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Abstract. This study is focused on the definition of an energy aggregator model for domestic users, offering the Demand 
Response (DR) optimization and additional services. The research project is based on the Italian electricity system 
analysis pointing out the renewables high contribution, the poor domestic users’ electrification and the need to figure out 
those issues by a demand flexibility system implementation. Moreover, the characterization of Italian domestic users’ 
energy loads allowed to identify the suitable strategies to get higher flexibility degree. Thus, three case studies have been 
considered to assess the achievable economic savings due to the DR implementation, accounting for the revenue for 
dispatching services as well as the intraday energy price variations on the Italian market. It emerged that the demand side 
flexibility implementation offers benefits to the Italian electricity system but entails small economic benefits for the end-
users. Additionally, the adoption of such a system is quite complicated due to the lack of suitable and reliable automation 
devices. For that reason, a potential energy aggregator for domestic users will have to search funds for its own operation 
providing customers with additional services, such as energy saving and assisted-living, by using of ICT along with 
automation within each dwelling. 

INTRODUCTION 

The electricity generation in Italy as much as in the other European countries has traditionally been entrusted to a 
centralized production model involving a mix of different power plants and different sources, renewables and 
fossils. The Italian electricity system has always been characterized by the hydroelectric plants wide deployment; 
since 2006, those plants have been joined to numerous other plants powered by renewable energy sources (RES), 
especially photovoltaics, wind farms and thermoelectric cycles powered by bioenergy. In 2017, RES plants capacity 
accomplished the threshold of 53.3 GW, corresponding to 45.5% of RES penetration on the whole installed capacity 
[1]. 

In 2014, the renewable energy production reached the maximum value of 120.7 TWh (43.1% of national 
production), while in 2017 it was reduced to 113.1 TWh (38.2% of national production) [2]. In order to identify the 
current situation criticalities, analysing the electrical system not only in terms of energy, but also in terms of 
capacity [3–9], is required. Assaying the energy mix in terms of power capacity, it emerges that the Italian electricity 
system shows RES capacity of 53.3 GW and a variable power demand ranging in 20÷25 GW over the night time, 
while more than double peak values over the day time can be seasonally achieved. Indeed, 45÷50 GW can be 
registered in the winter season, 40÷45 GW over the spring and fall ones and finally, 50÷60 GW over the summer 
time [10]. 

Up to date, the Italian electricity system registers basically energy excess on either non-working days or 
holidays, especially over the spring and fall seasons, when energy is not used for heating and air conditioning needs 
[11]. The relevant exploitable potential from a techno-economical point of view, along with costs lessening 
associated to photovoltaics and wind, envisage an important development of such technologies, whose estimated 
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production should be more than double by 2030 [12]. Taking also into account the consumptions decrease hailing 
from energy efficiency interventions, it is not difficult to imagine a near future in which the energy excess amount, 
caused by renewable sources, can occur in time periods wider than the current ones. 

What is happened in the Italian case is taking place in many other electrical systems. Similarly, they are heading 
towards a more decentralized generation mix, characterized by lower predictability and controllability, especially 
owing to the RES massive adoption [13–15]. In order to make suitable RES large scale integration [16,17]  for 
decarbonising electrical systems without endangering the supply security, several interventions on both electricity 
production and demand side are strongly required. Therefore, the participation in the provision of ancillary services 
has to be extended to the distributed generators as well. To do so, the adoption of Grid-connected Energy Storage 
Systems is one of the most suitable solutions to figure out those issues [18,19]. Moreover, providing a greater 
flexibility on the demand side by the use of the Demand Response (DR) strategy, it is necessary. Consequently, DR 
is either a tool to reduce or postpone expensive investments on the grid upgrades [20–23]. It mainly consists of 
temporally shifting the electrical demand when more renewable energy is available, simplifying, on one hand, all of 
balancing issues (global and local), on the other hand, diminishing the associated overall system costs [24–29]. 

METHODS 

In this paper, the potential flexibility strategy implementation applied to the residential users over the Italian 
electricity system, has been investigated. Generally, the effective contribution of a very small consumer is limited; 
however, by means of appropriate coordination activities and ICT tools, it is possible to get very high saving values, 
for both consumers and energy players [30,31].  

Specifically, the coordination actions have to be executed by a virtual structure, the so-called energy 
"aggregator". That instrument creation allows to gather the multiple customers flexibility making it interesting for 
the energy market proposals [32]. 

