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Abstract. Public Authorities (PAs) need to define cross-cutting strategies for urban planning
including policies for sustainable and energy-efficient buildings and innovative urban solutions. The
article presents a decision support tool that combines an Urban Energy Environmental Model (UEEM)
and a Multi-Criteria Analysis (MCA) to support the development of sustainable local policies. The
UEEM, developed with a bottom-up approach incorporating energy and environmental items, provides
a representation of the performance of local urban areas and quantifies the impact of new interventions in
expansion areas. The UEEM is based on the definition of virtual archetypes built on the characteristics
of the area under consideration. 92 building archetypes and 40 urban archetypes are developed. The
energy performance of each building archetype is calculated with a dynamic simulation tool. The
environmental performance of urban areas (overheating risk and outdoor thermal comfort) is analysed
through a Grasshopper-based parametric model. In addition, soil permeability is calculated. The
UEEM results are aggregated into a single index using the MCA, providing a Municipal Rating Index
(MRI). The weights of the MCA are estimated through the Analytical Hierarchy Process (AHP) based
on a survey submitted to local stakeholders (municipalities, environmental associations, experts). The
model is applied to the province of Monza and Brianza in northern Italy.

Keywords: Urban planning, urban energy environmental model, multi-criteria analysis, analytical
hierarchical process.

1. Introduction
City planning has raised several environmental, social
and economic issues that Public Authorities (PAs)
have often tried to address with inadequate tools,
with the result that urban areas are often a collection
of environmental, social and economic problems [1].
To make them sustainable, it is necessary to develop
and to adopt new planning approaches that include
a multi-sectoral scope [2]. This requires a comprehen-
sive knowledge of the energy and material exchanges
that characterize the urban metabolism of cities or
urban areas [3] and the need of adequate tools to
quantify and analyse these flows for the formulation of
sustainable planning and policy recommendations [4].
Multidimensional approaches and specific methods
that can assess and summarise multiple aspects of ur-
ban planning can help to address these issues. Among
the several assessment methods applied [5], the Multi-
Criteria Analysis (MCA) has been widely used [6].
In [7], the authors describe a decision-making system
based on Multicriteria Decision Analysis (MCDA) to
support policy makers in defining resilient territorial
systems: the result is a single index that combines
seven indicators to identify the resilience class of mu-
nicipalities in Portugal. The MCDA to support the
sustainable development of cities, described in [8], is

based on a composite index that aggregates 35 energy
and environmental indicators. The results of these
studies have practical implications for the decision-
making process providing stakeholders with a tool
for defining policies developed starting from the real
needs of cities and/or urban areas. Such studies are
typically based on aggregated data for the represen-
tation of urban performance. This article combines
an Urban Energy and Environmental Model (UEEM)
developed in a previous research [9, 10] with an MCA,
developing an integrated Decision Support System
(DSS) for representing the performance of a local ur-
ban area. The proposed DSS quantifies the impact of
new interventions in expansion areas too. Considering
that UEEM is based on a bottom-up approach mov-
ing from the definition of specific virtual archetypes
(Figure 1) stated on information available to PAs and
statistical studies, the model provides an estimation of
the current energy performance of the building stock,
in terms of primary energy consumption and CO2
emissions, as well as the environmental characteristics
of the urban building fabric in terms of potential over-
heating. The method is used to evaluate the impact
of new neighbourhoods in a northern Italian province.
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Figure 1. Example of 3D model built from shapefile.

2. Materials and method
This study combines a UEEM and the MCA to sup-
port decision makers in the sustainable development
of new neighbourhoods. The UEEM method was
developed using a bottom-up approach, from single
components (buildings and neighbourhoods) to the
overall urban area. The twofold analysis is performed
by considering the available information from open-
source database, mostly from the regional territorial
information system, for the geometrical, morpholog-
ical and functional characterization of the building
stock and the surrounding urban areas. The UEEM is
applied for the representation of the energy and envi-
ronmental performance of urban areas. The outcomes
of the UEEM are managed by MCA for the definition
of an aggregated index called Municipal Rating Index
(MRI) for the identification areas suitable for new
sustainable urban development. The following section
presents the overall model and the case study.

