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Abstract

Having a simple tool that allows the evaluation of the
energy flexibility potential of a user-defined cluster of
buildings can have a paramount importance in a resource
planning scenario. The aim of this work is to provide an
overview of all the aspects that must be taken into
consideration when a tool to quantify the energy
flexibility of a cluster of buildings has to be implemented.
A preliminary version of the tool implemented in Python
is presented here. In this starting version, the user can
select archetypes of buildings (i.e., different for thermal
losses and heating system) and of occupancy patterns to
compose a generic cluster located in a selected city. Then,
the user can choose an imposed demand management
strategy, which involves all or a part of the users, and
evaluate the power and/or energy variations that follows.

Key innovations

o The energy flexibility of buildings is assessed
from the clusters point of view.

e  The paper provides an analysis of the aspects to
be considered to evaluate the flexibility potential
of a cluster of buildings.

e A preliminary version of a tool able to evaluate
the effect of user-defined demand management
scenarios in a user-defined cluster of building is
presented.

Practical implications

The analysis presented in this work is aimed at providing
guidelines to implement a tool able to easily estimate the
demand management potential of different clusters of
buildings. The objective is to provide a simple
instrument, mostly useful in direct decision-making
processes (i.e., in the design phase for resource planning).

Introduction

The flexible management of the energy demand in
buildings represents a potential solution to improve grid
security and to allow the transition to energy systems with
high penetration of renewable energy sources. An energy
flexible building is defined as a building able to manage
its energy demand and generation according to local
climate conditions, user needs, and energy network
requirements (Jensen et al., 2017).

The knowledge about the energy flexibility in buildings
has increased considerably in recent years also thanks to
the outcomes of the ANNEX 67 promoted by the

International Energy Agency (IEA). So far, the subject
has been addressed from different points of view but
always from a single building perspective. For instance,
quantification methods have been presented (Reynders et
al., 2018) and different ways of activating the building
energy flexibility reserves (Péan, Salom and Costa-
Castello, 2019) have been studied. At present still few
studies are available dealing with the energy flexibility
evaluation at cluster level (Hu and Xiao, 2020).

The interest in evaluating the energy flexibility of
aggregated buildings is motivated by the fact that for a
smart energy system is fundamental to involve high
quantities of energy and/or power, thus several buildings.
Furthermore, when more buildings are involved in energy
flexible strategies, the system dynamics changes and the
burden on each individual building decreases. Given the
relevance and complexity of the topic, a new international
ANNEX (i.e., IEA EBC ANNEX 82 named “Energy
flexible buildings towards resilient low carbon energy
systems”) has been proposed.

Among the objectives of the ANNEX 82 there is the
development of a validated and standard tool for defining
building flexibility services that can be used in most
contexts encountered by energy systems. The work
presented in this article is intended to be a first step
towards addressing this latter issue. Indeed, the aim of this
paper is to implement a preliminary version of a tool that
allows the flexibility assessment of a user-defined cluster
of buildings. The tool has been designed in order to
provide a simple and quick instrument useful in the
decision-making phase. It is therefore not an operational
tool, but it is imagined to be used for resources or
scenarios planning. The tool in its final version can be
used for 2 different purposes: (i) evaluate the impact of
DSM strategies applied at building level on the
aggregated demand to appreciate how it can be modified
by a different involvement of the buildings; (ii) impose
constraints to the aggregated demand (e.g. on the basis of
grid requests) and assess how this affects the single
buildings. These results can help decision making
processes for resource planning, for instance an
aggregator can have insights on which buildings in a
cluster should be better involved in a given DSM
program. Or even in the design phase of a new cluster of
buildings, their potential energy flexibility could be taken
into account to select the most suitable design
specifications.
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In the following section a literature analysis of the works
available to date involving the topic of flexibility of
building clusters is presented. It is useful for providing an
overview on assumptions and modelling techniques that
are required to develop the instrument. Then, the
preliminary version of the proposed assessment tool is
presented. It consists of a software written in Python in
which a user can compose a residential cluster of different
sizes choosing between archetypes of buildings and
occupancy patterns. The tool is able to estimate the cluster
energy demand displaced under different demand side
management (DMS) strategies selected by the user.

In the final part of the paper some scenarios are simulated
to demonstrate the performance and the potential of the
instrument. Although the tool shows to be effective and
easy to use, it should be noted that the version presented
is at an early stage of development. At the end of the paper
a critical analysis of the tool is reported, together with the
list of functionalities that the authors plan to add.

