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ABSTRACT

In the present energy scenario, buildings are playing more and more as energy prosumers. They can use and produce energy and
also actively manage their energy demand. The energy flexibility quantifies their potential to adjust the energy demand on the basis
of external requests. The objective of this paper is to propose a method for buildings energy flexibility labelling at design conditions
in the same fashion as the energy performance label. The flexibility quantification is based on the calculation of four flexibility
parameters, which contribute to the definition of the Flexibility Performance Indicator. In order to assess the Flexibility
Performance Indicator, buildings dynamic simulations are necessary and the boundary conditions (i.e. demand response event,
representative day, comfort constraints) to be considered during the evaluation are provided as part of the proposed methodology.
The method was applied to different Italian buildings, which differ for geographic location and design specifications and, in
particular, the effects of building structure, heating/cooling systems and energy storage systems were compared. Results show that
the climatic conditions affect the flexibility performance, while the building feature more relevant is the thermal mass of the
building envelope, more than that provided by the distribution system. A sensitivity analysis to evaluate how the results are
influenced by the proposed boundary conditions was also performed. Their choice confirms to have a relevant impact on flexibility
quantification, then their unique definition has a paramount importance within this methodology.

Keywords: Energy Flexible Buildings, Demand Side Management, Demand Response, Flexibility Indicators, Buildings Labelling.

1. INTRODUCTION

Improving the energy performance of buildings is one of the main options suggested by the European Commission to
reduce energy consumption and global CO, emissions [1]. With the updated Energy Performance of Buildings
Directive (EPDB) [2], the EU has defined the most important actions that Member States will have to implement in
order to achieve a highly energy efficient and decarbonized building stock. The main objective is to reduce buildings
energy demand by 80% compared to 1990, making all of them Nearly Zero Energy Buildings (nZEBs) by 2050 [2].
Currently, about 35% of the EU buildings are over 50 years old and almost 75% of the building stock is energy
inefficient [3], therefore renovation and new buildings are necessary to comply with the new prescriptions. In addition,
the transition to a nZEB stock will include a great increase of renewable energy sources (RES) as distributed
generation systems [4]. In this context, buildings will become a substantial part of the energy system, acting both as
producers and energy users and therefore turning into prosumers [5]. However, the generation uncertainty created by
RES, together with the growing electricity demand (e.g. diffusion of electric vehicles, replacement of traditional fossil
fuel boilers with heat pumps [6], growing diffusion of air conditioning technologies [7]), create the need for the
implementation of the Smart Grid model [8] . An action in such direction is represented by buildings renovation aimed
at reducing energy demand and increasing flexibility [9]. Indeed, in Europe, buildings are responsible for
approximately 40% of energy consumption [3], therefore, the possibility to manage their energy demand can be of
great help to increase the flexibility of the entire electricity system.

Heat pumps, as Annex 42 investigated [10], can be the means by which the energy storage potential of buildings is
exploited. According to IEA EBC Annex 67 [9], buildings energy flexibility is defined as “the building ability to
manage its demand and generation according to local climate conditions, user needs, and energy network
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requirements”. Given the relevance of the share of heating and cooling energy demand, both the building structure
and its HVAC (heating ventilation and air conditioning) system play an important role to achieve this flexibility
without jeopardizing the occupants’ comfort [11]. In the literature several solutions can be identified to manage
buildings thermal demand. The thermal mass embedded in the building envelope can be used as an energy storage
[12] or an external Thermal Energy Storage (TES) can be added to the HVAC system. Many studies evaluated the use
of both sensible [13][14] and latent [15] TES as demand side management (DSM) instrument in buildings.

The importance of energy flexibility in buildings is highlighted by the updated EPDB [2]. Unlike the previous version
[16], in which only the buildings energy labelling was required, the new one introduces the Smartness Readiness
Indicator (SRI) to assess the capability of a building to adapt its operation to the needs of the occupants and of the
grid [2]. The discussion on the SRI definition is open and many approaches can be distinguished to assess buildings
energy flexibility. Verbeke et al. [17] define a method for the SRI calculation starting from the evaluation of each
smart service integrated into the building, while the IEA EBC Annex 67 [18] idea is completely different. They
propose a physical data and simulation-based approach with quantitative indicators. Actually they highlight the fact
that in this way energy flexibility is not only the result of the available technologies in buildings but it depends
significantly on how these technologies are used and their interaction with the surrounding energy network, the
occupants and other boundary conditions, such as local climate [18]. More precisely, the methodology introduced by
IEA EBC Annex 67 represents buildings energy flexibility by quantifying the amount of energy a building can shift
according to an external forcing factor with the aim of minimizing energy consumption, cost, CO; emissions of the
building or a combination of those criteria [18].

There are several studies in literature that have proposed ways to quantify the energy flexibility provided buildings
[19]. Reynders et al. [12] introduced a simulation-based method for the generic characterization of energy flexibility
of buildings thermal mass. Through the introduction of three indicators (available structural storage capacity, storage
efficiency and power shifting capability), they represent a demand response technology as a virtual storage capacity.
Stinner et al. [13] also introduced a quantification method based on three different flexibility indicators: temporal
flexibility (forced and delayed), power flexibility and energy flexibility. From the simulation of opposite events
(charge and discharge), they evaluate the energy flexibility of buildings heating systems with a thermal storage tank
used both for space heating and for domestic hot water. Le Dréau and Heiselberg [20] evaluated discharged heat,
charged heat and shifting efficiency of heat storage systems. De Coninck and Helsen [21] developed a methodology
to quantify energy flexibility provided by thermostatically controlled loads (TCL) based on the introduction of cost
functions, which represent how much shifting energy use at a specific time costs. D hulst er al. [22] defined a
flexibility quantification method depending on the estimation of the power consumption increase and decrease that
can be realized at a certain time of the day, combined with how long this power increase or decrease can be sustained.
They applied this method to different types of domestic appliances, like washing machines, domestic refrigerators,
tumble dryers, dishwashers, domestic hot water buffers and electric vehicles, to evaluate the whole energy flexibility
potential of a building. Nuytten et al. [23] quantified the energy flexibility of Combined Heat and Power (CHP) system
with thermal energy storage by means of the number of hours the energy use can be delayed or anticipated.
Regardless the method used, it is important to underline that buildings energy flexibility can be evaluated at two
different levels: the operational level and the design level [24]. The first one is the approach proposed by IEA EBC
Annex 67 with the method suggested by Junker et al. [25]. In their work the energy operational flexibility

characterization is made by means of a dynamic function which describes the reaction of a specific smart building, or
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cluster of smart buildings, to a penalty signal derived from specific grid requests. The second approach, analysed in
the present work, aims at the characterization of energy flexibility on the basis only of buildings design specifications,
in a similar fashion as for energy labelling assessment. The design approach is relevant for rating buildings on the
basis of potential available flexibility and can help in the design stage to achieve minimum flexibility requirements
when new buildings are built or old ones are renovated.