Any electric user could basically participate in a DR activity without an intermediary intervention; however, 
consumers may decide to not get involved in such mechanism, especially if they have to face investments by 
themselves. For that reason, an intermediary figure facilitating residential consumers to generate a more flexible 
demand, could be necessary. Intermediaries or "aggregators", as reported in literature, are defined as all those 
subjects facilitating the DR operation among consumers. Moreover, they have to provide a higher flexibility and, by 
that flexibility, they are able to optimize their activities [25,33–37], in accordance with the logical pathway of 
Figure1. Thus, the aggregator is a service provider combining, on request, a plurality of energy consumption units, 
or rather consumption and production units, to sell or to auction off them in the energy markets. 

 
FIGURE 1. Interaction between consumers, intermediaries and Demand Response services procurers. 

 
The DR (Demand Response) service can be either explicit or implicit. In the explicit type-based DR schemes 

(i.e. incentive-based) the consolidated load is traded on the electricity markets, along with similar services on the 
supply side receiving the same prices. Usually, that occurs within the balancing markets. Indeed, consumers receive 
direct payments to change their consumptions following a specific request.  That is usually due to the balancing 
services activation, either to differences in electricity prices or due to the onset of transit constraints on the grid. 
Consumers can earn individually from their flexibility in the electricity consumption or by contracting with an 
aggregator, alternatively. In the implicit DR schemes (i.e. price-based), if consumers chose to be exposed to variable 
electricity prices or to grid tariffs (or both) they can react to these price differences according to their possibilities 
and to their own constraints (without obligation). It is important to point out that the two Demand Response schemes 
cannot substitute each other. Consequently, consumers are able to participate in the explicit DR by the aggregator, 
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and at the same time, to participate in the implicit DR program by dynamic rates. Each scheme requirements and 
advantages are not alike and hence, they can be combined as well.  

The research methodology includes the following steps: 
• the state-of-the-art review on the electricity billing mechanisms; 
• the residential users analysis so as to identify the electric load typologies; 
• the flexibility model application to three different case studies representing the most common Italian 

dwellings;  
• the economic benefit hailing from the flexibility model adoption. 

 
Nowadays, the electricity invoicing is carried out by the smart meters use [38,39], thereby allowing innovative 

pricing systems implementation. Aligning the electricity supply and demand entails the possibility to hand the 
energy supply costs over to end users as resulting from the wholesale market. In so doing, customers active 
participation to the price formation mechanism can be stimulated [40–43]; it is also known how the dynamic pricing 
introduction can leads to the energy consumptions lessening [44]. For that purpose, different dynamic pricing 
systems can be introduced according to the objectives to be achieved. As a matter of fact, on the basis of existing 
rate schemes, the suitable options can be grouped into four main categories: Time Of Use (TOU); Critical Peak 
Pricing (CPP); Peak Time Rebate (PTR); Real Time Pricing (RTP) [45–48]. 

Currently, the Italian rating system belongs to the TOU tariff category, subdividing the day into time slots. Each 
time slot is characterised by different price values, with the higher one during peak periods and the lower one during 
off-peak periods. The main advantage of that tariff typology is the simple formulation and the easy understanding 
for customers. In that way, they are free to schedule their own electricity consumption, shifting their energy needs in 
those time spans corresponding to the lower price. Nevertheless, the TOU tariffs are not really "dynamic", since the 
time slots and the applied prices are pre-determined in a presumptive manner. As a consequence, that option is 
unsuitable when electricity generation from non-programmable renewable sources occurs. Furthermore, the growing 
drive to loads restraint over the peak periods may be a weak solution if the peak load price remains high for too long 
time. 

RTP tariffs are more complex given that they are strictly linked to the hourly market price of electricity, but they 
are more flexible and effective related to users’ consumption shifting. Customers must necessarily be equipped with 
specific automation technologies [49] and they have to be informed of the hourly prices trend, one hour before or the 
day before at least. However, many key variables intrinsic to residential customers are significantly more 
complicated if compared to those of commercial and industrial ones [50,51]. The main advantage of the RTP tariffs 
lies in the temporal granularity of price signals transmission to customers enabling them to respond rapidly to the 
market conditions changes [52,53]. 

Energy consumptions data have been extrapolated from the Italian TSO reports [54] and elaborated on the basis 
of the ISTAT survey on household energy consumption [55]. Thereafter, three case studies have been identified by 
several features according to what was found in [56,57]. 

The economic benefits deriving from the flexibility model application have been assessed by calculating the cost 
reduction caused by the RTP tariffs application instead of the current TOU (i.e. implicit DR) and the dispatching 
amount dues (explicit DR), analogously to those guaranteed by the offering side [58,59]. 