Energy flexible building clusters

According to the definition provided by Vigna et al.
(Vigna et al., 2018) a building cluster identifies a group
of buildings interconnected to the same energy
infrastructure, such that the change of behaviour/energy
performance of each building affects both the energy
infrastructure and the other buildings of the whole cluster.
The interconnection of the building is not necessarily
physical, but it can be also market related (e.g., different
buildings belonging to the same owner).

In order to implement a tool able to estimate a user-
defined cluster of buildings, it is necessary to select a
specific methodology to model the cluster. In the
following subsection an overview of the most widespread
techniques available to date to model neighbouring
buildings is reported. Then, a discussion about the energy
flexibility evaluation methodologies is provided.

Modelling clusters of buildings

A detailed literature analysis about how to model the
energy dynamic of a group of buildings is provided by
Goy and Finn (Goy and Finn, 2015). According to them,
large-scale building modelling can be divided into two
approaches: top-down and bottom-up. The first category
(i.e. the top-down) does not distinguish the contribution
of the single building: the analysis considers the whole
residential sector energy consumption. On the other hand,
the bottom-up approach is based on the knowledge of the
energy behaviour of each single building (Buttitta, Turner
and Finn, 2017).

As also highlighted by Buttitta et. al. (Buttitta, Turner and
Finn, 2017), when the objective of the cluster analysis is
the evaluation of the demand side management strategies,
the model must be able to represent the behavior of the
individual building. Therefore, the adoption of the
bottom-up approach is fundamental. Both statistical and
engineering techniques can be adopted (Swan and
Ugursal, 2009). The difference between the two lies in the
fact that for the statistical techniques data relating to the
consumption of the aggregate are required, while for the

engineering techniques they are not needed. Between the
available engineering techniques, the most widespread for
the residential sector is the archetype methodology
(Buttitta, Turner and Finn, 2017).

Archetypal buildings are typically reference buildings
that are statistical composites of the features of a category
of buildings in the stock (Moffatt, 2004) derived from
available data of the national building stock (Mata, Sasic
Kalagasidis and Johnsson, 2014). Usually, each archetype
is defined by specific geometrical, thermal and technical
characteristics (Corgnati ef al., 2013). Analysing some
works available in the literature, for instance, Mata et al.
(Mata, Sasic Kalagasidis and Johnsson, 2014)
differentiated the archetypes by: type of buildings (e.g.,
residential or not residential), construction year, climate
region and the main fuel source for heating purposes.
Famuyibo et al. (Famuyibo, Duffy and Strachan, 2012)
distinguished the archetypes by means of characteristics
that are significant in establishing how energy use might
change according to the building regulations (e.g., wall U-
value, roof U-value, window U-values, floor U-value, air
change rate, floor area, heating system efficiency,
dwelling type and domestic hot water cylinder insulation
thickness) and construction details or construction types
(e.g., wall construction types, roof insulation types, floor
construction types and window insulation types).

In this sense, the Tabula Project (Corrado, Ballarini and
Corgnati, 2012) can be an important starting point to
establish the main features of national archetypes of
buildings.

A further aspect that must be considered involves the
modelling of the users’ occupancy profiles. Indeed, as
highlighted by Hu and Xiao (Hu and Xiao, 2020), the
uncertainty in the forecast of user occupancy can
compromise the reliability of the energy flexibility
estimation. In particularly, they evaluated how, by
increasing the cluster size, the energy flexibility
estimation is more and more reliable than in case of a
single building (the weekly uncertainty of aggregated
energy flexibility exponentially decreased from 19.12 %
for 8 households to 0.74 % for 5120 households).

To model the effect of the users’ occupancy profile two
approaches can be used. The generation of random
profiles for each user or the definition of reference
profiles (i.e., archetypes). For the first approach, an
example is the open web tool StROBe (Stochastic
Residential Occupancy Behaviour) (Baetens and Saelens,
2016). Indeed, StROBe is built to generate missing
boundary conditions in integrated district energy
assessment simulations related to human behaviour, (i.e.,
the use of appliances and lighting, space heating settings
and domestic hot water redrawers) (Baetens, R and
Saelens, 2020).