The objective of this work is to propose a methodology for buildings flexibility labelling, which can be an important
information to be included also in the energy performance certificate (EPC) [2]. The definition of a new single
indicator, the Flexible Performance Indicator (FPI), is introduced with the proposed methodology and it allows the
identification of the building flexibility class. The FPI depends on the most relevant parameters for energy flexibility,
those suggested in the available studies in literature [12], with a focus on electric demand, because the flexibility
provided to the electricity grid is considered. Indeed, the main novelty of this work is the introduction of the FPI,
which, with a single value, can summarize and weight all the different aspects affecting the energy flexible behaviour
of a building, which are mainly related to the thermal inertia of the building, the thermal inertia of the distribution
system and the performance of the heating/cooling system. Furthermore, given the relevance of the boundary
conditions on the available energy flexibility [26], reference conditions to be assumed during the calculation procedure
are proposed. In the paper the method is tested (through dynamic simulation) with different building construction
features or HVAC systems in order to evaluate its reliability and robustness.

The work is divided into four parts. Section 2 presents the approach used in the analysis and the standard boundary
conditions definition. In Section 3 the flexibility quantification methodology and the FPI formulation are described,
while in Section 4 the application of the FPI to different cases is presented. Results are discussed in Section 5, where
also a sensitivity analysis by varying the boundary conditions is provided. Eventually main conclusions are

summarized in Section 6.

2. METHODS AND BOUNDARY CONDITIONS

The objective of this paper is introducing a methodology for buildings energy flexibility labelling. The method is
based on a standard procedure that allows the assessment of the electric flexibility performance of buildings equipped
with electrically driven heating and cooling systems, e.g. heat pumps. Unlike the buildings energy efficiency
assessment (EPC), based on a steady state approach, the energy flexibility evaluation requires a dynamic analysis.
Indeed, when the building energy flexibility is activated, it means that the building is pushed to deviate its demand
towards a new profile generally aimed at compensating power imbalances in the grid [24]. Since the buildings energy
demand depends on the dynamic of the system itself and on external environment (i.e. ambient temperature, solar
gains, etc.), the building response cannot be evaluated considering fixed boundary conditions. For these reasons the
method is simulation-based and requires a transient simulation tool. Besides, as Reynders et al. [12] highlighted, the
result of a demand side management event is not univocal but it is affected by the imposed boundary conditions.
Therefore, the first purpose of this study is to identify suitable boundary conditions that can be easily replicated and
identified in an unambiguous manner when the FPI is calculated. The FPI is defined in order to include in its definition
the most relevant variables for a flexible behaviour [27]. Eventually the method is tested with some case studies, where
geographical position and thermal inertia, introduced by both buildings envelope (construction materials or wall
composition) and HVAC systems, assume different values. In this way the aspects with a bigger impact on buildings

flexibility behaviour are highlighted and the ability of the FPI to take them into account is discussed.
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2.1 Boundary Conditions
The boundary conditions which affect the energy flexibility assessment are: (i) the demand response event; (ii) the
thermal comfort constraints; (iii) the weather data and DR event reference day. The following sub-sections describe

them in detail.

2.1.1 Demand Response

Demand Response (DR) is a particular DSM program, defined as ‘changes in electric usage implemented directly or
indirectly by end-use customers/prosumers from their current/normal consumption/injection patterns in response to
certain signals’, typically price signals [24]. A DR strategy can be designed for different purposes, such as peak
shaving, valley filling, energy conservation, etc [14]. Due to its importance on improving the electricity grid reliability
[28] and on reducing the generation capacity, a peak shaving strategy (PSS) was chosen for the proposed method
(Figure 1). During the PSS the thermostatically controlled loads are managed to reduce the demand during peak
periods [24] by means of a rule-based control (RBC), which varies the comfort temperature set-points [29].

The PSS consists in interrupting power supply to the heating/cooling system at the electric grid peak power demand
time, i.e. during the High Load Period (HLP), until the internal comfort conditions reach a desired lower bound. This
is the first phase of the DR event, called “response period”. Then the heating/cooling system is switched on to restore

the initial internal comfort conditions. This is the second DR phase: the “recovery period”.

2.1.2 Thermal comfort constraints

Regarding the comfort bounds, in accordance with Fanger's Thermal Comfort [30], acceptable bands are defined. For
the heating season the comfort temperature ranges between 20°C-22°C. For the cooling season the comfort
temperature ranges between 24°C-26°C with 60%=+ 10% for the indoor relative humidity (RH). Therefore, during the
DR event, for the heating case a 2°C decrease is allowed starting from a set-point temperature of 22°C, while for the
cooling case the temperature can increase 2°C from a temperature set-point of 24°C and, if it can be controlled, a 10%

RH increase is allowed.
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Figure 1. Two types of DR events, a Peak Shaving Strategy Figure 2. Two Italian daily electric power demand curves, 25
(PSS) during High Load Period (HLP) and a Valley Filling January 2018 and 4 July 2018.
Strategy (VFS) during Low Load Period (LLP).

2.1.3 Weather data and DR event reference day
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As far as the external environment is concerned, a climatic file must be used to model the dynamic behaviour of the
building under variable ambient conditions: a typical meteorological year (TMY) must be considered for each location
[31] where, among the others, the outside ambient air temperature, the solar radiation and the wind speed are available.
Regarding the DR event representative day, a reference day and starting time must be selected. First of all, the most
representative day of summer and winter season must be identified. It is recommended to refer to available standard
data. For example in Italy the reference standard is UNI 10349-1 [32], where the climatic data to assess the buildings
energy performance are reported. Here it is possible to identify the average daily temperatures for each month and for
the most representative Italian cities with a weather station. Given the location, the lowest average daily temperature
indicated by the standard in winter and the highest average daily temperature in summer are taken, in order to capture
the most extreme cases. This method proposes to select as representative day from the climatic file that one whose
average daily temperature matches better! with the values obtained from the standard. Attention must also be paid to
the daily temperature excursion, because if more days could satisfy the proposed criterion, the one which better
represents the daily temperature variation in the location should be considered.

Once the day is identified, it is also necessary to set the starting time of the DR event. Since the DR strategy chosen
is a PSS, it is suggested to evaluate the peak electricity demand times for the country where the building is located.
And if, as for the Italian case, there are more peak times, the worst scenario for the specific season must be chosen.
For example, from the daily balancing data available on Terna website [33], the Italian electricity demand has always
two peaks, one in the first part of the day and the other in the second part (Figure 2). In winter the first peak occurs
between 10.00 am and 12.00 pm, and the second one between 6.00 p.m. and 7.00 pm. In summer, instead, the first
peak occurs between 12.00 pm and 1.00 pm and the second one between 5.00 and 6.00 pm. Thus, considering the
most severe cases, the Italian DR starting time to be used in the proposed methodology is 7.00 pm for the heating case
and 12.00 pm for the cooling case.

Figure 3 illustrates as example the indoor temperature trend given the boundary conditions specified above for the

Italian context.
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Figure 3. Indoor temperature during the DR event in heating
case. The duration of response and recovery period is shown.

3. ENERGY FLEXIBILITY QUANTIFICATION AND LABELLING METHOD
In this section the methodology to quantify and label the buildings energy flexibility is described. As Reynders et al.
[12] highlighted through an extensive literature review, three variables are fundamental to have an energy flexibility

quantification: time, (i.e. duration), capacity (amount of energy that can be shifted per time unit) and cost (potential

! Rounding up or down in cooling and heating cases respectively.
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cost saving). The quantification method proposed in this work aims at calculating a single indicator (the Flexibility
Performance Indicator, FPI) which includes all the abovementioned buildings energy flexibility typical aspects. In
particular, the proposed FPI depends on four flexibility parameters. The first parameter is the response time tres
[hours]. It represents the time necessary to the internal temperature to reach the lower or upper comfort temperature
bound respectively in winter and summer. This parameter quantifies how much time the heating/cooling generator
can remain off while the building can maintain comfort conditions. The second one is the committed power Pres
[kW]. It represents the effect of the DR event in terms of electrical power engaged. It is defined as the integral of the
difference between the heat pump reference power demand (i.e. without DR) and the HP power demand during the
DR event divided by the duration of the response phase, i.e. tres (eq. 1). Prerrefers to normal operation of the system,
when no DR event is in place, and it represents the HP electric power demand for heating/cooling during the same
period in the representative day as for the DR event.