ELECTRICAL DOMESTIC USER ANALYSIS 

Domestic user electrification 

The residential sector energy uses can be roughly divided into the following main categories: energy for inner 
space heating and cooling, for domestic hot water production, for food cooking, for lighting and for household 
appliances; traditionally, some purposes (e.g. lighting, electromotive force) have always been considered as 
compulsory electrical uses, while for other employments, such as food preparation (cooking), domestic hot water 
production and winter air conditioning, the energy carrier choice has always been related to techno-economic issues. 

In Italy, they represent a quarter of the energy end uses, approximately and therefore they constitute a 
considerable share in which action is needed to get energy savings and flexibility. Comparing Italy to other 
countries, it emerges that the Italian domestic sector is not electrified so much [38,54,60]: 
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• the annual consumption per capita is equal to 1,060 kWh/person, against the European average of 1,566 
kWh/person; in the United States as well as in Finland the electricity consumption is higher than 4,000 
kWh/person;  

•  the annual consumption per family is equal to 2,700 kWh/family; in the United States and in Finland 
that value is higher than 8,000 kWh/family;  

• the percentage of electricity consumption for thermal use, in Italy, is equal to 26.1%; in other countries 
that indicator can get higher values such as 64% in Finland and 52.5% in France. 

 
The poor electrification degree in residential sector is mainly due to the Italian pricing system along with limited 

facilities for resident users. Until 2016 the pricing scheme was characterised by the adoption of growing progressive 
tariffs which are not applied in other countries. Furthermore, typical resident users have a peak power commitment 
limited to 3 kW by the supply contract with the utilities (see Figure 2). That issue has severely hindered the 
electrical technologies wide deployment for thermal purposes (e.g. heating, DHW and cooking), although high 
conversion efficiency technologies, such as heat pumps and induction hobs, are available. However, a stepwise 
removal of this progressivity is underway, which will likely lead to an increase in electricity consumption. 

 

  
(a) (b) 

FIGURE 2. Users typology specific gross costs vs. yearly consumption (a) reference 2016; (b) reference 2018. 
 
To provide a complete energy characterization of domestic users and to identify foreseeable aggregation 

scenarios, the electrical and thermal users’ analysis has been carried out, assessing their characteristics in terms of 
management flexibility, energy consumptions, power commitments and time [26,61]; for that purpose, a preliminary 
classification has been drawn up (see Figure 3), distinguishing four load typologies  and the self-generation: 

• Storable load: the power consumption and the end-use service are decoupled by storage that can be in 
the form of (electrochemical) batteries or thermal inertia. 

• Shiftable load: power consumption can be moved in time without affecting the end-use service. 
Shiftable load often involves a non-interruptible process like a laundry cycle and thus involves some 
planning. 

• Curtailable load: power consumption cannot be shifted without affecting the end-use service, but the 
service can be interrupted instantly. 

• Non-curtailable load (Base load): the end-use service needs instant power and cannot be interrupted or 
shifted in time. 

• Self-generation: power generation on the premises of a consumer, reducing the net load. Dispatchable 
self-generation can be used as back-up power. 
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FIGURE 3. General loads mix and self-generation. 

 
According to that classification, the users’ characterization for the domestic sector has been developed to 

evaluate, the potentially storable loads, potentially shiftable loads and the remaining loads.  

Storable loads: Domestic Hot Water (DHW) production 

In the Italian residential sector, the domestic hot water production is mainly deputed to combustion systems 
owing to economic reasons related to the primary energy sources purchase and availability. The ISTAT survey [55] 
highlights the autonomous plants widespread deployment for DHW production, characterised by the distribution 
typologies quite equal to the home heating one. Indeed, the most common equipment is the autonomous plant with a 
share of 73.9%, followed by single appliances with 20.4% and finally, centralized systems with 5.8%; the strong 
correlation between the heating plant and DHW production typology is related to the common use of bivalent 
generators for both purposes (64.7%). Looking at data in Table 1, it emerges that 14.4% of single appliances are 
electrically powered. 