On the other hand, archetypes of occupancy patters can be
introduced. They can be evaluated with different
approaches. A first technique can be based on the analysis
of available data for a group of users (e.g., with
monitoring or surveys). An example is provided by
Buttitta et al. (Buttitta, Turner and Finn, 2017). By means
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of clustering techniques applied to available data, they
developed a method to generate realistic occupancy
patterns that can be representative of large numbers of
households. Another way could be to use a statistical
approach or models based on experience. For instance,
Yao and Steemers (Yao and Steemers, 2005), on the basis
of their experience, defined five fixed common
occupancy profiles for UK households, with the aim of
characterizing the archetypes in the operational area.

As highlighted by the literature analysis, the definition of
the user occupancy patters is a crucial aspect for the
effectiveness of the cluster model.

Energy flexibility evaluation

There are several approaches available in literature to
quantify the energy flexibility of a building (Reynders et
al., 2018) (Arteconi, Mugnini and Polonara, 2019).
However, as also Hu and Xiao (Hu and Xiao, 2020)
highlight, most of them are focused on the energy
flexibility performance evaluation of individual buildings
rather than buildings clusters. Indeed, all the indicators
proposed by Vigna et al. (Vigna et al., 2018) are derived
from papers in which only the single building is
investigated.

In this work the same approach used for assessing the
energy flexibility of a single building has been adopted
and transferred to buildings clusters. In this sense,
according to Reynders et al. (Reynders, Diriken and
Saelens, 2017), three general properties have to be
evaluated to characterize the response of the building
under an energy flexibility request (i.e., a demand
response event): time (i.e., time over which energy and
power can be shifted or delayed), capacity (i.e., the
amount of energy or power that can be shifted or delayed)
and cost.

In this perspective, the total energy demand of the cluster
can be treated as the demand of a unique equivalent
building from which to derive the energy flexibility
performance. However, it should be noted that this
assumption concerns only the flexibility performance
evaluation and not the modelling of DSM strategies. In
the following section, where the methodology to
implement a preliminary version of the flexibility
evaluation tool is presented, these considerations will be
applied to a specific cluster in order to estimate the cluster
flexibility potential.

Methodology

In this section the preliminary version of the tool to assess
the energy flexibility performance of clusters of buildings
is presented. The main intent is to implement a simple and
fast instrument that allows to simulate different demand
side management strategies in different user-defined
clusters of buildings. According to the framework
presented in the previous section, an archetype-based
approach is selected, and it is applied both for the building
features and for the occupancy patterns.

In the following sub-sections firstly, the model
description for the archetypes is described, then the
operational logic of the tool is discussed. Finally, the main

quantities calculated to evaluate the flexibility potential of
the cluster are presented.

Archetypes of buildings

In this preliminary version of the tool, the Tabula Project
(Corrado, Ballarini and Corgnati, 2012) is used to define
the main thermal and geometrical features of the
archetypal buildings. In Tabula, only residential buildings
are reported, and they are divided according to:

1. Location (i.e., climatic zones);
2. Age of construction;
3. Type of building (i.e., building size class).

For the Italian scenario, the buildings are related to the
climatic zone E (heating period from 15 October to 15
April for 14 hours per day according to the Italian law
decree DPR 412/93 (DPR, 1993)) which applies to 52 %
of the Italian cities. For the age of construction, instead, 8
age class are defined. The first class (class 1) represents
buildings built before 1900 while the last class (class 8)
represents those built from 2006 onwards. The other
classes cover buildings built in the intermediate period
and characterized by a decreasing thermal transmittance
for the external walls (higher levels of thermal insulation)
as the class increases.

As concerns the type of building, 4 categories are
identified: single family house, terraced house, multi-
family house (up to 20 dwellings) and apartment block
(more than 20 dwellings). For each reference building,
Tabula collects information about the building envelope
(type of structure and thermal transmittances, U-values,
for the different part of the building envelope, i.c.,
external walls, roof, floor and windows) and about the
most widespread heating ventilation and air conditioning
(HVAC) systems.

Starting from the data in Tabula, it is possible to
implement a white box model for each archetype that is
able to simulate the thermal dynamics of the building. As
highlighted by Goy and Finn (Goy and Finn, 2015), RC-
network models (i.e., model based on a network of
thermal resistances and capacitances) are the most
promising candidates for large-scale demand response
estimation. Although the authors refer to RC networks
identified with grey box approaches, in the absence of
monitored data the same model architecture can be
adopted with a white box approach and validated with
standard techniques (e.g. the BESTEST method (Ryan
and Sanquist, 2012)). The latter is the selected approach
for the presented tool, though in this preliminary version
the validation has not been implemented yet.

