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ABSTRACT

Recently, the attention towards Urban Building Energy Modelling has been growing due to the large
contribution of cities on the worldwide energy consumption rate. In fact, many models have been
developed to simulate buildings and urban energy systems.

This article presents a new open-source tool for city-scale simulations. The platform implements the
electrical analogy to model buildings thermal behaviour through resistance-capacitance networks, thus
predicting the energy demand of urban areas with a bottom-up approach and low computational re-
sources. The model has been applied to two urban areas: a small and well-known neighbourhood and a
broader urban district.

Results show the accordance of simplified models with respect to single building detailed simulations
in the evaluation of the seasonal energy demand. When comparing results at hourly resolution, the
accuracy is increased by considering a thermal network that splits buildings’ surfaces into two capaci-
tances. A model based on a single capacitance leads to a higher deviation, especially on the daily peak
power. Regarding the district simulation, these simplified networks show a good prediction of the
buildings energy demand according to relevant European references, thus demonstrating the reliability

of the proposed approach despite their low computational effort.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing urban energy use and greenhouse gas emission
are directly related to the constant growth of human population in
cities [1]. Thus, increasing effort is required to reduce the energy
consumption of buildings, which are responsible of the 30% of the
final energy consumption worldwide [2]. This issue inspired several
researches to develop models to simulate buildings and energy
systems no longer as single units, but as parts of a wider environ-
ment that contributes with different impacts on the urban energy
demand of buildings [3]. Electrical and thermal smart energy sys-
tems are evolving and many research activities aim at improving
them considering the surrounding urban environment [4]. For
instance, the integration of Electric Vehicles (EV) in smart electrical
grids is under investigation [5] and many new researches are
focusing on coupling Renewable Energy Source (RES) and District
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Heating and Cooling networks (DH/DC). Carotenuto et al. [6]
investigated the integration of geothermal sources and biomass
technologies in DH networks, while Rosato et al. [7] evaluated the
impact on DH of solar collectors and photovoltaic thermal panels
(PVTs). The economic feasibility of replacing old technologies of the
local energy system was also investigated [8].

On the demand side, urban environment affects buildings
thermal behaviour and many research activities focus on the
physical modelling of urban environments. One of the major
problems related to single building models is the high detail in-
formation level required both for the geometrical and the physical
properties, which are the main parameters for the modelling and
characterization of buildings [9,10]. On the contrary, Urban Building
Energy Models (UBEM) can rely on realistic and significant results
although the simplification made to reduce and classify the input
required. In fact, due to the numerous information needed to run
single building simulations, the computational effort required does
not allow the combination with optimization solvers, thus being
unsuitable for large scale building analyses [11].
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Nomenclature

a Absorption coefficient (—)

A Area (m?)

c Specific heat (J/(kg K))

C Heat Capacity (J/(m?K))

CV(RMSE) Coefficient of variation of the root mean square error
(=)

G Vapour mass flow rate (kg/s)

H Heat transfer coefficient (W/K)

i Imaginary unit (—)

nH Number of hours (—)

nD Number of days (—)

P, Electrical power (W)

Heat specific flow rate (W/m?)

Vapour latent heat (J/kg)

Thermal resistance ((m? K)/W)

Total radiation on tilted surface (W/m?)
U-value (W/m? K)

Volume (m?)

Specific humidity (kgy,/kgqa)

Thermal power (W)

Thermal Impedance ((m? K)/W)

N < §<c:;1°>ag,o‘
3

Greek symbols

o Heat transfer coefficient (W/
3 Surface emittance (—)

n efficiency ()

0 Temperature (°C)

o Density (kg/m?)

T Simulation timestep (s)
¢ Sky view factor ()

1) Heat flow rate (W)

) Angular frequency (1/s)
Subscripts

a Air

b Building

BL Building structure’s layer

BS Building structure
conv Convective

d Day

dir Direct

diff Diffuse

e External

el Electrical

ep EnergyPlus

eq Equivalent

EW Non-adiabatic surfaces
grd ground

h Hour

hc Thermal load on air node
hr Heat recovery

i Zone air node

int Internal

w Adiabatic surfaces

lat Latent

w Long-wave

m Mass node, photovoltaic module
n Normal incidence

nom Nominal

op Opaque

prof Profile

r Radiative coupling with sky
rc Resistance-Capacitance
rad Radiative

rel Relative

Rest External resistance

S Surface node

sens Sensible

sol Solar

sup Supply point

sw Short-wave

tot Total

tr Transmission

v Vapour

ve Ventilation

w Windows

UBEM is grouped into two main categories: top-down and
bottom-up models [12]. The top-down approach allows the esti-
mation of buildings’ energy use starting from hypotheses built on
general urban scale data, such as socio-econometric, technical, or
physical drivers [13]. Conversely, bottom-up models extend the
energy calculation obtained with traditional Building Energy
Modelling (BEM) to wider scale (i.e. urban or city) [14] either with
statistical or physics-based calculation methods or a combination
thereof. For this reason, bottom-up models usually group and
define building use and characteristics combining multiple arche-
types, since they rely on several input data concerning occupancy,
geometrical and physical properties of the buildings, HVAC systems
information [15]. Since the simulation time depends also on the
number of zones, time and calculation effort are almost equivalent
to BEM models, becoming a new challenge to be addressed.

Thus, simplified dynamic models are attracting increasing
attention, reducing and discretizing the parameters of the model
into a set of nodes connected by thermal resistances and capaci-
tances, and including in the analysis the mutual interaction be-
tween buildings and between buildings and the surrounding
environment [16].

From the first attempt to describe the dynamic behaviour of
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building elements using the resistance-capacitance (RC) approach
by Beuken in 1936 [17], Rouvel defined the basis for the n-capaci-
tances room model in 1972 [18], later implemented in the GEBSIMU
software [19].

Currently the German Guideline VDI 6007—1 presents the 7R2C
model developed by Rouvel and Zimmermann [20], while the In-
ternational Standard ISO 13790 [21] shows both a quasi-steady-
state calculation method -monthly method- and a simple dy-
namic method -simple hourly method-based on a lumped-
capacitance model with five thermal resistances and one thermal
capacitance (5R1C). Even though the most recent standard UNI EN
ISO 52016 developed in 2018 replaced the ISO 13790, the activity
exposed in this work does not integrate the more detailed calcu-
lation methods described, because a similar approach is not
meaningful at urban level due to the uncertainty related to the
physical and non-physical input parameters, which is one of the
most critical issues of urban modelling. Recently, the most common
approach is based on the definition of building archetypes and
prototypes that allows the characterization of buildings with few
input information, such as year of construction, gross area, end-use,
etc. Physical parameters are generally estimated applying national
and international standards and statistics [22], introducing
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uncertainty into the simulation results. The heterogeneity in
building stocks is one of the critical uncertainties [23], as well as
building footprint, building envelope, HVAC system and occupant
behaviour [24].

