POLITECNICO DI TORINO
Repository ISTITUZIONALE

Building energy modeling at neighborhood scale

Original
Building energy modeling at neighborhood scale / Mutani, Guglielmina; Todeschi, Valeria. - In: ENERGY EFFICIENCY. -
ISSN 1570-646X. - ELETTRONICO. - 13:5(2020), pp. 1-34. [10.1007/s12053-020-09882-4]

Availability:
This version is available at: 11583/2841016 since: 2020-08-02T11:14:51Z

Publisher:
Springer

Published
DOI:10.1007/s12053-020-09882-4

Terms of use:
openAccess

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

08 November 2022



Energy Efficiency
https://doi.org/10.1007/312053-020-09882-4

ORIGINAL ARTICLE

Building energy modeling at neighborhood scale

Guglielmina Mutani@® - Valeria Todeschi

Received: 21 October 2019 / Accepted: 30 June 2020
© The Author(s) 2020

Abstract The urban climate and outdoor air quality of
cities that have a positive thermal balance depending on
the thermal consumptions of buildings cause an increase of
the urban heat island and global warming effects. The aim
of this work has been to develop an energy balance using
the energy consumption data of the district heating net-
work. The here presented engineering energy model is at a
neighborhood scale, and the energy-use results have been
obtained from a heat balance of residential buildings, by
means of a quasi-steady state method, on a monthly basis.
The modeling approach also considers the characteristics
of the urban context that may have a significant effect on
its energy performance. The model includes a number of
urban variables, such as solar exposition and thermal radi-
ation lost to the sky of the built environment. This meth-
odology was applied to thirty-three 1 km x 1 km meshes in
the city of Turin, using the monthly energy consumption
data of three consecutive heating seasons. The results
showed that the model is accurate for old built areas; the
average error is 10% for buildings constructed before
1970, while the error reaches 20% for newer buildings.
The importance and originality of this study are related to
the fact that the energy balance is applied at neighborhood
scale and urban parameters are introduced with the support
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of a GIS tool. The resulting engineering models can be
applied as a decision support tool for citizens, public
administrations, and policy makers to evaluate the distri-
bution of energy consumptions and the relative GHG
emissions to promote a more sustainable urban environ-
ment. Future researches will be carried out with the aim of
introducing other urban variables into the model, such as
the canyon effect and the presence of vegetation.

Keywords Building energy balance - Engineering
model - Residential buildings - Neighborhood scale -
Urban variables - Georeferenced information

Introduction

New urban development is an opportunity to combat
climate change and to create new livable and energy
efficient urban areas in order to obtain better environmental
sustainability (Dogan and Reinhart 2017). Cities around
the world have begun to set targets for the reduction of
greenhouse gas (GHG) emissions in order to achieve low
environmental impacts and to address climate change
(Sokol et al. 2017). The energy consumption of buildings
has a significant impact on urban sustainability and climate
change, and these phenomena are more pronounced in
high-density urban contexts. Cities are responsible for
75% of GHG emissions, and the building and transport
sectors are the main contributors (UNEP 2018). In recent
years, the obtained data have showed that global energy-
related carbon dioxide (CO,) emissions rose in 2018,
increasing by 1.7%, following a 1.6% increase in 2017
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from the previous year. The building sector accounted for
about 28% of the total energy-related CO, emissions, and
buildings will play a central role in the transition to clean
energy (IEA 2019).

In Italy and in most European countries, energy
policies are focused on two prior actions to reduce
energy consumption and GHG emissions: an improve-
ment in energy efficiency and an exploitation of the
available renewable energy sources (Mutani and
Todeschi 2018). In order to achieve energy sustainabil-
ity in urban contexts, a number of solutions may be
adopted, such as the distribution of heat through a
district heating network (DHN), the use of building
envelopes and urban spaces to produce energy from
renewable sources, and a mix of user types with a
different daily energy load in the same areas. The lim-
ited availability of renewable energy sources (RES) in
urban contexts leads to the need for a combination of
these solutions, with strategies to reduce, manage, and
monitor energy uses (Mutani et al. 2018b). The balance
of energy demand and supply should be at the smallest
scale possible: at a building, block of buildings, or
district scale rather than at an urban or territorial scale
(Mutani and Todeschi 2017). However, there is no one-
solution strategy in energy planning at an urban or
territorial scale because each and every city, built envi-
ronment and population is different.

Energy consumption models can be of help in de-
scribing the use of energy and GHG emissions in a real
context, and they can take into account cultural differ-
ences that may influence the choice of energy
retrofitting measures or the use of RES. These models
can also be used to evaluate future scenarios and the
impact of potential retrofitting measures as well as to
identify the critical areas where a priority of interven-
tions is required (Mutani et al. 2018a). The energy
performance of buildings is influenced by several fac-
tors, such as the building shape and their typological
characteristics, the heating and cooling system efficien-
cies, the type of users, and the behavior of the people
therein, but also by the urban context and the local
microclimate (Lauzet et al. 2019). The Urban-Scale
Energy Modeling (USEM) is fundamental to simulate
energy consumption at urban scale taking into account
not only characteristics at building level but also the
built-up urban context (Mutani and Todeschi 2019).
USEMs usually utilize three approaches: top-down, bot-
tom-up, and hybrid (Li et al. 2017; Carozza et al. 2017),
and, in general, it is possible to identify a reliable energy
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model if the input database is accurate and complete and
if the results can be compared with wide-ranging data on
measured energy consumptions to validate the model
(Reinhart and Cerezo 2016). The main problem of these
models at an urban scale is that they need to manage a
large number of data which may have different levels of
accuracy and scales (to describe the characteristics of all
the buildings and people throughout a territory); further-
more, they should also process data quickly (Ryan and
Sanquist 2012).

Geographic Information Systems (GIS) are able to
geo-reference all the information on energy-related var-
iables at a territorial scale, and they can play a key role in
the identification and application of energy models at an
urban scale (Nageler et al. 2017). GIS tools can also help
decision-makers and urban planners by offering them
the opportunity to visualize realistic and multilayer rep-
resentations of urban energy consumptions and spatio-
temporal parameters, as well as of performing qualita-
tive and quantitative analysis with different scenarios for
future smart and more sustainable cities (Alhamwi et al.
2017; Caputo and Pasetti 2017).

Literature review

In an urban context, the energy consumption of a build-
ing stock is affected by several factors, such as the
design of the built environment, the relationship be-
tween the buildings and open spaces, the type of mate-
rials used for the external surfaces, the socio-economic
characteristics of the population, the type of obstruc-
tions, and, naturally, the climate and microclimate con-
ditions (Delmastro et al. 2015; Martin et al. 2017;
Mutani et al. 2016). Since the relationship between
urban form and buildings affects the energy perfor-
mances, it is therefore possible to obtain a lower energy
demand by improving the morphology of the built en-
vironment (Gobakis and Kolokotsa 2017). The shape
and heights of buildings may affect their solar exposi-
tion, with consequences on the solar heat gains and the
energy produced by envelope-integrated photovoltaic
modules and solar collectors (Shi et al. 2017). The
spatial configuration of the built environment can be
described using three energy-related parameters: the
buildings “surface-to-volume” (S/V) ratio, the canyon
“height-to-width” (H/W) ratio, and the “main orientation
of the streets” (MOS); these parameters express the
compactness of the built environment and the type of



Energy Efficiency

the surrounding open spaces (Xu et al. 2019). Compact
urban configurations (with low S/V ratios) reduce the
heat exchanges between the buildings and the outdoor
environment but also reduce the solar heat gains. The
canyon H/W ratio describes the typical urban microcli-
mates around the buildings, with urban canyons having
a higher solar radiation absorption and consequently
higher air temperatures, lower wind speeds, and worse
air quality (Afiq et al. 2012). The MOS also influences
the solar absorption in an urban canyon, with limited
shade for an East-West orientation and more shade for a
North-South orientation. When an East-West orienta-
tion is not attainable, achieving high compactness, by
keeping the S/V ratio low, becomes an important low-
energy design strategy (Vartholomaios 2017; Mutani
etal. 2017).

Finally, USEMs also take into account the effects of
the building occupants on energy-use. Building energy-
use is affected by the behavior of the occupants
(Barbour et al. 2019), as they adjust the air temperature
set point, which results in different daily schedules of
the heating/cooling and electrical appliances (Ryan and
Sanquist 2012).

Research background and gap

The investigation of USEMs is a goal of many research
groups, and there are a number of simulation energy
tools and techniques (i.e., CitySim, UrbanSim “UCB”,
Urban Modeling Interface “UMI”) able to estimate
building stock energy demand considering urban cli-
mate and morphology (Bruse et al. 2015; Sola et al.
2018, 2019). As mentioned before, the problem of this
kind of tools is that they require a large amount of input
data and often some information are not available; in
addition, these energy models only consider a few of the
variables that influence consumption, especially as
regards the urban context (Li et al. 2004). However,
existing models and tools have limitations in
representing a realistic urban energy distribution able
to assess the energy performance at neighborhood scale
(Abbasabadi and Ashayeri 2019). In fact, the simulation
programs consist of an assemblage of different sub-
models (Sola et al. 2018) and are time-consuming pro-
cesses. Research should be dedicated to the construction
of an engineering model that considers several possible
factors to describe the urban environment, in order to
have a flexible, fast, and easy approach that may be
applied to different contexts.

In the following sub-sections, the following topics
have been investigated: the main existing urban-scale
energy simulation models and tools (“Energy-use
models and tools” section), tools used for mapping and
planning the distribution of energy consumption at dif-
ferent scales (“2D and 3D models for mapping energy
consumptions” section), the analysis of urban climate in
relation to energy performance of building to reduce
UHI effect and identifying effective energy policies
(“Urban heat island mitigation” section).

Energy-use models and tools

Following a few studies regarding approaches (top-
down, bottom-up, statistical), instruments (CityGML,
Rhino), and tools (CitySim, GIS, UMI) used to support
the creation of USEMs are reported.

Puglisi et al. (2016) described a method that could be
used to estimate the energy consumed for heating,
cooling, and domestic hot water, and created monthly
load profiles for residential dwellings. In particular, they
developed dynamic building energy performance
models that take into account the variability of the
climate conditions and the internal heat loads. The
methodology allowed the types of dwelling to be
grouped into 20 clusters, as a function of the building
and environmental characteristics. Roulet (2002) ana-
lyzed the energy balance by taking into account internal
and external temperature variations and through a utili-
zation factor of the dynamic effect of internal and solar
gains. The calculation method refers to ISO 13970
standards. The author evaluated the heat losses of a
building when heated at a constant internal temperature,
the internal and passive solar heat gains and the annual
heat required to maintain the comfort set-point temper-
ature in the building.

Chen et al. (2017) investigated the energy consump-
tion considering building characteristics and shading
buildings, shared walls, and weather conditions. They
introduced the CityBES tool to assess energy retrofit
analysis, identifying energy efficiency measures to im-
prove energy performance of a large number of build-
ings in cities. A bottom-up modeling approach for
urban-scale analysis was developed by Hedegaard
et al. (2019), and the district heating consumptions of
residential buildings were investigated using smart-
meter data, building characteristics, and climate
conditions. Their model was able to analyze the
demand response potential investigating how to reduce
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the peak. USEMs have to also take into consideration
the presence of vegetation and trees, which affect the
urban microclimate. Perera et al. (2018) propose an
approach that, with the use of CitySim tool, allows to
analyze the peak and the annual demand related to the
urban climate. They found that neglecting the urban
climate could cause a drop in power reliability.

