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ABSTRACT

This study presents an energy management system for residential buildings based on advanced demand-side
management strategies that can assess building energy flexibility potential. A case study of a Dublin-based con-
dominium equipped with a hybrid energy system — consisting of a heat pump, gas boiler, solar photovoltaic panels,
and thermal energy storage — is investigated. The optimisation algorithm adjusts the energy system schedule to
minimise daily operational costs while meeting thermal and electrical demands. Demand response actions are
introduced and evaluated in terms of energy flexibility potential and marginal cost. Simulations for a typical
winter week indicate that triggering demand response actions leads to increased operational costs, which can
be interpreted as the cost of flexibility — a key parameter for shaping flexibility markets. Additionally, the study
examines the influence of various parameters (such as, thermal storage sizing, commodity prices, time of use tar-
iffs, solar PV integration, etc.) to provide valuable insights into the economic and technical feasibility of energy
flexibility in residential buildings under different scenarios. The findings contribute to the development of energy
management strategies and flexibility market mechanisms aimed at enhancing grid stability, which is essential
to achieve a large penetration share of renewable energy sources into the energy mix.

1. Introduction

42.5 % of total energy consumption with renewable sources, with the
ambition to reach a 45 % reduction overall by 2030 [3].

Achieving the decarbonisation targets established by the Paris
Agreement [1] requires the increase in the share of renewable energy
sources (RES). In this context, the European Union (EU) has been a pi-
oneer in RES integration, starting with issuing decarbonisation policies
in the mid-nineties [2], and by setting a binding target to cover at least

Notwithstanding, increasing the penetration of RES leads to signifi-
cant challenges for conventional power grids, which require a continu-
ous balance between energy demand and generation, usually dominated
by a relatively small number of high-output generators [4], to main-
tain their stability [5]. Due to the intrinsic variability of most renewable
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Nomenclature

Abbreviations

AEEF Available Electric Energy Flexibility
DLMP  Distribution Locational Marginal Price
DR Demand Response

DSO Distribution System Operator
EMS Energy Management Systems

EU European Union

FT Flat Tariff

GB Gas Boiler

HP Heat Pump

KPI Key Performance Indicator

MIP Mixed-Integer Programming

MPC Model Predictive Control

oC Operational Cost

PCM Phase Change Material

PV Photovoltaic

RES Renewable Energy Sources

RTP Real-time Price

SC Specific (marginal) Cost

SoC State of Charge

TCL Thermostatically Controlled Loads
TES Thermal Energy Storage

TOU Time-of-use Tariff

TSO Transmission System Operator
VESS Virtual Energy Storage System
WT Weekend Tariff

Symbols

AEEF Available Electric Energy Flexibility [kWh]
Crgs Thermal capacitance of the TES [kJ/K]

¢, Heat Capacity [kJ/kgK]

COP Coefficient of Performance [-]

COP,,4(t) COP when the HP is serving the building [-]
COPrg(t) COP when the HP is charging the TES [-]
G Total Irradiance [W/m?]

GB,,,4() GB load when serving the building [kW]
HP,,4(t) HP load when serving the building [kW]
H Prgg(1) HP load when serving the TES [kW]

OC Operational Cost [€]

OCpg Operational Cost with DR [€]

OC,,pr Operational Cost with noDR [€]

Pei(t) Electricity price [€/kWh]

Pel_threshola  Electricity Price Threshold [€/kWh]
DPeas(t) Gas Price [€/kWh]

Pg ﬁ HP Power Consumption during DR [kW]
P;;’}?R HP Power Consumption during noDR [kW]
Ppr Power consumption during DR [kW]

P,,pr Power consumption during noDR [kW]
SCpr Specific Cost [€/kWh]

SoC TES State of charge [-]

Tmod PV module temperature [K]

Tyoct Nominal Operating Cell Temperature [K]
Tgn Sink Temperature [K]

Tyource Source Temperature [K]

Trgs TES Temperature [K]

TT““E*‘Sx Maximum TES temperature [K]

TT'“E'g Minimum TES temperature [K]
TEScupacity TES Capacity [kWh]

Oppn (1) Thermal Power to the TES [kW]
Orgs(t) Thermal Power to the building [kW]
Orgs joss(f) Thermal losses [kW]

Uqgs Heat transfer coefficient [W/m?K]

Args External Surface Area [m?]

V Volume [m3]

AT(t) Temperature difference [K]

p Density [kg/m3]

Greek Letters

a Degradation rate of the PV [-]
apr Degree of Power Reduction [-]
B Tilt angle [rad]

Ppr Demand Response Intensity [-]
y Azimuth angle [rad]

F) Solar declination [rad]

/i Second-law efficiency [-]
Nmodule ~ Module Efficiency [-]

Efficiency of the gas boiler [-]
pei (1) Average [€/kWh]

Pei (1) Standard Deviation [€/kWh]
Angle of incidence [rad]

Site latitude [rad]

Hour angle [rad]

e 8 Dax 3

resources, such as solar and wind, the deployment of high penetration
levels of RES may challenge power system stability [4], potentially
leading to disruptions in energy supply.

Over the last decade, demand-side energy flexibility has increasingly
attracted significant attention from researchers, companies, and policy-
makers as a solution to enhance grid stability and unlock high shares
of RES injected into the national power grid. Demand-side flexibility
is based on the capability of energy systems to dynamically adapt and
optimise their consumption patterns to minimise primary energy con-
sumption and reduce operational costs [6]. For instance, shifting or
reducing energy usage during periods of low renewable output or high
demand [7,8] leads to a more efficient use of energy resources, while
also contributing to a reduction in electricity consumption from the grid.

This paradigm switch from a generation-based flexibility to a
distributed-flexibility has led to the concept of flexibility markets —
i.e., marketplaces where flexibility services can be traded among users,
utilities, producers, and grid operators [5]. These markets incentivise dy-
namic smart energy management — e.g., by providing financial rewards
to those users capable of adapting their energy usage to support grid
stability — in order to foster economic opportunities for participants,

promote the adoption of advanced technologies and strategies that en-
able real-time balancing of demand, and increase the potential share of
RES [5,8,9].

In this context, the building sector can play an important role in
supporting grid stability by providing demand-side flexibility services
[10,11], since it represents one of the most energy-intensive sectors
[12,13]. A group of buildings may act as a dynamic energy hub, where
integrated smart control strategies allow buildings to optimise their
consumption patterns to reduce primary energy consumption and op-
erational costs [14]. In addition, they can provide flexibility services to
the power grid by participating in Demand Response (DR) programmes
[15]. However, the exploitation of building energy flexibility requires a
deep understanding of how buildings operate, in order to analyse their
energy consumption performance and how they respond to changes in
the operational conditions within a short-term horizon.