If the parameters set is not precisely defined, uncertainties will
significantly impact on the heating and cooling energy demand for
urban simulations, thus complicating the calibration process with
measured data. As showed by Zarrella et al. [25] the accuracy of the
geometry definition is one of the main source of errors in urban
modelling if compared to detailed simulations, due to the simpli-
fied footprint implemented. However, using CityGML, City]JSON or
similar interfaces to manage georeferenced input data, partly in-
creases the accuracy of the footprint and allows the simulation of
large number of buildings, up to city or national level. Simplified
geometry can be also used for the evaluation of other phenomena,
such as Urban Heat Island effect, as shown by Pigliautile et al. [26]
and Nasir et al. [27]. As shown by Fonseca et al. [28], one of the main
applications of UBEM is the development of future retrofit sce-
narios or the implementation of Demand Side Management pro-
grammed [29]; lumped-capacitance models for example, can
simulate large number of buildings to evaluate the impact of energy
efficiency measures, requiring low computational resources despite
the large number of simulations.

1.1. Research contribution

Since UBEM appears as an attractive and innovative research
topic with a great potential, one of the aims of this paper is to
confirm and prove the effectiveness and the advantages derived by
using simplified dynamic models, especially in urban contexts
characterized by a large number of buildings and a limited
knowledge of their properties. To this end, this paper introduces
the Python-based EUReCA (Energy Urban Resistance Capacitance
Approach) platform, an urban building energy modelling tool
developed by the Authors to calculate the district’s buildings en-
ergy demand and consumption. The method implements a 5R1C
model based on ISO 13790 Standard [21], already applied in the
previous work [25] and a 7R2C model based on the German VDI
6007 Standard [20]. The EUReCA platform is also able to manage
both GeoJSON and City]SON data, that define the buildings
geometry.

The UBEM tool was applied to two case studies, the first con-
sisting of 13 varied buildings belonging to the University district of
Padua (Italy), and the second consisting of more than 500 buildings
located in a wider area of the same city. The considerable diversity
between the two case studies allowed the Authors to show the tool
performances both in the case of a limited and well-known dataset,
and in a larger and less defined district.

Concluding, a single building detailed simulation with the
EnergyPlus simulation tool has been considered as a benchmark for
the first case study to highlight the advantages of the 7R2C model
compared to 5R1C and EnergyPlus models. Concerning the second
case study, the outputs for a bigger and more relevant district have
been shown to point out the potential of the platform.

2. Models

The following Section focuses on the presentation, overview and
description of the EUReCA platform, a stand-alone Python-based
Urban Building Energy Modelling tool. The software aims at the
bottom-up simulation of large districts and cities, predicting the
hourly building heating and cooling demand and consumptions.
Simulation is carried out by means of semantic geo-referenced
district data that includes information about buildings’ age-class
and end-use. The construction year is used to associate to each
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building a specific set of construction typologies, i.e. roof, external
wall, ground floor, etc., named buildings envelope archetype. An
integrated database includes several building archetypes with
structures’ thermal parameters corresponding to the age classes.
Another additional database provides the miscellaneous opera-
tional schedules and gains for different end-uses, in a similar
approach.

An overview of the handling of geometrical details is given in
Section 2.1, while the description of the building archetypes and
end-use data is given in Section 4.1. The thermal behaviour of
buildings is then modeled by means of two possible simplified
dynamic models, both based on the electrical analogy: (i) a single
capacitance thermal network, and (ii) a two capacitances thermal
network, respectively from ISO 13790 [21] and VDI 6007 [20]
Standards, described in Section 2.2.1 and 2.2.2.

Moreover, EUReCA has been developed using Python program-
ming language and its architecture has been built following the
object-oriented methodology, ensuring a high level of modularity
and maintainability for new integrations.

2.1. Processing buildings’ geometries

Recently, research activity enhances its effort in developing
efficient and high-quality techniques to represent 3D cities geom-
etries and their properties and attributes, by means of the so-called
geo-referenced semantic models. This definition deals with specific
schemes to describe city’s buildings, roads, vegetation, infrastruc-
ture and other entities, which can then be used in different research
fields and inter-disciplinary projects, like UBEM activities. Actually,
the principal semantic city model protocol is the CityGML [30], an
open data model framework based on the XML encoding. However,
because of its complexity and hierarchical structure, Delft Univer-
sity of Technology proposed a JSON encoding version, CityJ]SON
[31], in order to create a lighter and flexible format, highly useable
on different platforms and scenarios. It is worth noticing that, 3D
geo-referenced city models are not available for all cities world-
wide, making it impossible to perform an Urban Energy Simulation
for areas lacking city models. In this case, other vectors models can
be used to represent pools of buildings in a quasi-3D description,
with 2D polygons and attributes such as building height or number
of floors [32]. Vector models can be saved in ESRI Shapefile formats
or other commonly used digital formats. This is the reason why,
according to the authors’ choice, EUReCA can handle City]JSON
models, which are inherently 3D, and 2D GeoJSON models derived
from importing and reconstructing building geometries from ESRI
Shapefiles by means of manipulating JSON data through the Python
environment. Surfaces and vertices are imported in the two sce-
narios by the following workflow:

@ CityJSON: the loading phase with this input data is straight-
forward. All building-type objects are listed and for each of
them, the surface list and the vertices are extracted. These
parameters are moved to the surface class, which calculates
the area, orientation and typology of each surface. Depend-
ing on its tilt, the object is labelled as Roof (tilt higher than
150°), Floor (tilt lower than 40°) or External wall.

@ GeoJSON: the building is created by combining footprint’s
vertices and building-height attribute, which must be
included in the input file. The surfaces are generated
considering an extrusion of the polygon as equal to the
building height. Even in this case, surfaces are created by
means of the surface class, enabling the calculation of area
and orientation.

Once all building’s surfaces are initialized, the Building object
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can be created by means of its surfaces, end-use and age-class. The
Building class handles the processing of the input data creating the
Thermal zone and, subsequently, the network parameters, following
procedures in Section 2.2. The building is modeled with one only
thermal zone. Fig. 1 schematizes the geometry input phase and
building initialization.

