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Abstract. The urbanization process is constantly increasing worldwide. Today over 50 % of the
population resides in urban areas and this value is expected to grow up to 68 % by 2050. In this scenario, the
development of district scale energy grids and management systems has become crucial to optimize energy
use and to balance energy flows within the cities, encouraging the use of renewable sources and self-
consumption. This study focusses on a district under development in the city of Milan, involving an urban
area of about 920 000 m?, which, once completed, will count for about 4 500 apartments, a school and a few
other commercial uses. The existing energy systems consist of an electric grid, including a small photovoltaic
field, a district heating system and a local district cooling system exploiting groundwater via heat pumps.
They serve, at present, seven residential tower buildings (400 apartments). The overarching aim of the
research is to evolve the existing grid into a smart energy grid able to guarantee an intelligent management of
the district, empowering eventually people to apply for demand-response schemes, electric mobility and other
innovative services. In order to perform such an improvement and extension of the exiting grid, it is necessary
to evaluate and simulate the profiles and dynamics of the final energy uses for the residential buildings, that
will represent the major load on site. Since monitoring data are not yet available for the district, the evaluation
of the energy performance of the existing buildings has been developed through dynamic energy simulations
via the definition of profile loads of the most frequent apartment typologies, that allow, moreover, to simulate
further developments in the districts. Besides, a monitoring plan for the existing systems has been developed
and implemented. Monitoring data will be used at first for validating the developed load profiles; then, they
will be analysed to develop optimisation algorithms for the management of the upgraded energy grid. In this
paper, the case study is presented and the results of the analysis, via energy simulation, on the existing building
stock are reported.

the sustainable development of urban areas [8-10]. In
particular, district scale energy grids and management

1. Introduction

In the last decades, politic and economical efforts have
been undertaken in order to achieve the reduction of CO;
emissions established in the international agreements [1-
2]. One of the most challenging commitment required for
decarbonisation, is the improvement of energy efficiency
in buildings [3]. Indeed, it has been calculated that one
third of the overall energy consumptions in the
industrialized countries is related to buildings [4-5] and,
in large part, this energy is used by heating and cooling
systems to provide comfortable indoor environments for
the occupants [5-6]. A large part of the global emissions
are imputable to cities, which consume about 75 % of total
primary energy and emit between 50 % and 60 % of the
world’s total greenhouse gases [7]. Moreover, 55 % of the
world’s population currently lives in urban areas and
projections show that the urbanization process is growing;
thus, the share of urban population is expected to increase
to 68 % by 2050 [8]. The energy demand and the
emissions of cities are expected to grow further, and it will
be very challenging to meet the needs of the rising urban
population reducing emissions. Urban energy
management is becoming, therefore, a crucial element for
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systems has become decisive to optimize energy uses and
to balance energy flows within the cities, integrating
renewable systems, storage systems and implementing,
when possible, demand response programs [11]. The
smart management of distributed energy resources and
their interaction with microgrids and buildings has
become a pivotal research area toward the transition from
smart grids related to electricity only, which are a single-
sector systems, to a holistic and integrated design of future
sustainable multi-energy systems, which involve multiple
forms of energy (electricity, gas and heat) [10, 11]. The
main design aspects for such systems rely on the daily
scheduling of the production plants, the reliable modelling
of daily energy use of buildings (at increasing temporal
and spatial resolution) and the correct evaluation of
operational management aspects [9, 12]. The
implementation and design of smart energy systems in
existing urban contexts is a challenging task, mainly when
it comes to the assessment of the energy demand of cities
or neighbourhoods, for which detailed physical models
are too complex and time consuming to be implemented
[13—16]. At large scale (cities, regions, nations) statistical
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“top-down” or physical (simplified) “bottom-up”
approaches have been used during the last years. Among
these, Urban Building Energy Models (UBEM) turned
out to be the most versatile, allowing for the integration
of geometric characteristics and no-geometric ones, (such
as construction techniques, usage, internal loads) which
make them suitable for the analysis of the existing stock
and for the development of future scenarios [13,15,16].