1

tres(p _p
0
f (PREF PDR) dt (1)

Bres = P
res

These two parameters are more interesting for the electric grid side. Indeed, they refer to the response period when
the heating/cooling systems are switched off and then the network load is reduced. The next two parameters, on the
other hand, are of greater interest for the user side, because they consider how fast the initial comfort is restored after
a DR event and the actual DR impact on energy use. The third parameter is the recovery time trec [hours], i.e. the
duration of the recovery period, and the fourth is the actual energy variation Epr [kWh.]. The latter is defined as the
difference in energy use between the reference condition and the DR event during the whole DR event, i.e. tpr (eq.

2).

t . . .
Epp = fODR(PREF - PDR) dt , with tpg = tres + trec 2
Thus the flexibility performance indicator is defined in a dimensionless form as weighted average of four

contributions, as shown in Eq. 3:

1 * )% *
FPI=Z(p1'tres+p2'Pres_p3'trec+p4'77DR) 3)
With:
* tres
lres = 24 (€]
Pr*es = ;PT—“L, with Pmted is the HP design power (5)
rate
* trec
frec =24 (6)
Epr
Npr = fotDR(PREF)dt @)

0if Epg < 0in PSS

The first term in the FPI definition is the response time, tes, referred to 24 hours, with a weight of 60% (p1=60). The
second is Pres normalized to the installed rated power (Prated) with a weight of 20% (p2=20). The third is trec normalized
on 24 hours with a weight of 10% (p3=10) and the last one is a sort of DR energy efficiency, since it is calculated as

the ratio between the actual energy variation achieved during the DR event (Epr) and the building electricity use in
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reference operation (without DR event) during tpr. It has a weight of 10% (ps=10). As highlighted in Eq. 7, the DR
energy efficiency is zero if the PSS does not produce any energy saving.

The weights distribution was determined with an empirical approach by observing simulation data representing the
behaviour of a large amount of buildings configurations during a DR event. They are assigned to emphasize the impact
of the DR event on the electricity grid. Thus a greater weight is given to those parameters which represent the

interaction with the grid side (i.e. pi and p»).

3.1 Flexibility class

In order to rate a building in a specific flexibility class, the same approach as the energy labelling was used. An ideal
reference condition was assumed to calibrate the actual building flexibility and reduce the influence of the building
location (i.e. weather data), thus to compare fairly the performance of buildings in different climatic zones. In the ideal
reference condition a building with the same thermal resistance of the building under evaluation is taken, but its
thermal mass (both for the envelope and heating/cooling distribution system) is neglected. It is assumed that the
building is subject to the same DR event when the outside ambient temperature is constant at the design value used to
size the heating and cooling systems, respectively in winter and summer (see Section 4.2). An FPI limit value in steady
state conditions is calculated (see assumptions in Table 1) and it refers to an extreme case where the inertia of the
building is neglected and the heating/cooling system load is always at its design value. The reference condition
represents a configuration with limited flexibility due to thermal mass but with a fast responsiveness of the
heating/cooling system (it works always at nominal conditions), then it is assumed to be a medium flexibility level
and it is set in class B. The flexibility class for the considered building is determined on the basis of the ratio between
FPI and FPI limit, as represented in Figure 4, where the subdivision in classes was set variations of such ratio based
on 0.3 multiples.

Table 1. Description of method and assumptions for FPIini calculation.

Variable Method of calculation Assumptions
tres Calculated as the energy necessary to | ¢  Thermal losses are assessed considering an average
produce a 2°C variation of the indoor air indoor condition 21°C in winter and 25°C and 60% UR in
divided by the net value of thermal losses summer [34, 35]
and gains e  Solar gains and internal gains are considered only in
summer

e  In summer the internal gains include both sensible and
latent contributions if the plant can control the HR

trec Calculated as the energy necessary to
produce a 2°C variation of the indoor air
divided by the heating/cooling system
nominal capacity

Pres Equal to nominal power e  The heating/cooling system without DR event works at
fixed conditions equal to design values
Epr Calculated as in eq.2 e In case without DR event the heating/cooling system

works for the whole period at nominal power
e In case with DR event the heating/cooling system works
during trec at nominal power
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>3.6 FPI,,;
2.4 FPI, < <3.6 FPI,,;
1.5 FPLyy < | Class Al | <2.4 FPL
0.9 FPLy < | ClassB | <1.5 FPLyy,
0.6 FPLy < | ClassC | <0.9 FPLy,

Figure 4. Energy flexibility classes for buildings labelling.
On the basis of the results obtained and illustrated in detail in the following sections, it was possible to make some

generalizations and find average values of the parameters composing the FPI. In particular it was observed that for the
different analysed configurations the “recovery time”, the “dimensionless committed power” and the “DR event
energy efficiency” assume the average values reported in Table 2. Given the above mentioned parameters, the response
time varies as specified in Table 2 for every defined class and it gives an idea of the time the considered building can

be independent from the grid.

Table 2. Minimum response time to label buildings in a specific flexibility class given the average values of recovery time,
dimensionless committed power and DR event energy efficiency for different analysed configurations (in Turin).

HVAC system Average Average Average a t’é’ls LR] a a
tTh pr ass ass ass ass
rec L] res Npr C Class B Al A2 A3
Fan coils Heating 0.30 0.20 0.90 0.89 3.90 9.94 1899 | 31.06
(FCU) operation
Underfloor ~ ‘1€ating 11.40 0.40 0.30 3.29 6.19 1198 | 2067 | 3225
operation
Fan coils Cooling 0.10 0.40 0.70 0.15 321 9.34 18.54 | 30.80
(FCU) operation
Ceiling Cooling 3.00 0.70 0.30 0.00 1.85 728 | 1543 | 2630
operation

In Figure 5 the steps to implement the flexibility labelling methodology are summarized.
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| STEP 1 | Select the building type of interest | Develop a mo_del m c!ynamlc energy
J simulation environment

I STEP 2 I Choose the location I >{ Select a TMY as climatic file ‘
I STEP 3 I DR event I >‘ PSS realized by TCL |
\L Most representative days of summer and
I STEP 4 I Choose the DR event day I winter season according to a National
‘ standard
I STEP 5 I Choose the DR event time I Time when the peak of the demand most
\L often occurs
STEP 6 Settmg comf(‘)rt conditions for reference +24°C and 60% HR in cooling case
simulation and run REF case o - .
J +22°C in heating case
STEP 7 Setting comfort conditions for DR event #24-26°C and 50-70% HR in cooling case
simulation and run DR case +20-22°C in heating case
Flexibility parameters and FPI >{ Calculate eq 3, using results of step 6 and 7
STEP 8 .
calculation
alculate eq 3 with assumption reported in
v Calcul; q 3 with pti ported 1
| STEP 9 | FPlyy calculation I Table 1
. FPI :
| STEP 10 | Flexibility class evaluation | | Calculate the ratio T~ and use Fig. 4 to
identify the flexibility class

Figure 5. Steps to implement the flexibility labelling methodology.