Generally, unlocking the building energy flexibility requires the
deployment of smart energy management systems (EMS) and controllers
capable of managing the building energy system (i) to ensure the energy
demand is met and (ii) to optimise the energy consumption patterns
while exploiting the renewable energy production [16]. Since EMS
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systems represent a prerequisite to activate flexibility services and to as-
sess their marginal costs, properly designed strategies can significantly
minimise costs by synchronising energy consumption with favourable
market conditions or renewable energy availability [17], as well as
to provide relevant information about the cost associated with po-
tential deviations from optimal control patterns due to the activation
of demand-response programs [5,18]. However, many buildings still
lack smart energy management systems and sufficient integration with
smart grids, limiting their ability to optimise their consumption and to
achieve the flexibility readiness required to unlock Demand Response
programmes.

Several studies have investigated energy flexibility in buildings, ex-
ploring different configurations and control strategies. For instance, [19]
investigated the role of advanced control algorithms in optimising en-
ergy flexibility and thermal comfort in fully electric buildings. Their
findings indicate that shifting electricity consumption from peak to off-
peak periods may reduce costs by up to 43 % if intelligent algorithms
are deployed. [20] investigated the role of energy flexibility by inte-
grating an indoor phase-change material (PCM) heat exchanger and
solar PV with intelligent control. The model consisted of a multi-zone
building with roof-integrated PV supplying a heat pump connected to
a PCM. Controlled charging/discharging of the PCM aims to stabilize
indoor temperatures and reduce heat loss. A MATLAB-based grey-box
model simulates the system, and a case study explores optimal de-
sign and operation for energy efficiency and flexibility. [21] developed
a TRNSYS-based smart integration model that uses predicted energy
demand (machine learning, IoT occupancy, weather, load), tariffs,
and building performance in a multi-criteria assessment [21]. Results
demonstrated about 20 % user bill savings and 25 % retailer cost reduc-
tion, with stable environmental impact despite a potential 8 % energy
use increase.

Many research studies have shown that the effectiveness of DR de-
pends on the technological setup and control strategies implemented
[22]. For instance, the combination of thermostatically controlled loads
(TCLs) with predictive control algorithms can significantly enhance the
building’s flexibility potential [23,24]. [25] analysed a hybrid gener-
ator system composed of an air-source heat pump and a gas boiler,
integrated with thermal storage, under various DR strategies. Their
findings highlighted that the effectiveness of energy flexibility largely
depends on the storage capacity and the operational strategy of the sys-
tem. Furthermore, the study examined the impact of a model predictive
control (MPC) strategy on the cost-effectiveness of thermal energy stor-
age (TES). The results showed that TES enables the heat pump (HP)
to operate during low-tariff periods, achieving up to 8 % cost savings
and reducing CO, emissions by up to 13 %. Similarly, [26] examined
the interaction between energy markets and building flexibility, focus-
ing on how various market structures impact the flexibility potential
of buildings. Their study estimates an average marginal cost of flexibil-
ity provision by buildings at approximately 0.03 €/kWh. This relatively
low cost highlights the economic viability of leveraging building flex-
ibility as a resource within energy markets. [27] proposed a different
approach: a two-stage hierarchical method to optimise the flexibility
of Thermostatically Controlled Loads as Virtual Energy Storage Systems
(VESS). At the local level, the Distribution System Operator (DSO) sched-
ules TCLs based on the Distribution Locational Marginal Price (DLMP),
reflecting the marginal cost of flexibility. At the upper level, the DSO ag-
gregates VESS flexibility and coordinates with the Transmission System
Operator (TSO) to provide grid services, enhancing system balance and
renewable integration.

Despite these advancements, most studies evaluate energy flexibil-
ity at the building level in terms of energy flexibility potential, while
the economic aspect is often neglected [25,28]. In particular, standard-
ised methods for assessing both the available flexibility potential and
its marginal cost are still an outstanding challenge. The present study
therefore takes a step forward in this direction. Generally, the marginal
cost represents the cost associated with the shifting or adjusting energy
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consumption patterns in response to DR signals - e.g., a grid request to
reduce (or increase) the consumption at a specific time slot - while still
meeting the building operational needs and maintaining the users’ com-
fort [29]. In other words, it quantifies the cost of providing flexibility
services for a specific building (or group of buildings), associated with
the deviation from the optimal baseline energy consumption pattern
[30]. While previous research has demonstrated the benefits of TES and
hybrid heating systems, a limited number of studies quantify their im-
pact on operational cost minimisation under different DR strategies and
market frameworks [31], especially with renewable-based integrated
building energy systems.

In this context, this study investigates the role of buildings in flexi-
bility markets by developing a model for a group of buildings in which
energy consumption management is optimised to determine how dif-
ferent energy sources contribute to meeting the load under varying
operating conditions. Demand response constraints are introduced to
analyse how consumption strategies change when flexibility services are
offered to the power system and to quantify the associated economic im-
pact in terms of the marginal cost of flexibility. On this basis, the work
proposes an energy flexibility framework that not only evaluates the
flexibility potential of a group of buildings but also explicitly incorpo-
rates electricity market prices, thereby linking technical operation with
economic constraints.

A distinctive contribution is the focus on a cluster of buildings rather
than on a single unit, allowing for the assessment of collective optimisa-
tion strategies and the synergies enabled by shared flexibility resources
and distributed energy systems. This multi-building perspective provides
a more realistic and scalable representation of demand-side manage-
ment, while emphasising the cooperative advantages that enhance
economic value.

For this purpose, the aggregation of multiple buildings under a com-
mon operator allows flexibility to be pooled and traded more effectively,
thereby strengthening the role of buildings as valuable resources for
aggregators and as competitive actors in flexibility markets.

The case study consists of a condominium of 4 smart-ready resi-
dential buildings equipped with a multi-source hybrid energy system
consisting of a heat pump, a gas boiler, photovoltaic panels, and a
thermal energy storage. A building energy management system capa-
ble of optimising the building consumption pattern based on renewable
energy generation and commodities market prices is developed and
tested. A notable innovation of this work lies in a deep integration
of photovoltaic generation: by synchronising heat-pump operation and
storage charging/discharging phases, the controller enhances on-site
self-consumption and curtails grid imports. This tight coupling between
PV production, thermal storage, and demand-side flexibility distin-
guishes the framework of this research from existing cost-minimisation
studies. The marginal costs associated with the activation of demand-
response are then evaluated based on different market scenarios. This ap-
proach allows for a more comprehensive evaluation of energy flexibility

Table 1
Summary of building envelope materials and thermal characteristics.

Component Material/Construction Thermal Properties

Walls Exterior cladding (brick) with R-value: R10 (moderate
insulation layer (rigid foam or thermal resistance)
fiberglass batt)

Ceilings Gypsum board and generic Thermal conductivity:

interior materials 0.17 W/m-K (focus on
acoustic insulation and fire
resistance)

Floors Insulated carpeted concrete slabs Thermal mass properties for
heat absorption and gradual
release

Windows Simple glazing with low- U-value: 0.59 W/m? K,

SHGC: 0.39 (moderate
insulation, solar gain control)

emissivity coating and possible
inert gas fill




A. Bringiotti, F. Pallonetto and M. De Rosa

Applied Energy 402 (2026) 127038

Daily Average Thermal Demand, Electric Demand, and External Temperature

11 4

10 4

©
.