TABLE 1. Share of Single appliances for DHW production sorted by primary energy sources and location 

  
Natural Gas 

(NG) Electricity Biomass Liquefied Petroleum  
Gas (LPG) Oil Solar Energy Total 

North-West 81.6% 8.9% 1.2% 4.2% 3.3% 0.8% 100.0% 
North-East 81.1% 4.4% 2.0% 6.5% 5.0% 1.0% 100.0% 

Middle regions 71.3% 16.3% 2.6% 6.9% 2.1% 0.7% 100.0% 
South 58.0% 24.3% 3.6% 11.7% 1.8% 0.5% 100.0% 
Italy 71.9% 14.4% 2.4% 7.6% 2.9% 0.7% 100.0% 

 
The DHW energy consumption in residences equipped with electric boilers [62] depend on the family unit 

composition. Assuming that, the installed appliance has been sized properly (i.e. proportionate tank volume to the 
persons number) along with a limited number of flow reducers at the point of delivery, the annual consumption is 
equal to 694, 1,049, 1,401, 1,750, 2,097 kWh/year for families consisting of one, two, three, four and five 
components, respectively. The weighted average on all of dwellings typology is equal to 1,200 kWh/year. The DHW 
energy consumption in residences equipped with gas water heaters can be considered equal to those described 
above, owing to the same seasonal average efficiency [63]. The heat pump water heater energy consumption can be 
calculated referring to the HPs seasonal average COP equal to 2.85 (based on typical HPs performance available on 
the market). Table 2 summarizes the yearly energy consumption, the daily average consumption and the hourly 
power commitments according to the most common devices technical data sheet. 

TABLE 2. DHW energy consumption and power commitments sorted by generators typology. 

 

Yearly 
consumption 

Daily 
consumption 

Electric 
power 

Thermal 
power 

Daily operating 
hours 

[kWh/y] [kWh/d] [kW] [kW] [h] 
Electric boiler 1,200 3.3 1.2 -- 2.7 

Heat Pump water heater 400 1.1 0.3 -- 3.7 
DHW instantaneous gas generator 1,200 3.3 -- 24 0.15 

Self-generation Load mix

Storable loadNon-storable load

Non-shiftable load Shiftable load

Non-curtailable
load

(Base load)

Solar-PV,
solar-boiler,
micro-chp,
small biomass,
small wind
power, etc.

Burglary alarm,
automation, freezer,
refrigerator, etc.

Lighting, TV,
handyman tools,
computer, etc.

Laundry,
dishwasher,
tumble dryer,
vacuum cleaner,
stove, etc.

Electric vehicle,
heating, cooling,
DHW, battery, etc.

Curtailable load
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Thereafter, where solar collectors are installed integrating one of the aforementioned technologies, the final 
energy consumption can be deduced by data reported in Table 2, depending on the solar production share; 
considering the common practice of solar collectors sizing to meet at least 50% of DHW need, the final energy 
consumption can be estimated, in a first approximation, equal to one half of values above. Moreover, Table 2 shows 
an estimate of the number of daily operating hours, but it does not indicate when the power commitments occur over 
the day. As reported in [64], the electricity off-takes associated to water heaters are characterized by two peaks; the 
first one occurs close to 9:00, while the second one at 21:00. Yet, the storage system integration can easily suggest a 
different daily placement of power commitments. Taking also into account that the Italian families are 26 million 
approximately, on the basis previous data, the power to heat potential as storage option, by the distributed DHW 
production, is very high. Indeed, the storable power can be estimated ranging between 1.1 and 4.5 GW for a time 
span equal to 3-4 hours, depending on chosen technologies (see Table 3). Thus, assuming a total DHW users 
electrification in the residential sector by using only heat pump water heaters, the storage potential would be much 
higher, attaining the value of 7.7 GW over 4 hours, approximately. 

 

TABLE 3. Storage systems potential for DHW production in the residential sector. 

 

Specific 
Power 

Number of 
families Share of electricity-driven plants Total 

Power 
Potential 

storage capacity 
[kW/unit] [-] [%] [GW] [GWh] 

Electric boiler 1.2 25,816,311 14.4% (current scenario) 4.5 12.1 
HP water heaters 0.3 25,816,311 14.4% (current scenario) 1.1 4.1 
HP water heaters 0.3 25,816,311 100.0% (total electrification scenario) 7.7 28.5 

 

Storable loads: devices equipped with battery 

Italian families have usually several electrical devices [65] which in many cases are equipped with batteries 
(electrochemical storage systems), as reported in Figure 4. Those ones are often small-sized appliances, but if they 
were gathered together, they will constitute an interesting storage potential. 

 

 
FIGURE 4. Devices typology percentage distribution. 