4. FP1 APPLICATION: CASE STUDIES
In this section the FPI is calculated for different buildings in order to evaluate the reliability of the methodology. As
highlighted also by Foteinaki et al. [26], the available energy flexibility is affected by several variables, such as the
weather data, the building envelope characteristics, etc. With more detail, in the considered case studies the following
aspects where taken into account:
e Weather: different climatic zones are assumed as building location.
e Building specifications: variation of the wall stratigraphy, overall thermal transmittance and light- or heavy-
weight construction are tested.
e HVAC system: air water heat pumps (AWHP) coupled with radiant distribution systems or fan coils units
(FCU), with or without thermal energy storage are considered.
In the analysis, the Italian scenario was assumed, but the methodology can be applied in any country. The same
consideration can be extended to the case studies considered. They try to represent a large share of building
configurations in order to analyse the FPI variation, however, the proposed indicator can be calculated for every
building. The description of the modelled buildings is provided in Section 4.1, while in Section 4.2 the HVAC systems
features and sizing are explained. TRNSYS was used as dynamic simulation tool [36]. Weather data were obtained

through Meteonorm V 5.0.13 [37].

4.1 Buildings features
As starting reference for the construction characteristics of the considered buildings, the Italian regulation D.M. 11
March 2008 [38] was assumed, because it is representative of a consistent share of the building stock where the heat

pump technology can be integrated. The prescribed thermal transmittances (U-value) of the building envelope for two
9
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different climatic zones are reported in Table 3. In particular here the two extreme climatic zones in Italy were selected
(i.e. Band E). Messina (38° 11° N, 15° 32’ E) was considered as reference city for the climate zone B (707 DD, degree
days) and Turin (45° 7’ N, 7° 43’ E) for the climatic zone E (2617 DD).

Table 3. Climatic zones characteristics, related design temperatures for heating and cooling systems and thermal transmittance of
the building envelope [38]

Climatic DD Av:,i‘:tz%‘e ?11‘:1:32: s{:;:ﬁ:r ?V::til: U_external walls U_roof U_floors U_windows
2K-1 2K-1 2K-1 2K-1
zone T °C) T ) TPC | TPC) [Wm~=2K1] [Wm~2K1] [Wm-=2K-1] [Wm~=2K1]
B 707 11.8 25.9 323 5 0.48 0.38 0.49 3.0
E 2617 5.8 232 31.0 -8 0.34 0.30 0.33 2.2

In order to evaluate the effect of the envelope thermal inertia on the buildings energy flexibility, the building walls
were modelled with different compositions and thermal properties of the construction materials. Furthermore the wall
stratigraphy was varied by changing the position of the thermal insulation and three different insulation techniques
were used for the envelope so to model both refurbished buildings and new constructions [39]. They are external,
internal and cavity wall insulation (insulation thermal conductivity 0.04 W/mK). For each insulation position, two
different weights for the walls, which differ in the heaviness of the load-bearing layers, were distinguished. They are:
solid bricks (density 1800 kg/m?, thermal conductivity 0.72 W/mK and specific heat 1000 J/kg K) and hollow bricks
(density 1000 kg/m?, thermal conductivity 0.34 W/mK and specific heat 1000 J/kg K) [40], afterwards they are
indicated respectively as light (L) and heavy (H) structure. The wall composition and thermal properties of the
construction materials were extrapolated from the Italian building norms: UNI/TR 11552 [40], UNI 10351 [41] and
UNI EN12524 [42]. Figure 6 shows all the modelled walls stratigraphy. Even the effect of the overall thermal
transmission variation was taken into account, decreasing its value down to the latest limits prescribed by law (external

walls U value in Turin equal to 0.28 W/m? K) [43].

. . e : -3 1 1 7 -
ep }1 i jp P i h ip e b i Pip| Layers:
out. in. out. in. out. in| ep = esternal
plaster
- . s = solid
Internal Light (IL) External Light (EL) Cavity Light (CL) bricks
- - h =hollow
ep s i ip ep i s ip ®°LER bricks
p = partition
out. in. out. in. out. in. bricks
1 = insulation
ip = internal
Internal Heavy (IH) External Heavy (EH) | Cavity Heavy (CH) plaster

Figure 6. External walls stratigraphy: the use of light weight (L) or heavy weight (H)
materials and the position of the insulation (internal, I; external, E; central, C) are
highlighted.

The selected building typology is the apartment, since this type of dwelling is the most widespread in Italy [44]. All
the dwellings were considered on a raised floor, with a wall and the floor adjacent to another apartment. In all cases,

the dwellings are on the top floor of the building and have an area of 100 m? (10 m x 10 m x 3 m). For each external
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wall, 15% of window surface area rate was assumed [45]. The air changes per hour (ACH) are equal to 0.5 h*!. An
occupancy density of 30 m? per person with a corresponding internal gain of 120 Watt/person [46] and an artificial

light density?® of 10 W/m?[34] were considered.

4.2 HVAC systems

Being the energy flexibility provided to the electricity grid the focus of the analysis, heat pumps are considered as
generation system for building heating and cooling. Indeed, as Fisher and Madani highlight [47], heat pumps allow
an active demand side management to support the realization of the smart grid, since from their coupling with thermal
storages, the electricity consumption can be decoupled from heating/cooling demand.

In this work, all the buildings were equipped with an ON-OFF air to water reversible heat pump (AWHP), whose
performance was derived from a manufacturer catalogue [48]. Two different heating and cooling distribution systems
were modelled: a high/medium thermal inertia radiant system (i.e. underfloor heating system and chilled ceiling) and
a low thermal inertia emission system (i.e. Fan Coils Units, FCU). These two plants were chosen because considered
the best available technologies, respectively for new buildings or mild renovations, to be coupled with heat pumps.
The heating systems were sized on the basis of the maximum thermal load of the buildings in stationary conditions,
considering the outdoor temperature equal to the minimum winter temperature for the chosen locations, as suggested
by UNI ENI 10349-2 [35]. While the cooling systems were sized by means of the Carrier-Pizzetti technical dynamic
method [49] [50]. This method makes it possible to estimate the summer thermal load (sensible and latent contribution)
at different hours of the day, having as inputs the geographical coordinates, the structure characteristics (mass and
thermal transmittance) and the maximum external temperature: the maximum value is assumed as peak cooling
demand. In Messina, the heating load was calculated to be 2.8 kW at design conditions represented by an outside
temperature of +5°C and a room temperature of 21°C, while in Turin it was assessed at 4.1 kW with a design outside
temperature of -8°C and the same internal temperature set-point. As regards the cooling peak load, in Messina the
outside design temperature of 32.3°C with a daily temperature variation of 6°C and an internal temperature of 25°C
with 60% HR were used in the assessment. Sensible thermal loads of 4.8 kW and 5 kW were estimated for the building
heavy and light structures, respectively. The latent contribution is about 1.2 kW for both cases. For Turin, the design
cooling load was evaluated as 4.3 and 4.5 kW for the building heavy and light structures, respectively, with an outside
temperature of 31°C and a daily temperature variation of 11°C (the internal conditions are the same as in Messina).

The latent contribution is about 1 kW for both cases.