Thermal and Electric Demand (kWh)
~

20.0
: —— Thermal Demand (kWh)
[ .
!:: ,")'\ul —— Electric Demand (kWh) 175
:“,‘, , ,"nﬁ » —-= External Temperature (°C)
n 1 n
Piny gy Vg 1"
"H'.\n"“..' T ’ k15.0
o ;1' u A Ty |
Py iy i I
{l —_
i RN :l" "‘ll:ll | , 1250
1 1 1) -
:" :’: :"‘ p ! II ! g
ud AETH W E]
AT i\ " (R 2
R i 100 °
! 1 [‘ ‘ il [
1 l ‘ &
i Q
l \l 0 i 75 o
I ) SOl 8 c
6 ‘RS I T T 3
p A T ‘,U'u‘.} %
:} wont YRRy Fso W
g ft o ;| i
] R
. U
H " L2s
| 0.0
0 50 100 150 200 250 300 350

Day of the Year

Fig. 1. Energy load of the group of Buildings (thermal and electrical demand) and external temperature over one year.

and its impact on operational cost minimisation. This study also con-
tributes to the literature by evaluating the economic feasibility of TES
and hybrid heating systems in a cost-minimisation framework.

The paper is structured as follows: Section 2 details the development
of the multi-building energy management system and the optimization
framework. Section 3 provides a comprehensive description and analysis
of the main results achieved in the study, including the impact of pho-
tovoltaic integration and the economic benefits of the TES and hybrid
systems under different market scenarios. Finally, Section 4 summarises
the key findings and outlines directions for future research.

2. Methodology
2.1. Case study

The case study consists of a condominium of four residential
semi-detached houses, with a total gross floor surface of 656 m?2, located
in Ireland, which represents a common building archetype frequently
found in Irish urban and suburban areas [32]. The buildings are located
in a Cfb climatic zone! according to the Képpen climate classification
[33,34].

Being part of the same building complex, the four buildings share the
same archetype and, consequently, the same thermophysical character-
istics of the building envelope are summarised in Table 1, where details
of materials and thermal properties of key construction elements are
reported. A calibrated simulation model of the reference archetype, de-
veloped in EnergyPlus [35], was used to determine the buildings energy
performance and their consumption pattern, which is then aggregated
for the subsequent optimisation of the energy system schedule. The sim-
ulation was run with a time step of 1 h, which was chosen to balance
computational efficiency with the required level of detail for accurately
capturing the building’s thermal dynamics as suggested by [36,37]. The
condominium has a peak thermal consumption of 14.9 kWh and a peak
electrical consumption of 11.6 kWh, with a yearly thermal energy con-
sumption of 58.9 MWh and an annual electric energy consumption of
52.1 MWh (corresponding to a group of buildings energy rate of B1,

1 Cfb: the term C represents a temperate climate where the coldest month
average temperature stays between —3 °C and 18 °C; the f denotes fully humid
conditions, with consistent rainfall across all months and the b indicates that
the warmest month has an average temperature below 22 °C but above 10 °C.
Such climatic conditions are typical in Western Europe, including regions like
the British Isles.

Shared PV
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A
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[72]

P
> m
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Fig. 2. Energy system scheme.

based on the Irish building energy rating classification). The resulting
annual profiles in terms of electric and heating energy consumption are
shown in Fig. 1, together with the external air temperature. T

The four buildings are connected to a shared centralised energy sys-
tem including a Heat Pump (HP), a Gas Boiler (GB), a Thermal Energy
Storage (TES), and a Photovoltaic System (PV), as shown in Fig. 2. The
gas boiler serves as a traditional heating source, providing thermal en-
ergy when needed, while the heat pump operates in parallel with the
boiler. The two technologies are managed to meet the user energy de-
mand, with varying usage percentages to optimise the overall cost and
to cover the thermal demand.

The TES consists of a water tank, where excess heat can be stored for
subsequent use, and serves the purpose of enhancing the overall energy
flexibility of the building energy system. The electricity generated by
the shared PV system can be used to power the HP and to cover other
building electric loads, contributing to the reduction of the electricity
extracted from the national grid.

The following sections describe the numerical models of the building
energy systems and related assumptions adopted in the present study. A
summary of their principal operational constraints and characteristics is
presented in Table 2.

2.1.1. Heat pump model

The HP used in the system is an on-off type, chosen for its simplic-
ity and suitability in applications where continuous modulation of the
compressor is not required [38]. The start-up and shut-down of the heat
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Table 2
Nominal characteristics and operational constraints of the
energy systems.

Component Key Constraints

Gas Boiler Efficiency: ng5 = 0.96

Nominal Power: Pgp . = 11 kW

Heat Pump Type: On-Off
Second-Law Efficiency: n; = 0.5
Nominal Power: 11 kW

On/Off Temperature Range: 45 — 55 °C

TES U-value: Upgg = 0.38 W/m? K
Maximum Temperature: T = 55 °C
Minimum Temperature: T}t = 40 °C
TES Capacity: Crgg = 11.6kWh/build.

PV system Installed Peak Power: 11kWp
Module Efficiency: 7,444, = 0.14
Orientation: 40° tilt, Southeast azimuth

Ownership: Shared PV system

pump are governed by the outlet water temperature at the condenser,
with an on/off differential controller applying a hysteresis band between
45 °C and 55 °C [39]. The lower threshold triggers the start-up, while
the upper threshold forces the shut-down. The on/off heat pump perfor-
mance is described by the coefficient of performance (COP), expressed
with the following equation [26]:

Tsink
7f——77——> @

sink —  source

c0P=nn<

where T, and T, represent the sink and source temperatures respec-
tively, set equal to the external temperature and building heat supply
temperature, and #;; is the second law efficiency. This approach allows
determining the heat pump efficiency under the different working con-
ditions occurring during the year, while reducing the model complexity
to ensure fast computation and easing its integration into larger system
simulations.

As already mentioned before, the HP can be used to provide the heat
demand required by the building or to charge the TES. When the HP
directly meets the heating demand, the supply temperature is set equal
to the emission system (7,,,,;ssi0n = 45 °C) [40]. On the other hand, when
the HP charges the TES, the supply temperature corresponds to the maxi-
mum storage temperature (7. }”g’g =55 °C) [41]. In order to compute the
COP at each time step, it is necessary to evaluate the term #;;, which
represents the second-law efficiency of the heat pump. Many scientific
articles [42-44] investigate the impact of variability in the second-law
efficiency parameter for heat pumps, when different average tempera-
tures between the condenser and evaporator occur. The findings from
the literature indicate that this parameter typically remains within a
relatively narrow range—i.e., between 0.3 and 0.7—under common op-
erating conditions. Therefore, a constant value of 0.5 has been selected
in this study, as suggested by [26].