 
Unfortunately, there are no detailed data in the literature on the electrical equipment daily use, and hence, the 

energy consumption assessment as well as the storage potential one, have been calculated only for mobile phones 
and laptops. To perform that calculation the typical technical characteristics of devices have been considered as a 
reference, assuming also the daily recharge. It is important to point out the in Italy there are about 60 million of 
mobile phones and about 10 million of laptops as well. The former, are characterised by a recharge time equal to 1-2 
hours using 5 W of input power; the latter have the same recharge time but using 80 W of input power. Having said, 
the whole potential storage capacity of such devices ranges in 1-2 GWh. Obviously, that storage capacity could 
largely enhance once further portable devices are accounted for. 
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Storable loads: buildings inner space heating 

The ISTAT survey [55] reveals that about 98% of families own a heating system for their dwellings, exception 
for Southern regions where that percentage is lower. The most common heating systems are autonomous (65.8% of 
families); followed by the single ones either stationary or portable (18.5% of households), and centralised plants 
(15.7%), as outlined in Table 4. 

TABLE 4. Heating plant typologies percentage distribution sorted by geographic location.  

 
Centralised Plants Autonomous Plants Single devices 

(stationary/portable) Not existing plant 

North-West 30.7% 59.1% 10.2% - 
North-East 12.3% 72.9% 14.8% - 

Middle Regions 14.7% 70.8% 14.6% 1.1% 
South 4.6% 64.1% 31.3% 5.3% 
Italy 15.7% 65.8% 18.5% 2.0% 

 

TABLE 5. Heating plant typologies percentage distribution sorted by primary energy sources. 

 
Centralised 

Plants 
Autonomous 

Plants 
Single devices 

(stationary/portable) 
Not existing 

plant Total share 

NG 83.8% 86.5 6.1% - 70.9% 
Electricity 1.4% 0.4 17.7% 54.2% 5.1% 
Biomass 0.7% 4.8 73.9% - 14.5% 

LPG 2.5% 5.3 2.3% 45.8% 5.8% 
Oil 11.6% 3.0 -% - 3.7% 

Total 100% 100% 100% 100% 100% 
 
The inner spaces heating of buildings, is mainly deputed to combustion systems (94.9%) fueled with several 

gaseous and liquid fuels (e.g. Natural Gas, oil, biomass). Table 5 shows several plant typologies and their share 
sorted by the feeding fuels. During the winter season, heating systems operate just for eight hours a day on average, 
and they are frequently switched on starting from 1:00 pm up to 9:00 pm. The yearly energy consumption of the 
residential sector [12] for heating purpose is about 26 Mtoe; the most used fuels are natural gas ( 17 Mtoe), 
biomass (specifically the firewood,  6 Mtoe), diesel ( 1.2 Mtoe), LPG ( 1.2 Mtoe) and other energy products 
(coal, coke, gasoline, lamp oil, other oils and manufactured gas) which are negligible in terms of amount. Even 
though the major part of buildings is heated by combustion plants, the new global energy scenario suggests 
rethinking many situations and strategies, pushing towards the wider electricity use. To do so, hybrid systems 
implementation or new entirely electricity-powered systems construction, involving heat pumps and storage devices 
are the most viable options in the short-medium term [66–74]. In order to provide a preliminary evaluation on the 
achievable storage capacity to the end user -side, the aforementioned consumption data, the daily operating hours 
and 150 days of the heating season, have been assumed for the assessment. Although the evident approximation in 
the methodology calculation, it can be stated that the current thermal power for providing heat to the Italian 
residential sector is equal to 200-300 GW. Once a total electrification scenario has been considered substituting all 
fuel-based heat generators by HPs, the potential storage capacity would be very high. Indeed, assuming the seasonal 
average COP equal to 3, the achievable storage capacity is ranging in 520-800 GWh. Moreover, the heating load 
daily allocation strongly depends on the user's habits as well as the regional climate conditions [75–77]; an adequate 
storage systems installation allows to decouple the thermal energy production and its use, lowering the required 
maximum powers by the advance/postponement of electricity off-takes. 

Storable loads: buildings inner space cooling 

For the air conditioning over the summer season, electrically-driven refrigeration systems are widely used, and in 
many cases, they consist of air-to-air chillers. It is noteworthy that in the residential sectors cooling systems might 
be not installed. As a matter of fact, just one third of Italian families (29.4%) is an air conditioning system owner 
and that percentage can widely varies depending on geographical locations (see Table 6) [55]. 
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TABLE 6. Air conditioning system typologies share sorted by geographical location. 