As far as the details of the models are concerned, each
building is simulated with a lumped-parameter model
based on a RC-network. The time evolution of the
building is described by a thermal node, identified with a
temperature (7) and a thermal capacitance (C). The heat
fluxes between nodes are described by thermal resistances
(R) and heat gains (internal, G;,, and solar applied to
external walls G, to roof G, and to the air node G's,wind)
are directly applied to the nodes. To describe the
archetypes, two model structures are identified (Figures 1
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and 2). Figure 1 represents buildings whose envelope has
a certain level of thermal insulation. In this case, for each
surface, the front (i.e. Tywi and Cyi, Tri and Cy;, and Ty and
Cs represent all the layers of the envelope from the
insulation towards the inside respectively for external
walls, roof and floor) and the back side (Twe and Cye, Tre
and Cy., and Tr and Cy represent all the layers of the
envelope from the insulation towards the outside
respectively for external walls, roof and floor) thermal
nodes are distinguished. On the contrary, Figure 2 is
representative of a building with no thermal insulation. In
this case a single node is used to describe each part of the
envelope (i.e., Tw and C,, for the external walls, T, and C;
for the roof and Tr and C for the floor).
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Figure 1. RC-network for archetypes with thermal
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Figure 2. RC-network for archetypes without thermal
insulation.

In both models, the terms Ry, Rii and Ry, represent the
thermal resistances between the building envelope and the
air node (Tair and Cair), respectively for external walls,
roof and floor. Rye, Rre and Ry, instead, represent the
thermal resistances between the building envelope and the
external environment (the related temperatures are the
ambient temperature T,mp for external walls and roof,
while the ground temperature Tground for the floor). Ry ins,
Ry.ins and Ryins appear only in the RC network in Figure 1
because they represent the thermal resistances of the
insulation layer for the walls, roof and floor. Then Rying
and Ryengilation, model the thermal resistances to the heat
transfer between the outdoor temperature (7amp) and Tair
due to windows and natural ventilation.

As far as the contribution of the HVAC system (Quayc) is
concerned, it is directly applied to the air node temperature
in case of RC network in Figure 2, while two options are
allowed in the configuration shown in Figure 1: the heat
can be provided to the air node (i.e. to model an air heating
system) or to the floor node (i.e. to model an underfloor
heating system). This is due to the fact that only in
relatively new buildings (i.e. with good level of thermal

insulation) a high-massive floor system is more typically
present.

Starting from the data available in Tabula Project, the
numerical values of thermal resistances (R) and
capacitances (C) are calculated for each reference
building. In this preliminary version of the tool just some
of the reference buildings in Tabula are modelled with the
intention, however, to extend the available archetypes. In
particular, only single-family houses buildings are
implemented and, regarding the construction age, three
different cases are considered with the aim of making the
identification of clusters as heterogencous as possible
(2006-...,1976-1990 and 1946-1960). Table 1 reports the
U-values for the archetypes available in Tabula for single
family houses.

Table 1: U-values (W m™ K*) for archetypes of single
family house according to Tabula.

Age class | External walls | Roof | Floor | Windows
2006-... 0.34 028 | 0.33 2.20
1991-2005 0.59 0.57 | 0.63 2.40
1976-1990 0.76 1.14 | 0.76 2.80
1961-1975 1.26 220 | 2.00 4.90
1946-1960 1.48 220 | 2.00 4.90
1921-1945 1.48 1.80 | 2.00 4.90
1901-1920 1.61 1.80 | 2.00 5.70
...-1900 1.61 1.80 | 2.00 5.70

As concern the occupancy patterns of the users, different
options can be selected in the tool and referred to each
archetypal building. Currently two different patterns are
modelled in this first version of the tool. Since the analysis
is focused on the flexibility obtainable from
heating/cooling systems, the occupancy rate is linked to
the temperature set-points variations (Figures 3 and 4).
The comfort condition of 20 °C is associated with an
occupation rate of 100 %, while a lowering of the setpoint
is associated either with a daily absence (from 6.00 am to
10.00 pm) or with night hours. Therefore, the first pattern
(Figure 3) has a typical scheme of a day/night (D/N)
thermostat regulation. While the second (Figure 4) refers
to users present only in the morning and in the evening
(morning/evening profile, M/E).
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Figure 3. Day/Night (D/N) occupancy pattern profile.
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Figure 4. Morning/Evening (M/E) occupancy pattern
profile.
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Figure 5. Schematic of the flexibility evaluation tool.