The sizing of the HP is determined based on [38], who indicates that
sizing the unit to satisfy between 59 % to 72 % of the building peak
heating load can effectively meet the majority of the annual heating
demand, typically around 95 % to 98 %. Based on these considerations,
the optimal size of the HP was set at 11 kW of thermal output (with a
gross-rated heating COP of 3.7 and a gross-rated cooling® COP of 3.1).

2.1.2. Thermal energy storage model

TES systems are typically used to balance supply and demand of heat-
ing (and cooling if needed), in order to improve the flexibility of the
energy system while optimising resource consumption and operational

2 Due to Ireland’s temperate climate, the cooling load for a typical building is
often considered negligible or non-existent.
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costs. In case of building applications, water tanks are typically adopted
as TES systems due to their low cost and simplicity of installation [26].
In the present study, the TES is modelled as a perfectly mixed water tank
[45,46] and is based on the following energy balance equation:

dTrgs(1)

TES ™y, Onpn() — Otes (1) — Orgs joss (1) ®))

where T and Crg are the temperature and the overall thermal capaci-
tance of the thermal storage. Moreover, the terms Qgp ¢, (1), Orgs (1), and
Orgs 1oss (1) refer to the thermal power supplied by the HP to the TES, the
thermal power delivered from the TES to the building, and the thermal
losses from the storage, respectively [47]. The thermal losses from the
TES to the external environment are calculated using Eq. (3):

O1s Joss(1) = Utps ATes AT () 3)

where Upgg is the typical overall heat transfer coefficient for a water
tank, which is assumed equal to 0.35 W/m?K [48,49], Args is the ex-
ternal surface area, while AT(¢) is the temperature difference between
the storage temperature and the surrounding environment [25]. Based
on the TES temperature obtained by Eq. (2) at each time step, it is possi-
ble to define its state of charge (SoC), which indicates the current level
of stored energy relative to the system’s total capacity, as shown in the
equation below:.

Trgs — TT"EE
SoC = Tmax _ Tmin (4)
TES TES

where TT“i‘_:“S" = 55°C [41,50,51] is the maximum storage temperature
when the heat pump serves the TES, and TTmég = 40°C [41] is the
minimum storage temperature allowed.

This expression accounts for the range of operating temperatures of
the TES, allowing for the assessment of the stored energy relative to its

capacity, which can be calculated based on the following expression:

TES capacity = CrggATTgs ( )

1
3.6 x 103 )
where ATppg = 20K [52] is the temperature difference considered in the
storage.

The thermal capacitance of the thermal energy storage system, Crgg,
is calculated using the following equation [45,46,53]:

Crgs=p-V-¢, (6)

where p is the heat transfer fluid’s density, V' is the tank’s volume, and
c, is the fluid’s specific heat capacity. Considering the physical proper-
ties of water and a volume of 0.5 m3, the thermal capacitance for each
building is 2093.5 kJ/K.

This leads to a TES capacity of 11.6 kWh per household, which is
appropriate for residential applications because it aligns with typical
daily heating and hot water demands. Such capacity enables effective
storage of surplus thermal energy generated by the heat pump, particu-
larly during periods of low electricity prices or high renewable energy
availability. In the present case study, each building is equipped with its
own 0.5 m3 TES unit. This setup allows flexibility to be assessed at the
building level and aggregated at the condominium scale.

2.1.3. Photovoltaic panels model

To serve the entire building complex, a shared PV system [54] with
a total installed peak capacity of 11 kWp is used. The power generated
by this central system is equally distributed among the four buildings.

The efficiency of the PV system (#,,0qu1e) iS 0.14 and a fixed open rack
configuration is adopted. This configuration keeps the panels at a con-
stant angle and orientation, while the open rack design allows for proper
ventilation, preventing overheating and maintaining panel efficiency.
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The numerical model adopted in this study calculates the real-time
power output of the PV system based on the solar irradiance, PV module
efficiency, and the panel capture area based on the incident solar radi-
ation [55]. Generally, the total irradiance on the tilted surface is given
by the following equation [56]:

1+cosp

G = Iy, cos0 + I, )

(7)
where 0 represents the angle of incidence, and it depends on solar dec-
lination (6), hour angle (), site latitude (®), panel tilt angle (4), and
panel azimuth angle (). It is estimated as [56]:

cos @ = siné (sin®cos ff — cos P cos fcosy)
+ cos 6 (cos D cos f — sin P cos f cos y) cos @

+ cos 6 sin #siny sin @ (8)

PV panels are oriented with a tilt angle of 40° and with a SE az-
imuth orientation to position them for effective sunlight capture based
on the site’s specific geographical conditions [57]. The module efficiency
is influenced by the temperature and is computed using the relation
[58,59]:

Mmodule = T, [1 —a(Thoq — TNOCT)] )]
where:

« a is the degradation rate of the PV
o Tod is the PV module temperature
» Tyocr is the Nominal Operating Cell Temperature

To compute the energy generated by the PV system it is important to
account for inverter and cable losses, as they reduce the usable energy
and ensure a realistic assessment of system performance.

2.2. Demand-side management

Demand-side management is characterised by the optimisation of en-
ergy consumption patterns and by the balance between demand and
supply through various strategies. Its effectiveness is influenced by the
system costs, tariff structures, and control methodologies, which de-
termine its overall impact on energy efficiency and grid stability, as
outlined in the following sections.

2.2.1. Operational cost of the system

The operational cost (OC) of the energy system is described by a
cost function that accounts for both the electricity cost associated with
the heat pump operation and the gas cost for running the gas boiler.
The mathematical expression for the operational cost can be written as
follows [26]:

HP,,,,(t
0C=Z[< Ioad() +
1eT COPIoad(l)

H Prpg(t)
COPrps(t)

GBIDad(t) .

) - per(1) + Pgas()

(10)
where:

« t € T: Each time period in the simulation or operation over the time
horizon T'.

H P,,,4(1): heat pump thermal output needed to meet the building’s
heating demand.

COP,y,q(1): coefficient of performance of the HP at time .

H Prgg(7): heat pump thermal output needed to charge the TES at
time 1.

COPpg(2) coefficient of performance of the HP while charging the
TES at time ¢.

Pe1(0): Electricity price at time ¢.

G B,,,q(1): thermal output of the gas boiler to meet the heating
demand at time .

n,: Efficiency of the gas boiler.

Pgas(D): Real-time gas price at time 7.
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2.2.2. Electricity and gas tariffs

In the present work, a smart controller is implemented to optimise
the energy system operation by minimising operational costs (i.e., ob-
jective function) in response to price signals to look for a rational and
cost-effective energy use while ensuring that the building energy de-
mands are met. Tariffs directly influence the controller decisions and
the optimisation process, determining how the demand is met by the
energy system to minimise costs. For this reason, various electricity tar-
iff options — such as real-time pricing (RTP), flat tariffs (FT), time-of-use
tariffs (TOU), and weekend tariffs (WT) — have been considered to better
manage energy generation and improve cost efficiency.

