, the maximum load
peak is generally lower than the sum of the individual maximum peaks of
each consumer due resulting in generating diversity [54]. This phenomenon is
related to the non-concomitance of individual load peaks as consumers do not
perform the same tasks at the same time and have different comfort criteria.
Thus, there is no unique reference schedule in terms of occupant behavior,
which influences the internal heat gains (depending on the occupancy, devices
used, and other factors) and the settings of energy systems (temperature set-
point) to be specified in the BEMs.

To take occupant related diversity into account in DEMs, dynamic sce-
narios can be obtained using agent-based models, such as [55] and [56] or
stochastic modeling. The MoDEM platform acquires dynamic scenarios from
the SMACH tool, an EDF R&D agent based model [57, 58], more precisely.
Based on the monitoring of different family types and city statistical data
(type of housing, socio-professional category, etc.) this tool can generate sta-
tistically representative housing scenarios for each person in a family with a
time-step of 1 min, considering interactions due to housing conditions, i.e.,
comfort.

As a starting point for MoDEM, a set of 1,000 monthly scenarios aggre-
gated at the housing level were generated based on the statistics on Lyon,
France. These scenarios contain the hourly evolution of the number of occu-

pants and the temperature set-point, as well as descriptions of the housing
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and household. Being quasi periodic, the scenarios last only one month and
can be repeated to limit the computing cost. As only the shape of the build-
ing is known from the GIS extraction and not the composition of housings,
aggregated scenarios at the building scale are then generated by randomly
assembling the housing scenarios until the total floor area of the housings
nearly corresponds to the estimated floor area of the building. The num-
ber of occupants is summed, and the set-point temperature is weighted by
the floor area and averaged. Then, in the BEM, the internal heat gains are
modulated by the occupancy ratio, and the set-point temperature is directly

imposed

4. Energy models: The engine of MoDEM

4.1. Foreword

Heating and cooling loads are driven by heat transfers, which need to
be relevantly modeled to obtain meaningful simulation outputs. The corre-
sponding physical equations representing conduction, convection, and radia-
tion can be written as a set of differential-algebraic system of equations. The
common issue in all the tools dedicated to district load calculations remains
the level of detail in the modeling, i.e., the representativeness of the physical
phenomena taken into account. Indeed, the accuracy of modeling is poten-
tially higher with more details, but it is also more computationally expensive
and requires more input data. Accordingly, the MoDEM platform is capable
of testing different levels of modeling through “adaptations” to estimate their
effects on simulation results and thus, it can evaluate the reliability of the

developed DEM in predicting district energy loads.
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4.2. Building Energy Model

The BEMs are created using the BuildSysPro Modelica library. Modelica
is basically an object-oriented, equation-based, and acausal programming
language that was developed to support all engineering domains. Hence,
it is particularly suited for developing a flexible and techno-explicit DEM,
such as MoDEM. The structure and parametrization of the Modelica model
resulting from the automatic generation of the BEMs (Sec. 2) depend on the
adaptations considered. This modularity of the model implies different sub-
models and different connections between them, which need to be compatible
regardless of the adaptation combination.

From a modeling point of view, the MoDEM platform includes the dif-
ferent options listed below for the BEMs:

e Wall discretization for conductive heat transfers: coarse resolution, e.g.,
a single node per wall [C'ond—Tj4¢.], or a finer spatial resolution [Tsman,

where 7 is the characteristic time in s

e Building zoning: monozone [Zoning — 0], multizone by floor [—lvl], by

outer wall orientation [—ori], or both [—comb]

e Controlled physical quantity: the indoor air temperature [Control — 0]

or operative temperature [—1]

e Distribution of the transmitted solar flux: on the floor [trSol — 0] or

proportionally distributed on the walls depending on their area [—1]

e Modeling of internal longwave radiative exchanges: linearized exchanges
based on the indoor air temperature [int LW — 0] or operative temper-

ature [—1]
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Integration of the internal thermal mass of the building: modeling of

internal walls [inertia — 0] or otherwise [—1]

Modeling of external convective heat transfers: constant convective
heat transfer coefficient (CHTC) [CHTC — 0] or wind-dependent for-
mulation (CHTC = 4 + 4v), where v is the normal projected wind
velocity [—1]

Modeling of external longwave heat transfers: linearized formulation
lext LW — 0] or complete formulation derived from the Stefan Boltz-

mann law [—1]

General representation of the envelope: differentiation of walls depend-

ing on their properties [EqEnv — 0] or one equivalent thermal wall

[—1];

Table 1 summarizes and illustrates most of these different model options.