2D and 3D models for mapping energy consumptions

The outputs of the urban-scale energy models allow to
visualize the distribution of energy consumption, iden-
tifying for example the most critical areas (high con-
sumption), and in these urban areas, the thermal comfort
conditions are scares compared to other ones. Below are
indicated some studies that, after the application of
USEMs, map energy consumption at territorial scale,
using for example 3D-city models.

Johansson et al. (2017) created an energy atlas of the
multifamily building stock in Sweden to enable estima-
tions of the costs, the effects on energy-use, and the
socio-economic features associated with possible reno-
vation strategies. The atlas was developed using extract,
transform, and load technology to aggregate information
on the energy building performance, ownership, reno-
vation status, and socio-economic characteristics of in-
habitants from various data sources. Belussi et al. (2017)
mapped the energy consumption of buildings, at an
urban scale, using a bottom-up and top-down method-
ology, which was based on information provided by an
open-source database on geometrical, morphological,
and typological characteristics (TABULA and Energy
Performance Certificates data). A statistical approach
was adopted, and the energy performances were calcu-
lated according to building characteristics (i.e., volume,
S/V, thermal transmittance). Also, Mutani and Todeschi
(2017) assessed the annual thermal consumption of
buildings applying a hybrid energy model. This model
uses a statistical approach to identify energy-dependent
urban-scale variables such as the period of construction
and on the compactness of the buildings.

More recently, Mutani et al. (2018a) and Boghetti
etal. (2019) compared various tools and models in order
to easily describe the distribution of energy consump-
tion at urban scale taking into account the characteristics
of the built-up environment. The energy consumptions
in some districts have been mapped with a 3D city
model using GIS tool. Sokol et al. (2017) introduced
an urban building energy modeling using a new
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Bayesian approach. Their model allows calibrating
building archetypes to model small residential and
commercial building stocks, and the results were
mapped using a 3D city model. Monteiro et al. (2017)
developed a 3D model, and the energy simulation was
made to identify the reference value for different
building types and estimate the total urban energy
consumption. Li et al. (2018) classified residential build-
ing archetypes developing a bottom-up energy model-
ing at district level. With the support of UMI, the distri-
bution of energy consumptions has been investigated at
territorial scale. The novelty of this approach was that
the building characteristics were collected using freely
available satellite images and the results.

Urban heat island mitigation

Since the increase in energy consumption of buildings
contribute to the growth of the urban heat island (UHI)
phenomenon (Mutani and Todeschi 2020), it is of ut-
most importance to estimate the real energy needs of the
building sector and its spatial distribution in order to
promote effective energy policies.

In order to effectively identify countermeasures to
reduce UHI effects, it is necessary to evaluate the factors
that influence the urban climate the most (Yang et al.
2015). Lun et al. (2013) presented some countermea-
sures against UHI effects, based on a 3D heat balance of
an urban space. The heat balance of an urban space is a
complicated system which involves various variables,
such as the wind characteristics, turbulent diffusion, and
the anthropogenic heat release. Lun et al. (2013) intro-
duced a new heat balance method that considers the heat
fluxes that enter and exit from the surfaces of a control
volume—for the central part of a city—and heat
generation and storage. In another research, Palme
et al. (2017) proposed a methodology to consider the
UHI effect in building performance simulations; they
identified the main urban and climatic parameters in
order to estimate the cooling demand of different types
of residential buildings. They also estimated the
uncertainty of building energy performances, due to
the effect of UHI; two of main factors that can
influence UHI are the wind direction and its velocity.
Perera et al. (2018) considered the influence of the urban
climate on the urban energy demand in an energy sys-
tem design process. They introduced a novel computa-
tional platform to combine an urban climate model with
a building simulation tool and an energy system
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optimization model. The results confirmed that the ur-
ban climate has a notable impact on the energy demand
and therefore on the design of an energy system.

Research objectives

This work presents a new urban energy top-down engi-
neering model that considers not only the characteristics
of buildings but also the urban context. The model has
been designed to use the energy balance equations at
building scale and applied them at neighborhood scale.
The here presented calculation method refers to the ISO
52016-1:2017, ISO 52017-1:2017, and ISO
13790:2008 standards, but it is applied to the neighbor-
hood scale. In particular, starting from the existing en-
ergy balance at building scale, a new engineering model
at district scale was described introducing urban data
and variables. An urban energy balance model—created
with the support of a GIS tool (ArcGIS 10.7)—is pre-
sented in this work, with reference to a case study of
Turin. The space heating energy consumptions of build-
ings have been estimated considering the thermal bal-
ance of the built environment for forty-eight 1 km %
1 km areas in the city of Turin. The top-down engineer-
ing model was validated considering the measured data,
the characteristics of the residential built environment in
each area, and their urban features.

The novelty of this urban energy model is that it adds
a number of variables to the energy balance of the built
environment to take into account the urban context:
thermal radiation lost to the sky of the built environment
was quantified through the use of the sky view factor
(SVF), and solar exposition was described considering
information pertaining to the main orientation of the
streets (MOS) and the relative height of the district with
respect to its surroundings (H/H,,,z). Other energy sim-
ulation tools (as CitySim) used different tools as
CityGML and Rhino, which are much more complex
and time consuming. Instead, the use of GIS tool is very
flexible consenting to manage data with different scales.
Since this model was created according to standard
balance equations, this makes the model flexible and
easily applicable to other contexts. The main data of
built environment are available for both urban and non-
urban territories within the technical maps using ArcGIS
10.7. If some input data are missing, it is possible to use
the standard data indicated in the regulations or in the
literature.

The paper is structured as follow: the third section
(“Materials and Methods” section) presents the method-
ology that was used to evaluate the energy balance of the
thermal energy consumptions of buildings at a district
scale, describes the data-input, and identifies the build-
ing and urban variables utilized to create the model. A
case study, to which the model was applied is then
presented in the “Case study” section. The results of
the application of the model to the city of Turin are
discussed in the “Results and discussion’ section, and
the conclusions and possible future developments of this
research are indicated in the “Results and discussion”
and “Conclusions” section.

Materials and methods

The presented methodology is an energy balance at
neighborhood scale of the thermal energy consumptions
of buildings connected to the DHN, in which the used
measured energy data refer to three heating seasons
(2012/2013, 2013/2014, and 2014/2015), and where
different characteristics of the buildings, starting from
the type of users, were considered. Monthly data about
the energy consumption of the buildings (for space
heating and domestic hot water) were provided for
forty-eight 1 km® meshes in the city of Turin by the Iren
DH Company (the local DH company). The energy
consumption model used in this work for space heating
and domestic hot water was set up considering the
energy balance indicated in the ISO EN 52016-1:2017
and ISO EN 52017-1:2017 standards for residential
buildings, and considering the following characteristics,
which were elaborated by means of a GIS tool (ArcGIS
10.7) at a building and district scale:

* Building characteristics (heated volume, type of
building, period of construction, S/V ratio, net floor
surface, opaque and transparent envelope type, and
area);

* Characteristics of the heating system (centralized or
autonomous system, system efficiencies, type of
energy vector);

* Climate and microclimate conditions (air tempera-
ture, air relative humidity, solar irradiance, heating
degree days), distinguishing between the average
monthly data for Turin and the monthly data of the
nearest weather station (WS) in order to characterize
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the microclimate of the different urban built-up
areas;

* Urban morphology (solar exposition, streets orien-
tation, and SVF).

The described model classifies residential buildings
according to the type of consumption (space heating
“H” or domestic hot water “H + DHW” consumptions).
The data provided by the Iren DH Company for each
mesh were divided into H consumption and H+ DHW
consumption. This distinction was made after having
analyzed the consumption data: the meshes in which
consumption was known in the summer months were
identified as H+ DHW, while the meshes in which
consumption was only known for the winter season
were classified as H.

Only residential buildings were considered in this
model. The percentage of residential buildings located
in each mesh was calculated, and this percentage was
applied to the total energy consumption data in order to
consider only the residential quota. This methodology
hypothesizes that, in each area of the city of Turin,
residential buildings will have a certain consumption
depending on the characteristics of the buildings, which
depend mainly on the age of construction, and on the
shape and orientation of the built context. Since the
main quota of energy consumption is due to residential
buildings, in this model, it is assumed that the other
buildings have a constant specific consumption
(Mutani and Todeschi 2017; Mutani et al. 2016).

To evaluate the distribution of the users related to the
quota connected to the DH, the following two parame-
ters were used:

* The percentages of residential, commercial, munic-
ipal, and industrial sectors; these values were calcu-
lated, using the Municipal Technical Map of Turin
with GIS tool through the information of buildings’
volume (net and gross), area, and number of floors
and type of users;

* The percentage of volumes connected to the DH;
this value was calculated using the data from DH
company (net volume) compared to the total volume
(from GIS database) of the area.

The period of construction was mainly before 1945,
1946-1970, and 1971-1990 (Mutani and Todeschi
2017), and the buildings’ shape was quite uniform, with
only large condominiums being connected to the DHN.
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The adopted approach is a “top-down engineering” or
hybrid model of the heat and mass flow balance which
may be used to predict thermal energy use at a district scale
on 1 km? sized meshes. The model is based on simplified
heat transfer equations and the introduction of a number of
urban variables that affect the thermal consumption of
buildings. In general, standards do not consider these
parameters, but this work has introduced them in order to
analyze how the orientation of the building and how the
relationship between a building and its surrounding context
influence the energy performances. For this reason, the
evaluation of the energy consumption models for space
heating and domestic hot water utilization was carried out
taking into account the variability of the external climatic
conditions, the characteristics of the residential buildings
and their surroundings, and the monthly data of energy
consumptions for the heated volumes of residential build-
ings in the 1 km? sized meshes. The heat and mass flows of
the thermodynamic system are presented in Fig. 1 with the
control surface and the main characteristics of the building
stock and the surroundings. The energy-related variables
that have not been used in this model have red dotted line;
these parameters will be inserted in future works.

The energy performances of buildings are mainly
influenced by the climatic and microclimatic conditions,
and the weather data (air temperature, relative humidity,
and solar radiation) associated with each mesh therefore
refer to both the average climatic data and the nearest
WS. The methodology described in this work was fo-
cused on obtaining the following monthly energy bal-
ance for space heating and domestic hot water produc-
tion for each homogeneous group of buildings:

e The thermal energy demand of the building enve-
lopes, with heat dispersion for transmission and
ventilation, and the solar and internal heat gains,
considering the thermal transmittance values of the
envelope, the air flow rate, the solar shadings, and
the internal heat gains;

e The energy supplied to the buildings, taking into
account the efficiency of space heating (H) and
domestic hot water (DHW) systems. The distribu-
tion losses of the DHN are not considered because
the energy meters are located near each building.
Then, the efficiency of the systems considers the
generation and utilization components, respectively
from the point of delivery of the building to the
distribution system and from the distribution system
to the emission system.
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Fig. 1 Scheme of heat and mass flows of the thermodynamic system of the building stock at a neighborhood scale with the control surface

(black line) between the building stock and the outdoor environment

The presented method (Fig. 2) involves the calcula-
tion of the energy demand of and supply to residential
buildings necessary to guarantee internal air temperature
comfort conditions at a temperature of 20 °C during the
heating season, and the annual domestic hot water de-
mand. This methodology adapts the energy balance
equations at a building scale, described by the ISO
52016-1:2017 standard (the thermal energy demand
for humidification and dehumidification is not consid-
ered), to the district scale for each 1 km? mesh of Turin,
taking into account the availability of the data at an
urban level. Therefore, some variables used in the ISO
52016-1:2017 standard were modified to describe the
phenomenon at a larger scale. Three urban variables (see
Fig. 2) were in particular added to the energy balance
equations at an urban scale: the SVF, the MOS, and
H/H,,,. These urban parameters were introduced in
order to evaluate the solar exposition and heat dispersion
of each mesh. Figure 2 shows the process from the data
input to the pre-processing to the simulation procedure:

*  Data input refers to the buildings, climate, and urban
morphology characteristics; Fig. 2 shows all the data
that should be considered to create the model, but only a
number of the indicated urban parameters (those indi-
cated with an “x”) were considered in this first work;

* In the pre-processing phase, the input data were
elaborated and associated to each mesh;

*  The simulation results were compared with the mea-
sured data, for validation purposes, and the model
was calibrated with a number of urban variables to
optimize the model and reduce the error.