RTP is a dynamic electricity pricing model where the cost of electric-
ity fluctuates based on real-time market conditions [60].

Typically, high RTP prices indicate periods with high energy de-
mand, which also correspond to the most expensive power plants being
dispatched to meet consumption needs. The colour gradient in Fig. 3
provides insight into seasonal trends in electricity pricing (blue tones
indicate the winter season, while red tones indicate the summer; lighter
shades represent the transition seasons, i.e., spring and autumn.

The other types of tariffs, illustrated in Fig. 4, were obtained by con-
sidering actual electricity tariffs typically used in Ireland [61]. The flat
tariff maintains a consistent rate throughout the day, providing simplic-
ity in billing. On the other hand, the TOU tariff shows a variation in the
electricity price based on the time of day, with higher rates occurring
during peak periods (e.g., 5 pm to 7 pm for electricity) to encourage
consumers to shift their usage to off-peak hours (e.g., night or early
morning). Finally, the weekend tariff offers different rates for weekends
compared to weekdays. In particular, during the weekends the tariff is
flat while during the weekdays the tariff has a shape similar to the TOU
tariff [61].
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Fig. 5. Flowchart of the energy management optimization process for integrated
building systems.

Finally, the gas price is derived from data provided by the Eurostat
Database® [62].

2.2.3. Optimisation algorithm

The Optimisation algorithm adopted in the present study is a Mixed-
Integer Programming (MIP), solved using the GNU Linear Programming
Kit (GLPK). The problem is formulated as a set of linear (and non-linear)
equations and inequalities, with some variables restricted to integer val-
ues [63]. The objective is to find the optimal solution that satisfies all the
constraints while minimising (or maximising) a specific objective func-
tion. MIP is widely used in fields such as operations research, logistics,
and energy management due to its ability to handle discrete decision
variables, making it suitable for problems that involve on/off decisions,
scheduling, and resource allocation [64,65]. In the MIP formulation, the
problem is structured around a set of decision variables and parame-
ters. The decision variables represent the values that the optimisation
algorithm will determine to minimise the cost or meet other objectives,
while the parameters are known values that characterise the system’s
constraints and behaviour.

Fig. 5 shows the key constraints and the primary behaviour of the
optimisation algorithm. This algorithm is designed to solve an optimiza-
tion problem where the main goal is to reduce operational costs. The
objective function of the optimisation problem used in this study is the
minimisation of the operational costs (OC), as shown in the equation
below:

)y < A Poaa®) | HPrps®) ) “pe(®)
/& | \COPaa®  COPrps(®) B
min (11)

1 GBioad® ~pga5(t)]

3 In the first semester of 2023, the gas price for household consumers was
0.147 €/kWh, increasing to 0.165 €/kWh in the second semester.
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The constraints are designed to ensure both thermal and electrical bal-
ance within the system. Formally, the thermal and electrical balances
can be expressed as follows:

Quemand® = Qup() + Qgp(t) + Or ks 4is() 12
Edemand(t) = EPV(I) + Egrid(l) (13)

where Q. anq(?) is the thermal demand at time 7, QO p(7) and Qg 5(?) are
the thermal contributions of the heat pump and the gas boiler, respec-
tively, while Q7 g 4;,(t) represents the TES discharging. E,,,,,,4(?) is the
electrical demand, covered by the photovoltaic production Epy (1) and
by the electricity purchased from the grid E,,,(?).

For the TES charging process, a key constraint states that the energy
stored equals the heat pump’s output allocated for storage along with
any excess electricity generated by the PV system.

Another important constraint governs the operation of the TES,
specifically managing its temperature dynamics at each time step to
maintain proper thermal regulation (within the thermostatic set-points).
Regarding the heat pump operation, specific constraints ensure that its
output, used to meet building energy demands and charge the TES,
aligns with its operational status, preventing energy delivery beyond its
capacity. Additionally, the energy supplied by the PV system to cover
the building’s energy demand is constrained to not exceed its actual
production. The TES charging and discharging processes are also reg-
ulated to prevent overcharging or excessive discharging, depending on
its current operation mode. An additional constraint enforces that the
TES temperature remains within predefined safety and efficiency limits,
preserving system stability and optimal performance. Finally, the con-
straints ensure that the heat pump is always active during TES charging,
establishing a direct link between the two processes. A detailed math-
ematical formulation of each component is provided in Section 2.1. In
that section, all governing equations are presented to describe their op-
erational behaviour and dynamic interactions within the optimisation
framework.

2.3. Demand response framework

Demand Response (DR) is a strategy aimed at adjusting the energy
consumption of end-users in response to market signals or grid stability
requirements. The primary goal is to enhance grid reliability, prevent
overloads, and reduce energy costs by shifting or reducing consumption
during peak demand periods [66]. DR aims to adjust the power usage of
certain devices, such as heat pumps, in response to fluctuating electricity
prices or grid conditions.

The type of DR used in the present work involves a price-based ap-
proach that calculates a threshold for the electricity price. Typically,
high market prices indicate periods of high demand for electricity, dur-
ing which a load reduction may be enforced to reduce the stress on
the grid [67]. In this context, price-based demand response becomes
particularly effective as it aligns user consumption with the grid’s oper-
ational needs. For instance, the price-based approach is commonly used
in the literature [25,26,51,67,68] since it provides an effective method
for demand response based on market signals and grid conditions.

In the present study, when the market price exceeds the threshold,
DR is triggered to reduce the HP power consumption. This threshold
is computed by considering the daily average electricity price (y,;) and
the standard deviation of the electricity price (c,;), as shown in Eq. (14).
The term S is the DR intensity and is added to increase/decrease the
threshold value for sensitivity analysis.

Pel_threshold = Mel + BDR * Cel 14)

This approach ensures that DR is triggered during periods of high
electricity prices: when the electricity price exceeds p, ynresnora» DR is
activated, and the power consumption of the HP, represented by P}[l’ﬁ, is
adjusted according to the DR intensity factor, apg. The heat pump power
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consumption in case of DR activation is calculated with the following
equation:

PR =PyPR - PYPR - (1—app) (15)
where P;f){; is the reference power consumption of the HP without de-

mand response. The DR intensity, ap, is a parameter that ranges from
0 to 1 and controls the degree of power reduction:

« apg = 0: This corresponds to no demand response (0 % DR), meaning
that the heat pump operates at its nominal power, PI'-IIOI? R,

» app = 1: This represents full demand response (100 % DR), when the
heat pump is shut down and the DR power reduction is maximized.

* 0 < apg < 1: Indicates partial demand response, with the power
consumption reduced in proportion to the value of aj g, providing a
flexible adjustment to different levels of grid demand or price signals.