[Table 1 about here.]

4.3. District Energy Model

Similarly to BEM, which is an assembly of sub-models (walls, air zones...),

DEM is an assembly of building energy models. However, the DEM is not

written in the Modelica language as the resulting model may be too compu-

tationally intensive to simulate. From a computational point of view, it is

clearly more beneficial to distribute the BEM simulations, notably because

they consist of numerous problems of very similar computational weight that

are relatively weakly linked. This option is a really new methodology devel-

oped to overcome weaknesses of most existing approaches.

14



From a physical modeling point of view, the DEM also includes different

options:

e Integration of solar masks and multi reflection: received solar flux di-
rectly derived from the weather file [Solar — 0] or estimated using ray
tracing [—1]. The main difference between those 2 options lies in the in-
clusion of the urban morphology to assess the incoming solar radiation

on each building wall/roof.

e Estimation of longwave radiative heat transfers: ground and build-
ing surface temperature approximated by the outdoor air tempera-
ture [LW Rad — 0] or estimated by energy simulation and the com-
plete longwave radiative exchange formulation derived from the Stefan-
Boltzmann law[—1]. In most of building energy simulation tools, the
external infrared radiation exchange is not taken into account but only
estimated using the external air temperature. Of course, such assump-
tion is far from being realistic, especially in urban area. That is the
reason why we propose an option using the other buildings external sur-
face temperature to asses the longwave radiation exchange in a physical

way, i.e. suing the Stefan-Boltzmann law.

e Consideration of adjoin buildings: adiabatic half party walls [ajoin — 0]
or coupled interface [—1]. This feature deals with the way adjoined
builmdings are taken into account. The first option lies on a heat
transfer symmetry assumption leading to consider a no-heat flux at
the middle of the adjoined wall. In the second option, a real coupling

is made.
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These different model options are also summarized and illustrated in Ta-

ble 1.

5. Case study: outputs from MoDEM

5.1. Model description

To illustrate the possibilities of MoDEM, especially when used as a sup-
port tool to relevantly choose a level of detail for a DEM with respect to
the targeted application, a case study was developed. Figure 3 depicts the
selected use case for 23 apartment buildings with the same typology in a dis-
trict in Paris. This district comprises approximately 900 flat units built in
the 1930s. Table 2 presents the main thermal properties of the buildings ac-
cording to the TABULA database, which correspond to relatively thermally

inefficient buildings.
[Figure 3 about here.]
[Table 2 about here.]

For the modeling, geometric data were taken from the IGN® database
called BD TOPO. The 23 buildings were connected to each other with adjoin-
ing walls (indicated in blue in Figure 3). The weather file of Paris Montsouris
was selected for the study. Considering the building typology and regional
climate, the case study focused on heating loads, with a temperature set-

point fixed at 19 °C.

6National geographic Institute
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To evaluate the effects of model adaptations, a reference model was de-
fined with a characteristic time 7 of 900 s for conduction, basic BEM options
detailed in Table 1 taken as [—0], and DEM options taken as [—1].

Figure 4 depicts the simulation results in terms of year-round energy loads
for this reference model. The heating period ranges from mid-September to
mid-June, and the maximum heating occurs during January and February. In
addition to these seasonal trends, the heating load curve also demonstrates
daily variations, evidencing the sensitivity of buildings to general climatic

conditions, as well as more intermittent solicitations, such as solar heating.
[Figure 4 about here.]