In particular, the data input have been elaborated with
GIS tool (ArcGIS 10.7), and a database was created

using the municipal technical map, the territorial data-
base of the region, the socio-economic data (ISTAT
census database), the WS measurements (heating degree
days “HDD,” air temperature, relative humidity, solar
radiation), satellite images (Landsat 8) with a precision
of 30 m available from USGS website, a Digital Surface
Model (DSM) of Turin with a precision of 5 m provided
by Piedmont Region, and the monthly energy consump-
tion data provided by the Iren DH Company of Turin.

An iterative procedure was performed on Excel
spreadsheets (‘“Validation” in Fig. 2), in order to reduce
the error of the energy consumptions, using the follow-
ing quality measures:

* The error, E, is used to compare the results of the
model (forecast values) with the measured data;

»  The relative error Er and the absolute relative error
|Er|: Er is calculated by the difference between
measured and forecast value, divided by the mea-
sured value; |Er| is the measure of the prediction
accuracy of the model and is the absolute value of
the relative error;

«  The coefficient of determination (R°), which is a key
output to compare calculated and measured data,
was used as a guideline to establish the accuracy of
the model.

The joint use of these types of error allows to
take into account both the absolute values and the
percentage differences between calculated and
measured data but also to consider “acceptable”
higher percentage errors if the absolute consump-
tion value is very low.

In the last part of this work, to understand how the
urban form influences the energy consumption of resi-
dential buildings, some simulations were made using the
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Fig. 2 Flowchart of the methodology: data input (building data, climate data, and urban morphology data), pre-processing (mesh scale

data), and simulation (calibration and validation on each mesh)

variability of some urban variables: SVF and MOS. Four
scenarios were investigated considering different levels
of unfavorable and favorable conditions.

Description of the energy balance equations

This section describes the method used to calculate
the monthly energy balance for a group of residential
buildings, adapting the ISO 52016-1:2017 standard
that was drafted at building scale, for a district of
1 km? at neighborhood scale. In general, this standard
specifies calculation methods that can be used to
assess the sensible energy needs for space heating,
on the basis of monthly calculations at building scale.
This calculation method can be used for residential or
non-residential buildings and may be applied to
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buildings at the design stage, to new buildings after
construction, and to existing buildings in the use
phase. The novelty of the presented research is that
energy balance equations usually only consider one
building, then a number of urban parameters were
added to adapt the energy balance at neighborhood
scale (with the support of a GIS tool).

Equation 1 defines the monthly energy balance of the
building stock envelope, taking into account the total
heat transfer (Qy;,) and total heat gains (Q,,,) for space
heating under different climatic conditions (ISO 52016-
1:2017; ISO 13790:2008):

QH.nd = QH.ht_nH,gn'an

= (QH.tr + QH,ve)_nH,gn'(Qint + Qsol) (1)
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The total heat transfer (Qp,) is composed of
the sum of the heat transfer due to transmission
(Q,) and ventilation (Q,.), while the heat gains are
due to the internal (Q,,,) and solar (Q,,;) heat
components. The transmission heat transfer, be-
tween the heated space of the building stock and
the external environment, is driven by the differ-
ence between the air temperature inside the heated
buildings (7;) and the external air temperature (7).
T; was assumed constant—since this work intro-
duced a monthly model, and the temperature dur-
ing the day varies slightly, but on average always
remains constant—(20 °C). Two outdoor air tem-
perature values were considered for 7,: the average
monthly temperature of five WSs in the city of
Turin and the monthly air temperature of the
nearest WS in each mesh. Moreover, the utiliza-
tion factor (1)yg,) is a function of the heat flow
balance through the building envelope and the
thermal inertia of the building stock; it was eval-
uated for each month and for each mesh, accord-
ing to the internal heat capacity characteristics of
the building stock, considering the different pe-
riods of construction.

In this work, the construction characteristics of
the building stocks were assumed, in consideration
of the different periods of construction and the
geometric features of the buildings, as evaluated
with the support of a GIS tool using the municipal
technical map of the city.

Equations 2 and 3 describe the total heat loss as
a result of transmission and ventilation of the
building stock, respectively, and considering a uni-
form inside air temperature of 20 °C during the
heating season (7 is the number of hours) (ISO
52016-1:2017; ISO 13790:2008):

QHA,tr = HtV>aW'(Ti7T€)'T + {% F’”vk‘(/)nk}‘q—ile,op (2)
where

¢ The transmission heat transfer coefficient (Hy.4q)
was calculated considering the thermal transmit-
tance values (U) of the buildings for different con-
struction periods (before 1918, 1919-1945, 1946—
1960, 1961-1970, 1971-1980, 1981-1990, and
1991-2005) for each mesh using the percentage

quota per heated volume (Mutani and Pairona
2014; AA.VV. 2012; Mutani et al. 2020), the
opaque and transparent heat dispersing areas (A),
calculated by means of the GIS tool (with a constant
transparent area equal to 1/8 of the building floor
surface), and the unheated volumes of the attics and
cellars;

* The extra heat transfer, considering the thermal ra-
diation lost to the sky, depends on the form factor
between the building stock and the sky (¥, ) and on
the thermal radiation lost to the sky (®,):

Frp = Fsh,,,b.—lfcz‘m = (14+SVF,) /2. Hzom (2.1)
G = Ree-Ugp.hy.(Te=Ty) (2.2)

* The form factor F,; depends on the SVF of the
building stock and on the inclination, «, of the
control surface; SVF was calculated at the ground
level (SVF) for each mesh, and an average value of
SVF was then considered at the mid-height of the
buildings (considering an SVF of 1 at the building
roof level);

e The thermal radiation, &, ;, was calculated only
considering the control surface with a constant ex-
ternal thermal surface resistance (R,.), which is a
function of the outdoor air velocity, and an external
radiative heat transfer coefficient (%,), which is a
function of the control surface emissivity and of
the sky temperatures.

Moreover, in order to take into account the influence
of the direct solar radiation component, QOg,, Was
multiplied by the MOS value (Eq. 2.3) for zones with
low relative heights (///H,,, < 1) and with unfavorable
orientation of the streets (with MOS < 0.5), in order to
consider a non-optimal solar exposure and, as a result,
lower solar heat gains:

Qsal.op = {% (bsolﬁop,k } T (23)

where

(bsol‘op.k = Fsh,ab,op-Asol,op-]sul,op

= w. (1+SVFg)/Z-Asol,op~[sal,op
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< 1l and MOS < 0.5

H
MOS j
U
w = H
Lif >1 or MOS>0.5
Heayg

e 3 (MOS = 0 for a building axis with a North—South orientation and MOS = 1 for a building axis with a West—East orientation)

Asol,op = “sol,op~Rse~ Uop ~A0p

where

The shading reduction factor (Fy, 45 5,) is a function
of the external obstacles and is equal to the average
value of SVF at the mid-height of the buildings;

*  Solar irradiance (/;,,p) is the amount of incident
solar irradiance on the opaque envelope;

¢ The absorption coefficient (c,;0p,) of the opaque
envelope is supposed constant and depends on the
average color of the building walls;

e Thermal surface resistance (R,,) is a function of the
outdoor air velocity;

* The thermal transmittance of the opaque envelope
(U,p) depends on the different periods of
construction;

* The opaque envelope area (4,,) is calculated by
means of the GIS.

The total heat transfer (Qy,,) in Eq. 1 is also influ-
enced by the ventilation heat losses (QOp.):

QH,ve = Hve,adj-(Tj_Te).T (3)

where

nV
Hyeadi = py-C '{ZQVC' } = Pa-Ca- 3
,adj a~a T k a 3 00

where the value of the heat transfer coefficient resulting
from ventilation (,. 4 depends on the heat capacity of
the air per volume (p, . ¢,=1200 J/m*/K), on the air
flow rate volumes (g, ), or on the hourly air exchange
volumes (n).

Equations 4 and 5 describe the total heat gains (Q,,),
which are obtained by summing the internal heat gains
(Oiny) and the solar heat gains (Qsn,) (ISO 52016-
1:2017; ISO 13790:2008):

0, — {%qs,.,mk}.T — {5.294.5,-0.01577.5% }.7 (4

Qsal,»4= =w. {qubso/.w‘k}'T
¢.vnl‘w‘k = Fsh.nh‘w-Asol.w-Isol‘w = (1 + SVFg)/Z'Axnl.meLW (5)
Asoryw = gg,-(l—Fp).Aw

where
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e The internal heat gains, Q,,, are calculated consid-
ering the floor area of residential buildings and the
average area per dwelling (with the geometrical
characteristics of the building stock calculated by
means of the GIS and ISTAT census data for 2011).
The global value of the internal heat gains was
obtained for residential buildings with a net floor
area (Sy) less than or equal to 120 m? (UNI/TS
11300-1:2014 issued to implement the European
Directive 2002/91/CE);

* The solar heat gains, Qy,;,, were calculated by
multiplying the heat flow rate, due to the solar heat
sources, P, by w considering the solar exposition
(as mentioned above);

* The shading reduction factor, due to the external
obstructions (Fj, 0p.,), Was calculated considering
SVF;,

* The effective glazing area (A,;,) pertains to the
window area (A,,), the window frame factor (Fpr),
and the total solar energy transmittance of the
glasses (g,;) for the different construction periods
of the buildings.

The energy demand for domestic hot water (Qy) was
calculated according to Eq. 6 (ISO 52016-1:2017):

QW,nd — pW.CW. z Vw,i- (TerJ_T()) G Vw,i
= 1.067.5 + 36.67 (6)

where p,, and ¢,, are the density and the specific heat of
water, respectively; V,,; is the required daily volume of
hot water; (T,,.; —T,) is the difference between the hot
water supply temperature (assumed equal to 40 °C, with
reference to the standard condition (ISO 52017-1:2017))
and the incoming cold water temperature (assumed
equal to the annual air temperature); G is the number
of days of the considered calculation period (year)
which, in this case, was equal to 365 days; V,,; is the
required daily hot water volume as a function of the
average floor area per dwelling in each mesh; and for
residential buildings, V,, ; was obtained by the standard
(ISO 52017-1:2017) for apartments with net floor sur-
faces (S)) of between 50 and 200 m”.
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Table 1 Comparison between energy balance at building scale with the new model at neighborhood scale

Standard energy balance at building scale

New energy balance at neighborhood scale (mesh scale)

Eq.

The energy need Oy, and all terms of the energy balance refer
to a single residential building.

The transmission heat transfer coefficient (/1 ,4) is calculated
with thermal transmittances and heat-dispersing areas of the
building envelope.

The outdoor climatic variable (as the air temperature 7,) is the
monthly average value recorded locally.

The form factor between the building surfaces and the sky (). ;)
is calculated knowing the shading reduction factor Fy, ., and
the surface inclination.

The solar heat gains through the envelope elements (Qy,,) are
calculated knowing Fi, o, A, Ctgor,0ps Ugps a1 and F- of each
opaque and transparent surface.