Operation logic of the tool

As mentioned before, the purpose of the tool is to allow
an energy flexibility assessment of any cluster of
buildings. Therefore, the user can set the number of each
archetype, among those available, to compose the cluster.
The tool is written in Python and for the moment there is
not a real interface available, but the user communicates
with the tool by the definition of inputs. Firstly, the user
must select the location of the cluster (a climatic file for
each location is integrated), and the day (i.e., number and
month) in which the evaluation wants to be performed.
Then the software asks to indicate the number of buildings
and to choose the archetypes present in the cluster (there
is no limitation for the size of the cluster).

Once the cluster is defined, a single linear programming
optimization problem is formulized for each building. The
optimization has the objective to minimize the thermal
requirements of the building, while comfort conditions
are maintained:

minimize (Z Onvac(®) - Ak) )
vk, Tmin(k) < Tair(k) < Tmax(k) (2)

where Ak is the simulation timestep and 7min and 7max
define the comfort band for the users.

At this point the tool calculates a thermal power profile in
reference conditions (i.e. without any demand
management strategies, the so-called reference scenario)
for the cluster, as sum of the thermal power demand of
each building. The latter is paramount to evaluate the
flexibility performance of the cluster. The user can then
select the demand management strategy to be tested. In
this preliminary version, the implemented strategy
consists of a programmed thermostatically controlled load
variation (i.e. increase or conservation of the overall
demand). The user can choose the period of the day (i.e.
starting hour and duration) in which all or part of the
buildings in the cluster can vary the set-point with an
amplitude decided by the user. Once the demand
management event and the involvement of each building
is decided, another optimization problem is solved for
each building and the total thermal power demand is
calculated.

Eventually, to evaluate the flexibility potential of the user-
defined cluster, the tool compares the reference thermal

power profile with the thermal power curve obtained in a
DSM scenario. In particular, changes in the power profile
are highlighted and the energy variations in the period
before, during and after the event are calculated. Figure 5
reports a schematic of the software in which both the
various functional blocks (e.g., inputs, outputs, databases,
...) and the control logic are shown.

Results: Examples of tool operation

To show the operation of the tool, in this section some
results of its application in different clusters are discussed.

To start, a simple cluster is evaluated for the Italian
scenario (Example 1). The inputs provided by a
hypothetical user are:

e Location and evaluation day: Ancona (43° 35’
N, 13° 30’ E), 10 of January;

e Number of buildings and archetypes: 8
buildings, 3 archetypes;

e  Strategy: lowering by 1 °C the setpoint between
8.00 am and 10.00 am (duration 2 hours);

e Buildings involved: all.

Once the inputs are defined the tool summarizes the

cluster definition writing the following lines (Figure 6):

CLUSTER:

Number of buildings = 8

2006-.... : 50.0 %

1976-1990 : 25.0 %

1946-1960 : 25.0 %

Number of buildings involved in demand response event = 8 (100.0 %)

Figure 6. Screenshot of the tool summary of the cluster
definition.

At this point the results are calculated. Figure 7 represents
the comparison between the heat power demand in
reference and in DSM scenario.

--- Reference scenario
—— DSM scenario

5 10 15 20
Time {hours)

Figure 7. Comparison between reference and DMS
scenario for cluster defined in Example 1.
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As expected, the strategy produces a lowering of demand
during the event and an increase (albeit small) in the hours
after. These results are represented by the tool with the
following Figures (8 and 9). Figure 8 shows in percentage
the variation of the total heat power demand in case of
DMS in comparison to the reference scenario, while
Figure 9 summarizes the energy consumption variations.
For the considered example, the tested strategy produces
a reduction in energy consumption of about 7.9 % during
the event with a small increment (+ 0.94 %) in the heat
power demand at 11.00 am.

2

04

Power variation (%)
Loy

|
Y

|
@

5 10 15 20
Time {hours)

Figure 8. Total heat power demand variation (DSM
compared to reference scenario, cluster of Example 1).