The assessment of DR programs in buildings is challenging due to
the lack of standardised metrics for evaluating energy flexibility. To ad-
dress this, specific key performance indicators (KPIs) are introduced to
provide a consistent framework for evaluating the flexibility potential
from technical, economic, and energy perspectives [24,26,69]. In par-
ticular, this study adopts two main relevant KPIs, namely the Available
Electric Energy Flexibility (AEEF) and Specific Marginal Costs (SC). The
AEEF measures the variation in the building electrical energy consump-
tion due to the activation of DR programs over a specific period, and it
is calculated as shown in the equation below:

t
AEEF(?) = / | Por — Pyopr| d? (16)
0

where Ppp is the power consumption during DR actions, P, pr is
the power consumption during no Demand Response operation, and ¢
represents the time period over which DR is evaluated.

The SC represents the specific cost associated with a particular DR
program, calculated by the ratio between the net DR operational costs
and the available energy flexibility:

(OCDR - OCnoDR)

SCpg =
DR AEEF,

a7

where OCp and OC, g are the operational costs with and without
DR events respectively, while AEEF, is the Available Electric Energy
Flexibility over time ¢. These KPIs are used to quantify the impact of
DR actions in terms of reduction of energy consumption and the asso-
ciated (marginal) costs, which represent fundamental information for
aggregating DR profiles among different buildings and unlocking the
participation of networks of buildings in energy flexibility markets.

3. Results and discussion

The methodology described in the previous section was employed
to analyse the capability of the reference building blocks to exploit
the energy flexibility provided by the integrated energy system. To
provide a detailed analysis of the results, the findings are structured
into different sections, each focusing on a key aspect of the system’s
performance. First, the impact of different electricity market prices is
analysed (Section 3.2). Second, a demand response analysis examines
how the buildings dynamically adjust their aggregated consumption
(Section 3.3). Afterward (Section 3.4) the role of the TES is evaluated
and (Section 3.5 ) the impact of the PV panels is analysed. Finally, a
general analysis of all scenarios is presented (Section 3.6).

Each simulation was carried out over a representative winter week,
selected to capture the typical boundary conditions and thermal loads of
the heating season. A temporal resolution of one hour was adopted, as
this time step provides a good balance between computational efficiency
and the ability to reproduce the dynamic behaviour of the system.
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3.1. Scenarios and baseline definition

In order to assess the performance of the building complex, four refer-
ence scenarios were defined. The scenarios are primarily differentiated
by the electricity tariff schemes, which play a key role in this analy-
sis since the study specifically addresses the interaction with flexibility
markets and the resulting costs of flexibility.

Scenario A considers a real-time pricing scheme that reflects actual
variations in electricity market conditions, while, Scenario B applies
a time-of-use structure with differentiated day and night prices. Then,
Scenario C represents the weekend tariff, and Scenario D considers the
flat tariff. In all four cases, the reference baseline corresponds to con-
ventional operation without demand response (No-DR), and the TES
capacity was fixed at 0.5 m3. In contrast, the DR case considers a de-
mand response intensity parameter f,; equal to 1, while maintaining
the same TES capacity of 0.5 m3. Subsequently, starting from the results
obtained in Section 3.2, a sensitivity analysis was carried out starting
from Scenario A. The following parameters were varied: the demand re-
sponse intensity, the thermal energy storage size, and the natural gas
price, in order to assess their impact on both system available flexibility
and the overall flexibility marginal cost.

3.2. Influence of electricity market prices

The influence of different electricity tariff structures (RTP, TOU, WT,
and FT) and their impact on the weekly operational cost both without
and with DR, as well as on the flexibility KPIs is analysed in Table 4. The
analysis is conducted over one representative winter week. The RTP tar-
iff is the most favourable tariff structure from a flexibility point of view,
showing the highest AEEF value, which indicates a greater flexibility
potential (i.e., the system better adapts to external signals and renew-
able energy availability). Furthermore, the operational costs under RTP
structure turn out to be the lowest among the tariffs, since the use of
RTP allows for a more rational and cost-optimised energy supply.

The TOU and Weekend tariffs show higher operational costs com-
pared to the RTP scenario, with an increase in case of DR activation,
and lower AEEF values (84.06 and 72.44 kWh, respectively). This in-
dicates that the DR under these tariffs provides more limited space for
the exploitation of the energy flexibility, as the price signals are more
predictable and less dynamic.

Observing the results in terms of marginal costs of the energy flex-
ibility harnessed under the three tariff scenarios, it is evident that the
Weekend tariff shows the lowest values (0.0735 €/kWh), making it the
most cost-effective scheme for leveraging demand flexibility. This is be-
cause the Weekend tariff applies a constant price, equal to the night-time
rate, which is the lowest in the tariff structure [61]. As a result, shifting
energy consumption to the weekend period incurs minimal additional

Table 3
Definition of the reference scenarios.
Scenario  Tariff Baseline DR scenario  TES size
scenario [m3]
A Real-Time Price No-DR Por =1 0.5
B Time-of-Use No-DR Por =1 0.5
C Weekend No-DR Por =1 0.5
D Flat No-DR Por =1 0.5
Table 4

Comparison between different tariff structures of OC without and with
DR, AEEF and SC over one winter week.

Tariff Structure OC no DR OC DR AEEF SC

Unit [€1 [€] [kWh] [c€/kWh]
RTP (Scenario A) 57.05 70.13 119.82 10.90
ToU (Scenario B) 93.06 100.08 84.06 8.35
Weekend (Scenario C) 98.83 104.16 72.44 7.36

Flat (Scenario D) 97.53 97.53 0 0
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Fig. 6. Comparison of system behaviour with and without Demand Response strategies over one winter week (Scenario A).

costs, maximising the use of demand flexibility. However, while the
Weekend tariff offers the lowest marginal cost, the RTP tariff provides a
greater flexibility potential by adapting to real-time price signals, even
though its marginal cost is higher (0.1232 €/kWh). Based on these obser-
vations, the RTP tariff (Scenario A) is selected for deeper investigation
in the following part of this section, as it is associated with the lowest
operational costs (OCs) and allows for harnessing a greater amount of
energy flexibility potential, offering valuable insights into more dynamic
and responsive energy management. All subsequent sensitivity analyses
are therefore carried out with reference to Scenario A (RTP).

3.3. Operating conditions and demand response (DR) assessment

Fig. 6 illustrates the system operation with and without the activation
of the demand response measures. Generally, the DR strategy influences
the TES by modifying the charging and discharging patterns based on
electricity price variations. This is highlighted in Fig. 6(a), (b) which
show the hourly electricity price trend, together with the daily threshold
(Section 2.3), and the SoC of the TES. Moreover, it can be noted that the
SoC increases before the electricity price exceeds the threshold and then
decreases during the hours in which the DR is active.

Observing the building thermal load pattern and the share of each
energy system that contributes to meeting the demand (Fig. 6(c), (d)) it
can be noted that, while the thermal demand is the same in both cases,
the activation of DR measures constrains the HP operation to avoid
operating when the electricity price exceeds the daily threshold. This
restriction forces the system to rely more on TES discharge and on the
gas boiler to meet thermal energy demand.