4.2.1 High/medium thermal inertia HVAC system

It is composed of an AWHP coupled with a radiant distribution system, underfloor for the heating case and chilled
ceiling for the cooling case. The cooling system includes also a dehumidifier to control the internal humidity. For the
purposes of this analysis the heating and cooling periods were evaluated separately, thus the HVAC systems were
designed for each specific case.

In the heating season the heat pump (Type941) was sized to cover 70% of the building peak demand, as typically
assumed in presence of high thermal inertia distribution systems [14]. The pipes of the underfloor heating system are

embedded in a screed layer (0.08 m) with a wheelbase of 0.2 m. The hot water is supplied in the temperature range

2 Artificial light turns on if total horizontal radiation (THR) is less than 120 W/m? and it turns off if THR is bigger than 200 W/m?
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30-45°C, with an inlet and outlet design temperature differences of 5°C [51]. The radiant floor was modelled through
the “active layer” in TRNBIld [52]. In this case, the system was not equipped with a storage tank, since the thermal
inertia introduced by the floor is sufficient to limit the on-off cycles of the heat pump [14].

In cooling mode, the HP was sized to cover only the amount of sensible heat. The treatment of latent heat was entrusted
to an internal air dehumidifier (modelled with Type 688). In this case, both the internal temperature and relative
humidity can be controlled. To avoid superficial condensation, the cold water was supplied to the ceiling at a
temperature of about 16-18°C, with a design temperature difference of 5°C. The chilled ceiling is composed of pipes
set on panels in the first internal layer of the roof, for this reason it is considered a medium thermal inertia system if

compared with underfloor systems.

4.2.2 Low thermal inertia HVAC system

It is composed of an AWHP coupled with FCU, used both for heating and cooling season. In this case the heat pump
was sized to cover the whole heating thermal load and a small water tank was introduced to limit the on-off cycles of
the heat pump (40 and 60 litres for models placed respectively in Messina and in Turin). The water supply to the
heating system is regulated by means of a compensation curve depending on the outside air temperature and the design
temperature difference between inlet and outlet water is about 10°C, being the AWHP outlet water temperature in the
range of 45-55°C. The air flowrate was calculated ensuring an air temperature of at least 35°C to avoid cold sensations
in the occupants [53].

In cooling mode, the heat pump is sized to provide the sensible load. The FCU lowers the air temperature below its
dew point, managing in this way also the latent heat contribution, however a relative humidity punctual control is not
possible. Therefore the cold water is supplied at low temperature (about 7°C, with a design temperature difference of

5°C). In this case the treated air flow was set to avoid an outlet temperature lower than 18°C.

Table 4 and 5 summarize the heating/cooling systems main specifications. For the heating case, the parameters are the
same for all the buildings in a given climatic zone. In the cooling case, instead, the buildings envelope features affect
a bit the cooling system sizing. As already mentioned, in the plant with FCU a water tank is present and the effect of
different TES volumes was also considered in the analysis in Section 5.4 [14]. A stratified sensible tank (20
temperature levels) was used (Type 4a) in the model and a temperature difference of 10°C for the heating case and of

5°C for the cooling case was assumed between the inlet and outlet water of the tank at design conditions.

Table 4. Main specifications of the modelled heating systems: heat pump rated conditions,
type of emission system and energy storage.

Heating system Underfloor FCU
Climatic Zone B E B E
Heat pump rated capacity [kWi] 2.20 2.80 3.10 4.20
Heat pump rated condition ATW45  ATW45 ATWS5 ATWS55
Heat pump rated COP 3.48 2.00 2.5 1.55
Water flow rate [kg/s] 0.09 0.21 0.07 0.1
Tank capacity [liters] - - 40 60
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Table 5. Main specifications of the modelled cooling systems: heat pump and dehumidifier rated conditions, type of emission
system and energy storage.

Cooling system Chilled ceiling FCU
Climatic Zone B E B E
Models L H L H L H L H
Heat pump rated capaci
bump pacity 5.3 5.1 4.5 4.6 4.9 4.7 43 4.5

[kW{]
Heat pump rated conditions A30WI18  A30WI18 | A30W18  A30WI18 | A30W7 A30W7 | A30W7 A30W7
Heat pump rated COP 2.88 2.88 2.88 2.88 2.15 2.15 2.15 2.15
Water flow rate [kg/s] 0.24 0.23 0.22 0.205 0.24 0.23 0.22 0.205
Dehumidifier rated

A32RH55 A32RHS55 | A32RHS5 A32RHSS | - - - -
conditions
Dehumidifier capacity [kW¢] | 3.17 3.17 3.17 3.17 - - - -

Dehumidifier rated electric

power [kWe]

1.05 1.05 1.05 1.05 - - - -

5. RESULTS AND DISCUSSION

As already mentioned, in order to test the energy flexibility labelling method and to identify which are the main
parameters having an influence on the buildings energy flexibility, the procedure explained in Section 3 was applied
to the buildings described in Section 4. According to the boundary conditions specifications described in Section 2.1,
the representative winter day for Messina is February 6 and for Turin January 11, while the representative summer
day for Messina is July 2 and for Turin July 8. The flexibility class is assigned by comparing the FPI with the FPILjn,

as described in Section 3.1. In Table 6 the FPIinit values for the considered cases are reported.

Table 6. Values of the FPIiimit for the evaluation of the flexibility class.
ME TO

Heating Operation Cooling Operation Heating Operation Cooling Operation
FCU | Underfloor FCU Ceiling FCU Underfloor | FCU Ceiling
FPLimit | 6.36 6.14 6.39 5.62 6.29 6.03 6.39 5.66

Figure 7 shows the buildings FPI calculated for all the heating and cooling cases. In the following sections the results
are discussed in detail, highlighting the influence of weather (Section 5.1), building specifications (Section 5.2),
HVAC system (Section 5.3) and presence of a thermal storage (Section 5.4). In the last section (5.5), through a

sensitivity analysis, the boundary conditions which most affect the results are analysed.
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Figure 7. Buildings flexibility label for the considered case studies. (a) FPI for buildings in Messina with FCU as distribution
system. (b). FPI for buildings in Messina with radiant distribution system. (c) FPI for buildings in Turin with FCU as
distribution system. (d) FPI for buildings in Turin with radiant distribution system.

5.1 Weather data influence

It is evident from the results shown in Figure 7 that the weather data have a huge impact on the achievable flexibility
performance. Indeed, comparing corresponding cases in terms of building and HVAC technical specification (i.e.
Figure 7a vs Figure 7¢ and Figure 7b vs Figure 7d), a big difference in the FPI values, especially in the heating season,
is highlighted between buildings in Southern Italy (Messina) and in Northern Italy (Turin). This means that, even if a
building satisfies the energy efficiency minimum requirements (for the U values reported in Table 3 these buildings
belong to EPC class B), it does not necessarily provide a good level of energy flexibility. Given that the FPI is
calculated in operating conditions during a limited period of time, the influence of weather data is more relevant than
for the average annual energy demand used in energy performance labelling. Nevertheless the flexibility label is
assigned by comparison with different reference thresholds (see Table 6), the difference between colder and warmer
locations remains, putting into evidence that the weather influence cannot be completely mitigated.