2.2. Thermal zone

Most of the well-known building simulation tools implement
the detailed thermal zone model, solving the thermal balances of
each building element simultaneously. This method results in
outstanding predictions of the thermal behaviour of buildings,
nonetheless it requires detailed input data and high computational
effort. In Urban Scale scenarios the usage of simplified thermal zone
models is more suitable because they can capture the dynamic
behaviours of buildings with a lower computational time. This
approach resulted in good outcomes according to the recent work
[25] and has been further analysed in the present work.

EUReCA can apply two different thermal zone models, both
based on the electric analogy. Transmission and ventilation losses
and thermal inertia of the building are modeled by means of
thermal resistances and capacitances, connected in an equivalent
electrical network. Subsection 2.2.1 outlines an overview of the
simplified 5R1C thermal network, in which all building structures
are lumped in five thermal resistances and one thermal capaci-
tance. Then, Subsection 2.2.2 describes in detail the equations of
the 7R2C model, in which the adiabatic building structures are
separated by the non-adiabatic ones by means of the two different
thermal capacitances.

For both models, network parameters are calculated with spe-
cific procedures starting from buildings’ geometry and envelope
thermal properties, previously initialized.

2.2.1. 5R1C model

The first procedure concerns the 5R1C model of the ISO 13790
Standard [21], where all building characteristics are lumped in five
thermal resistances and one thermal capacitance.

Fig. 2 shows the physical scheme of the model; it can be noted
how a simple thermal zone can be modeled with three thermal
nodes, node i (internal air), node s (all surfaces) and node m (all

3D Geometry
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SR1C Thermal
Zone

Htr,em

-1

Fig. 2. 5R1C thermal network scheme [25].

structures mass) and two boundary condition nodes, node sup
(supply air) and node e (external air). The five thermal heat transfer
coefficients are: (1) the ventilation heat transfer coefficient H,e; (2)
the glazed surfaces transmission coefficient Hyw; (3) the coupling
conductance between node m and node e Hi em; (4) the coupling
conductance between node s and node m Hg ms, which combined
with the previous one gives the opaque structures heat transfer
coefficient Hy op; (5) the coupling conductance between node i and
node s Hy ;. The thermal capacitance Gy is connected with the
node m and includes all thermal zone thermal inertia, calculated by
means of ISO 13786 [33] Standard. Regarding solar and internal
heat gains, the ISO 13790 Standard splits them in three compo-
nents, each one connected to a network’s node. Writing the thermal
balance at each thermal node the thermal balance can be written
obtaining a linear system of three equations and four unknown
terms (node’s temperature # and heat flux @;), which can be solved
by setting the heat flux @; (calculating the air temperature 6;) or the
internal air temperature 6; (calculating the heat flux @;). The Reader
can find details about this approach in Ref. [25].

The simulation is run for each district’s building at each time-
step set by the user. External conditions, i.e. dry-bulb temperature,
solar radiation, wind velocity, relative humidity, are derived by epw

2D Geometry

Average Height

Building
Extrusion

’ Surface Creation | | Building Definition

Thermal network |

Fig. 1. Schematic overview of the geometry handling in EUReCA.
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weather data files [34], largely utilized in building simulation
activities.

2.2.2. 7R2C model

The one capacitance model is simple and efficient, nonetheless
the resulting hourly load profile can be quite inaccurate with
respect to complex models [35]. This issue can be tackled using an
advanced thermal network. This is the idea behind the two ca-
pacitances network, where adiabatic and non-adiabatic building
structures are analysed separately. Fig. 3 outlines the schema of the
VDI 6007 model [20]. Non-adiabatic surfaces are modeled with the
thermal resistance R; g and capacitance Cq gy, while Ry and
Cyw are corresponding to the adiabatic surfaces. Radiative heat
exchange between these two surfaces’ groups is considered
through the thermal resistance R,,4. The convective heat transfer
with the thermal zone air node is modeled using the thermal re-
sistances, Reonyew and Reony, . Ventilation and infiltration losses
are also considered with the thermal resistance R,e. Finally, non-
adiabatic surfaces are connected to the external environment
equivalent temperature, which combines both the convective and
short- and long-wave radiative heat transfers. Network’s parame-
ters are calculated using the following equations.

According to the Standard’s procedure [20], the thermal
response of each layer BL of a building element BS can be modeled
with a chain matrix that can be calculated with Eqgs. (1)-(5)

a4
Ap = Eq. 1
B lay axn d
ai1 = Ay = cosh (arg) cos (arg) +i (sinh (arg) sin (arg) )
Eq. 2

2wpRp Cpr

a2 =Rpr 4 /;(cosh (arg) sin (arg) + sinh (arg) cos (arg) +i(cosh (arg) sin (arg) — sinh (arg) cos (arg) ))

a;p = —R%Larg(cosh(arg) sin (arg) — sinh (arg) cos (arg) +i(cosh (arg) sin (arg) + sinh (arg) cos (arg) ))

7R2C Thermal
Zone
Curw
o, Rpgestew [
e'ea—W\'A' O Ew
p.
Rigw 2 0, ew l}/\-/—:d 051w
Riw
Reonvew Reonviw Omrw
0; Icuw
s Oy
O—

Fig. 3. 7R2C thermal network scheme.
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arg = +/ 0~5(1)BLRBLCBL Eq. 5
where Rp; is the layer thermal resistance, Cp; is the layer thermal
capacity and wgc is the angular frequency of the structure. Once the
chain matrix Ag; of each structure’s layer is known, the structure’s
matrix Ags can be calculated with their product from inward to
outward, Eq. (6).

Aps=Apr1+ApL2*---*ABLn Eq. 6

In addition, the thermal resistance R; and the capacitance C; of
each building structure are calculated using the following
relationships:

_ 1 (Re(az) — 1)-Re(asz) + Im(azy)-Im(asz)
M=z (Re(azy) — 1) + Im(a;)? ka7
A (Re(azy) — 1)* + Im(apy)?
1= o (Re(ary)-Im(az,) — (Re(az) — 1)-Im(ar)) Ea. 8
Zi=Rit e Eq. 9

where A is the area of the surface and wpg; is the angular frequency
with the reference period of 5 days.

Finally, the thermal resistance R; and capacitance C; of non-
adiabatic and adiabatic elements respectively, and the coupling
thermal resistance with the external ambient can be calculated:

1
Ziw=—+—— =R +— Eq. 10
1,Iw S 7 }W‘i LW 7 wsCriw q
Eq. 3
Eq. 4
V4 - R + _ Eq. 11
1,EW 21,7:121 ‘:W‘j LW 5o W .
R 1 R
Rest EW = — RKipw
et St Uewj-Aewj + Y 1UnjAw; '
-— 1 ] Eq. 12

where Ugy,, Uw, Apw and Ay, are the transmittance and area of the j-
th non-adiabatic wall and window. R, gw is the convective ther-
mal resistance between non-adiabatic structures and the air node
of the zone, and R,y is the radiative resistance between non-
adiabatic and adiabatic surfaces. The VDI 6007 Standard reports
equations for calculating these further parameters [20].