This study is meant to analyse and optimize the
performance of a district multi-energy grid in Milan,
consisting in an electric grid (including a small
photovoltaic field), a district heating system and a local
district cooling system exploiting groundwater via heat
pumps. The overarching aim is to evolve the existing grid
into a smart multi-energy grid, able to guarantee an
intelligent management of the district in order to reduce
the primary energy consumptions. To do so, it is
necessary to simulate and evaluate the dynamic profiles
of the energy uses of the existing buildings and to predict
the energy uses due to the further development of the
district. Thus, a dynamic energy model of the existing
buildings has been developed and energy needs identified.
The data will serve as baseline for the identification of
different scenarios for the future development of the
district. In a second step, the results will be validated via
measured data, which will be collected by means of a
monitoring plan that has been developed. Furthermore,
the monitoring plan is meant to assess the status of the
energy supply systems to develop optimization algorithms
for the management of the upgraded energy grid. This
paper describes the case study, the energy modelling
strategy and presents the result of the analysis on the
existing building stock for the identification of energy
loads.

2. Project description

2.1 Buildings

This study focuses on a district under development in
Milan that involves a large urban surface of 920 000 m?
and that, once completed, will include a large residential
area of 4 500 apartments, a school and a few other
commercial uses. The residential area is divided in 11
parcels, each one including several buildings. The study
is focused on parcel R09/3, which consists of nine tower
buildings; seven completed and two under construction
(Fig. 1: Buildings 3 (B3) and 4 (B4) do not exist yet). The
buildings have different heights, volumes and envelope
technologies, and count for an aggregate volume of
111 000 m® and about 400 apartments of different size and
typology, as shown in Table 1. The main geometrical
characteristics of the buildings are summarized in Table
3. Building 1 (B1), made of 23 stories, is the highest,
whereas Building 7 (B7), 11 stories high, is the smallest.
The envelope technologies are summarized in Table 2.

2.2 District energy systems

The energy generation systems on the analysed parcel
consist of a district heating system for space heating and

domestic hot water (DHW), a local district cooling system
exploiting groundwater via heat pumps for space cooling
and an electric grid, which includes a small photovoltaic
field. The district heating has independent circuits for
each building, all connected to a delivery point in the
parcel, for both space heating and domestic hot water
(DHW) with a delivery temperature of 110 °C. The
heating distribution circuits supply a low temperature
fluid to radiant floor heating systems in each apartment
[19 - 20], while the DHW circuits consist in a series of
water tanks and pumps which supply hot water at constant
temperature. The district cooling system has a unique
circuit for the entire district, with thirteen extraction wells
and fourteen re-injection wells that are distributed
throughout the district and which serve an interconnected
circuit that consists of three loops spread on the district
and of a single loop (loop 4) which serves the Eastern
parcels of the district (Fig. 2). Each parcel is linked to the
circuit and uses a thermal storage to exploits groundwater
via independent heat pumps. The analysed parcel has two
heat pumps to cover the thermal load for cooling in the
warmer periods, plus two heat exchangers for free cooling
during the mid-seasons. No demand-side storage is
present in the heating and cooling circuits, which directly
serves radiant floor systems in each apartment. A
centralized controlled mechanical ventilation (CMV) unit,
with heat recovery, is installed on each building and
provides outdoor primary air required for the apartments.
Furthermore, each apartment is equipped with individual
small dehumidification batteries. A small photovoltaic
field with a total pick power of 39.3 kWp is installed on
the roof of the seven buildings. It has two-way electric
meters, which allow the self-consumption of the produced
energy for the common electric uses when needed and the
transfer of the extra production to the national grid.

Table 1. Number of apartments per typology and buildings.

One Two  Three Four Five

room rooms rooms rooms rooms Tot
B1 0 16 49 17 1 83
B2 0 13 31 12 1 57
B5 0 14 45 10 0 69
B7 1 3 35 0 0 38
B9 0 10 18 10 0 38
B10 0 1 54 0 0 55
B11 0 7 42 7 0 56
Tot 1 64 274 56 2 396

Table 2. Thermal transmittances of envelope technologies
[W/(m?K)]. M1: external wall; M2: external wall adjacent to
concrete structure; M5: internal wall between apartments; M6:
internal wall adjacent to unheated spaces; P1: floor between
apartments; P2: floor slab between apartments and unheated
spaces; S4: roof.