This is confirmed in Fig. 6(e), (f) which shows the total electrical
load of the building, including a base load—mainly from household
electrical appliances—and a variable component resulting from the
electricity consumption of the heat pump. The difference between the
framework with and without DR highlights how DR reduces the heat

pump operation during expensive hours and increases it during cheap
hours, effectively reshaping the building electricity consumption profile.
Additionally, the electric consumption profiles show a typical rebound
effect consisting of an increase in electricity consumption before or after
the DR period—due to thermal energy storage charging—and a sub-
sequent decrease during the TES discharging phase. This response is
driven by the optimisation algorithm, which proactively anticipates the
DR event and strategically adjusts the system operation to reduce costs
while meeting the thermal energy demand.

The analysis is further detailed in Fig. 7, which outlines the differ-
ence in HP consumption patterns between the DR and no-DR cases.
In this figure, bars indicate when the HP operates more (red) or less
(green) for the DR case compared to the no-DR case. It is evident that
under DR, the HP reduces its operation during periods of high electricity
prices, while it increases usage in more cost-effective hours. This con-
firms that optimisation algorithms are capable of shifting the building
energy consumption in a DR response framework.

Additionally, Fig. 8 illustrates the variation over time of the TES state
of charge (SoC) in both cases with and without DR. The red and blue
lines represent the TES SoC in the no-DR and DR cases, respectively,
while grey areas indicate high electricity price periods. The results show
that TES can effectively contribute to augmenting the energy flexibility
potential of the building energy system, since it allows the load shifting
during high-price periods, especially in a DR scenario when the HP is
forced to reduce its load as the DR action is triggered.

As explained in Section 2.3, the DR action is induced by the price
threshold, and its influence on the energy flexibility potential is investi-
gated. A specific criterion was selected based on electricity price signals
(Eq. (14)) determined by the daily average electricity price, the stan-
dard deviation and the DR intensity fpg. Setting fpr = 0 implies that
the threshold corresponds to the mean daily price, leading to a much
more frequent and prolonged activation of the DR signal compared to
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the baseline case described in Section 3.6, where f,z was set to 1. As a
result, the system experiences significantly different operational dynam-
ics, with flexibility being exploited more extensively throughout the day
(Fig. 9). However, the trade-off is that the system experiences more fre-
quent state changes, which could increase operational complexity and
uncertainty.

Table 5 compares the results obtained by selecting different values
of the DR intensity fpr (Eq. (14)). It can be observed that the oper-
ational costs in the configuration without DR remain constant. When
compared to the reference case with fpr = 1, the costs decrease for
Ppr = 2, whereas they increase significantly for fpr = 0. The Available
Electric Energy Flexibility (AEEF) shows a similar trend, being lower
with fpp = 2 while reaching higher values with gz = 0. With gpp =2,
the threshold for activating the Demand Response (DR) service is higher,
leading to shorter DR operation. This selective activation allows the
building to remain closer to its optimal operating point, minimising un-
necessary load shifting and reducing the impact of the DR actions on the
overall operating costs. Since the system only responds during periods
of significant price peaks, it avoids minor adjustments that bring lim-
ited energy shifting. Furthermore, the cost of flexibility is the lowest for
Ppr=2 (0.0291 €/kWh), indicating a lower marginal cost of the flexi-
bility available, despite the lower AEEF. In contrast, with g,z =0, the
system reacts more frequently to price fluctuations, resulting in more
frequent load shifts that are not always economically justified. This ex-
cessive sensitivity increases the marginal cost of flexibility dramatically,
reaching 0.2469 €/kWh, reflecting economic inefficiencies and higher
operational expenses.

10

This analysis highlights the importance of fine-tuning the DR
threshold to achieve an optimal trade-off between energy savings,
cost-effectiveness, and operational feasibility. It is also important to
observe that DR can be triggered not only by market price signals,
but by grid-related needs, such as frequency deviations (for primary,
secondary, or tertiary regulation), voltage fluctuations, or power im-
balances. In these cases, the activation of DR responds directly to the
operational requirements of the grid rather than to economically-driven
criteria [70].

3.4. The role of thermal energy storage

The optimal sizing of thermal energy storage systems is a critical de-
sign parameter that directly influences both operational performance
and economic viability. TES serves as a key enabler for efficient en-
ergy management, particularly in frameworks involving the integration
of variable renewable energy sources, Demand-side management, and
Demand Response. Therefore, the impact of TES sizing on the energy
flexibility potential (AEEF) and its specific cost (SC) has been evalu-
ated with the aim of assessing how variations in TES capacity affect the
system capability to provide energy flexibility services.

Figs. 10 and 11 illustrate the SC and the AEEF as functions of the TES
volume per building, with daily values plotted alongside the variability
observed. On the technical side, increasing the TES volume enhances
the energy storage capability, impacting the overall system flexibil-
ity potential and its capability to meet fluctuating thermal demands.
However, larger volumes also lead to higher thermal losses and potential
inefficiencies if the stored energy is not optimally utilised [71].
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cost initially decreases as the TES volume increases, reaching a mini-
mum value at approximately 0.75 m? per building. Higher values of TES
thermal capacity do not offer any significant reduction in energy costs



A. Bringiotti, F. Pallonetto and M. De Rosa

1 Average PV Share (%)

8 3 3

Monthly average PV Share (%)

Jan Feb Mar Apr May Jun Jul Aug sep oct Nov Dec

Fig. 12. Building Electrical Load.

or any load-shifting improvements. In these conditions, the TES can be
considered oversized compared to the energy flexibility needed, which
causes inefficiencies from an operational point of view. This is also con-
firmed by Fig. 11, which shows a non-linear trend of the AEEF versus the
TES volume, with a maximum value for lower capacity (about 0.5 m3
TES per building). Therefore, it is possible to conclude that the choice
of 0.5 m3 per building aligns with the observed trends, since it ensures
a reasonable trade-off between SC, AEEF, and practical implementation
constraints.

3.5. The role of the photovoltaic panels

The integration of PV panels allows to directly offsetting part of the
building electrical demand, flattening peaks and lowering grid reliance
[52].

Fig. 12 highlights the annual impact of PV generation on the building
electricity consumption, in terms of average monthly share of demand
covered by the solar production. During the winter season, the PV system
covers roughly 30-35 % of the building load, and reaches a maximum
value of about 70 % during the summer season.

The Net Load represents the building total electrical demand after
accounting for the energy generated by photovoltaic panels. It is calcu-
lated as the difference between the building original consumption and
the electricity produced by the PV system. This metric allows one to
understand how much energy still needs to be supplied by the grid,
particularly during periods of high demand.