Solar gains on opaque surfaces are considered in the network
balance by means of an equivalent external air temperature e eq,
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which accounts both for the long-wave radiation exchange be-
tween surfaces, sky and ground 46, ;,, and the short-wave contri-
bution due to the beam and diffuse solar radiation 40 sw.

Oeeq= be + Aae,lw + A sw Eq. 13
o
A= ((Fara—0e) - (1 =0+ (b —0e) - ) e
Eq. 14
a
Aesw = (laig +lair) 5 Eq. 15

with gy, bgiys fe, ground, sky and air external temperatures, ¢
surface sky view factor, Iy and Iy, diffuse and beam solar radiation
on the external surface, ¢ emission coefficient, «,,4 radiant heat
transfer coefficient set as 5 W/(mzl(), aor total heat transfer coef-
ficient, a absorption coefficient of the exterior surface.

Solar gains entering through glazed surfaces Q,,4 are considered
as entirely radiant and distributed within the internal surfaces
node s, IW and external surfaces node s, EW with respect to the total
area of each group. Internal heat gains are considered both as
radiant and convective, and distributed to both the air node and to
the two surfaces’ groups nodes. External ambient conditions come
from the epw weather data [34].

As for 5R1C model of the ISO 13790 Standard, once all param-
eters are calculated the linear system can be solved by fixing the
internal temperature or the thermal flux of the networks node.
Python programming language provides several efficient linear
algebra libraries; EUReCA uses NumPy as the main package for
solving the linear system.

2.3. Overview of the remaining modules

The thermal zone model is the core of any Building Simulation
engine; however, the demand calculation is affected by several
other physical phenomena. Thus, the following additional modules
have been added to the EUReCA platform in order to improve the
accuracy of the simulation results: the latent heat demand, the
solar heat gains calculation, the air handling unit contribution and
the photovoltaic energy generation. A brief description of each
concept is provided.

The calculation of the building’s latent load is performed
implementing the vapour balance, considering the internal vapour
generation G,, the air flow rate entering the thermal zone G, at a
specific humidity ratio condition W; and the internal air
capacitance:

n

V‘

Digr=(To+Cu0;) (Gv+ > Gaj (W —Wy) _pZITI
j

(Wf—M“))

Eq. 16

Solar heat gains through the windows significantly influence the
cooling demand. For this reason, a detailed procedure for their
calculation was implemented. The model corrects the SHGC coef-
ficient of each window considering the angle of incidence of the
direct solar radiation and a set of characteristic curves for different
glaze typologies. U-values and Solar Heat Gain Coefficient at
normal incidence of windows are the only parameters required for
the calculation, based on a Lawrence Berkeley National Laboratory
(LBNL) model [36] and widely discussed in the previous work [25].

Both models described by Standards do not distinguish between
ventilation and infiltration losses, ignoring the effect of mechanical
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ventilation systems. Nevertheless, Air Handling Units (AHU) could
have a relevant impact on the energy demand, especially for non-
residential buildings. For this reason, an AHU module has been
added to the platform.

EUReCA also implements a module to evaluate photovoltaic
energy production, based on the well-known PVGIS platform [37].
The module requires as inputs: the site coordinates, the weather
and the photovoltaic field data. The electrical power produced by
the PV plant is calculated with the following equation considering
the total radiation on tilted surfaces TRTS, the module area A, the
module efficiency in standard conditions 7,,,, and the relative ef-
ficiency 7, based on radiation and module temperature in stan-
dard conditions. More detailed information is available in the
previous work [25] and in the PVGIS project website [38].

Py = TRTS Am NyomMrel Eq. 17

3. The case study districts

The analysis of the present research focuses on the uncertainty
regarding buildings’ data in city-scale scenarios, and how this can
affect the results with respect to the model accuracy. In order to
highlight the different level of knowledge between a limited
number of buildings to a large urban district, two different case-
studies have been considered in this work. The first consists of a
few buildings belonging to the University area of Padua, northern
Italy. Detailed data were available for the entire pool, which will be
referred as Piovego neighbourhood. The second one represents a
larger portion of the city of Padua, consisting of more than 500
buildings located near the historical center of the city and referred
to as Belzoni district. The Belzoni district was imported as a semantic
geo-referenced CityJSON file, containing a 3D representation of
each building belonging to the area, while Piovego neighbourhood
2D GeoJSON has been built up with a GIS project.

3.1. Description of the Piovego neighbourhood

The Piovego neighbourhood (Fig. 4) is made up of thirteen com-
plexes (nineteen buildings) located surrounding the Piovego river.
The area extends for about 0.1 km? and includes nine mixed offices
and educational complexes and four multi-storeys residential
apartment blocks. Most of them were built in the second half of the
twentieth century following the common techniques of the time.
The four housing units consist of approximately 12—16 dwellings
each. Table 1 shows some general buildings data.

As previously mentioned, buildings’ geometry and usage were
well-known, consequently the construction of advanced models in
EnergyPlus software of each building was done. The EnergyPlus
results were then used as a benchmark for the EUReCA testing
phase, but also allowed the creation of the district shapefile,
exported as a GeoJSON file afterwards. The georeferenced
description of the district has been built with the following
attributes:

- building id,

- name,

- height,

- number of stories,
- end-use,
age-class,
rh_gross,

rh_net.
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Fig. 4. 2D representation of Piovego neighbourhood.
Table 1
Generic information of the Piovego neighbourhood buildings.
Complex Main end-use Year built Footprint Total floor area
D Name — - [m?] (m?]
1 Educational Complex Piovego Classrooms 1993 819 3276
2 Complex A. Vallisneri Offices 1980 3865 30920
3 Complex of Mechanical Engineering Office Classrooms 1970 6403 15844
4 Psychology 1 Offices 1992 1248 8736
5 Psychology 2 Classrooms 1995 1066 7462
6 University Language Center Classrooms 2012 1196 8372
7 Department of Geosciences Classrooms Office 2008 2651 10604
8 Department of Industrial Engineering Offices 1966 4341 21705
9 Department of Computer Technology Engineering Offices 1970 1606 5268
10 Residential building north Houses 1970 298 894
11 Residential building east Houses 1970 375 1500
12 Residential building south Houses 1970 298 894
13 Residential building west Houses 1970 375 1500

The buildings height and number of stories allow the calculation
of the heated volume and the external walls area by extrusion of the
footprint, as described in Section 2.1. End-use and age-class labels
associate buildings to a particular operational schedule and enve-
lope archetype, respectively. The last two geometrical coefficients
are distinct multipliers of the heated volume (i.e., rh_net), and
external wall area (i.e., rh_gross). The external wall area and heated
volume of each building has been corrected to the real values by
means of these two coefficients. These geometrical corrections are

proposed to stress the impact of geometric data in the calculation of
heat load due to multiple geometrical approximations, caused
mainly by extrusion [39]. In order to consider internal walls, the
area of internal partitions has been considered as 2.5 times the

internal floor area, as indicated by Ref. [21].