10.0

7.5
5.0
25
0.0
-25

-5.0

Percentage variation (%)

-75

-10.0

Before DSM startegy During DSM startegy After DSM startegy

Figure 9. Heat consumption variations (DSM compared
to reference scenario, cluster of Example 1).

The evaluation of the cluster thorough the tool is possible
if all the individual building optimizations reach feasible
solutions in the DSM scenario. However, this does not
always happen. When at least one of the optimization
problems does not reach a feasible solution, the tool
produces an error message identifying the specific
archetype for which the defined DSM event is not
possible. An example is represented by the simulation of
the event with 1 °C increase of the setpoint between 8.00
am and 10.00 am in the same cluster defined in Figure 6.
In this case the tool is not able to produce the flexibility
evaluation and it communicates to the user the message
showed in Figure 10. The imposed setpoint increase in the
time slot between 8.00 am and 10.00 am cannot be
realized in archetypes with floor heating system.

ERROR MESSAGE

Tt is not possible to define the DSM scenario for the following archetypes:
- Single family house, 2006-... with floor heating system, M/E occupancy pattern
- Single family house, 2006-... with floor heating system, D/N occupancy pattern

Figure 10. Example or error message.

This is probably due to the fact that in such buildings the
heating power is provided to a high massive node, which
makes the response of the building rather slow, and such
condition makes difficult the implementation of the
considered DSM strategy (i.e. increase of 1 °C in the
temperature setpoint) in particular in cold days (daily
average outdoor temperature of 4.4 °C for January the
10th). Indeed, the evaluation of the same cluster with the
same DSM event in a location with a warmer weather

(e.g., Messina, 38°11° N, 15°33” E) is successful (the
average daily outside temperature is 13.2 °C for January
the 10th in Messina). Figure 11 shows the heat power
curves calculated by the tool.

Comparing the reference scenarios in Figures 7 and 11, a
sensitive difference in the amplitude of the heat power
curve can be noted, albeit the same cluster is modelled.
This confirms the fact that the outdoor weather conditions
have a paramount role in the flexibility evaluation.

Qrac {kWen)

--- Reference scenario
—— DSM scenario

5 10 15 20
Time {hours)

Figure 11. Comparison between reference and DMS
scenario for cluster of Example 1 located in Messina
(South of Italy) and with a DSM event of 1 °C increase
of temperature setpoint.

To show the potentialities of the tool, a larger cluster is
evaluated (Example 2). The inputs provided by a
hypothetical user are:

e Location and evaluation day: Ancona (43° 35’
N, 13° 30’ E), 10 of January;
e Number of buildings and archetypes: 60
buildings, 3 archetypes;
o Strategy: lowering of the set point by 2 °C
between 7.00 pm and 8.00 pm (duration 1 hours).
Figure 12 shows the comparison between the heat power
curves in reference and DSM scenario when all the
buildings are involved in the DSM strategy.

--- Reference scenario
—— DSM scenario

Time {hours)

Figure 12. Comparison between reference and DMS
scenario for a 60 buildings cluster (Example 2).

2.5

-2.5
-5.0

-15

Power variation (%)

-10.0
-12.5

-15.0

5 10 15 20
Time {hours)

Figure 13. Total heat power demand variation (DSM
compared to reference scenario, 60 buildings cluster of
Example 2).

As can be noted looking at Figure 13, the tool shows a

heat power reduction of 16.1 % at 7.00 pm, that coincides
with the energy reduction during the DMS event (i.e.
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simulation timestep of 1 hour). This high heat power
reduction is due to a high involvement of the users in the
scenario (reduction of 2 °C for all the buildings).

The tool allows also to evaluate the composition of the
cluster thermal demand during the DSM event, as shown
in Figure 14. As expected, when the age of the building
increases, its contribution in the total demand increases
too. Therefore it is interesting to further investigate the
effects of the involvement of only the older buildings in
the DSM strategy.

)
2
g

W 1946-1960, D/M, air system
B 1946-1960, M/E, air system
. 1976-1990, D/N, air system
1976-1990, M/E, air system
= 2006, M/E, floor system
5 200 2006-..., D/, floor system
K] W 2006-..., D/N, air system
100 2006-.., MJE, air system

=
g
g8

Guring D5M ki )

w
E
g

g
o

Reference scenaria [SM scenario

Figure 14. Breakdown of the heat consumption during
the DSM event for the different archetypes (DSM
compared to reference scenario, 60 buildings cluster of
Example 2).