The ventilation heat losses (Qy ) are calculated knowing the
air volume of buildings and the air flow rate of the type of
user (residential).

The internal heat gains (Q;,,) depends on the useful floor area
and on the type of user (residential).

The energy demand for domestic hot water (Qy) depends on
the required volume of hot water and the water temperature
gradient.

The energy supplied for space heating (Qy) and domestic hot
water (Qy) for each district depends on the energy needs and
the efficiency of the systems (7).

Op naand all terms of Eq. 1 refer to the residential buildings in a
neighborhood; the quota of residential buildings is calculated
by the percentage in volume.

H,. g5 1s calculated knowing the areas and the thermal
transmittances, by average values weighted on the volumes
of buildings of different construction periods.

For a district, T, is the monthly average value recorded by the
nearest WS; for the city, the average value is calculated
considering all WSs. The same applies to all other climatic
variables.

The form factor between the buildings and the sky (F,. ;) is
calculated with the average values of SVF on the envelope
surfaces (e.g., for the vertical walls at the mid-height of the
buildings).

The Fy;, o 1s equal to the average value of SVF on the envelope
surfaces multiplied by the solar exposition of the district w;,
the solar exposition w takes into account the height of the
buildings compared with their surroundings and their main
orientation. The envelope area is calculated with GIS, and for

Qso,ops Uops and g, an average value is utilized depending
by the period of construction.

The air volume and the air flow rate of all buildings are
calculated with GIS knowing the: gross volume of buildings,
envelope thickness, percentage of occupied volume, and
percentage of residential buildings in the districts.

;. 1s calculated with GIS knowing the: gross area of buildings,
envelope thickness, percentage of occupied volume, and
average floor area of dwellings.

QOw at depends on the: number of dwellings, average dwelling
floor area, percentage of DHW systems connected to the
DHN and the water temperature supplied by the aqueduct
(T, = average annual outdoor temperature of the air).

The efficiencies of the systems 7 were obtained by average
annual values weighted on the volumes of buildings of
different construction periods.

Eq. 1

Eq.2

Eqgs. 2,
22,3,
and 6

Eq. 2.1

Egs. 2.3
and 5

Eq. 3

Eq. 4

Eq. 7

Finally, the energy need (Qy s and Q,,,s) being
known, the annual average values of the system effi-
ciencies (1, and 7y) were used to quantify the energy
supplied for space heating (Q;) and domestic hot water
(Oy) for each district (for each 1 km? mesh):

[
7

0= (7)

To exclude the quota of non-residential energy con-
sumption, it was assumed that the non-residential users
have a constant specific consumption (in kWh/m?)
(Mutani and Todeschi 2017; Mutani et al. 2016); this
hypothesis can be considered acceptable since the con-
sumption provided by the Iren DH company is mainly
for residential buildings.

Theoretical backgrounds

In this sub-section the comparison between the standard
energy balance at building scale and the new energy
balance at neighborhood scale is explained in detail.
Referring to the energy balance equations for residential
buildings of the new model, the various variables intro-
duced in the neighborhood scale model are summarized
in Table 1.

Definition of the building characteristics
The thermo-physical and geometric parameters of the
buildings in the analyzed forty-eight 1 km? sized meshes

were characterized using information from the munici-
pal technical map of the city of Turin (2015), ISTAT
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census data (2011), European Standards, and data from
literature reviews (Mutani and Pairona 2014; AA.VV.
2012). Because of missing data or anomalies, only a
certain number of meshes were analyzed to create the
monthly energy models. The unused meshes were lacking
in data for a few months of the three considered seasons.
Therefore, of the original 48 meshes, only 33 were select-
ed, to avoid errors in the model due to a lack of data for
some months and/or due to the presence of erroneous data.

The following data were calculated for each mesh to
characterize the residential buildings connected to the
DHN. The geometrical data were calculated, with the
support of a GIS tool, using the attribute of a 2D foot-
print derived from the technical map provided by the
municipality of Turin. The territorial database was im-
plemented with other official information, such as the
characteristics of the territory (using the Digital Surface
Model “DSM”) and the distribution of the population
(ISTAT data, 2011).

Data concerning the typological characteristics
of the building

«  Net and gross heated volume [m’] of the buildings;

«  Net and gross floor surface [m?] of the buildings;
the net area was obtained by multiplying the gross
area by the f, coefficient as a function of a typical
wall thickness (d,,) of the construction period;

*  Heat transmission surfaces [m?] of the inferior or
ground slab, of the roof or the upper slab, and of the
vertical walls, but the walls adjacent to other heated
buildings were not considered in the calculation; a
transparent surface equal to 1/8 of the floor was
assumed for the windows, according to Mutani and
Pairona (2014); AA.VV. (2012);

*  Solar exposure and orientation; the MOS was eval-
uated considering an average value at a census sec-
tion scale (at a block of buildings scale);

*  Shadings elements, using the DSM of Turin and the
solar geometric radiation of the GIS;

*  Solar reflectance of the external outdoor surfaces
taken from satellite images (Mutani et al. 2019).

Data concerning the thermal and construction
characteristics of the building

e Thermal transmittance (W/m*/K) of the envelope; a
specific value was selected for each period of
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construction for all the heat transmission surfaces,
and an average value was associated to each district
(1 km?) considering the percentage distribution of
the buildings with different construction periods
(Mutani and Pairona 2014; AA.VV. 2012);

* Total solar transmittance (gg) of the transparent
envelope; only two values of go; were considered,
with reference to the standard (ISO 52016-1:2017):
for single glass and for double glass, the construc-
tion period and the maintenance level of the build-
ings were also taken into consideration;

o The solar radiation absorption coefficient (o) of
the opaque envelope was determined considering
the main color of the building envelope;

*  Emissivity (¢) of the envelope was assumed constant
for opaque and transparent elements;

* Reduction frame factor (Fr) of the windows was
supposed constant;

*  Thermal capacity (C,,) (kJ/m?/K) was determined as
a function of the construction period;

o System efficiencies (1) were determined for the dif-
ferent construction periods for the heating and do-
mestic hot water systems, considering the typical
centralized and autonomous systems that are con-
nected to the DHN (ISO 52017-1:2017; Mutani and
Pairona 2014; AA.VV. 2012).

Data concerning the use of the buildings

*  Type of use, the buildings were classified as residen-
tial, municipal, tertiary, or industrial (the municipal
and tertiary ones were further sub-categorized);

*  Type of ventilation, natural or mechanical;

*  Heating season period, which depends on the Italian
climatic zone;

» Internal heat gains (Q;,,), which depend on the use
of the of building types (ISO 52016-1:2017).

Definition of the microclimate conditions

The microclimate conditions are influenced to a great
extent by such environmental context factors as the
urban morphology, the solar exposition, the type of
materials of the outdoor spaces, and the presence of
vegetation and/or water. In this work, the data of five
WSs were used to evaluate how the urban characteristics
influenced the microclimate and the energy
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consumptions. Two models were elaborated: one to
consider the average climatic conditions of the whole
Turin area and the second to use the microclimatic
conditions registered by the nearest WS. Large varia-
tions in consumption, as a result of differences in the
microclimatic characteristics, were not expected for the
specific case study in Turin, as a result of the similar
urban contexts of the analyzed areas. As shown in
Fig. 3, the WSs data (air temperature) were very similar
even if, in the heating season 2013—14 with 1962 HDD
(WS: via della Consolata), a difference of 1 °C could
influence the energy consumption of about 10%. This
type of evaluation will be extended to smaller areas in
the city of Turin in which the variability in the micro-
climatic characteristics is more significant.

Data concerning the climate and microclimate
conditions

*  Monthly average values of the outdoor air temper-
ature (°C) taken from five WSs in Turin;

«  Monthly average solar irradiance [W/m*] on the
horizontal plane taken from the WSs in Turin.

Definition of the urban context characteristics

Each mesh was categorized by different urban context
characteristics; the variables were evaluated using a
municipal technical map (2015), ISTAT census data
(2011), remote satellite images (2015), and a DSM with
a precision of 5 m. A georeferenced territorial database
was created with the support of a GIS tool. The urban
morphology factors are shown hereafter, and in general,
average values were identified for each mesh:
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»  Sky view factor, SVF measures the visible portion of

the sky from a given location, and in this work, it
was used to describe the solar exposition and the
thermal radiation lost to the sky from the built envi-
ronment (Middel et al. 2018; Li et al. 2004). SVF
was calculated, with the support of the Relief Visu-
alization Toolbox software (Zaksek et al. 2011),
using the DSM of the city of Turin with an accuracy
of 5 m. SVF, was then calculated at the ground level,
and an average value of SVF was elaborated and
associated to each mesh with a GIS tool (Fig. 4). In
this work, the obtained SVF was used to quantify the
shading reduction factor (Fy;, ) resulting from ex-
ternal obstacles and the form factor (F,) between the
buildings and the sky. The SVF was considered at a
mid-height of the buildings (considering an SVF =
1 at the building roof level) and this value is constant
for each month of the year.

Albedo, Ay is the percentage of solar incident
irradiation reflected from a surface and it varies
according to the intrinsic characteristics of the ma-
terials (Dodoo et al. 2017; Mutani et al. 2019). In
this work, A,z was considered in order to take into
account how different materials used for the urban
surfaces can influence the microclimate in the sur-
rounding building context. The Ay was calculated
from remote sensing images (Landsat 8) referring to
November 2, 2015, at 10 a.m. with a percentage of
cloud cover of only 3.9%; three bands (a, o, and
«7) were used to predict the Ay;z (Liang 2000).
These data were assumed constant for each month
of the year.

Normalized difference vegetation index, NDVI, the
presence of vegetation was evaluated with the NDVI
using Landsat 8 satellite images (for November 2,
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Fig. 3 Distribution of the monthly WS air temperatures for the 2013/2014 season in the city of Turin (using data from five WSs)
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D Meshes (DH data scale)
SVF values (DSM)
1

(a) (b)
Fig. 4 a Distribution of the SVFy, ata ground level, for the city of Turin using a DSM with a precision of 5 m x 5 m; the mesh scale used in
this work is indicated on the map (1 km x 1 km size). b Zoom of mesh number 1296

2015, at 10 a.m.). NDVI is the difference between (which vegetation absorbs) which is obtained using
NIR (which vegetation reflects) and RED light the two relative bands (a, and «5) (Mutani et al.

Table 2 Parameters of urban design that affect the building energy demand

Variable Description Unit  References Calculated
Albedo Anie Angr 1s used to describe the characteristics - Liang (2000), Wei et al. (2016), v
of outdoor surfaces, and it is the percentage of Dodoo et al. (2017)

solar incident irradiation reflected by a surface
Building Coverage BCR ~ BCR is defined as the percentage of built area ~ m*m?® Mutani et al. (2016), Delmastro v

Ratio et al.
Building density  BD ~ BD is the ratio of the building volume to the m’m*>  (2015), Martin et al. (2017), v
sample area Wei et al. (2016), Streicher et al.
(2019)
Canyon effect H/W  The canyon effect can be measured by means m/m  Martin et al. (2017), Afiq et al. v
of'the aspect ratio, that is, the ratio between the (2012), Gobakis and Kolokotsa
height of the urban canyon and its width (2017)
Main orientation of MOS  The main orientation of buildings at an urban - Shi et al. (2017), Vartholomaios v
streets scale may be calculated using MOS (2017), Mutani et al. (2018a)
Normalized NDVI NDVI describes the presence of vegetation - Mutani et al. (2019), Mutani and v/
difference Todeschi (2020)
vegetation index
Relative height H/H,,; H/H,, describes the solar exposition in m/m  Mutani et al. (2016), Delmastro v
relation to the building heights etal.
(2015), Martin et al. (2017), Wei
et al. (2016), Shi et al. (2017)
Sky view factor SVF  SVF measures the portion of sky visible - Middel et al. (2018), Li et al. (2004) v
from a given location or point
Urban heat island ~ UHI ~ UHI is used to evaluate the factors that have - Palme et al. (2017), Perera et al. X
effect the most influence on the urban climate (2018)
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2019; Mutani and Todeschi 2020). The NDVI values
vary: low values are observed for barren rock and
sand areas or urban/built-up areas, with a value of
zero for water and high values for vegetation.