3.2. Description of the Belzoni District

The Belzoni District (Fig. 5) is an extended neighbourhood of the
city of Padua located in the north-east city center. The area extends
for about 0.53 km? and includes approximately 580 buildings of

different type and shape. The area mainly consists of residential
buildings but holds many university structures used for both

teaching and research, as well as commercial buildings.
In this second case-study, a geo-referenced CityJSON file con-

taining a 3D representation of the district’s buildings was imported.
The input data has been made kindly available by the Department
of Land, Environment, Agriculture and Forestry (TESAF) of the
University of Padua and validated by Delft University of Technology
[40].

Due to the large number of examined buildings and limited
available input data, this case study was used to highlight capa-
bilities of the EUReCA platform, as well as the advantages of a
simplified dynamic approach when input data are limited.

The CityJSON file contains the following semantic attributes:

- 1d,
- end-use,
- age-class.

The number of stories is calculated as the ratio between the
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Fig. 5. (a) Graphical representation of the north of Italy. (b) Overview of the entire city of Padua with Belzoni district highlighted. (c) 3D representation and satellite image of Belzoni

District.

building height, derived from the geo-referenced file, and the single
floor height, defined by the user. Due to the poor available data,
end-use and age-class information was randomly associated with
the buildings based on the ISTAT 2011 census [41].

4. Methods

The analysis is subdivided in two parts, with different purposes.
The first part aims at studying the model performances and results
with respect to single buildings’ detailed simulations carried out
with the well-known software EnergyPlus. Piovego neighbourhood
has been chosen for this first scope, thanks to the high quality of the
available input data, and the low number of buildings. The second
part of the analysis focuses on a more realistic UBEM simulation,
carried out via the Belzoni district. As described in Section 3, the
main difference between the first and second case-study regards
the number of buildings.
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4.1. Simulations setup

The following Section describes in detail the boundary condi-
tions of the simulations (Subsection 4.1.1), the assumptions on the
Piovego neighbourhood (Subsection 4.1.2), and the assumption on
the Belzoni district (Subsection 4.1.3).

4.1.1. General boundary conditions

All the simulations have been carried out considering the
external conditions of the Venezia-Tessera Test Reference Year
(TRY) [34]. Weather data entering in the simulations are the
external dry bulb temperature, relative humidity, wind speed,
horizontal and beam solar radiation.

Heat gains and plant schedules have been set according to ISO
18523 [42] and EN 16798—1 [43] Standards, as function of the end-
use. Furthermore, 55% of the heat gains related to the people oc-
cupancy has been considered as sensible load. This is a common
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assumption for people in offices, whose heat gain is usually set to
65 W as sensible rate and 55 W as latent rate [44]. On the contrary,
lights and appliances sensible fraction covers the 100%, as specified
in the Standards. Moreover, all sensible loads have been considered
50% radiant and 50% convective. The radiative and convective
fractions of heat gains depend on the heat load typology (lights,
personal computers, people, etc.), but it has been set to 50%—50%
respectively as reference value according to ISO 13790 Standard.

4.1.2. Piovego neighbourhood simulation

The first set of simulations aims at comparing and testing
EUReCA results with single buildings’ simulation in EnergyPlus,
used as a benchmark. To this purpose, each building of the district
has been modeled in detail in EnergyPlus, exploiting the available
data. Building geometry has been sketched by means of cadastral
drawings, following classical thermal zoning concepts; the number
of thermal zones varies between 10 and 60 depending on the
building’s dimensions. Real buildings’ structures are known and set
in the simulations. Table 2 summarizes the U-values of the main
buildings’ stratigraphies and the window to wall ratio. Finally, each
thermal zone of the district has been associated with a specific set
of operational schedules of the ISO 18523 Standard [42], chosen
between: Office room, Office corridor, Lecture room of university,
Residential zone. Air Handling Units and ventilation flow rates have
been also introduced in non-residential buildings. A detailed
description of these schedules’ sets can be found in the Standard or
in Zarrella et al. [25]. The final result in terms of maximum occu-
pancy and nominal ventilation air changes is displayed in Table 2, as
well.

The Piovego neighbourhood Geo]SON dataset has been created to
be as equal as the EnergyPlus models, in order to test the two
thermal networks considering the same input conditions. Build-
ings’ geometry has been drawn throughout a GIS project, Fig. 4, and
has been extruded using the buildings’ height, as described in
Section 2.1. Rh_net and rh_gross coefficients have been used to force
EUReCA buildings’ volumes and external walls area to be equal to
the EnergyPlus models. Envelopes thermal properties, internal
gains, temperature setpoints and all the remaining operational
schedules have been set as equal as in EnergyPlus simulations.

4.1.3. Belzoni district simulation

As previously mentioned, Belzoni district has been modeled
through a CityJSON file, which contains 3D buildings’ geometry and
only three other attributes: ID, end-use and age-class. The Level of
Detail of the 3D semantic model is LOD1. As far as no real data on

Table 2
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building age-class and attribute is available, these attributes have
been randomly associated to the buildings considering the 2011
survey on buildings performed by the Italian National Institute of
Statistics, ISTAT [41]. In particular, concerning the age-class,
approximately 68% of the buildings were built before the Law of
March 30, 1976 [45], and only 4% were built after the Legislative
Decree 192/2005 [46], both regarding energy efficiency in build-
ings. The assumption on building age-classes are highlighted in
Table 3. The thermo-physical properties of envelopes have been set
with respect to the age-class, using the archetypes defined in a
previous work [22]. A brief descriptions of the roof and external
wall structures is provided in Table 3.