Considering the same cluster as in Example 2 with only
the archetypes regarding age of construction between
1946 and 1960 involved in the DSM event (2 °C reduction
of the setpoint from 7.00 pm to 8.00 pm), the resulting
heat power curves are reported in Figure 15.

580 1 ---- Reference scenario
—— DSM scenario

Time (hours)
Figure 15. Comparison between reference and DMS
scenario for 60 buildings cluster of Example 2 (only
archetypes of age 1946-1960 involved in the DSM).

In this case, a heat energy reduction of about 7.8 % is
obtained during the event compared to an increase of 0.34
% in the time after the event. On the other hand, a similar
reduction (8.4 %) is gained when only all the other
archetypes composing the cluster of Example 2 are
involved in the DSM event (Figure 16).

5809 ---- Reference scenario

—— DSM scenario

Time {hours)

Figure 16. Comparison between reference and DMS
scenario for 60 buildings cluster of Example 2 (only
archetypes of age 1946-1960 not involved in the DSM).

It is interesting to notice that a lower involvement of all
the users (i.e. by lowering of 1 °C the setpoint) produces

an energy reduction of 8.1 %, comparable to the cases
showed in Figures 15 and 16.

The latter consideration highlights how a similar heat
power reduction can be obtained with different DSM
strategies and degree of involvement of the buildings in
the cluster. This is confirmed by the results collected in
Table 2 that reports the heat power reduction for the
cluster of Example 2 (60 buildings cluster) for different
DSM strategies and number of buildings involved.

Table 2: Heat power reductions during the DSM event
(duration of 1 hour) for 60 buildings cluster of Event 2
for different involvements of the archetypes.

Archetypes imvalved | (EEL | o
100 % -2°C -16.1 %
100 % -1°C -8.1%
67 % (2006-...,1976-1990) -2°C -8.4%
67 % (2006-...,1976-1990) -1°C -4.2%
33 % (1946-1960) -2°C -7.8%
33 % (1946-1960) -1°C -34%
33 % (1976-1990) -2°C -53%
33 % (1976-1990) -1°C -2.6 %
33 % (2006-...) -2°C -3.1%
33 % (2006-...) -1°C -1.5%

The results showed in Table 2 represent an example of the
insights that the tool offers for planning the use of the
energy flexibility available. In this particular case the
focus was on the different involvement of each archetype
when TCLs are managed. This type of analysis could be
deepened to find an explicit correlation between user
setpoint changes and overall impact on the demand curve.
However, many other analyses could be made. For
instance, the role of the occupancy patters could be
emphasized or the impact of differentiating the heating
systems could be highlighted simulating different DSM
scenarios.

Conclusion and future developments

A preliminary version of a tool to easily estimate the
energy flexibility potential of a user-defined cluster of
residential buildings is presented in this paper. The
effectiveness of the instrument is tested by simulating
clusters in DSM scenarios defined by the authors. It is
important to highlight that, at present, the tool allows to
evaluate the behavior of the cluster as combination of
individual buildings. Many additional functions and
settings are planned to be implemented. They could be
summarized in the following points:

e  Make it possible for the user to define at which level
the optimization is performed. As mentioned, for the
moment, the optimization is implemented at building
level, but we plan to add options that allow for
aggregate optimization. In this sense, it will be
possible to set constrains to the cluster power curve
to evaluate different strategies as peak shaving or
load shifting.
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e Increase the building archetypes database, also with
the most recent archetypal buildings.

e Validate the modelling approach with standard
techniques (e.g. the BESTEST method).

e  Model archetypes for the HVAC systems (e.g. the
heat pump and emission systems) and consider their
electric power profiles.

e Implement more detailed approaches to represent the
occupancy patterns (e.g. statistical methods).

e Increase the possible demand side management
events (e.g., events that constrains the power
demand).

e Introduce more indicators to quantify the energy
flexibility of the cluster,

e Realize a user-friendly interface.

Once the final version is reached, the intent of the authors
is to provide a contribution in the identification of the best
approach to quantify the energy flexibility at cluster level.
It is important to note that the tool is meant to be used in
the design phase of a buildings cluster (i.e. for resources
planning) and not in an active operational context (i.e. by
an aggregator).
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