* Canyon effect, H/W, the canyon effect can be mea-
sured using the aspect ratio, that is, the ratio between
the height “H” of the urban canyon and its width
“W.” Street canyons are generally classified as ave-
nue canyons (H/W <0.5), regular street canyons
(H/W=1), or deep street canyons (H/W>2)
(Delmastro et al. 2015).

*  Relative height, H/H,,,, describes solar exposition in
relation to the height of the buildings.

*  Building coverage ratio (BCR) and building density
(BD); the BCR is defined as the percentage of built
area, and the BD is defined as the ratio of the
building volumes and the sample area (Wei et al.
2016; Streicher et al. 2019).

*  Main Orientation of Streets, MOS; Turin is mainly
East-South oriented, following the course of the Po
river and facing the hills. In this study, the main
orientation of the buildings was calculated consid-
ering the orientation of the streets. The optimal
condition of solar exposition is the East-West axis
(with MOS = 1), while the worst condition is the
North-South axis (MOS = 0).

Table 2 shows the main parameters that affect the
thermal energy consumption of buildings; a description
of each variable and the measurement unit are indicated.
Previous researches confirming that certain variables,
such as the climatic and microclimatic conditions, that
is, the parameters calculated in this study, can influence
energy consumption.

Case study

The city of Turin, in the Piedmont Region, is located in
the North-Western part of Italy; it is part of climate zone
E with 2648 HDD (according to UNI 10349-3:2016).
Averaging over the five WS considered, the HDD for
the three consecutive heating seasons analyzed are 2388
HDD for 2012/2013, 2028 HDD for 2013/2014, and
2054 HDD for 2014/2015. There are about 60,000
heated buildings, of which 45,000 are residential, and
the quota of heated gross volume is 232 Mm?>. The
residential sector is mainly made up of large and

compact condominiums; in fact, more than 24,000 res-
idential buildings (55%) have the S/V of less than
0.45 m! (average value for Turin=0.55 m ). The
57% of residential buildings was built before 1960,
80% of the buildings were built before 1970 (before
the first Italian Law 373/1976 on buildings energy sav-
ings), 15% of the residential buildings were built be-
tween 1970 and 2000, and only 2% was built after 2006.

This study has investigated residential buildings con-
nected to the Turin DHN, and the territorial analysis unit
was a 1 km? mesh. A total of 28,186 heated buildings
were analyzed in the 48 meshes, of which 78% (22,007)
was residential buildings. The main period of construc-
tion of the residential sector is between 1946 and 1970
(52%); 7% of the residential buildings was built before
1918; 19% was built between 1919 and 1945; 11%
between 1971 and 1980, and 10% after 1981 (only 2%
was built after 2006). The average S/V value is 0.54 m
and the median value is 0.44 m ; in general, the shapes
of the buildings are quite homogenous in the considered
areas. The residential buildings have a somewhat con-
stant height (/4,,,) of 18.5 m, and they are mainly large
condominiums with low S/V values. The occupancy
ratio of the residential buildings is close to 0.93, and
this value is typical of the residential sector. The quota
of DHW of the buildings connected to the DH network
is low, around 10%, and the percentage of buildings
connected to the DHN is on average 55%, but this value
varies a lot depending on the zone. Finally, some
meshes were excluded in this analysis (i.e., H/H +
DHW) because the type of energy consumption
changed in the analyzed period (only H in some seasons
and H+DHW in other seasons). Since the model is
based on the energy consumption of residential build-
ings connected to DH, the accuracy of the model will
depend on the number of buildings connected to the
DHN (see Appendixes 1 and 2). Figure 5 a and b show
the location of the 48 meshes analyzed in this work and
information about the types of energy consumption, the
nearest WS, and the different types of user at a district
scale; only the WSs in the built urban context of Turin
were considered. Figure 5 a shows the 15 yellow meshes
that were excluded from the analysis because they had
some season with only H and others with H+ DHW, 10
meshes with only H and 23 meshes with H+ DHW.
Figure 5 b shows the five WSs considered in this work:
it can be observed that, for some meshes, the nearest WS
does not describe the real weather conditions of the area
(the station is too far away). The average Turin weather
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| 1
] H+DHW
| HH+DHW

@® \Weather Stations
District Heating Network

(a)
Fig. 5 a Distribution of the 48 meshes (1 km?) and classification
of'the type of energy consumption: space heating “H” in red, space
heating and domestic hot water “H + DHW” in blue, “H” and/or
“H + DHW” in yellow (the identification code (ID) is inside the

data was also used to construct the model, and the result
of two models were compared to evaluate how the urban
characteristics influence the microclimate and the ener-
gy consumptions. The comparison of the two models
allows to understand how much the precision of the
models varies according to the climate and microclimate
characteristics.

Some assumptions have been made to create the
monthly energy use model at a neighborhood scale.
Most of Turin’s residential building stock was built
before 1970 (80%), and the structural characteristics of
the buildings are quite homogeneous. Therefore, it was
assumed, in this study, that the analyzed residential
buildings had certain factors in common (calculated
using the European standards in force):

* The gross heated volumes connected to the DHN
were calculated from the net volumes divided by
0.75, as specified by the DH company;

* The U was calculated for each mesh considering the
percentage of building volumes for each period of
construction, and an average value was identified by
distinguishing between transmittance vertical walls,
a transparent envelope, a floor with a basement
(with an adjustment factor for unconditioned spaces,
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by.fioor="0.8), and a ceiling with an unheated attic
and an uninsulated r0of (by. ;o0r= 0.9); in Table 3 the
data about the thermal transmittance for the different
periods of construction are reported;

* The f, coefficient, which was used to obtain the net
usable floor area from the gross area, was calculated
considering the construction period of the buildings;

* The thermal capacity was assumed constant, with
C,, =165 kJ/m*/K for buildings with no or external
thermal insulation, with a medium or heavy enve-
lope, and a greater number of floors than 3;

* The average color of the opaque envelope was con-
sidered to be an average one, that is, neither dark nor
clear, with a solar radiation absorption coefficient of
Qo1 = 0.6 and an emissivity € =0.9;

* The external surface heat resistance, R,,, was taken
as 0.04 m’K/W, considering that the contribution of
wind to the different areas in Turin is negligible
(about 1.4 m/s, according to UNI 10349:2016);

* The window area was calculated considering 1/8 of
the net floor area (according to the indications of the
Italian Hygienic Standards for buildings D. M. 5/7/
1975). The frame factor, F, was assumed constant
and equal to 0.8, and the total solar energy transmit-
tance values of the glasses, g, referring to single
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glass (g, = 0.85) or to double glass (gg;=0.75), took
into account the construction period of the buildings
and their level of maintenance;

« An air exchange rate of 7=0.5-0.3 h™' was as-
sumed for natural ventilation in residential build-
ings, depending on their construction period and
level of maintenance;

* The heating period for the city of Turin is from
October 15th to April 15th and covers a period of
183 days; the full months of October and April were
introduced into the model because the systems are
switched on before this date in order to have all the
heating systems active on the 15th of October; the
same procedure takes place for the shutdown: the
systems are gradually switched off from April 15th,
and the heating period is therefore generally longer;

* The average value of the usable floor area per dwell-
ing (Sy) was used to evaluate the domestic hot water
consumption of each mesh, and it was always less
than 200 m? (with an average value of 88 m);

* The internal heat gains were calculated for each
mesh, considering the average floor area per dwell-
ing as 3.9-5.2 W/m” (with an average value of
4.9 W/m?);

* The system efficiencies of the space heating and
domestic hot water were calculated for each mesh,
considering the connection to the DHN (in Table 3,
AA.VV.2012):

* For space heating systems: an average value was
calculated for the different construction periods as
“multi-unit housing” building classes; a typical
heating system was considered to consist of a radi-
ator emission system on uninsulated walls with a
climate control system, a vertical distribution system
with about 4 floors, and a heat exchanger as the
generation system; according to the period of con-
struction, the overall system efficiency was taken on
average equal to 0.67-0.81 taking into account that

the old boilers have been partially replaced with the
district heating heat exchangers (according to the
percentage of buildings connected to the DHN);

*  For domestic hot water: the overall system efficien-
cy of the systems was assumed to be about 0.60; the
percentage of buildings connected to the DHN for
this service was calculated for the consumption of
DHW.

Only 33 meshes with complete data on energy con-
sumption for H and DHW from October 2012 to Janu-
ary 2016 were selected to create the monthly energy
model. A consistent quota of residential buildings was
found in most of the meshes, and the model was there-
fore studied for this type of user as the percentage in
volume of the heated residential buildings in each mesh
was known (from Municipal Technical Map data). The
DH company supplied the monthly energy consumption
data for each mesh and the total of the heated volumes
connected to the district heating network. Two types of
energy balance models were created on the basis of the
type of consumption: group one had 23 meshes with
information on the space heating and domestic hot water
consumptions (H+ DHW) and group two was com-
posed of 10 meshes with only consumption information
for space heating (H). The data on energy consumption
were available for each mesh and for three consecutive
heating seasons: 2012/2013, 2013/2014, and
2014/2015. The meshes with low percentages of resi-
dential buildings, especially in the peripheral areas, may
yield less accurate energy performance results.

Characteristics of group 1 (consumption: H+ DHW)

The first group of meshes was divided into three ho-
mogenous groups of buildings, according to their period
of construction. In fact, the S/V of the residential build-

Table 3 U and 7y values for buildings with different periods of construction

Period <1918 1919-1945  1946-1960  1961-1970  1971-1980  1981-1990 1991-2005
Unindiorns W/m/K 4.85 4.75 4.40 4.90 4.57 3.80 2.15

Upoops WMZ/K 1.80 1.80 1.80 2.20 2.20 1.18 0.68

Uppetrr W/m*/K 145 135 1.18 1.13 1.04 0.78 0.70

Ustary W/mZ/K 1.75 1.58 1.23 1.30 121 1.95 0.80

1y (with gas boiler), % 67 67 (1961-76) 69 (1977-93) 75

1y (connected to DHN), % 78

79 (1961-76) 82 (1977-93) 84
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Table 4 Variability of the monthly energy balance models

NDVI

MOS ANIR

H/W

BCR

Level of maintenance (1-4)

NA%

Period

ID

SVF,

H/H e

m?/m>

0.29-0.56  0.92-1.02  0.34-0.53  0.34-0.53 0.1-0.13 0.08-0.18

0.20-0.43

2-4
2-4
34
34

0.47-0.76
0.43-0.61

<1960
1961-1970
1971-1990

H+ DHW/|—group 1

0.13-0.22
0.14-0.29

0.11-0.14
0.12-0.16

0.40-0.60

0.35-0.45
0.35-0.48

0.29-0.56

0.98-1.03

0.31-0.47
0.25-0.42
0.24-0.46

0.27-0.40
0.15-0.29
0.19-0.36

H + DHW|,—group 1

0.55-0.73
0.47-0.6

1.01-1.08
0.95-1.03

0.37-0.53
0.47-0.64

H + DHW|;—group 1

0.11-0.32

0.12-0.17

H—group 2

ings in these areas is somewhat constant, with an aver-
age value of 0.53 m ™' and a standard deviation of 0.07
(i.e., large condominiums). The energy-use model of the
residential buildings was analyzed considering the en-
ergy consumption of all the buildings and the proportion
of residential buildings (Res) connected to the DHN.