Fig. 13 depicts the building’s electrical demand, comparing scenar-
ios with and without rooftop PV, as well as with and without demand
response (DR). As expected, the deployment of a PV system reduces the
electric energy extracted from the grid. When DR is introduced, the
demand curve is further levelled by shifting flexible loads into lower-
price periods, yielding a smoother and consistently reduced load profile
throughout the afternoon and evening. Over the course of each day, PV
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generation drives a pronounced midday reduction in net demand, re-
ducing peak loads by roughly 40-50 % compared to the baseline, and
in some instances pushing net consumption to near zero or slight export
around solar noon. When DR is activated on top of PV, flexible loads are
shifted into these high-generation time-slots, resulting in an additional
10-15 % reduction of the remaining peaks and a noticeably smoother
demand curve throughout the afternoon and early evening.

3.6. Discussion

This section discusses a comparative analysis of the different sce-
narios considered, which explores the influence of several parameters —
commodity prices, electricity tariff structures, and thermal storage vol-
umes, while also considering the influence of different levels of Demand
Response strategies — to assess their combined effects on the building’s
energy flexibility KPIs.

Fig. 14 illustrates the weekly operational costs over a representative
winter week. The results are presented both without and with demand
response, including the three reference electricity tariff scenarios (RTP,
ToU, and Weekend). The flat tariff is not considered, as it cannot pro-
vide flexibility under the adopted criterion, which relies on threshold
values and price signals. In addition, starting from the RTP reference
case (Scenario A), the figure also reports the outcomes of the sensi-
tivity analysis, in which the thermal energy storage size, the demand
response intensity (fpr), and the natural gas price were varied sepa-
rately. Activating the DR leads to an increase in operational costs across
all cases, which can reach a 70 % increment. For instance, adopting a
low activation threshold (f,z = O scenario), the operational cost in-
creases by 70 %, making it the most expensive configuration from a
DR perspective. Similarly, other cases — such as the scenario with a
20 % increase in the gas price and the scenario that uses the Time of
Use Tariff — also result in a significant increment in operational cost,
i.e., 29 % and 23 %, respectively. Conversely, the scenario with fpz
= 2 presents the lowest increase (4 %), suggesting that fewer DR hours
lead to lower operational costs (but with low available energy flexibility
potential).

Finally, Fig. 15 summarises the results obtained for all scenarios
considered in terms of Available Electric Energy Flexibility (AEEF) and
Specific Cost (SC). The case with a low DR activation threshold (fpz =
0) exhibits the highest energy flexibility potential, since DR is triggered
more times over the day and for a prolonged duration. However, this
comes at the cost of higher SC, indicating a major economic drawback.
On the other hand, the scenario with a high DR activation threshold
(Bpr = 2) achieves the lowest SC, making it the most cost-effective
configuration despite having a lower AEEF compared to the previous
one. Furthermore, while increasing TES volume generally improves cost
stability, excessive DR activation thresholds drive up DR operational ex-
penses, requiring a careful balance between economic feasibility and

Electric Load (kWh)

—— Electrical Demand without PV panels and without DR activation
—— Electrical Demand with PV panels
---- Electrical Demand with DR activation

Mon Tue wed Thu

Fri sat sun

Day of the week

Fig. 13. PV panels share on the electrical consumption (Scenario A).
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Fig. 14. Heatmaps of the operational costs over a representative winter week, reported both without and with demand response. The results include the three reference
electricity tariff schemes (RTP, ToU, and Weekend) as well as the sensitivity analysis carried out from Scenario A (RTP), in which the thermal energy storage size,

the demand response intensity (fpg), and the natural gas price were varied.
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Fig. 15. Heatmaps illustrating the Flexibility Specific Cost and the Available Electric Energy Flexibility over a representative winter week. Results are reported for
the three reference price schemes (RTP, ToU, and Weekend). Moreover, the sensitivity analysis was performed starting from Scenario A (RTP) by varying the thermal
energy storage size, the demand response intensity (fpg), and the natural gas price.

energy efficiency. Generally, different TES volumes and DR strategies
lead to varied trade-offs between efficiency and cost.

4. Conclusion

This research aimed at evaluating both the flexibility potential and
the marginal cost of flexibility for a group of buildings. Understanding
and quantifying flexibility is essential to enable buildings to participate
in energy flexibility markets by providing services that support grid
stability. Buildings with flexible energy systems can shift or modulate
their loads-either increasing or decreasing consumption-based on exter-
nal signals. The case study analysed consists of a condominium located
in Dublin (Ireland), equipped with a hybrid energy system composed of
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a gas boiler, a heat pump, photovoltaic panels, and a thermal energy
storage unit. To manage the building energy consumption, an energy
management system with a smart control algorithm was developed with
the objective of minimising the operational cost, considering the contri-
bution of each energy source in meeting both the thermal and electrical
demands.

The demand response approach adopted in this work is price-based
and reacts to market signals, which are intrinsically linked to the real-
time conditions of the electrical grid, such as congestion or peaks in
demand. Initially, different electricity tariffs were compared to assess
their impact on DR behaviour. Results showed that a tariff scenario
based on Real-Time Pricing provides the highest energy flexibility
potential and was selected for the subsequent analyses.
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Furthermore, the effect of different DR strategies was evaluated by
varying the threshold used to activate the response based on electricity
prices. The main results showed that with a lower price threshold, which
led to the DR being triggered more often and for a prolonged duration,
higher AEEF can be achieved (up to about 216 kWh). However this sce-
nario also leads to higher SC (about 0.247 €/kWh), indicating a high
flexibility potential but also a significant cost. Conversely, a higher price
threshold for DR activation results in lower AEEF (about 78 kWh) and
lower SC values (0.029 €/kWh).

Then, the study investigated the impact of DR under different TES
volume configurations to determine the most effective size in terms of
available energy flexibility potential (AEEF) and specific cost of flexi-
bility (SC). The optimal configuration was found to be a TES volume of
0.5 m®, which resulted in an AEEF of 119 kWh over one winter week
with an SC of 0.123 €/kWh.

The novelty of this work lies in the explicit analysis of the role of
thermal energy storage and the separate treatment of the building elec-
trical and thermal energy demands, allowing for a more detailed and
accurate modelling approach. Furthermore, the study extends its scope
by evaluating the flexibility potential of four buildings connected to
a shared energy system. Although the buildings are characterised by
the same load profile, their aggregation is explicitly modelled to re-
flect the operational perspective of an energy aggregator. This approach
is fundamental, since flexibility markets are typically accessed through
aggregated resources rather than individual buildings. By adopting the
aggregator’s viewpoint, the analysis provides valuable insights into how
collective demand can be mobilised and traded as a single, competitive
entity in flexibility markets. Additionally, the integration of renewable
energy sources (i.e., photovoltaic systems) reflects the growing pene-
tration of decentralised power generation, highlighting their impact on
demand profiles and grid interactions.

Future perspectives include the implementation of different types of
DR, such as those responding to technical signals from the grid (e.g., fre-
quency, voltage, or power) and not only price-based triggers. Moreover,
this methodology could be extended to different building archetypes to
assess the flexibility potential of entire communities. In such a context,
the aggregation of multiple buildings could provide significant environ-
mental benefits and have greater influence in the energy market due to
their aggregated flexibility capacity.
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