1D B1 B2 - B7 B9 - B10 B11 BS

M1 0.175 0.161 0.161 0.161  0.161
M2 0.219 0.219 0.219 0.219  0.219
MS 0.236 0.236 0.236 0.236  0.236
M6 0.341 0.341 0.341 0.341  0.341
P1 0.490 0.490 0.490 0.490  0.490
P2 0.266 0.266 0.147 0.287  0.136
S4 0.204 0.204 0.180 0.180  0.180
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Table 3. Geometrical characteristics of the buildings on parcel R09/3.

Vgross Vet SEXT,gross Suseful S/V Aw WWR N°of

[m’] [m’] [m’] [m’] [-] [m’] [m’] floors
B1 23281 16533 6361 6123 27% 1187 19% 23
B2 16552 11088 6594 4106 40% 831 13% 18
BS 19194 12524 6832 4638 36% 1015 15% 17
B7 11350 7572 5536 2805 49% 613 11% 11
B9 10564 7096 4596 2628 44% 508 11% 14
B10 17246 12875 7700 4768 45% 1018 13% 17
B11 13118 8995 5223 3331 40% 1136 22% 17

Fig. 2. Local district cooling system: a) loops identification; b) extraction wells (P11 to P14), re-injection wells (R11 to R14), thermal
storage (VTO1 to VT06) and outflow units (GSO01 to GS06) of the first loop, serving the analysed parcel R09/3.
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2.3 Monitoring and Management plan

A detailed monitoring and management plan has been
prepared for the whole parcel, both to identify the current
status of the energy systems and to evolve them into a
smart multi-carrier energy grid. Currently the three
systems, i.e. cooling, heating and electric grid, are
operated separately and mostly with static control (e.g.
fixed set-point).

The monitoring plan includes about 600 points of
measure and each one may include several metered
parameters. It has been developed identifying three levels
of detail: (i) the parcel, (ii) the building, (iii) the
apartment, and additional levels may focus on
intermediate points between the three major ones (e.g. the
different manifolds within a building, serving different
story clusters).

Once deployed, the monitoring plan will allow to
follow in real time: (i) the delivered energy at the different
levels of measure, (ii) the alarm status, (iii) the efficiency
of the systems and possible losses. Since the plan will be
implemented via an ICT system enabled by cloud
computing, it will become also an energy management
system (EMS), able to provide system optimisation and
control at the parcel level. The buildings are already
provided with local management systems (BMS), that the
new EMS will put in contact and try to coordinate. Local
control will continue to be made by BMS, but the EMS
will allow to identify uneven management between
buildings and inform the energy manager to balance it.

3. Model

3.1 Physical model

In order to develop the existing energy grid into a
smart grid able to guarantee an intelligent management of
the district, it is crucial to understand the current energy
use and to simulate the district future energy scenarios. To
do so, a dynamic energy model has been realised. It is
meant to characterize the energy needs and uses starting
from the energy analysis at the apartment level, evaluating
the most frequent apartment typologies (two, three and
four-rooms apartments (see Table 1)). One reference floor
has been chosen, based on the average floor surface; it
includes the three apartment typologies of interest. The
reference floor has been simulated at three different
heights: first floor (i.e. the lowest residential floor),
intermediate floor, top floor, for all the seven existing
buildings (Fig. 3). Each model presents the envelope
technologies of the associated building (see Table 2). The
boundary condition of the ceiling in the lower apartments
(first floor) has been set as adiabatic, since they are
adjacent to the upper apartments with similar internal set-
point conditions; whereas the floor slab, faces an unheated
lower spaces (ground floor including the entrance hall).
The intermediate apartments have adiabatic conditions for
both the ceiling and the floor. The top apartments have
adiabatic conditions for the floor, adjacent to apartments
with similar internal set-point conditions, and the roof

Fig. 3. Physical model of Building 1.

facing the external environment. Each building has been
simulated at its actual position in the parcel, considering
the effects of the other buildings’ drop shadows.