With respect to buildings end-use, in the municipality of Padua
around 94% of the existing buildings are categorized as residential.
The remaining 6% includes mainly commercial, educational and
office buildings [41]. Occupancy, internal heat gains, temperature
setpoint, plant availability, have been set considering EN 16798—1
[43] and ISO 18523 [42] and are summarized in Table 4.

The resulting dataset is a virtual case study based on real ge-
ometries and data. Considering the analysis of the previous dataset,
this district has been simulated with EUReCA using the 7R2C
thermal network.

4.2. Results analysis

The comparison of the outcomes of EUReCA with those of
EnergyPlus has been carried out at different levels for the Piovego
neighbourhood. Firstly, models have been compared considering
seasonal aggregated energy data, then thermal load profiles have
been analysed for a typical winter week (from Monday 22nd to
Sunday 28th January), a typical summer week (from Monday 24th
to Sunday 30th June) and a typical mid-season week (from Monday
12th to Sunday 18th March). In addition, two further parameters
have been evaluated to highlight the different thermal response
between simplified and detailed models. As indicated in the pre-
vious work [25], for the first operating hours, 5R1C model (ISO
13790 Standard) overestimates the heating and cooling load when
the plant is turned on after a long time. The 7R2C model (VDI 6007
Standard) shows better performances on thermal zone response,
that can be pointed out using the following indicators: the Coeffi-
cient of Variation of Root Mean Square Error calculated on the
weekly load profile, i.e. CV(RMSE) and calculated on the daily

load peak, CV(RMSE)

prof?

peak*

Thermal transmission values of the building’s structures, Window-To-Wall ratio, maximum occupancy and ventilation air changes for each building.

Complex U-values [W/(m?K)] Window to Wall ratio Maximum occupancy [px/ Ventilation air changes [1/
2

ID. Name External Ground Roof Window (-1 m]

wall floor

1 Educational Complex Piovego 0.69 0.44 0.31 2.50 0.21 0.68 22

2 Complex A. Vallisneri 0.58 0.26 0.33 3.30 0.39 0.58 0.9

3 Complex of Mechanical Engineering 1.18 2.98 1.51 3.00 0.30 0.59 0.7

4 Psychology 1 0.53 0.61 0.41 2.83 0.18 0.12 14

5 Psychology 2 0.52 0.67 0.40 2.17 0.28 0.63 1.2

6 University Language Center 0.38 0.41 0.24 1.10 0.27 0.63 1.2

7 Department of Geosciences 0.45 1.11 0.45 1.27 0.36 0.50 13

8 Department of Industrial Engineering 1.22 1.09 0.43 5.68 0.25 0.43 1.0

9 Department of Computer Technology 1.15 1.09 0.43 1.40 0.19 0.30 1.2

Engineering

10 Residential building north 1.16 0.84 1.07 2.56 0.14 0.02 0

11 Residential building east 1.27 0.84 1.07 2.56 0.15 0.02 0

12 Residential building south 1.27 0.84 1.07 2.56 0.14 0.02 0

13 Residential building west 1.27 0.84 1.07 2.56 0.15 0.02 0
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Table 3
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Age-class percentage to the total building number, envelopes properties of the Belzoni District [22], and TABULA reference ID [47].

Age-class Category  Percentage External wall Roof TABULA Comparison Age class
[%] U-value [W/(m? K)] Main Materials U-value [W/(m? K)]  Main Materials
Before ‘60 24% 1.05 Hollow bricks 135 Brick/concrete Italy 1946—1960
IT.MidClim.SFH.04
‘60 — ‘75 44% 0.98 Hollow bricks 1.35 Brick/concrete Italy 1961-1975
IT.MidClim.SFH.05
‘75 — ‘90 13% 0.67 Hollow 0.81 Brick/concrete Italy 1976—1990
Bricks/air cavity IT.MidClim.SFH.06
‘90 — ‘05 15% 0.54 Hollow bricks/air 0.52 Brick/concrete/insulation  Italy 1991-2005
cavity IT.MidClim.SFH.07
After ‘05 4% 0.30 Hollow bricks/insulation  0.33 Brick/concrete/insulation  Italy 2006 ...
IT.MidClim.SFH.08
Table 4

Percentage to the total building number and heat gains nominal values for the Belzoni District’s end-use categories.

End-use category Percentage Occupancy Appliances Lighting Infiltration Ventilation Reference Standard
- (%] [W/m?] [W/m?] [W/m?] [1/h] [m*/(s m?)]
Residential 94% 2.8 3 3 0.20 5e-4 EN 16798
Commercial 3% 13.1 40 30 0.20 2e-3 1SO 18523
Educational 2% 13.8 0 8 0.25 0 EN 16798
Office 1% 47 12 12 0.20 8e-4 EN 16798
Thermal networks and methods were widely described in Section
Zh(yrth_yep,h)2 2.2.1 and 2.2.2. In order to highlight EUReCA performances and
CV(RMSE)pmf: _nh Eq. 18 apphcabﬂnt_y, the obtalped 51mul§tlon resglts are shown and
Yep compared in the following subsections considering the two case
studies separately.
2
Z ypeak_ypeak X .
d ““d epd 5.1. Piovego neighbourhood results
n
CV(RMSE) peqk = —eak Eq. 19
Yep For the first case study district, EnergyPlus results have been

The CV(RMSE)ps is the normalized RMSE calculated on the
entire heating or cooling load of the week, without considering the
hours when the plant is turned off; y,.; and ye, , are the thermal
loads at the time h, resulting from EUReCA and EnergyPlus model,
respectively; nh is the number of hours when the plant is switched
on and Y, is the average load of the reference profile obtained via
EnergyPlus. The CV(RMSE) is similar, but considers only the

ak

daily peaks of the winter and summer typical weeks: y; g

peak

eak
and ygp, i

for the generic d day. These parameters were applied to Piovego
neighbourhood buildings to evaluate both 5R1C and 7R2C thermal
networks.

For the Belzoni District, EUReCA results for a more relevant
UBEM scenario are shown and analysed. Heating and cooling de-
mands are aggregated per age-class and presented as percentage to
the total district heating and cooling demand. A distribution of the
energy demand of each end-use to the total of the district is not
shown due to the very low number of services and commercial
buildings. The specific heat demand per unit floor area of different
age-classes’ residential buildings is also compared to the well-
known TABULA-Episcope database [47].

Furthermore, the specific heating and cooling load for the two
reference weeks, winter and summer, has been averaged between
buildings of the same age-class or end-use, and analysed.