In general, the meshes showed a high percentage of
residential buildings (an average value of 72%), but
there were some meshes (ID 979, 1141, 1300, 1350,
1353, and 1403) that had a smaller percentage, and this
model could therefore be less accurate. The state of
maintenance of the buildings was generally good, with
higher values for new buildings, and the average U
values were higher for the meshes with older buildings.
Systems efficiency is about 72—75% depending on the
percentage of buildings connected to the DHN and the
different periods of construction. The BCR was higher
for the residential buildings built before 1960 than for
the buildings built later on, and the building density is in
general greater in the central historical urban area of
Turin. In addition, the H/W was also higher in the
meshes with buildings built before 1960, while the
H/H,,, was basically equal for all the built-up areas.
The SVF, was lower for the high-density areas and
higher in the areas with a lower BCR (ID 1296, 1350,
1403, 1404) and in zones with a high presence of
vegetation (high NDVI in ID: 979, 980).

Characteristics of group 2 (consumption: H)

The second homogenous group was composed of 10
meshes. In this case, due to the limited number of
meshes, no subdivisions were made for the building
construction periods, consequently the accuracy of this
model was lower.

In this group, residential buildings were mainly built
between 1961 and 1970 (6 meshes), the level of main-
tenance was more than sufficient, and the S/V was
similar, with an average value of 0.58 m ' and a stan-
dard deviation of 0.05. The percentage of residential
buildings was in general above 77% (median value),
with an average value of 69%; only three meshes (ID
1034, 1402, and 1405) had a lower percentage. As
already mentioned, the U and the systems efficiency
(=272%) depend on the period of construction. SVF,
was relatively constant, with an average value of 0.54.
The presence of vegetation was somewhat scarce, since
the analyzed areas are in a consolidated urban context.
Three meshes (ID 1031, 1032, and 1033) had a slightly
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Fig. 6 Monthly space heating and domestic hot water profile
(MWh/month) for the August 2014—August 2015 period: compar-
ison between the measured and the calculated consumptions for

high NDVI value because they are near a park or a green
area. The other urban variables showed that the areas
were densely built and the buildings had similar heights
(with H/H g of 1).

Table 4 describes the field of application of the
models according to the variability of the data. The
variability of the S/V, the level of maintenance (1 = very
bad, 4 = optimal), BCR, H/W, H/H .4, MOS, SVF g, Ay,
and NDVI are indicated for each group. It can be ob-
served that:

* The variability of BCR and Ay is low because the
urban context is consolidated and the territory is
densely built up;

*  H/W has a similar range for each group;

» The H/H,,, is close to 1, with the exception of the
“H+ DHW]|3” group (in which the buildings have
more solar gains);
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mesh “1350” in which the nearest WS “Politecnico” and the
average weather data were used

*  MOS has a less variability because most of the
blocks of buildings have a North-South orientation;

*  Meshes located in the peripheral areas have higher
SVF and NDVI values, due to the lower urban den-
sity and the greater presence of green areas and
parks.

These data were used in the model to evaluate how
energy consumption varies for different solar exposition
values (different SVF, H/H,,,,, and MOS). In general, the
homogeneous H groups show a lower EP than the H +
DHW groups, and the consumptions are lower in the
center of the city (high-density areas). As can be expect-
ed, decreasing values of BCR have been observed from
the center to the peripheral areas, while rising values can
be perceived for the SVF, and H/H,,,. With regard to
the MOS, the main streets in the historical center of
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Fig. 7 Monthly space heating and domestic hot water profile (MWh/month) for the June 2013—June 2014 period: comparison between the
measured and the calculated consumptions for mesh “1351” in which the nearest WS “Politecnico” and the average weather data were used
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Fig. 8 Monthly space heating and domestic hot water profile (MWh/month) for the July 2014—-July 2015 period: comparison between the
measured and the calculated consumptions for mesh “1296” in which the nearest WS “Politecnico” and the average weather data were used

Turin are about 30° from the North-South axis along the
Po River and face the hills (see Appendix 2).

Results and discussion

This section presents and discusses the results obtained
for each mesh from the application of the monthly
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energy balance models for the residential buildings.
The data are divided into two groups: group 1, referring
to the energy-use for H + DHW in 23 meshes, and group
2, referring to the energy-use for H in 10 meshes.

This results were obtained using the iterative
procedure on excel spreadsheets described in
Fig. 2. The model was improved by adapting the
input parameters to the measured values and
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Fig.9 Absolute relative errors |Er| applying the energy balance models at a district scale: a H+ DHW < 1960; b H+ DHW 1961-70; ¢ H +
DHW 1971-90; d H for all periods
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Fig. 10 a Absolute relative error with reference to the monthly energy balance model using data from the nearest WS. b Absolute relative
error with reference to the monthly energy balance model using the average Turin data

optimizing the errors (the relative error, the abso-
lute relative error, and the global relative error).
The iterative method has been refined starting
from the energy balance equations at building
scale and gradually introducing the variables that
characterized the groups of buildings in the differ-
ent districts. As this method was studied for resi-
dential buildings, the first meshes on which it was
tested were those with a very high percentage of
residential buildings. Therefore, for each construc-
tion period, the meshes with a percentage of resi-
dential buildings greater than 80% were selected
starting from group 2 H with the meshes of 1961—
1970: 1092, 1190, and 1297; then we moved to
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the meshes of 1971-80: 1031 and 1244. The same
procedure was implemented with group 1 H+
DHW. From the first tests, even with a very sim-
ple model, the monthly energy balance had a sim-
ilar trend to the one measured, and therefore, we
started to try to improve the model.

Besides, to refine on the precision of the model at
neighborhood scale, three urban parameters were also
added to the energy balance. The following steps de-
scribe the main phases for the definition of the model:

* Identification of the input data of the built environ-
ment. At first, data about the main characteristics of
the built environment were used for each mesh
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Fig. 11 The calculated energy consumption value on the x-axis were compared with the measured value on the y-axis: a the “H + DHW”

group and b the “H” group
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Fig. 12 Comparison of the 35
energy consumptions for different
solar exposition scenarios: (i)

SVF,=0.34 and MOS =0.35; (ii)
SVFz=0.73 and MOS = 0.35; (iii)
SVF,=0.34 and MOS =0.56; (iv)
SVFy=0.73 and MOS=0.56

=0.56

kWh/m?3/y with
SVF=0.73 and MOS

together with the calculation of the geometric vari-
ables with GIS tool; then, the buildings were
grouped for periods of construction, and therefore,
at each group, the characteristics of those buildings
have been associated with a weight equal to the
percentage quota in volume; many attempts have
been made to reduce model errors; for example,
entering the maintenance level to reduce the thermal
transmittance of the windows, but this evaluation

49

-7.6%

-10.9%

10 1S5 20 25 30 35
kWh/m3/y with SVF=0.34 and M0OS=0.35

To take into account the paths of the sun (and to
reduce errors), in the calculation of solar exposure,
the MOS and the H/H,,, have been added;
Comparison between the average climate data in the
city of Turin and the data of the nearest WS to each
mesh.

After identifying the main variables that affect

did not lead to a significant improvement of the
model;

Introduction of the SVF to describe the solar expo-
sition and the thermal radiation lost to the sky of the
built environment;

180

energy consumption, the model was optimized to
reduce errors. In this work, different types of
errors were considered: the relative, the absolute
relative, and the mean error were used to optimize
the model comparing the measured and calculated
values for each month and year. With the support

. 1085: main period of construction 1961-70
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Fig. 13 The energy consumption trends with the outdoor air temperature for two meshes with different construction periods and different
solar expositions: mesh no. 1300 (1919-1945 period) and mesh n0.1085 (1961-1970 period)
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of the iterative procedure on excel spreadsheets,
the errors were reduced by introducing new data
and urban variables. Since in almost all the
meshes the share of residential buildings connected
to the DHN is prevalent, a constant specific con-
sumption has been assumed for non-residential
buildings. For the industrial activity, only in three
meshes, there are high percentages of this activity:
1350, 1403, and 1402; this area is the industrial
zone called “Mirafiori.” From the analysis it has
emerged that:

* 29 meshes have consumption related to residential
users, with a high percentage of residential buildings
of on average 76%;

e In the meshes 979, 1034, 1141, 1300, 1353,
and 1405, there is a high percentage of munic-
ipal and commercial buildings; as already men-
tioned, the energy consumption for space
heating of commercial buildings was consid-
ered constant with an annual specific consump-
tion of 22-30 kWh/m?/y (Mutani and Todeschi
2017; Mutani et al. 2016);

e In the meshes 1350, 1402, and 1403, half of the
buildings are residential and the other half industrial;
mainly residential buildings are connected to the DHN
and, for the remaining industrial portion (i.e.,
Mirafiori), a constant specific consumption was used.

Figures 6, 7, and 8 show some examples of the
monthly consumptions for space heating and the domes-
tic hot water profile with reference to the following
meshes:

* 1350 (Fig. 6), for residential buildings built between
1946 and 1960;

* 1351 (Fig. 7), for residential buildings built between
1961 and 1970;

* 1296 (Fig. 8), for residential buildings built between
1971 and 1980.

In addition, the energy consumptions were compared
considering the average weather data from five WSs in
Turin (7,,,) and the weather data from the nearest WSs
(Tys)- The results show that the air temperatures, 7,,,, are
slightly higher than the average air temperatures, 7, in
Turin, and the results of the calculated energy consump-
tions in these cases are consequently higher. Finally, the

data regarding domestic hot water use are quite constant
in the spring/summer, but this energy consumption val-
ue depends on the number of buildings that have hot
water systems connected to the DHN in each mesh.

The absolute relative errors (|£,|) are reported in
Fig. 9; the | E,| was chosen to present the results because
it is more significant and the difference between the
monthly measured values and the calculated values
add up because they are always positive. In this work,
the absolute relative errors were considered not signifi-
cant when the energy consumptions were low. In order
to take into account any final balance adjustments of the
effective energy consumptions made by the DH compa-
ny, the global consumption was measured for the three
heating seasons and compared with the result of the
model (see Appendix 3).

In general, |E,| are variable between 4 and 17% but
higher values (i.e., meshes 979, 1190, and 1402) can be
observed when the number of building connected to the
DHN is very low (DH % and number of buildings).
Moreover, the meshes 1402 and 1403 have and high
percentage of industrial buildings and then the accuracy
of this model is lower. The E, and |E,| increased when
the T,,, was used, although no significant differences
were observed; in this case, the E,. 5,54, Was also limited.

The absolute relative errors of the model were
georeferenced at a mesh scale, as shown in Fig. 10 a
and b. As previously mentioned, there are no major error
differences between the model with the average Turin
air temperature data and the data from the nearest WS.
These results, which have similar errors, are due to the
fact that the analysis was made on large neighborhoods
of 1 km?® or maybe Turin is not a very large city.
Consequently, there are no high variations in air tem-
perature, due to the fact that the analyzed areas are all
urbanized, and there are therefore limited microclimatic
variations. If the errors are compared with the informa-
tion in Figs. 6, 7, 8, and 9, higher | E,| can be observed in
meshes with:

* A low percentage of buildings connected to the
DHN (meshes 1033, 1034, 1190, 1402);

* A low percentage of residential buildings (meshes
1141, 1034, and 1402); for example, there is a
significant quota of municipal buildings in mesh
1141;

* High values of NDVI (more green areas) and/or high
values of Albedo Ap;z (meshes 979, 1033, 1034,
1190);
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* High BCR (meshes 1034, 1086, 1190, 1298, 1353,
1402);

* Low SVF, (meshes 1033, 1034, 1141, 1244, 1297);

* Low values of H/H,,, (meshes 1033, 1034, 1141,
1190, 1402).