In order to analyse this aspect more in depth, the behaviour of a specific building (CL) is considered in winter
(equipped with a radiant floor) and summer (equipped with FCU) for the two climatic zones B and E. In Figure 8 the
indoor temperature trends during the DR event in winter are shown. The indoor temperature goes down faster in Turin,
even if the envelope thermal transmittance is lower (see Table 3), because the outdoor temperature is much colder
than in Messina, where it is always above zero. Looking at Table 7, it is possible to see that the difference between
the FPI values is ascribable mainly to the length of the response period, t.s. The building located in Messina can
maintain its internal temperature within the comfort band for a time about four times greater than that of the building

located in Turin. This is due to the big influence of the external temperature in the first part of the DR event (response
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period), when the heat pump is off. This aspect is captured by the FPI, which indeed places the buildings in two distinct
flexibility classes: class A2 for the heating behaviour of the building located in Messina and class B for the building
in Turin.

For the summer case similar considerations can be made. The warmer weather in Messina negatively affects the
flexibility performance of the buildings in contrast with the milder summer in Turin. In Figure 9 a great influence of
the external temperature during the response period can be observed and the calculated FPI represents this aspect by

means of the different values of the response period duration (Table 7).
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Figure 8. Outside (Tou) and inside (Tins) temperature for a  Figure 9. Outside (Tou) and inside (Tins) temperature for a
building with cavity wall insulation and light envelope (CL) building with cavity wall insulation and light envelope (CL)
equipped with underfloor heating system in Turin (TO) and equipped with FCU as cooling distribution system in Turin
Messina (ME). (TO) and Messina (ME).

Table 7. Flexibility parameters and labelling for buildings with cavity wall internal insulation and light envelope (CL).

Underfloor ME | 30.03 0.24 11.28 6.25 125 035 047 045 20.5 A2
Heating TO 8.10 0.71 11.92 2.76 034 049 050 0.16 6.7 B
FCU ME 1.30 0.90 0.13 0.88 0.05 036 0.01 0.73 4.4 C
Cooling TO 3.20 0.77 0.15 2.20 0.13 034 0.01 0.86 5.8 B

5.2 Building stratigraphy influence

In this section the influence of the building thermal mass on FPI calculation is evaluated through the variation of the
insulant position and walls heaviness.

Starting from the heating case, Table 8 reports the dimensional and the dimensionless flexibility parameters for
buildings located in Turin with FCU as distribution system. This case was considered because it does not include the
influence of the thermal inertia of the distribution system and the location has the more severe weather conditions in
winter. In general it can be observed that when the building thermal mass increases, the FPI value increases too.
Considering buildings with the same walls heaviness, indeed, the external insulation and the cavity walls insulation
allow a better flexibility performance than the internal insulation, because more mass can be thermally activated (i.e.
the internal envelope mass delimited by the insulation layer). This is mainly represented by the parameter (trcs), as
shown also in Figure 10. The response period in buildings with external walls insulation is more than two times greater
than that with internal insulation both for heavy and light walls (Table 8). As a consequence the actual energy variation
is lower in case of internal insulation, even if the efficiency, npr , maintains always similar values in all cases. It is
evident that the insulation position and the available active thermal mass have a positive influence on the flexibility

and the FPI can well represent this behaviour. For the analysed cases, moving the thermal insulation position from the
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inside to the outside of the wall, allows in Turin (Figure 7¢) a flexibility class increase from C to B, whereas in Messina
(Figure 7a) the flexibility class varies from B to A3.

On the contrary, the heaviness of the walls does not seem to have the same impact on the FPI. Even if the FPI in cases
of heavy masonry increases, such increase is not relevant and the flexibility class remains the same for the same walls
stratigraphy. This is confirmed by the small difference between the flexibility parameters, especially trs, as shown in
Figure 11. Eventually the variation of the overall thermal transmittance values according to the new regulations [43]
does not increase consistently the FPI value (e.g. in Turin for the case CH with FCU, FPI increases from 6.4 to 7.5,

but the flexibility class remains the same, B).

Table 8. Flexibility parameters and labelling in heating case for different buildings with FCU as distribution
system located in Turin.

t[;n] [i\r;fi] t[Th] [kli’ls)fﬁe] Cres  Pres  tree Tg FPl Flecxllabslshty
EH | 533 0573 018 291 |022 018 001 099 | 6.7 B
EL | 507 0556 023 282 [021 0.19 001 087 | 63 B
IH 205 0527 022 115 |009 018 001 086 | 4.3 C
IL | 168 0542 0.18 088 [007 0.18 001 096 | 43 C
CH | 510 0549 022 298 [021 0.19 001 093 | 6.4 B
CL | 502 0572 020 286 |021 019 001 099 | 65 B

Looking at Figure 7b and 7d it is possible to extend the same conclusions above mentioned also to buildings with

underfloor heating distribution system.
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Figure 10. Comparison between inside temperature in Figure 11. Comparison between inside temperature in case of
presence of external (E) and internal (I) insulation in heating heavy (H) and light (L) walls materials in heating mode for a
mode for a building with heavy walls and FCU distribution  building with external insulation and FCU distribution system
system in Turin. in Turin.

Even in cooling case, in presence of FCU, moving the insulation towards the external side of the wall increases the
FPI value, as for heating case (see Figures 7a and 7¢). However, for the same building, the flexibility performance is
generally lower than in heating case, especially in Messina where the summer is rather hot, while winter is mild (as
discussed in Section 5.1). Instead, when the chilled ceiling is used, the relationship between the thermal mass and the
FPI value is less trivial and it is mainly linked to the possibility of controlling also the internal humidity. As previously
explained, the chilled ceiling is coupled with a dehumidifier and the boundary comfort condition that stops the DR
event could be both the temperature or the humidity. From the simulations results a strong connection between internal
temperature and humidity trends and building envelope thermal inertia emerges. When the building thermal mass
increases, the internal temperature tends to rise more slowly. The increase in internal temperature, however,
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counteracts the rise in relative humidity. Therefore, when the internal temperature decreases at a low rate, the relative
humidity increases fast. This aspect affects the limit condition that is reached first: as shown in Figure 12, in Turin
where buildings have a better level of thermal insulation, the relative humidity reaches the comfort limit condition
first than the temperature for heavy and externally insulated walls. As far as FPI is concerned, typically all the analysed
buildings are classified in flexibility class B. It would not be the same neglecting the comfort constraint on the relative
humidity: as shown in Figure 12 the temperature takes much more time to reach its higher bound, but this aspect

would detriment the indoor comfort and the evaluation would not be fair.
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Figure 12. Temperature and relative humidity (RH) during DR cooling case for a building located
in Turin with heavy walls materials and external insulation (EH). Chilled ceiling distribution
system. Continuous line: comfort constraint on both relative humidity and temperature. Dashed
line: comfort constraint only on temperature.

5.3 HVAC influence

Figure 7 shows clearly that the influence of the thermal inertia of the distribution systems plays an important role
when the building activated thermal mass is low (i.e. in case of internal insulation). To evaluate the impact of the
thermal inertia introduced by the distribution system on buildings energy flexibility, a comparison between buildings
with different HVAC systems but with the same internal insulation (IL) was made, trying in this way to exclude the
walls thermal mass contribution from the evaluation. Table 9 reports all the flexibility parameters (dimensional and
dimensionless) and FPI of such buildings.