 
Centralised HVAC  

or autonomous 
Stationary  

or portable Chillers 
Air conditioner (heating/cooling)  
stationary or portable (by HPs) 

Not existing  
plant 

North-West 1.2% 7.3% 15.0% 76.6% 
North-East 2.5% 13.6% 23.0% 60.9% 

Middle Regions 0.5% 7.1% 16.5% 76.0% 
South 0.7% 6.5% 25.0% 67.8% 
Italy 1.1% 8.2% 20.0% 70.6% 

 
Despite the current low deployment of cooling systems, a growing trend in appliances installation can be 

registered. This is due to the fact that, new units serve very often single rooms and rarely the whole home. For 
having a preliminary estimate on the achievable storage capacity over the summer season, the developed 
calculations for heating systems can be extended. Under those hypotheses, the potential storage capacity could get 
values of 640-960 GWh. As in the case of heating, user's habits and the climate conditions play a key role in 
allocating the cooling load over the day, affecting positively the electricity take-ups time-dependent distribution. 

Storable loads: considerations on buildings characteristics 

In the previous sections it has been demonstrated how heating, cooling and DHW users, in the residential sector, 
are very fragmented. It emerged also a clear predominance of autonomous plants and a scarce electrification degree, 
exception for small DHW production systems. From a technical point of view, the heating plants transformation, 
from combustion-based systems to the electrically-driven ones (i.e. HPs or hybrid systems), sometimes entails 
higher complexity and costs, making it unsuitable depending on the energy scenario boundary conditions; for that 
reason, the users availability to create the flexibility has to be evaluated [78] choosing also what are the most 
profitable investments to activate DR strategies [79,80]. Having said, a distinction between different buildings has to 
be made by the specific energy consumption and the installed technical systems: 

• for all those buildings characterised by a low specific energy consumption, electrically-driven heating 
systems should be deployed. Moreover, the stored energy could be maximised by coupling the storage 
device with a low-temperature distribution network;  

• for all those buildings with high specific energy consumption, the heating plant technology substitution 
could be technically more complicated. Indeed, high-temperature systems are often installed, hence 
hybrid solutions have to be hypothesised to serve differently the building inner zones. 

 
As regards the technical feasibility of cooling systems installation, what has been stated on heating plants is still 

valid; as a matter of fact, providing all building rooms with a cooling system is often complex and expensive making 
the intervention unbecoming. Some studies have shown that partial storage of heat together with the thermal inertia 
of the house can offer a lot of flexibility in controlling the DR [81]. The storage integration still constitutes an 
improving solution in all cases, enhancing the plant operation effectiveness as well as electricity system flexibility 
[82–85]. However, the placement of individual storage devices occasionally entails structural and logistical troubles, 
especially for technical spaces identification. Even so, vessels for DHW, owing to their smaller size and their 
placement ease, are the exception. 

Figure 5 (a) shows the required storage volumes as a function of the specific yearly heating need, under the 
hypothesis of a temperature difference, between the storage and the user, equal to 10 °C. The different curves have 
been plotted with changes in the time duration of heat supply by the storage vessel. In order to simplify the 
calculations, all the subsystems efficiency downstream the storage (i.e. distribution, regulation, emission) have been 
set equal to 1 and 8 operating hours per day over the heating season of 150 days, have been assumed. The same 
approach can be used to evaluate the required volumes for storing chilled water. The larger the specific energy need 
and operating hours, the larger the specific storage volume is. For instance, referring to 100 m2 of floor surface it can 
be stated as follows: 

• the required storage volume, considering two operating hours, varies from 450 liters, for a specific 
energy need of 25 kWh/(m2y), up to 3,554 liters, for a specific energy need 200 kWh/(m2y); 

• the required storage volume, considering eight operating hours, ranges from 1,777 liters, for a specific 
energy need of 25 kWh/(m2y), up to 14,216 liters, for a specific energy need of 200 kWh/(m2y). 
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(a) (b) 

FIGURE 5. (a) Storage volume per squared meters of floor surface vs. specific yearly heating need; temperature difference 
between storage and user equal to 10 °C. (b) Building stock composition sorted by age of construction. 

 
Consequently, the storage vessel feasibility is strongly dependent on the building typologies, or rather on the age 

of construction. As a matter of fact, Figure 5 (b) reports the Italian building stock percentage composition related to 
the age of construction. It is worth remembering that the first Italian regulation on the buildings’ energy saving is the 
law 373/1976. Only on the basis of that law the attention to limit the buildings energy consumption was begun, 
therefore the graph depicted in Figure 7 shows that the major part of older buildings is characterized by the highest 
specific energy need. In addition, accounting for intervening on the entire condominium by the centralised storage 
installation, the building intrinsic characteristics have to be considered. Indeed, on the territorial point of view 
detached buildings are the most deployed, exception for the big cities. Referring to the Table 7, it emerges that 
53.7% of Italian residential buildings consists of only one flat, whilst the 22.5% is made of only 2 apartments. For 
instance, the percentage of buildings made of more than 16 apartments is 33.6% in Milan, it is equal to 25.9% and 
23% in Turin and Genoa, respectively, while lower values can be found in other cities. 