Mesh 979 was considered as a particular case be-
cause it is the only mesh with the majority of buildings
constructed during the 1981-1990 period. As not
enough data were available for this construction period,
it was not possible to optimize the model considering
this period. However, further evaluations could be made
with more data to understand whether and if so what
other urban parameters affect the energy consumption of
buildings built between 1981 and 1990.

Figure 11 refers to a comparison of the measured data
(y-axis) with the calculated data (x-axis). The global
consumptions (of three consecutive heating seasons)
are indicated for each mesh, and the H+ DHW group
(Fig. 11a) is distinguished from the H group (Fig. 10b).

Some simulations were conducted to understand how
the urban form influences the energy consumption of
residential buildings. Using the variability of the data
(Table 4), four scenarios were hypothesized considering
different levels of solar exposition: (i) unfavorable low
solar exposition, with an SVF of 0.34 and MOS of 0.35;
two intermediate conditions, with (ii) an SVF of 0.34
and MOS of 0.56, and (iii) an SVF of 0.73 and MOS of
0.35 (iv) favorable conditions with high solar exposi-
tion, with an SVF of 0.73 and MOS of 0.56.

The results of scenarios (ii), (iii), and (iv) are com-
pared in Fig. 12 with the most unfavorable scenario (i)
for all the H and H+ DHW groups. The results show
that the energy consumptions with the more favorable
conditions of solar exposition (scenario (iv)) decreased
by 10.9% compared with the most unfavorable condi-
tions (scenario (i)). These results are the average values
of the 33 analyzed meshes. Two examples of meshes
with buildings from different periods of construction are
compared in Fig. 13 with different solar expositions.
Again, in this case, the most unfavorable condition
(scenario (i)) was compared with the more favorable
solar expositions (scenarios (ii), (iii), and (iv)). The
results show a number of differences: there were lower
energy consumptions for the 1300 mesh with older
buildings, and the energy consumptions could be re-
duced by as much as 10.1% with better solar conditions,
while this difference was 8.4%.
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Conclusions

In this work, a simplified building-scale energy balance
has been adapted to an urban scale by introducing a
number of urban context variables calculated by means
of'a GIS. Therefore, a new model has been presented to
estimate the monthly energy consumption of the resi-
dential buildings stock, which also considers the urban
context as an energy-dependent variable. In order to
adapt the energy balance to an urban scale and to inves-
tigate how the urban form can influence energy con-
sumptions, a number of urban variables have been in-
troduced. Solar exposition and heat exchanges with the
external environment have been considered using the
SVF, the H/H,,,, and the MOS.

The results of this first investigation show that the
simplified, quasi-steady state heat balance can produce
good results at an urban scale, especially for areas with
old buildings, with absolute errors of only 4-17%. It is
to note that such results will be optimized in future
works, increasing the precision of the model. The meth-
odology has been verified using the H and DHW energy
consumption data for three consecutive heating seasons
(2012/2013, 2013/2014, and 2014/2015) from thirty-
three 1 km? meshes in the Turin urban context. In order
to take into account the climatic and microclimatic
conditions, energy consumptions have been compared,
considering the average weather data of five WSs in
Turin and the weather data that referred to the nearest
WS. The results have confirmed that the energy con-
sumptions in these areas also depend on the microcli-
mate, with better results being obtained for the nearest
WS: lower absolute relative errors were observed for the
nearest WS, but higher errors were observed when the
average weather conditions of the city were considered.
Some simulations have been made, using the applica-
tion field of the model, in which the SVF, H/H,,,, and
MOS values were modified in the energy balance model.
The obtained results confirm that solar exposure and
heat exchanges with the external environment have a
significant effect on energy consumptions. In particular,
in favorable conditions (high SVF, H/H,,,, and MOS
values), the energy consumption values were about 10%
lower than the unfavorable condition values.

Some considerations can be drawn, from the BCR,
Apnir, and NDVI maps, about the influence of the micro-
climate on the energy consumptions of buildings.
Warmer air temperatures have been observed in the
central areas of Turin, which have high BCR and low
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Apnig and NDVI. The monthly air temperature of the
coldest months was about 1.5 °C higher in these areas
than in the other areas, and the energy consumptions
were therefore lower. These aspects will be analyzed in
future work, where the UHI effect will also be
considered.

This monthly model has significant implications for
the understanding of how to identify effective energy
retrofit measures, considering the more critical areas.
Since the model is very flexible, it is also possible to
apply it to other large urban contexts, in order to obtain a
description of the energy situation, with monthly details.
In addition, the results of these models should help to
improve predictions of the impact of an urban context
on the energy consumption of buildings, and to intro-
duce a simple energy balance model for residential
buildings at a neighborhood scale. Furthermore, one of
the main objective of this model is to create a decision
support system for citizens, designers, and energy policy
makers. In particular, this model is purposely designed
(1) to draw up new neighborhoods by optimizing energy
performance of buildings according to urban character-
istics, and (ii) to identify the most effective efficiency
measure for the existing neighborhoods (e.g., thermal
insulation of the roofs, walls, windows, and boiler sub-
stitution, by evaluating the RES potential according to
energy consumption, building features, users, climate,
and microclimate conditions).

To optimize the monthly engineering model present-
ed, future developments of this research will introduce:

* New urban energy-related variables, such as the
impact of shading on the building stock with a
variable solar expositions during the year, the albedo
characteristics of outdoor surfaces, and the presence
of vegetation and water, which, as already men-
tioned, mitigate the microclimate.

* Some socio-economic variables that could be intro-
duced to evaluate the inhabitants’ behavior and their
attitude to energy-saving measures and to the use of
RES technologies.

* The distribution losses in the DHN will be explored
referring to existing grid models (Guelpa et al. 2018;
Badami and Fambri 2019).

Furthermore, if the data on buildings built after 1980
were available, this engineering model can be updated
for newer building stocks.
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Nomenclature—symbols and units A, area (m?); Ay near
infrared Albedo (-); b, correction factor for an uncondi-
tioned adjacent space (—); BCR, building coverage ratio (m?/
m?); C, effective heat capacity of a conditioned space
(thermal capacity) (J/K); ¢, specific heat capacity (J/kg/K);
d, layer/wall thickness (m); F, reduction factor (—); fi2, con-
version coefficient for the gross-net floor area (-); G,
number of days of the considered calculation period (-); g,
total solar energy transmittance (—); H, heat transfer coeffi-
cient (W/K); H/H,,,, relative height (m/m); H/W, canyon
effect (m/m); &, heat transfer surface coefficient (W/m%K);
I,,;, solar irradiance (W/m?); MOS, main orientation of the
streets (—); NDVI, normalized difference vegetation index
(-); O, energy (Wh); ¢,, volumetric airflow rate (m’/s); R,
thermal resistance (m’K/W); Su, heated floor area per
dwelling (m?); S/V, surface-to-volume ratio (m™’); SVF, sky
view factor (-); 7, air temperature (°C, K); U, thermal
transmittance (W/m%/K); V, volume (m?); «, solar radiation
absorption coefficient (-); € emissivity of a surface for
long-wave thermal radiation (—); , efficiency for space
heating and/or domestic hot water, utilization factor (-); p,
density (kg/m’); 7, number of hours (h); &, heat flow rate,

thermal power (W)

Nomenclature—subscripts a, air; adj, adjusted; avg, aver-
age; e, external; er,i, water supply; F, frame; £, floor; g,
ground; g/, glazing, glazed element; gn, gains; Az, heat
transfer; H, heating; H,nd, building needs for heating; ,
internal; inz, internal heat gains; m, mass-related; nd, needs;
o, incoming cold water; ob, obstacles; op, opaque; r, radia-
tive; se, external surface; sh, shading; sol, solar; #, trans-
mission; v, volume; ve, ventilation; W, water; w, window;
W,nd, building needs for domestic hot water
Nomenclature—acronyms DHN, district heating network;
DHW, domestic hot water; DSM, digital surface model;
GIS, geographic information system; #DD, heating degree
days; ID, identification code; /nd, industrial buildings; Mun,
municipal buildings; Res, residential buildings; RV7, Relief
Visualization Toolbox; Ter, tertiary buildings; UHI, urban
heat island; WS, weather station
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Appendix 1

Table 5 The main characteristics of the residential buildings for each mesh: number of buildings

ID n. of buildings Height Gross volume Net heated Occup. SV WS HDD,,, at Systems DHW DH
floor area 20 °C

- - m m’ m? - m¥m® - °C HH+DHW -

979 61 25 778,977 170,981 0.996 0.47 Politecnico 2020 H+DHW 0.15 0.76
980 355 16 1,487,602 323,856 0.972 0.59 Politecnico 2020 H+DHW 0.07 0.52
981 831 16 2,630,003 566,256 0.955 0.64 Politecnico 2020 H 0 0.06
1031 289 13 880,285 182,171 0.940 0.67 Politecnico 2020 H 0 0.37
1032 231 16 814,356 173,941 0.940 0.64 Politecnico 2020 H 0 0.25
1033 328 15 1,101,475 236,255 0.927 0.63 Politecnico 2020 H 0 0.39
1034 503 19 2,286,229 501,016 0.947 0.55 Politecnico 2020 H 0 0.26
1035 504 20 2,028,051 443,479 0.924 0.63 Alenia 2247 HH+DHW - 0.08
1084 696 15 2,383,332 517,538 0.944 0.66 Politecnico 2020 H+DHW 0.17 0.28
1085 1101 18 4,303,744 927,415 0.913 0.55 Politecnico 2020 H+DHW 0.11 0.31
1086 1151 18 4,577,622 994,452 0.894 0.56 Politecnico 2020 H+DHW 0.04 0.28
1087 1130 18 5,965,410 1,303,559  0.896 0.52 Politecnico 2020 H+DHW 0.04 0.35
1088 514 17 2,189,076 472,772 0.896 0.58 Alenia 2247 HH+DHW - 0.16
1137 579 17 2,619,391 568,605 0.938 0.61 Politecnico 2020 H+DHW 0.11 0.43
1138 646 20 4,347,995 961,787 0.944 0.53 Politecnico 2020 H+DHW 0.08 0.74
1139 1256 17 4,614,416 1,009,143 0.875 0.54 Politecnico 2020 H+DHW 0.12 0.40
1140 520 20 3,092,363 680,971 0.902 0.53 Politecnico 2020 H+DHW 0.06 0.75
1141 47 12 133,176 27,650 0.802 0.67 Unito 2173 H+DHW 0.09 1.00
1190 299 15 1,192,801 257,813 0.916 0.67 Politecnico 2020 H 0 0.05
1191 299 21 1,928,236 426,386 0.961 0.56 Unito 2173 H+DHW 0.18 0.47
1192 972 18 3,527,112 768,900 0.901 0.57 Unito 2173 H+DHW 0.05 0.42
1193 657 19 3,938,890 864,092 0.883 0.52 Unito 2173 H+DHW 0 0.83
1194 872 17 4,564,189 993,304 0.849 0.58 Unito 2173 H+DHW 0.03 0.36
1243 260 13 1,099,814 242,781 0.969 0.68 Alenia 2247 HH+DHW - 0.74
1244 441 21 2,838,723 628,869 0.962 0.58 Politecnico 2020 H 0 0.75
1245 648 20 3,411,347 752,001 0.897 0.5 Alenia 2247 HH+DHW - 0.53
1246 601 23 4,065,961 900,745 0.903 0.45 Alenia 2247 HH+DHW - 0.60
1247 835 19 4,912,352 1,073,438 0.929 0.52 Alenia 2247 HH+DHW - 0.21
1296 182 23 2,476,566 562,460 0.986 0.52 Unito 2173 H+DHW 0.11 1.00
1297 509 23 3,853,353 857,341 0.958 0.51 Politecnico 2020 H 0 0.64
1298 427 22 3,114,577 684,907 0.950 0.49 Unito 2173 H+DHW 0.24 0.99
1299 268 21 1,948,679 429,331 0.951 0.53 Alenia 2247 HH+DHW - 0.62
1300 498 20 3,313,597 730,623 0.954 0.54 Unito 2173 H+DHW 0.04 0.94
1349 48 21 643,329 144,982 0.959 0.56 R. Romoli 2237 HH+DHW — 0.28
1350 285 19 1,752,938 384,572 0.969 0.56 Unito 2173 H+DHW 0.13 0.59
1351 416 23 3,044,830 675,841 0.959 0.49 Unito 2173 H+DHW 0.30 0.73
1352 188 19 1,021,038 227,927 0.867 0.54 R.Romoli 2237 HH+DHW - 1.00
1353 385 19 2,016,594 444,106 0.909 0.57 Unito 2173 H+DHW 0.17 1.00
1402 62 17 560,364 122,177 0.988 0.49 Politecnico 2020 H 0 0.41
1403 238 24 1,622,449 362,241 0.971 0.52 Unito 2173 H+DHW 0.04 0.64
1404 314 23 2,477,181 547,498 0.984 0.56 Unito 2173 H+DHW 0.04 0.65
1405 358 18 1,873,163 412,634 0.941 0.55 Politecnico 2020 H 0 0.67
1406 48 23 488,953 108,116 0.923 0.53 Consolata 2106 HH+DHW - 1.00
1455 293 13 915,564 196,357 0.936 0.7 Consolata 2106 HH+DHW - 0.34
1456 212 20 1,572,295 347,018 0.977 0.61 Consolata 2106 HH+DHW - 0.67
1457 298 16 1,407,637 309,768 0.972 0.62 Consolata 2106 HH+DHW - 0.65
1458 352 17 1,580,813 347,434 0.948 0.61 Consolata 2106 HH+DHW - 0.33
1459 0 - - - - 0.63 Consolata 2106 HH+DHW - 0.00
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Table 5 provides information on the main characteristics
of residential buildings analyzed in the districts connect-
ed to the DH network at a mesh scale. The following are
indicated for each mesh: the number of buildings, the
average height, the heated gross volume, the usable area,
the occupancy, the average value of the S/V, the nearest