As regards the heating case, for both locations, a great difference in the t.s parameter between the underfloor and the
FCU distribution system can be observed. The higher thermal inertia introduced by the underfloor system maintains
the internal temperature within the comfort zone for a time almost five times greater than that with the FCU. However,
such greater inertia affects also the recovery phase. With an underfloor heating system, the initial comfort condition
restoration takes more time than for the case with FCU, which instead is very rapid. For Turin FCU takes 0.18 hours
to increase the internal temperature by two degrees, while the underfloor heating almost 12 hours. The same difference
can be seen in Messina.

As far as the energy aspect is concerned, the power during the response phase, Py.s, presents similar values with both
distribution systems, however, looking at its dimensionless version (P*,., normalized with the rated power), it is

possible to observe that it is bigger for radiant system because they have a lower rated installed power. Considering
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the last indicator, Epr and its dimensionless version npr, a great difference in the two distribution systems can be
highlighted. If the underfloor heating system allows the achievement of higher actual energy savings (2.7 times greater
in Turin and 3.7 in Messina compared to FCU), energy savings rates (npr) have an opposite trend. This is due to the
great energy use during the recovery phase, which makes the total saving small compared to the energy use in reference

conditions (i.e. without DR).

Table 9. Flexibility parameters and labelling for buildings with internal insulation with light walls materials (IL).

tres Pres trec EDR . Flexibility
t*res x t*rec FPI
[h]  [kW [h]  [kWh| Pres "IoR class
TO Underfloor 722  0.542 11.73 2.41 0.30 0.41 0.49 0.14| 5.7 B
Heating FCU 1.68 0.596 0.18 0.88 |0.07 0.18 001l 096 | 43 C
Ceiling and
TO 343 1785 297 423 1014 066 0.12 0.38| 6.1 B
Deum
Cooling
FCU 0.67 0.746 0.13 035 |0.03 033 0.01 053] 34 D
ME Underfloor 28.52  0.230 12.52 5.23 1.19 0.34 0.52 0.38 | 19.2 A2
Heating FCcU 578 0.266 0.40 140 | 024 0.18 0.02 0.83| 6.5 B
Ceiling and
ME 2.15 1972 293 327 [0.09 067 0.12 0.31]| 5.2 B
) Deum
Cooling
FCU 0.40 1.150 0.12 0.21 0.02 0.46 0.01 0.42 | 3.6 D

This energy flexible behaviour seems to be well represented by the FPI indicators. Underfloor heating system achieves
a better flexibility class than FCU: B instead of C for Turin and A2 instead of B for Messina. Furthermore, focusing
on the same heating distribution system, the flexibility performance of buildings improves if they are in Messina rather
than in Turin, for the reasons mentioned in Section 5.1.

Regarding the cooling case, the radiant distribution system coupled with the dehumidifier achieves a better flexibility
performance than FCU (see Table 9). In these cases, as already mentioned, it is possible to control also the humidity
of the indoor air and t. is evaluated on the basis of the comfort limit condition, between temperature and humidity,
reached earlier. Pres and Epg account, therefore, for both the heat pump and the dehumidifier energy demand. Since
the thermal inertia introduced by the chilled ceiling is lower than that of the underfloor heating system, the response
period as well as the recovery one, although longer than that with FCU, are significantly reduced compared to the
winter radiant system. However, the energy saving and the not-engaged-electric-power have improved values. The
FPI label for buildings equipped with FCU is generally in a lower class than that of buildings with chilled ceiling.
Furthermore the FPI shows typically a lower overall capacity to provide energy flexibility in cooling mode. It is also
due to the fact that the considered cooling systems do not introduce a good level of thermal inertia as occurs with the

radiant floor. For this reason in Section 5.4 the role of the introduction of a TES.

5.4 Thermal energy storage influence

In this section the possibility of using an external energy storage to increase the flexibility for the cases with lower
performance is investigated. This can be an alternative intervention rather than actions on the building envelope. Given
the low value of its FPI, the case of a building with internal insulation, light walls and FCU in Turin is considered for
the heating season. The installation of a water tank in the heating plant is evaluated. The size of the tank was varied
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in order to guarantee thermal energy at the design heating load for variable periods of time (see Table 10). The control
strategy of the distribution system is maintained the same as in the case without the storage tank. When the temperature
difference between the inlet and outlet tank flow rates is below 2°C, the water supply from the tank is stopped. The
tank is supposed fully charged at the beginning of the DR event. Figure 13 and Table 10 represent how the building
flexibility label changes if water tanks of different size are included: as the size of the storage increases, the flexibility
performance of the building increases, even if gradually. This is due to the fact that the storage tank causes both an
increase of the response and the recovery phase duration. With a 1400 litres hot water tank, the flexibility label of the

considered building can pass from class C to Al.

Table 10. Flexibility parameters calculated for a building located in Turin with light walls composition, internal insulation (IL)
and FCU distribution system with different thermal energy storage tank size (heating case).

Storage size Heating autonomy tres P, trec Epr
[litres] [min] [h] [kKWe] [h] [kWh]

0 0 1.68 0.542 0.18 0.88

200 30 3.32 0.518 0.25 1.15

400 70 5.15 0.520 0.35 2.40

600 100 6.33 0.600 0.48 343
1000 170 9.82 0.762 2.98 5.28
1400 230 12.15 0.887 3.03 7.92

Table 11. Flexibility parameters calculated for a building located in Messina with heavy walls composition, internal insulation
(IH) and FCU distribution system with different thermal energy storage tank size (cooling case).

Storflge size Cooling ‘ tres P, trec Epg [KWhe]
[litres] autonomy [min] [h] [KWe] [h]
0 0 0.43 1.023 0.13 0.20
400 30 1.23 0.886 0.20 0.79
800 60 2.18 0.922 0.25 1.63
1200 90 3.98 0.947 0.43 3.22
2000 150 6.22 0.974 0.57 5.26
3200 230 9.38 0.938 0.37 8.23
1400 | 10041 3200 9.7A1
1000 84B __ 2000 758
= 600 | 668 & 1200 | 6o0B
E’ﬂ 400 | s7B ) 800 } 48cC
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Figure 13. FPI and flexibility classes calculated for a building
located in Turin with light walls composition, internal
insulation (IL) and FCU distribution system with different
energy storage size (heating case).

Figure 14. FPI and flexibility classes calculated for a
building located in Messina with heavy walls composition,
internal insulation and FCU distribution system with
different energy storage size (cooling case).

As far as cooling is concerned, the same analysis can be made. By considering the case with the worst flexibility
performance (i.e. a building with heavy walls, internal insulation and FCU in Messina), the effect of the energy storage

tank in the cooling plant is evaluated (Figure 14 and Table 11). The FPI increase with the TES size is slower than in
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heating case. This fact highlights once again that the thermal inertia, whether it is supplied by the cooling system or
by the building envelope, has less impact in cooling case.

Looking at the results in Table 11, it is evident that the tank size increases the response time, because more energy
can be stored and supplied to the building during the DR event when the HP is off. On the other side, it affects less

the recovery period, because the system is able to supply cooling to the building also during recharging.

5.5 Sensitivity analysis
In this section a sensitive analysis is performed in order to evaluate the influence of the boundary conditions selected
in Section 2.1 on the calculation of the FPI. In detail the choice of the DR event and its starting time and the choice

of the representative day are considered.