 

TABLE 7. Territorial distribution vs. Number of dwellings, sorted by geographical location and County Seat. 
 Residential buildings 

Number of dwellings 0 1 2 3-4 5-8 9-15 More than 16 
Italy 1.8% 53.7% 22.5% 11.7% 5.9% 2.7% 1.8% 

• North-West 1.2% 49.2% 23.6% 12.5% 6.9% 3.6% 3.0% 
• North-East 1.1% 52.0% 24.1% 11.9% 6.7% 2.8% 1.4% 
• Middle Regions 1.4% 47.8% 24.3% 13.8% 7.2% 3.3% 2.2% 
• South 2.7% 56.7% 21.1% 11.1% 5.0% 2.0% 1.4% 
• Islands 2.6% 63.4% 19.1% 9.1% 3.6% 1.4% 0.9% 

o Turin 0.3% 14.5% 10.9% 10.8% 16.2% 21.5% 25.9% 
o Genoa 0.0% 21.2% 22.2% 10.6% 10.9% 12.0% 23.0% 
o Milan 2.6% 14.1% 7.5% 9.8% 14.4% 17.9% 33.6% 
o Bologna 1.2% 17.7% 11.8% 15.2% 20.6% 16.5% 17.0% 
o Rome 0.5% 17.2% 15.5% 19.4% 16.9% 14.9% 15.6% 
o Naples 3.4% 22.4% 12.3% 13.7% 19.0% 12.8% 16.3% 

 
Having said, it can be stated that the heating systems electrification, by combining heat pumps and thermal 

storages, is more easily suitable in large multi-family buildings, located in the bigger cities and characterized by a 
low specific energy consumption. 
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Shiftable loads: washing machines, dishwashers, dryers 

Figure 6 shows which are the most common household appliances within the domestic sector [55] and highlights 
that almost all homes are equipped with refrigerators and washing machines; the dishwasher is installed in the half 
of dwellings approximately, while the dryers use is still limited, with the greatest commonness in the Northern 
regions, due to unfavorable climate conditions. The use frequency of washing machines and dishwashers increases 
as the number of family members enhances, with an average of 3.5 washes per week for the washing machine, while 
4.3 washes per week for the dishwasher. The same source does not report data on dryers’ frequency use; in a first 
approximation, it can be assumed that drying cycles directly corresponds to washing cycles, especially in the winter 
season. 

 

  

(a) (b) 

FIGURE 6. (a) Families share owing the reference appliances, sorted by geographical areas. (b) Average weekly washing cycle 
vs. number of familiy components, referred to washing machines and dishwashers. 

 
By elaborating the aforementioned data, along with those related to the last Italian population census, it is 

possible to calculate the daily cycles average number for each appliance. Those outcomes are summarised in Table 
8. 

 

TABLE 8. Number of daily cycles for washing machine, dishwashers and dryers. 
  Family components  
  1 2 3 4 5 or more  

North-West 
Washing machine 611,112 810,482 819,183 721,711 257,796 3,220,284 

Dryer      135,252 
Dishwasher 402,514 484,271 403,257 334,973 105,837 1,730,852 

North-East 
Washing machine 417,633 559,704 583,584 540,128 232,053 2,333,101 

Dryer      149,318 
Dishwasher 276,322 335,942 288,579 251,828 95,699 1,248,369 

Middle regions 
Washing machine 416,076 521,882 594,483 562,343 231,636 2,326,419 

Dryer      79,098 
Dishwasher 260,162 296,025 277,812 247,776 90,277 1,172,053 

South 
Washing machine 558,144 766,151 962,332 1,238,156 595,828 4,120,610 

Dryer      53,568 
Dishwasher 202,246 251,845 260,614 316,151 134,572 1,165,428 

Italy 
Washing machine      12,000,414 

Dryer      417,237 
Dishwasher      5,316,702 
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Looking at Table 8 it is possible to note how in Italy daily occur about 12 million of washes by the washing 
machines, 420,000 drying cycles and about 5.3 million washes by the dishwashers. Therefore, the usage 
characteristics of household appliances strongly influence the electricity off-takes from the grid. An interesting 
benchmark on the cycles duration for washing machines and dishwashers is given in [80] and it indicates as a 
reference, 200 minutes for the first ones and 110-160 minutes for the second ones. The average energy 
consumptions per cycle of those appliances are 0.71.1 kWh and 1.01.6 kWh, respectively. As regards dryers, no 
data are available on the average cycle; a rated input power equal to 1.0 kW and an average cycle duration of 150 
minutes have been assumed, as reported in Table 9. 