2.1. Case study
The case study is the Province of Monza and Brianza,
with an area of 405 km2, located to the north-east
of the city of Milan in the Lombardy region, divided
into 55 municipalities with an anthropized soil ratio
of 41 %, due to the intensive residential and indus-
trial urbanization that has been going on since the
70s. The analysis uses open vector and raster data
retrieved from the geographic portal of Lombardy re-
gion [11]. The available vector data refer to building
properties, presence of vegetation and soil use through
the Corine Land Cover classification [12] implemented
by the regional map “Destinazione d’Uso dei Suoli
Agricoli e Forestali – Agricultural and forest land use”
(DUSAF) [13] for the year 2018 (version 6.0). Raster
data provide the buildings footprint at different time
periods (Regional Technical Map – CTR) [14]. Anal-
yses are also performed at sub-municipal level. In
this case, the boundaries of the Territorial Census
Sections (TCS) provided by ISTAT (National Insti-
tute of Statistics) are used [15]. The management
and processing of the georeferenced data is performed
with the GrassGIS software [16].

The MCA evaluation of the building expansion
policies of the municipalities is focused on the energy
and environmental performances and is based on the
intervention scenarios defined for the transformation
areas identified by each municipality. The following
aspects related to the transformation are considered:
• All design hypotheses comply with the predictions

and requirements of the municipal development
plans concerning urban parameters (building ty-
pology, height, distances, coverage ratio, etc.).

• The energy performance of the planned buildings
complies with the requirements of the current legis-
lation for near Zero Energy Buildings (nZEBs).

• For each planned building use, the shape of planned
buildings corresponds to the one most commonly
used after the last CTR recognition (2003 to date).

• Building footprint and vegetation soil coverage frac-
tion equals the Territorial Census Section-(TCS)
mean values of the municipalities which have the
same planned building use.

2.2. Energy and environmental models
The building stock is classified according to the fol-
lowing features:
• Building typologies: Residential, Office, School,

Commercial, Supermarket and Industry.
• Construction period: before 1976, 1976–1990, 1991–

2005, after 2005, considered as milestones in the
Italian legislation having affected the thermal and
energy performance of buildings over the years.

• Urban context: dense (distance between buildings
≤ 10 m), open (distance between buildings ≤ 20 m)
or isolated (distance between buildings > 20 m)
based on available local georeferenced data.
The granularity of buildings with residential use,

offices and schools is further enhanced, due to a more
accurate characterization of the building stock rep-
resentative of the areas considered in the case study.
Residential buildings are classified into four categories
(single family, detached house, multifamily building
and apartment block) with respect to predefined shape
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Intensity of
importance Definition Explanation

1 Equal importance Two attributes contribute equally to the objective
3 Moderate importance Experience and judgment slightly favour one over another
5 Strong importance Experience and judgment strongly favour one over another
7 Very strong importance An attribute is strongly favoured

9 Extreme importance The evidence favouring one attribute over another is of the
highest possible order of affirmation

2, 4, 6, 8 Intermediate values When compromise is needed

Table 1. Judgement scale proposed by Saaty [17].

ratio (S/V) threshold values: 0.38, 0.57 and 0.72. Of-
fices are classified depending on the number of floors:
≤ 2 floors for “low-rise”, > 2 floors for “medium-rise”.
Finally schools are identified based on their location:
“compact” in a dense area or large and “isolated” in
the suburbs. By combining all the features, a matrix
of 92 archetypes is defined. Each reference building
is then characterized by the performance of the en-
velope, HVAC, energy carriers and occupancy profile
found in standard references or EU projects. The pri-
mary energy consumption [kWh] and CO2 emissions
[kg CO2] of the archetypes, expressed per square meter
of building area, are calculated using the EnergyPlus
simulation tool and its interface DesignBuilder®, in-
cluding heating, cooling, domestic hot water produc-
tion, lighting and ventilation energy services. Finally,
the archetypes are applied to the existing buildings
and aggregated at different spatial scales: building,
TCS, municipality and aggregation of municipalities
scale. The aggregations provide a comprehensive and
structured knowledge of the performance of the area.
Starting from the building level, the aggregation of
data is done with the weighted average of KPIs (Key
Performance Indicators) within a given area.