3.2 Occupant behaviour

The modelling of occupant behaviour in building
simulations is a complex task. It has been proved that
occupants’ behaviour has a key role in the energy use of
buildings [17-20], especially when it comes to the energy
use of high-efficiency buildings (low or nearly zero
energy buildings [25-27]), whose variation is highly
affected by the passive or active presence of people [17,
21]. Indeed, building and cities do not use energy, but
people do, and to oversimplify or ignore the human factor
in building simulations could lead to a mismatch between
predicted and real energy use [22], called “performance
gap” [29]. In this work, we decided not to use
deterministic scheduled profiles of occupation and
internal heat gains, but to simulate, during the year, the
occupancy and the occupant-related electric energy used
by appliances through stochastic schedules, which have
been created using a data-driven procedure, developed by
Causone et al. [30]. The schedules have been set up
starting from metered data of a residential building
located in Milan, using machine learning techniques. The
procedure results in the identification of five clusters for
the occupancy and five clusters for the electric energy
used by appliances (Fig. 4). A cluster consists in a daily
hourly profile of the probability of occurrence of defined
energy uses or occupancy. The five clusters have been
then randomly combined to build up fifteen different
yearly hourly schedules, one for each apartment modelled
in a building. The probability profiles have been
multiplied for a defined value, derived from the same
database used for the profiles generation, representing the
average value for electric energy use and the number of
people for each apartment typology. These values are
shown in Table 4. Both the average value of the electricity
uses and the probability profiles have been derived from
the metered dataset of the building analysed by Causone
et al. [30], which is a residential building similar to the
ones hereby studied. Both buildings are residential and
located in a suburban area of Milan. Moreover, the
buildings have similar apartment typologies.
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Fig. 4. On the left: the five clusters of daily probability of occurrence for the appliances' and lights’ electric energy use. On the right:
the five clusters of daily probability of occurrence for the occupancy.

Table 4. Maximum mean value of electric energy uses and
number of people for apartment typology.

Apartment typology Wh People
Two room 165.5 2
Three room 198.1 3
Four room 202.5 5

3.3 Weather dataset

In order to take in consideration local climate warming
experienced in Milan in the last years, simulations have
been run using a weather file developed by the Joint
Research Centre (JRC) and based on data monitored from
2006 to 2015 [31]. The solar radiation data used in this
weather file have been calculated from satellite data
thanks to the Satellite Application Facility on Climate
Monitoring (CM SAF) collaboration. All other data have
been taken from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-interim, a global
atmospheric reanalysis from 1979, continuously updated
in real time. Dry-bulb temperature data have been
corrected for elevation. The selection of the months for
the typical year is done using the method described in the
international Standard ISO 15927-4 [32]. The selection is
done based on dry-bulb temperature, global horizontal
radiation and relative humidity.

4. Results

The analysis aims to define the representative load
profiles for each apartment typology to be used for the
characterization of current energy uses which,
furthermore, will serve as baseline for the analysis of
potential future developments of the district. The load
profiles of all the simulated apartments in the different
buildings, have been combined and mediated in order to
define the representative load of each apartment typology.
A weighted average has been performed: as a matter of
fact, the intermediate height apartments have a higher
influence on the total load of the buildings, since this
typology accounts for 88 % of the total, whereas first floor
and top floor apartments account for 6 % each.

The choice to analyse the energy at apartment level
has a twofold advantage: on the one hand, it enables the

management of the energy analysis with simpler models,
substantially reducing the time required for its
development; on the other, the profile load of a reference
apartment is a versatile instrument for the deployment of
different scenarios for the future extension of the district.
The district developer, by combining the data that will be
gathered by the management and monitoring system, and
the simulation output, will be able to set requirements for
architects and engineers, on how to design and built the
new buildings, form their very basic units, i.e. the
apartments. Moreover, operational performance might be
referred, in future, to the apartment, enabling users’
involvement and demand-response programs.

5. Discussion

The study allowed to derive the energy need profiles
for heating and cooling and the energy use profile for
appliances of the three analysed apartment typologies and,
consequently, of the entire parcel R09/3.