5.2. Results analysis: Effects of model adaptations

Based on the reference model, the different options of BEM[—1] and
DEM[—0] presented in Table 1 were simulated. Note that [Zoning — 1]
corresponds to a division of the largest buildings with respect to the main
orientation, and not floor-wise. This zoning generated 33 zones with 12 ad-
joining walls, represented by blue and red in Figure 3. This configuration
was considered to study the effect of adjoining walls. Regarding the effects
of model adaptations, Fig. 5 depicts three indicators reflecting the relative
effect of different BEM and DEM adaptations in terms of the heating load

difference between the reference model and the selected model adaptation:

e the mean value m(+), which quantifies discrepancies in terms of annual

energy predictions,

e the standard deviation o(-), which quantifies discrepancies in terms of

power fluctuation amplitudes and phase shifts,
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e and the minimal and maximal values M(+), which quantify discrepancies

in terms of their ability to handle particular events.
[Figure 5 about here.]

Results demonstrate that low wall discretization has little effect on the
mean and standard deviation, but deviation may be more important locally.
Indeed, low wall discretization delays the building response to dynamic so-
licitations, especially those linked with rapid solar loads. Regarding other
BEM adaptations, the results highlight that modeling multizone buildings
does not significantly alter the prediction of heating loads. Controlling the
operative temperature instead of the air temperature generally increases the
simulated heating loads. This trend is explained by the fact that the wall
temperature is lower than the air temperature. Uniformly distributing the
solar flux over different walls has little effect on the simulation results. This
conclusion may be explained by the higher availability of solar heating but
lower heat storage, which balance each other. For the same reason as the
control temperature, using the operative temperature instead of the air tem-
perature to estimate longwave heat transfers decreases the predicted heat
losses with a typical daily pattern. The deviation is the lowest around mid-
day because the operative temperature is closer to the air temperature due
to solar heating. The mean and standard deviations of this adaptation are
the highest among the tested adaptations. The maximum deviation is also
substantial. Neglecting internal walls tends to decrease the simulated float-
ing temperature periods and increase the heating needs, with a dynamic

temporal pattern. Heating is more necessary after sunny periods because
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of the absence of a buffer effect. Considering wind-dependency, the external
CHTC tends to decrease the predicted heating needs as the estimated CHTC
is generally lower than the constant default value. This effect is significant,
both in terms of mean and standard deviation. It is also the most influential
model adaptation with respect to the maximum deviation. This effect has
no specific temporal pattern as wind does not depend on solar loads in the
model. Not considering the linearized formulation of the longwave external
exchanges also induces lower heat losses and thus, heating needs estimates.
However, this effect is less important than the effect of the CHTC. Finally,
considering an equivalent envelope does not change the general trends to a
large extent, but causes significant local deviation as the dynamic behavior
of the envelope is altered by the equivalence assumption.

Regarding DEM adaptations, almost only the adaptation of the short-
wave heat flux appeared to affect the simulation results. Indeed, accounting
for solar masks increases the estimates of heating needs because of less solar
heating, leading to substantial local deviations. The effects of using BEMs
results and taking the thermal balance of adjoining walls into account to esti-
mate longwave radiative heat exchanges appear to be negligible. Nonetheless,
these results need to be modulated by the facts that the present study fo-
cuses on heating needs and that adjoining wall surfaces are extremely small in
comparison with the total building envelope area. Thus, the present results
may be case-specific.

Hence, this case study suggests that if the output of interest is the annual
heating energy demand of an old residential district, usual model adapta-

tions are acceptable, with the exception of assimilating the indoor surface
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temperature to the indoor air temperature to compute longwave radiative
heat exchanges, and neglecting the wind-dependency of the external CHTC.
Conversely, when aiming to study the load curve, considering that the oper-
ative temperature is controlled, the fine discretization of walls—even more if
considering an equivalent envelope—as well as the modeling of internal walls
and solar shading appear mandatory, as the maximum deviation criteria are

also restrictive. Thus, a control model would also be required.

5.3. Results analysis: Effects of diversity

In real district, the sum of the individual peaks of demands is higher than
the global peak demand: this phenomenon is called diversity. The probable
source of diversity that may affect building energy behaviour at the dis-
trict scale is the variety of building shapes, construction materials, occupant
behaviours... The variety of shape both affects the building spatial charac-
teristics and its weather-induced thermal loads (notably solar and radiant
temperature in our model).