5. Results and discussion

The EUReCA platform includes two simplified models to eval-
uate the heating and cooling load demand in an urban perspective.
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considered as a benchmark in order to point out the characteristics
of the 7R2C model compared to the 5R1C network in the energy
simulation of each building. As previously mentioned, all input
parameters, such as schedules, window-to-wall ratio, external
walls’ area, and heated volume are set equal to the 5R1C, 7R2C and
EnergyPlus simulations.

In order to highlight the potential of the platform’s simplified
approach, the first analysed results are the annual heating and
cooling load demand for each building. Fig. 6 summarizes the total
and the specific heating and cooling energy need for the district’s
buildings. In accordance with the previous work [25], the difference
between the 5R1C and EnergyPlus models is limited both in heating
and cooling season. In the winter season, the deviation of the re-
sults is low, especially for those buildings with simple geometry,
and does not show a specific trend. For instance, for building Bd. 1
and Bd. 6 the three models behave similarly, resulting in 114 MWh
(EP), 116 MWh (5R1C) and 116 MWh (7R2C) for the building Bd. 1,
and 88 MWh (EP), 84 MWh (5R1C), 82 MWh (7R2C) for the building
Bd. 6. For the oldest buildings, EUReCA heating demand is slightly
higher than EnergyPlus. In building Bd. 8 the difference is 45 MWh
for the 5R1C model, while it reaches 84 MWh for the 7R2C model.
In the summer season, the simplified model tends to overestimate
the cooling load in almost all buildings, mainly due to the mutual
shadowing effect and the simplified dynamic approach. This holds
true especially for the most geometrically-complex buildings, i.e.
Bd. 2, Bd. 3 and Bd. 8, where the difference ranges between 7% and
20%. Specific energy demand (Fig. 6¢ and d) highlights the same
trend looking at the differences between the three models, EP, 5R1C
and 7R2C. In the heating season, residential buildings (Bd. 10—13)
result in a higher specific demand, that varies between 60 and
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Fig. 6. Total heating demand(a), total cooling demand (b), specific heating (c) and cooling (d) demand for the thirteen buildings.

80 kWh/m?. Non-residential buildings outcomes, instead, are lower
due to the significant internal heat gains. The only exception is Bd.
8, whose heating demand reaches 80 kWh/m? due to its age-class
and external wall area. The behaviour is opposite for the summer
season, where non-residential buildings (Bd. 1-9) display higher
specific cooling demands, between 30 and 40 kWh/m?.

In general, the 7R2C model slightly overestimates both the
heating and cooling demand in comparison to the 5R1C and
EnergyPlus model. This effect depends mostly on the building dy-
namic behaviour, which is differently considered between the two
simplified models.

Fig. 7 shows the load profiles during a typical winter (a) and
summer (b) week (from Monday 22nd to Wednesday 24th January
and from Monday 24th to Wednesday 26th June, respectively) both
for a non-residential building (Bd. 7), with a long period of plant
switching off during the weekend, and for a residential one (Bd. 12),
with an intermittent operation of the plant during the entire week.
Bd. 7 is a mixed offices-didactical building with many lecture rooms
on the first floor, built in the early 2000. Bd. 12 is a rectangular
apartment block consisting of 3 floors, 3 dwellings each, built
around 1970.

In particular, Fig. 7a shows that the heating load demand
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required by the Bd. 7 on Monday is much higher with the 5R1C
model (green line) with respect to the other two models, when the
plant is switched on after the weekend. In the following two days,
however, the 7R2C model profile (red line) perfectly follows the
heating load profile estimated by the EnergyPlus model. On the
contrary, the 5R1C model tends to slightly overestimate the heating
load during the morning hours and to underestimate it during the
afternoon hours. In the long period, these effects involve a
compensation of the deviation on the heating load demand for the
5R1C model and an overestimation of the heating load demand for
the 7R2C model, with respect to the benchmark. This phenomenon
is less pronounced for the Bd. 12 because the plant is turned off for a
few hours Fig. 7b.

In the summer season (Fig. 7c and d), the cooling load profiles
calculated with the simplified models are less affected by this
phenomenon and more similar to each other, due to the number of
dependent variables (especially solar gains and latent load)
involved in the calculation of the cooling load demand. Neverthe-
less, the 7R2C load profiles seem to be closer to those of EnergyPlus,
especially during peaks.

To evaluate and better understand how these phenomena af-
fects the results, the specific CV(RMSE),; parameter has been
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Fig. 8. District CV(RMSE),,s for three weeks: (a) winter week, (b) mid-season week, (c) summer week.

calculated for each building in a typical winter, mid-season and
summer week (from Monday 22nd to Sunday 28th January, from
Monday 12th to Sunday 18th March and from Monday 24th to
Sunday 30th June). As pointed out in Fig. 8, the CV(RMSE) o5 value
of the 7R2C model in the winter season week is always lower than
that corresponding to the 5R1C model, especially for non-
residential buildings (from Bd. 1 to Bd. 9). The average reduction
in this season is around the 50% considering a two capacitances
model, moving for example from 0.74 to 0.34 for Bd. 6.

In the mid-season week, the CV(RMSE) . value is higher with
both models due to the lower average load. Nonetheless, the 7R2C
model involves a smaller error in this case as in the colder season.
The reduction in the 7R2C model with respect to the 5R1C model is
between 60% and 30%.

In the summer season week, as previously mentioned, this
phenomenon is less perceived. In fact, the difference between the
CV(RMSE),,s calculated with the two simplified models is on
average lower.
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In order to confirm the better accuracy of the 7R2C model
compared to the 5R1C one, Fig. 9 shows the CV(RMSE), value
calculated for the daily heating and cooling peak load in February
and July, respectively. It can be observed that, mostly in the winter
period, the 7R2C model make it possible to get a lower
CV(RMSE) yeqk, especially for non-residential buildings. The reduc-
tion is outstanding in Bd. 5 and 6, where this parameter results in
0.41 (Bd. 5) and 0.57 (Bd. 6) for the 5R1C model, while reaches 0.08
(Bd. 5) and 0.05 (Bd. 6) considering the 7R2C model.

A slight improvement is also found in the summer period. For
residential buildings (from Bd. 10 to Bd. 13), due to the different
operation of the plant, the improvement is not clearly visible.

Concluding, the 5R1C model reaches better performances in
predicting seasonal energy demand, but involves higher errors in
hourly trends. The thermal dynamic behaviour of buildings is, on
the contrary, well-predicted by the model with two thermal
capacitances.
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Fig. 10. Percentage of the district total area (a), heating demand (b) and cooling demand (c) to respect to the age class of buildings.

5.2. Belzoni District results

The results of the Belzoni district simulation consist in aggre-
gated seasonal demand, displayed in Subsection 5.2.1, and hourly
average trends, outlined in Subsection 5.2.2.