Fig. 5 shows the annual hourly trend of total energy

needs for heating and cooling, and of the energy use of
electric appliances for the parcel R09/3. It includes also
the representative annual hourly trend of the energy needs
per square meter for heating and cooling, and of the
energy use per square meter of electric appliances for each
apartment typology. Fig. 6 (a) shows the annual energy
needs per square meter for heating and cooling and total
annual energy use per square meter for appliances and
lights, for each apartment typology and for the parcel
R09/3. The heating energy needs per square meter are
quite constant for the three apartment typologies while the
cooling energy needs rise as the apartment dimensions
increase. The annual energy use per square meter for
appliances and lights, instead, decrease slightly form the
smallest to the largest apartment typology.
Fig. (b) shows the total annual energy needs and electric
use for 65 two-rooms apartments, 274 three-rooms
apartments and 57 four-rooms apartments (see Table 1)
and the total values for parcel R09/3. Energy needs are
mostly related to cooling, whereas the heating needs are
significantly lower. The highest contribution in the total
energy needs is given by the three-rooms apartments,
since they represent the most frequent typology in the
parcel.
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Fig. 5. Annual hourly energy needs for space heating and cooling and annual hourly electric energy uses by appliances and lights for
the parcel and the three apartment typologies. From the top: parcel R09/3, three-rooms, two-rooms and four-rooms apartment.

The cooling need shows both the highest values and the
most uneven profile. Vice versa, the electric energy use
for appliances shows a quite stable profile, with daily and
hourly fluctuations but little seasonal ones. The heating
need reports quite lower pick values, with respect to the
cooling need, and a lower range of variation. These
results reflect some relevant boundary conditions, i.e. (i)
the opaque building envelope has very good thermal
performance, (ii) the transparent building envelope is not
provided with solar shading, (iii) simulations have been
run with a weather file built on years 2006-2015, thus

incorporating the effects of local climate warming, (iv)
occupant behaviour plays a pivotal role on energy use —
it has been considered for electrical appliances on the
basis of monitored data in a similar building, but it has
not been modelled for the control of heating and cooling
systems (because of lack of data), that may be controlled
via local thermostats.

Real data are now expected both to validate (and
calibrate if necessary) the model and to transform the
energy needs from simulation into energy uses at
different levels.
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In particular, the simulation results will be contrasted
with the energy delivered at: (i) the parcel, (ii) the
building, (iii) the apartment, and (iv) other relevant sub-
levels (e.g. manifolds). At first instance, monitoring data
will be used to evaluate the actual services systems
efficiencies, necessary to transform energy needs into
uses, and eventually simulation results will be compared
to the metered delivered energy. From simulations is,
nevertheless, already evident that the cooling system is
the most stressed during the year.

This system is also the most complex and prone to

issues, due to the many mechanical components. The
major effects of the intelligence deployed via the new
management and monitoring system will be therefore
experienced here.
It is worth to point out that the warmer periods are the
most critical in terms of energy needs but also the most
suitable for the energy uses optimization due to the
catachrestic of the cooling energy supply system. In fact,
the energy for cooling is generated exploiting ground
water via two heat pumps during warmer periods, and
two heat exchangers for free cooling during the mid-
seasons. Since the cooling energy need profile is highly
uneven, the electric pick power required during warmer
period is very irregular and it may result in very low
efficiency of the generation system. Using the heat
exchangers in parallel with the heat pumps, also during
warmer periods, might increase the overall efficiency of
the system.

6. Conclusions

As claimed before, the main design aspects for a
smart energy system are (i) the daily scheduling of the
production plants, (ii) the reliable modelling of daily
energy demand of buildings at increasing temporal and
spatial resolution and (iii) the correct evaluation of
operational management aspects [9, 12].

The presented study provided a methodology for the
generation of the hourly energy demand of an entire
district at high spatial resolution with a simplified model,
based on the simulation of representative apartment
typologies. It is thus representative of the condition in
which the designer is not provided with useful
monitoring data. Determining the annual hourly energy
need profiles of representative apartment typologies has
a twofold purpose: on the one hand, it allows an easier
calculation of the total energy needs of the parcel to be
used for the optimization of the existing energy systems.
On the other hand, it will be useful for the analysis of
different future scenarios for the district development.

The early outcome of the monitoring system,
deployed following a detailed monitoring plan, is shortly
expected and it will allow to validate the results of the
simulations and to produce the mentioned development
scenarios. Besides, this it will be useful for (i) optimizing
existing systems performance (especially the cooling
system and the photovoltaic plant), (ii) developing
optimisation algorithms for improving the management
of the upgraded energy grid.
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Fig. 6. (a) Annual energy needs per square meter for heating
and cooling and total annual energy use per square meter for
appliances and lights of each apartment typology and the
parcel. (b) Total annual energy needs for heating and cooling
and total annual energy use for appliances and lights of the
apartments and the parcel.
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