In order to quantify diversity, the difference between the sum of energy
demand and the global energy demand is calculated; this difference being
time series. All the indicators are normalized using the global demand. The
indicators used to assess diversity are (see section 5.2 for more information

about their meaning):
e the mean value m(-),
e the root mean square rm(-),

e the standard deviation o (),
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e the maximum difference M(-).

Figure 6 depicts the relative effects of diversity at the district scale, com-
pleting the results analysis. The diversity relative effect is higher when the
effects are extremely low (notably when increasing the wall discretization
or neglecting heat transfers between adjoin buildings). This effect is not
phenomenological but rather because the effect tends toward zero.

Regarding the maximal deviation, the diversity relative effect is gener-
ally lower than 10 % for the most impactful adaptations (Sec. 5.2). On the
contrary, considering distributed solar fluxes or neglecting solar masks or ex-
ternal longwave radiation between buildings have particularly high diversity
effects (38, 16, and 39 % respectively), probably because they are the most
shape-related adaptations.

In general, the diversity quantified for the standard deviation is approxi-
mately twice lower than that for the maximal deviation, except for [Inertia-
1], where it is almost thrice higher. Hence, the maximal deviations caused by

IntInertia are nearly synchronous, but not globally applicable to the others.

[Figure 6 about here.|

6. Discussion

The MoDEM platform aims to take advantage of existing tools and soft-
ware that are currently known to have important developments (Modelica,
FMU), particularly for building energy simulations at the district scale [59],
to efficiently and automatically create modular DEMs and ease the interop-

erability of the platform. This developed tool chain enables the simulation
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of heating and cooling energy loads of a district considering the main in-
teractions and couplings between buildings. Moreover, the distribution of
the simulation facilitates the mitigation of computational time. In contrast
to the common use of simplified models at the district scale, this platform
favors the use of detailed models at the district scale and limits the need for
simplifications because of up-scaling. The distribution also eases large scale
simulation and parametric analysis.

Although the generated district models were based on the tried and tested
BuildSysPro library, and the aim of proposing the platform was mainly to
discuss the suitability of different model adaptations, it is worth mention-
ing that the tested MoDEMs were not validated against experimental data.
Nevertheless, a MoDEM was compared with another DEM, Smart-E [60]
considering the same use case as in Sec. 5 to identify the impact of different
modeling choices, particularly on the power curve [61]. These models were
generated independently in each platform and run for the same weather file.

The simulation results demonstrated noticeable deviations. The annual
consumption was computed as nearly twice higher with MoDEM. These de-
viations can be explained by the means of accounting for the geometry;
MoDEMs are based on real geometry extracted from the GIS, i.e., explicit
building models, whereas Smart-E comprises housing thermal models built
from the statistics of the district. In particular, the resulting differences be-
tween the two approaches mainly result from the consideration of un-heated
spaces in Smart-E, contrary to MoDEM. This comparison shows evidence of
modeling bias due to the use of different modeling approaches, but reinforces

the physical modelling approach. Indeed, the comparison highlights the need
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for information on the suitability of modeling choices, particularity at short
time steps, which is the aim of this study.

Furthermore, these results also highlight the need of a comparative model
validation test for district energy simulations (DESTEST), i.e. a common
district case study, as introduced in the IEA EBC Annex 60 to support
DEM development. Although validation is generally mandatory to support
any numerical model development, such a DESTEST would overcome sev-
eral major difficulties of addressing district-scale reliable and high-resolution

energy simulations, such as:

e access to detailed and accurate input data, such as the geometry, system
efficiency, materials, and composition of housings and households. Ef-
forts on the development of GIS and more particularly of standardized
CityGML databases coupled with building information models would

certainly help energy modelers;”
e access to the quantity of interest, currently the load curve,

e as well as the integration of several complex and diverse aspects that
the model needs to handle to reproduce conditions as realistically as
possible, i.e., the envelope, systems, local climate, and particularly oc-
cupant behaviors for internal heat gains due to electrical devices that
are currently only related to occupancy and occupant behavior, which

is non-coupled with current thermal comfort, etc.