5.5.1 DR event

A valley filling strategy (VFS) is considered as alternative DR event, instead of a peak shaving strategy. VES is
defined as an increase in power supply to the heating/cooling system when the electric system minimum power
demand occurs (LLP, see Figure 1). The response period goes from the beginning of the event to the moment when
the internal condition reaches its limit (22°C in heating season starting from 20°C and 24°C in cooling one, starting
from 26°C). The recovery period ends when the initial internal condition is restored by the heating/cooling system. In
this case the flexibility parameters related to the engaged electric power (Pys) and the actual energy variation (Epg)
are calculated in the same way as in the PSS case, even if they assume a different meaning. Pyes, for the way in which
it is calculated, has a negative sign, since it represents the surplus electric power engaged during the response period.
The Epr®, instead represents the effective electricity overconsumption during the whole DR event. It also tends to be
negative, given its formulation in Eq. 3 (in Eq.7, if the energy variation is positive, the efficiency is taken zero similarly
to PSS). The winter and summer representative days are the same as for the case PSS. The starting time of the event
is derived from the observation of the market daily balancing energy, available on Terna website [33]: for the Italian
case, both in winter and summer, two off peak periods are identified at 4.00am and at 2.00pm. So, taking for each
season the most severe case, the DR event starts at 4.00am for heating case and at 2.00pm for cooling case.

The results shown in Figure 15, for heavy buildings with central insulation (CH) and FCU, highlight that a different
FPI is obtained compared with PSS, but the difference is not so big, unless for one case (heating case in Messina). In
the latter the flexibility class changes and it is mainly due to the shorter duration of the response phase in case of VFS

compared to PSS.

5.5.2 Representative day

Another boundary condition which can affect the FPI is the representative day used in the calculations. Instead of
considering the average daily temperatures to choose such a day, it is evaluated the effect of taking the most extreme
days in terms of temperature: the coldest for winter and the hottest for summer. Looking at Figure 15, all the FPI
values decrease, both for heating and cooling case, in comparison with the standard configuration. The extreme case
is in Messina in heating season, where the FPI decreases down to 8.7 from 22.2 making the flexibility class B instead

of A2. Here in cooling season, instead, FPI slightly decreases and the labelling class remains C, meaning that in

3 Since for the non-dimensional Epr calculation the denominator is represented by the electric consumption in reference conditions
during tpg, if this is zero, a unitary npr is assumed.
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summer the monthly average outside temperature assumes pretty high values and close to the maximum one. Given
also the influence of the daily temperature, it is considered convenient to choose a representative day whose climatic

conditions are closer to an average occurrence for the location.

3.2:C
ME_cooling %“éﬁ%
49C
12.0A1
TO_cooling '75% C
6.4B

26.7A3
ME _heating 88"571?
10.0A1
TO_heating %4 C
6.4B

0.0 20 40 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0
FPI
@ Start time variation ~ Extreme DR day VFS OStandard boundary conditions

Figure 15. FPI and flexibility classes calculated for a building with heavy walls composition, cavity
insulation (CH) and FCU distribution system with different test boundary conditions: results for the
boundary standard conditions are compared with a different starting time of the DR event, a different
representative day and a different DR event (valley filling strategy).

5.5.3 DR event starting time

Finally, it is important to underline that also the DR starting time affects the results. In general, shifting the DR starting
time to the other power electric peak of the daily electric energy demand curve increases the buildings flexibility
performance. Calculating the FPI in winter season for the same building as in Figure 15 when the DR starting time is
11.00 am instead of 7.00 pm, the FPI increases to 26.7 (class A3) for Messina and to 10.0 (class A1) for Turin. In
cooling case, shifting the DR starting time from 12.00 to 6.00 pm, the buildings flexibility performance increases too.
In Turin the flexibility label switches to Al (FPI=12), while in Messina the flexibility class remains C but the FPI

value increases (up to 5.2 from 4.9).

6. CONCLUSIONS

This paper proposes a methodology to label buildings with electric heating/cooling systems according to their energy
flexibility in design conditions. The energy flexibility label is based on the introduction of a single indicator (the
Flexibility Performance Indicator) which summarizes four flexibility parameters (response time trs, committed power
Pres, recovery time tc, actual energy variation Epg). Given the dependency of the flexibility quantification on the
boundary conditions, the demand response event, representative day and comfort constraints were defined in a unique
way for the application of the proposed methodology. Furthermore dynamic simulations are necessarily requested for
the Flexibility Performance Indicator calculation.

In order to prove its reliability, the methodology was tested on different Italian buildings in which the geographical

position and the thermal inertia introduced by both the buildings envelope (construction materials or wall
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composition) and the heating/cooling generation and emission systems were changed. The aim of the analysis was

also to highlight which are the aspects with a bigger influence on buildings flexibility behaviour. Some conclusions

are summarized in the following:

Results showed a great influence of external weather conditions on the flexibility performance: in cold winter
periods, the flexibility performance drops as well as in hot summer periods. Even if the building presents
good energy performance, the energy labelling does not correspond with the flexibility labelling, meaning
that the building thermal properties that satisfy the prescription for limiting the energy demand do not
guarantee always a big flexibility.

The envelope thermal inertia has an important role for buildings flexibility performance (external insulation
is recommended), especially in heating case.

High thermal inertia emission systems (i.e. underfloor heating and ceiling cooling) are helpful in achieving
good energy flexibility, in particular in presence of low building structure inertia (i.e. internal insulation). As
far as cooling is concerned, the analysis led to the conclusion that increasing the building or the
heating/cooling emission system thermal inertia increases the flexibility performance but not with the same
entity as in heating case.

The addition of a thermal energy storage in the heating/cooling systems in case of low energy flexibility can
help in improving the achievable flexibility class. By increasing the thermal energy storage volume, the
energy performance is improved. In summer a bigger volume (more than double) than in winter is necessary

to reach the same flexibility level.

In general, the Flexibility Performance Indicator seems to quantify well the building energy flexibility during a

demand response event. However, in some cases, it proved to be very sensitive to some boundary conditions such as

the demand response event or representative day. Thus the need of establishing univocal boundary conditions when

assessing the Flexibility Performance Indicator is confirmed, so to obtain values to be compared for different buildings

configurations and locations.
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NOMENCLATURE
A external air conditions
AWHP air water heat pump
C cavity wall
CHP combined heat and power
COP coefficient of performance
DD degree days
DEUM dehumidifier
DR demand response
DSM demand side management
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Epr
EPC
FCU
FPI
FPlLimit

HLP
HP
HVAC

LLP
ME
nZEBs
P
PCM
P DR

pi
Pratea

Prer

tFrec
Hres
TCL
tbr
TES
THR
™Y
TO

trec

trcs

VFS

external insulation

actual energy variation

energy performance certificate

fan coil unit

flexibility performance indicator

limit value of flexibility performance indicator
heavy wall

high load period

heat pump

heating, ventilation and air conditioning system
internal insulation

light wall composition

low load period

Messina

nearly Zero Energy Buildings
dimensionless committed power effect
phase change material

electric power in DR event case
weight

heat pump design power

electric power in reference case without DR event
committed power in response period
peak shaving strategy

rule-based control

renewable energy sources

relative humidity

smart readiness indicator

temperature

dimensionless recovery time
dimensionless response time
thermostatically controlled loads

DR event duration

thermal energy storage

total horizontal radiation

typical meteorological year

Torino

recovery time

response time

thermal transmittance

valley filling strategy
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W

water

NDR dimensionless actual energy variation
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