The environmental model assesses the overheating
risk and the permeability of the area. The urban
area is classified according to the land use typology
defined by DUSAF. The parameters used to character-
ize the areas are defined in accordance with the Urban
Weather Generator (UWG) engine [18], which con-
siders both building morphology and the land cover
characteristics. In relation to the overheating assess-
ment performed with the UWG tool analysis, the
urban areas warmer than 1.80 °C compared to the
reference rural areas are considered “overheated”.

The permeability is assessed starting from the Veg-
etation Coverage Ratio (VCR), assigning an aver-
age runoff coefficient to each census area defined by
DUSAF. As a reference, runoff coefficients are defined
by the American Society of Civil Engineer and the
Water Environment Federation, calculated for return
periods of 10 years or less and corresponding to the
main characteristics of the area [19]. For each rural
typology area, excluding water bodies, the value 0.15

has been taken as a reference. For anthropized areas,
runoff index is determined by a linear interpolation
between 0.15 and 1.00 in proportion to the mean VCR
value of the class (from 100 % to 0 %).

Finally, the maps of overheated areas and the runoff
index are rasterized at high resolution (0.75 m/px) to
allow the calculation of the environmental KPIs at the
municipality level: the ratio between non-overheated
areas and municipality area (overheating risk) and the
mean runoff index (permeability).

2.3. Multi-Criteria Analysis
MCA is used to identify and compare different pol-
icy options and assess their effects and impacts. In
this study, the MCA is applied to identify the most
suitable areas for new urban development. combining
the scores of different indicators into a single munic-
ipal index, Moreover, the index is used to evaluate
the impact of new urban settlements with respect to
the baseline scenario. The Analytic Hierarchy Pro-
cess (AHP) is the method used to develop the MCDA
system [20]. This method consists of decomposing
a problem into a hierarchy and comparing the at-
tributes, two at a time, with respect to their effect on
the other attributes. Seven criteria concerning energy
and environmental performance of each municipality
were considered in the analysis:
(1.) Building Energy Consumption;
(2.) Anthropogenic CO2 Emissions (buildings and

transport);
(3.) Urban Overheating;
(4.) Soil Imperviousness;
(5.) Soil Consumption;
(6.) Areas of Environmental Interest;
(7.) Areas of Agricultural Interest.

The criteria are compared to measure their relative
importance with respect to the main goal based on
the following question: “How important is attribute
A with respect to attribute B?”. The comparison is
made using the nine-points judgment scale reported
in Table 1. Each criterion is scaled on a five-point
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Figure 2. Example of a KPI assessment for energy and environmental analysis. In ex-ante and ex-post analysis, the
more colourful the municipality, the worse the performance.

scale with a min-max procedure. Intermediate values
are not considered.

A number of stakeholders participate together in the
decision-making process and in this case four groups
were involved:
• Province’s Employees (P).
• Mayors and Technicians from involved Municipali-

ties (M).
• Scientists involved in energy and environmental

research (S).
• Professional Associations (A).

A questionnaire is submitted to each stakeholder
group reporting the pairwise comparison of the indi-
cators.

The analysis of the completed questionnaires led to
the calculation of the weight of each group followed
by the definition of the overall weight of each criterion
for the calculation of the MRI.

The individual judgments have to be aggregated
in order to fulfil the process. Two main approaches

can be applied for this task: Aggregating Individual
Judgments (AIJ) when individuals in a group act
to merge their own preferences to reach a synthetic
judgment, and Aggregating Individual Priorities (AIP)
when the individuals act for themselves [21]. In the
present work the AIJ approach is applied and the
geometric mean is used for the aggregation process.