5.2.1. Aggregated energy results

Results of the simulation of the Belzoni District are shown in this
Section, presenting the outcomes of EUReCA for a bigger and more
relevant city district. Firstly, Fig. 10 summarizes the buildings’
heating and cooling demand distribution, divided by age-class.
Energy results are compared with the distribution of buildings’
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total floor area, which is mostly balanced with the random asso-
ciation used as input data in Table 3. Looking at the winter season, it
can be seen the higher weight of the oldest buildings. Buildings
built before the ‘60s represent 21% of the total district area, but
their heating demand is higher, with 26% of the all district. Similar
for buildings built from the ‘60s to the ‘80s, whose heating demand
is 47% of the total value, with a corresponding 43% district area. The
heating demand for buildings with less than 30 years is 18%, even if
the total area they cover is approximately 28%. The trend for the
cooling demand is similar to the heating one. Buildings built before
the ‘80 impact for the 70% (22% before ‘60, 48% between 1960 and
1980), while a percentage of 21% corresponds to buildings erected
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Comparison between EUReCA heating energy need of residential buildings and TABULA [47] Single Family House (SFH), Terrace House (TH), Multi-family House (MFH) and

Apartment Block (AB).

Age-class EUReCA TABULA SFH TABULA TH TABULA MFH TABULA AB
[kWh/(m? y)] [kWh/(m? y)] [kWh/(m? y)] [kWh/(m? y)] [kWh/(m? y)]

<1960 124 135 110 107 104
1960—-1980 107 141 119 105 99

1980—1990 103 97 90 88 70

1990—2005 68 82 81 75 70

>2005 52 66 67 58 53

after 1990. House (SFH) and Apartment block (AB). As it can be seen, EUReCA

These results represent approximately the Italian building stock
data. To prove this statement, Table 5 summarizes the average
annual heating demand calculated by EUReCA simulation and the
values reported in TABULA for Italy [47], which is a well-known
project aiming at the European building stock characterization. As
far as TABULA gives data only for residential buildings, the com-
parison comprehends only residential end-use. TABULA age-classes
and their reference code are listed in Table 3. EUReCA specific
heating energy need is included between TABULA’s Single-Family
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results are in agreement with the reference values.

5.2.2. Aggregated hourly results

With the usage of dynamic models, the results analysis can go
beyond aggregated energy results. Fig. 11 shows the average hourly
profiles for different age classes (Fig. 11 a-b) and end-uses (Fig. 11 c-
d) during a typical winter week and summer week, weighted by the
buildings total floor area. Heating power for old buildings moves
between 35 W/m? and 50 W/m?, with a clear peak occurring
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Fig. 11. Percentage of the district total area (a), heating demand (b) and cooling demand (c) to respect to the age class of buildings.
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between 6:00 and 7:00 in the morning. Despite commercial, ser-
vices and tertiary sector area is limited, and their heating demand is
negligible, it is clear the effect of the plant switching on of non-
residential buildings. Moving from older to newer buildings the
profile trend decreases, resulting in an average load of 15—20 W/m?
for the most recent.

Profiles of the cooling season follow the typical summer shape,
with a gradual growth from the morning to the late afternoon,
when the peak occurs. The highest trend is the one associated with
buildings built up between 1960 and 1980, which overtakes the
load of the oldest age-class. The trend reduces after 1980 due to the
increased performance of windows in newer buildings, where the
increase in solar heat gains is highly mitigated.

Fig. 11 c-d show the average hourly load for the different end-
uses. The average specific heating load for residential buildings is
between 25 W/m? and 40 W/m?, while a morning peak load occurs
for the remaining end-uses due to the plant availability schedule.
Tertiary and Services building load reaches a specific daily peak
load of 150—200 W/m?, while commercial buildings are charac-
terized by a lower load due to higher internal gains. In the typical
summer week, results are opposite. The specific thermal load in-
creases, with a maximum around 115 W/m?, while residential
dwellings report low values. Tertiary and Services reach 40—65 W/
m? during the day.

In conclusion, the entire simulation runs, for this specific case
study, in more or less 20 min, with an average for the pre-
processing, building creation and buildings simulation of 2 s per
building. Simulation has been carried out on a desktop PC with a 6
cores 3.2 GHz CPU.

6. Conclusions

This work presents EUReCA, a new Urban Building Energy
Modelling platform aiming at simulating districts and urban areas
via lumped-parameter thermal networks. EUReCA is freely released
as supplementary material of the present publication. The article
presents a description of the modelling approach and a thorough
analysis of the results. Two different cases studies have been
investigated to test EUReCA on both a small and well-known set of
buildings, and a larger and more representative urban district,
geometrically modeled through a 2D georeferenced shapefile and a
3D City]SON, respectively. EUReCA relies on a modular structure,
which allows to simulating buildings with different models. In the
present version, EUReCA may use a 5R1C model where all building
surfaces are lumped into a single thermal capacitance, and a 7R2C
model that considers two distinct capacitances for adiabatic and
non-adiabatic surfaces.

In the first Section of the paper, detailed single-building simu-
lations carried out in EnergyPlus have been compared to those
obtained by EUReCA. Results show that, considering similar input
data, the difference between EUReCA and EnergyPlus in terms of
seasonal energy demand is very low regardless of the simplified
model considered. On the other hand, the 7R2C model presents a
better behaviour than the 5R1C model when the daily load profile is
analysed. Indeed, the 7R2C network reduces the CV(RMSE) on the
weekly load profile by more than 50%, with respect to the 5R1C
model. This difference is emphasized when considering only the
daily peak power, thus demonstrating the higher accuracy of the
two-capacitances network in modelling the buildings thermal
inertia.

EUReCA has been applied also to a wider city district that con-
sists in more than 500 buildings located in Padua (Italy). In this
case, the resulting energy needs are consistent with evidence
provided by the relevant scientific literature. For instance, the
outcome in the winter season ranges between 125 kWh/(m?y) and
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50 kWh/(m?y) depending on the building age. The simulation re-
sults show the potential of the proposed open-source UBEM for
city-wide simulations, due to its modular structure, its reliability
and low computation requirements.

This tool allows a comprehensive analysis of buildings energy
consumption in urban areas at different scales. Buildings can be
easily classified considering many significant features, such as age-
class, end-use or building geometry.

In conclusion, EUReCA promotes the use of simplified and
computationally efficient models in UBEM research, as they pre-
serve the high level of accuracy guaranteed by hourly, dynamic
simulations.
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