Appendix 2

To better understand the case study, some data and
variables are mapped in Figs. 14, 15, 16, and 17. These
figures show some of the urban variables and the energy
performances for each mesh in the DH area of Turin.
The color of the outline mesh specifies a homogeneous
group of residential buildings, on the basis of the energy
consumption types (H+DHW or H) and of the main
period of construction. Figure 14 a describes the quota
of residential buildings connected to the DHN

% RES buildings
connected to DH
0.05-0.06

0.07-0.37
[ 038-053
B 054-076
I 077-1.00

mogenous gropus

4 H+DHW, period < 1960

EH»D&W, period 1981-70
H+DHW, period 1871-80

DH. period 1946-80

District Heating Network
Census_Section

I Heated buildings

(a)

Fig. 14 a Identification of homogenous groups considering the
type of consumption, the main period of construction and the
percentage of residential buildings connected to the DHN. b

WS with the HDD, the type of DH system (for H or for
H+ DHW), and the percentage of heated residential
volumes connected to the DH

Tables 6 and 7 indicate the main input data that were
used to create the energy balance model for groups 1
“H+DHW” and 2 “H”.

(percentage value). The measured energy performances
(kWh/m*/y using the gross heated volume) of the dif-
ferent meshes can be observed in Fig. 14 b for the 2014—
2015 period. Figure 15 a and b show the values of the
NDVI and the Ay of the outdoor surfaces that were
calculated with the use of satellite images from Novem-
ber 2, 2015, at 10 a.m. Increasing values of NDVI and
Apr may be observed from the center to the peripheral
areas. Figs. 16 aand b and 17 a and b describe the urban
morphology with the use of factors such as the BCR, the
SVF,, the MOS, and the H/H,,

Vg

EP [kWh/m3/y]

2014-15

B 571-1451
14.52 -19.62
19.63-23.62
23.63-31.03

I 31.04-4089

y geﬁousg |:/|us

DH*DHW‘ period < 1960
H+DHW, period 1961-70
H+DHW, period 1971-90

{7, period 1046-80

District Heating Network

Census_Section

I Heated buildings

(b)

Distribution of the space heating and domestic hot water consump-
tions at a mesh scale for the 2014/15 period (Iren data)
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NDVI N
0.08-0.11

7 0.12-0.15
I o16-018
I 0.19-023
I 02¢-032

N H+DHW, period < 1960
§ 'Emnnw, period 1961-70
by H+DHW, period 1971-90
“{JH. period 1946-80
]

— District Heating Network

|____| Census_Section

B Heated buikiings

(a)

BCR
0.41-021
0.22-0.31
B 032-035
I 036-039
I o0s0-044 _

H+DHW, period < 1960
b H+DHW, period 1961-70

H+DHW, period 1971-90

~——— District Heating Network
| Census_Section
I Heated buikings

(a)

Fig. 16 a Building coverage ratio (BCR). b Sky view factor (SVF,)
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H+DHW, period < 1960
H+DHW, period 1961-70
H+DHW, period 1971-80
T JH period 1946.80
District Heating Network
Census_Section

I Heated buildings

(b)

SVF
0.34-0.40
041-049

B 050-0.55
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HYDHW, period < 1960
H+DHW, period 1961-70
H+DHW, period 1971-90
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mMos - '«‘?x%}; .

I 029-0.36

037-040 N

|, S
041-043 Ry
y h-ik ]

0.44 - 0.

-

R ?omogenous gropus

p H+DHW, period < 1960
i 'Emww‘ period 1961-70
NS5 HeDHW, period 1971-90

PRI A___JH. period 1946-80
- District Heating Network

Census_Section
I Heated buikdings

H_Havg < ‘% g

082 -
0.986-0.
1.00-
B 102-
.o

Toméﬁcnws gropus

LN [J#+0HwW. period < 1960
H+DHW, period 1961-70
H+DHW. period 1871-80

! ,‘{:H. period 1948-80

District Heating Network

Census_Section

Il Heated buildings

(@) S

Fig. 17 a Main orientation of the streets (MOS). b Relative height (i/H,,,,)
Appendix 3

consecutive 2012/2013, 2013/2014, and 2014/15
heating seasons. It can be observed that £, and |E,]
increased when the 7,,, was used.

Table 8 provides information on the different relative
errors comparing calculated and measured “H + DHW”
and “H” consumptions (kWh/m?/y) for the three

Table 8 Results of the application of the energy balance models at a neighborhood scale

H+DHW |E) (%)  E, (%) Ey gopar (%) 2012-2013 2013-2014 2014-2015 average 2012-2015 DH n.
build-
ngs

<1960  Tws Twe Tws Twg Tws Twe Measured H+DHW (kWh/im’/y) % -

1084  16% 14% 3% —4% -7% —11% 2574 25.03 26.81 25.86 28 696
1086 7% 10% 2% 8% -9% —3% 2347 23.05 2147 22.66 28 1151
1087 7% 8% 3% 5% —4% —2%  21.00 21.71 20.89 21.20 35 1130
1139 15% 18% 7% 14% 4% 10%  21.15 226 2351 2242 40 1256
1140 17% 24% 13% 22% 4% 11% 19.58 16.18 16.88 17.55 75 520
1141 10% 9% —4% 2% -17% -15%  13.01 19.46 27.68 20.05 100 47
1192 8% 10% -2% 4% —8% —2% 2197 2151 20.72 21.40 42 972
1193 10% 17% 10% 17% 2% 9% 16.13 15.52 14.51 15.39 83 657
1194 11% 11% 11% 9% 0% —1%  30.14 21.32 18.30 2325 36 872
1300 6% 1% -5% 1% -15% —-16%  21.82 18.18 17.38 19.13 94 498
1350 10% 12% 1% 7% —13% —8%  25.38 25.41 23.62 2481 59 285
1353 11% 10% -2% 3% -15% —15%  27.92 25.57 22.94 25.48 100 385
Average 11% 12% 3% 6% —6% —4%  22.28 21.30 21.23 21.60 60 706
1961-1970 Tws Twg Tws Twe Tws  Tug Measured H+DHW (kWh/m®ly) % -
1085 6% 5% 4% 1% 0% 4%  21.84 23.06 2221 2237 31 1101
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Table 8 (continued)

1137 10% 12% 7% -10% —19% —23% 26.22 22.56 22.73 23.84 43 579
980 9% 10% 2% —6% —22% —25% 45.74 65.64 31.03 4747 52 16
1298 14% 18% 8% 15% 0% 5% 19.08 19.74 22.34 20.39 99 427
1351 12% 10% —12% —8% —14% —10% 35.46 32.87 37.38 35.24 73 416
1138 7% 8% 5% 8% 6% —4% 23.02 18.61 19.54 20.39 74 646
1191 9% 6% —8% —2% —19% —14% 23.81 23.81 21.38 23.00 47 299
1404 4% 6% —3% —4% —14% —14% 21.56 24.75 21.12 22.47 65 314
Average 9% 9% —2% —1% —12% —11% 27.09 28.8 24.72 26.90 61 475
1971-1990 Tws Tae Tws Tovg Tws Tave Measured H+DHW (kWh/m3 y) % -
979 23% 23% —-6% —11% 26% 21% 691 18.73 22.62 16.08 76 61
1296 11% 9% —-11% —5% —31% —26% 19.23 18.53 40.89 26.22 100 182
1403 25% 20% —25% —20% —35% —30% 32.49 29.21 20.76 27.49 64 238
Average 20% 17% —14% —12% —13% —12% 19.54 22.15 28.09 23.26 80 160
H |E| (%)  E, (%) Ey giobar (%) 2012-2013 2013-2014 2014-2015  Average 2012- DH n
2015 buildings
- Tws Tog Tws Twe Tws Tuwg Measured H (kWh/m’ly) % -
981 10% 7% 10% 6% —9% —12% 20.23 25.59 20.48 22.10 6 831
1031 8% 11% —8% —11% —27% —30% 21.17 26.01 27.46 24.88 37 289
1032 12% 15% —12% —15% —23% —26% 14.90 21.22 22.61 19.58 25 231
1033 7% 8% 3% 6% 6% —4% 19.91 21.22 13.92 17.60 39 328
1034 15% 13% —15% —13% —26% —24% 32.49 18.98 22.11 29.86 26 503
1190 33% 35% —33% —35% —39% —41% 32.15 34.98 2541 28.30 5 299
1244 15% 12% —12% —6% —27% —22% 21.65 27.36 19.62 19.91 75 441
1297 15% 23% 15% 23% —1% 6% 25.72 18.45 21.04 23.88 64 509
1402 29% 31% 10% 18% —18% —12% 37.48 24.89 19.43 25.58 41 62
1405 16% 16% 14% 12% 0% 0% 9.93 19.83 8.71 17.23 67 358
Average 16% 17% —3% —2% —17% —16% 22.78 24.69 20.31 22.59 37 385

All the variables were indicated in the italic format
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