3. Results and discussion
The KPIs are calculated for each municipality using
the bottom-up approach to point out the MCA of the
current state of the territory (ex-ante scenario) and of
the intervention scenario (ex-post scenario). Figure 2
explains the calculation process for the KPIs of energy
(e.g. energy consumption) and environmental (e.g.
overheating risk) analyses.

The KPIs for the new scenarios are represented as
the variation (percentage or absolute value) with re-
spect to the baseline scenario. As shown by the energy
assessment (Figure 2c), most of the municipalities have
on average a high energy index (195–205 kWh/m2y)
and, as a consequence, show a high CO2 consumption.
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Figure 3. MRI map.

n Criteria Weight Weight Weight Weight Mean
(S) (P) (A) (M) Weight

1 Building energy consumption 15.0 % 4.2 % 24.5 % 15.4 % 13.2 %
2 Anthropogenic CO2 emissions 26.5 % 7.5 % 15.6 % 13.1 % 15.1 %
3 Urban overheating 10.6 % 4.3 % 8.3 % 9.0 % 8.1 %
4 Soil imperviousness 12.9 % 13.8 % 9.1 % 14.1 % 13.1 %
5 Soil consumption 9.0 % 17.0 % 16.6 % 14.7 % 14.8 %
6 Areas of environmental interest 14.6 % 26.5 % 15.0 % 19.9 % 20.0 %
7 Areas of agricultural interest 11.4 % 26.8 % 11.0 % 13.8 % 15.7 %

Table 2. Weighting factors.

This is due to the old municipal building stock plus
in addition to the high extension of non-residential
buildings with a high electrical consumption due to
lighting and HVAC systems. Thanks to the compli-
ance of new buildings with ZEB requirements, the
transformation scenario ensures a slight decrement in
the municipal energy index (Figure 2e).

The ex-ante environmental assessment (Figure 2d)
points out a medium-high overheating risk (deep red-
coloured municipalities) due to the high urbanization
rates of the past. The assessment of the transforma-
tion scenarios (Figure 2f) points out differences in
overheating risk management between municipalities.
Permeability performances follow the same trend of
the overheating risk.

The analysis of the questionnaires completed by the
stakeholders led to the calculation of the weights for
each criterion, as shown in Table 2.

The analysis shows that Areas of Environmental
Interest account for 1/5 of the overall weights and
they represent the highest priority area. Following
and very close to each other are Areas of Agricul-
tural Interest, Anthropogenic CO2 Emissions, Soil
Consumption, Building Energy Consumption and Soil
Imperviousness. Urban Overheating ranks last and

far below the others.
The mean weight is calculated as the geometric

mean among (of) the weights of each stakeholder. MRI
is calculated as the sum of calculated and weighted
indicators in order to assess each Municipality (Fig-
ure 3).

4. Conclusions
The paper develops a simplified model for analysing
the current energy and environmental performance of
urban areas supporting PAs in evaluating the impact
of new expansion areas and driving future urban poli-
cies. This UEEM is applied to the case study of the
Monza and Brianza province but it can be replicated
in different contexts. It uses information on buildings
and urban areas provided by PAs, as well as indicators
and calculation methods that are widely accepted and
used. The KPIs can be modified to meet the needs of
the PAs.

The model can support planning, monitoring and
visualization of activities. In the planning phase it
supports decisions to maximize benefits while reduc-
ing negative impacts of new interventions at building
and urban scale (energy and CO2 emissions, overheat-
ing risk reduction, improvement of green solutions
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applications, optimization of run-off coefficient and
urban comfort). The model allows monitoring of the
variation of energy and environmental indicators over
time and the impact of the different scenarios at urban
scale.

The breakthrough of this study consists in the de-
tailed evaluation of the performance of new urban
areas in order to identify development strategies to
achieve the energy and environmental targets of 2030
and 2050. Future developments will provide the evalu-
ation of the customized UWG model to better reflect
the Italian building stock against field data, the in-
tegration of new indices for a better description of
the performance of urban areas including social and
economic issues, as well as the definition of a munici-
pal rating index used for the purposes of aggregating
energy, environmental, economic and social data.
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