"he main formats used are ghXML and IFC ®. The junction between BIM and GIS is
in progress [62]; however, as BIMs are mainly available for new buildings, information on

existing buildings is highly lacking, which is generally critical for DEMs.

23



Thus, facing DEM challenges relies not only on adaptations, but also
on the use of efficient large-scale numerical resources and data collection.
Therefore, improvements of the MoDEM platform, and more largely of DES
platform, requires cooperation with other scientific fields, including micro-
meteorology to improve the integration of environmental effects, computer
sciences to improve and speed-up numerical processes, geomatics for GIS

management, and data sciences to define indicators and analyze results.

7. Concluding remarks

The first objective of our work was to develop the MoDEM platform
with the specific requirements detailed along the manuscript. But, beside
the modularity of MoDEM and its capability to handle various models via
the co-simulation layer, different findings have been highlighted. In particu-
lar; the energy consumption few depends on the model choice, among those
implemented in the platform. The diversity also few depends on the model-
ing assumption among those implemented in the platform. On the contrary,
the correct estimation of heating and cooling loads requires an appropriate
discretization of the walls as well as an appropriate modeling of longwave
radiative heat transfer between external building walls.

In addition, the developed platform aims to take advantage of existing
tools and software to efficiently and automatically create modular district
energy models. In its current state, the platform mainly focuses on envelope
modeling, but future improvements are needed to better account for the effec-
tive composition of districts, including tertiary buildings, system regulation,

and occupant behaviors, which are still roughly modeled, and to integrate
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micro-climate models.

Finally, the results demonstrate that studying the power at the district
scale necessitates the use of detailed models, but the district scale smoothens
this constraint. Hence, the critical point is to define indicators related to the
expected simulation objective in order to adapt the level of detail of the BEM
and DEM and the input data such as suggested in the present study.

8. Nomenclature
e BEM : building energy models
e CAD : computer aided design
e CFD: computational fluid dynamics
e CHTC : convective heat transfer coefficient
e DEM : district energy model
e ECM : energy consumption model
e FMI : functional mockup interface
e FMU : functional mockup unit
e GIS : geographical information system
e MoDEM : modular district energy model

e UBEM : urban building energy model
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Model option

Meaning

Wall model

Wall discretization
[Cond—] 71 / 172 <or>1
7 =900s /7 = 59sor 15d

.

BEM - Building mode

.

Thermal zones
[Zoning—] 0 /1
One / One by orientation

Controlled temperature
[Control—] 0 / 1
Air temp. / Operative temp.

_i'_nij-i i

Allocation of solar flux
[trSol—] 0 / 1
On the floor / Distributed

Internal long wave
[intLW—]0 /1
Air temp. / Operative temp.

Internal walls
[Inertia—] 0 / 1
Included / Neglected

External CHTC
lextConv—] 0 /1
Fixed / Wind-dependent

External long wave

lextLW—]0 /1

|| ||
Linearized / Complete (A) extLW-0 (B) extLW-1
Envelope representation . -
[EqEnv—]0 /1 o f\_ﬁ

Explicit / Equivalent wall

DEM - Interactions betwee

Solar masks and reflection
[Solar—] 0 /1
Neglected / Accounted for

External long wave
[LWRad] 0 / 1
Ground and sky / + Buildings

2’ ol

Adjoin buildings
[Adjoin—] 0 / 18

i

Adiabatic / Balance

Table 1: Tested model adaptations




| Building component | U — value [W -m™2- K] |

Wall 1.7
Roof 3.2
Windows 2.8
| Ventilation \ [vol™!] |
] Natural \ 0.5 ‘

Table 2: Building thermal properties
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Figure 3:  Geometry of the use case
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standard o(-) and maximal max(-) / minimal min(-) deviations
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Figure 6: Relative effects of diversity (%) 46 the computed heating loads depending on
the considered adaptation - mean value m(-); root mean square rm(-); standard deviation
o(-) and maximum value M(-)