 

TABLE 9. Appliances reference characteristics. 

 
Program duration 

[minutes] 
Energy consumption per cycle 

[kWh] 
Rated Power 

[kW] 
Washing machine 200 0.71.1 1.8 

Dishwasher 110160 1.01.6 1.7 
Dryer 150 1.82.2 1.0 

 
Regarding the average daily load profiles, it is reported in [64] that, for the washing machines operation, there is 

an off-take peak value occurring in the morning hours (9: 00-10: 00) which is constantly attenuated up to zero at 24: 
00; differently, for the dishwashers there are three peaks: a main peak (22: 00-23: 00), a secondary peak (15:00-
16:00) and the morning peak (10:00). By processing data related to the three appliance typologies deployment, 
exploitation and washing cycles peculiarities, it has been possible to evaluate the potential shiftable load amount. 
Table 10 outlines the main findings, having assumed, for the total energy need calculation, the numerical values of 
Table 10 along with a constant power input over the washing cycle. 

 

TABLE 10. Shiftable loads in the residential sector, referred to the current scenario. 

 

Energy Consumption 
per cycle 

[kWh] 

Rated input power 
[kW] 

Average duration 
of power need [h] 

Daily Cycles 
number [-] 

Total Power 
[GW] 

Washing machine 0.9 1.8 0.50 12,000,414 21.6 
Dishwasher 1.3 1.7 0.76 5,316,702 9.0 

Dryer 2 1 2.00 417,237 0.4 
Total     31.1 

 
The calculation results show that the overall shiftable load is just higher than 31 GW, mainly due to washing 

machines (21.6 GW operating for half an hour) and to dishwashers (9.0 GW operating for 45 minutes 
approximately). 

Electricity self-production 

The growing penetration in the residential sector of self-production plants, such as photovoltaics, necessarily 
entails to consider what is the role of the so-called prosumers. They are commonly defined as all of those end-users 
which are able to locally consume and generate electricity. For instance, at the end of 2016, 580.075 plants were 
installed in the Italian residential sector, corresponding to a total capacity equal to 2.793 MW. The average plant size 
is 4.8 kW generating a gross production of 3.057 GWh, of whom only 879 GWh have been used for self-
consumption [2]. Generally, all domestic plants make self-consumption showing an average rate of 29.4%, which 
can become higher in the winter months, where consumptions are greater and local self-productions lessen. 
Furthermore, the self-consumption rate of residential sector is quite similar to the national one, i.e. 34% and 31%, 
respectively. That issue demonstrates how the plants sizing was made to meet the whole dwellings needs by the Net 
Metering option exploitation. Referring also to yearly data, it is possible to note that both consumption and 
production are characterised by the same order of magnitude. In accordance with Figure 7 the electricity generation 
by private plants is lower than consumption in the winter months, but higher than consumption over the whole year 
anyhow; so, the domestic sector is the only one in which, the total plants output exceeds the overall users’ 
consumption where they are installed. 
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FIGURE 7. Gross production, self-consumption and consumption over one year period for the residential sector. 

 
Generally, the self-consumption rate in existing plants is dependent on the relationship between generation and 

need without any active control, since those systems do not have electrochemical or not alike storage devices. The 
adoption of those latter, or the integration of an active control system could allow to increase the self-consumption 
rate, acting similarly to what has been previously discussed on the storable loads. So, the achievable regulation level, 
hailing from the installed capacity and the current self-consumption rate, is about 1.86 GW for 3.3 hours a day; 
however, it is evident how that indication is based on average values, and how it is affected by the obvious wide 
fluctuations owing to the seasonality, the climate conditions and the plants layout peculiarities as well. 

POTENTIAL BENEFITS ASSESSMENT FOR END-USERS BY A DEMAND 
FLEXIBILITY MODEL DEVELOPMENT 

Consumption and costs identification of a standard dwelling 

In the previous sections the aggregation potential associated to the Italian household users has been evaluated. 
Here, the energy consumption and costs of a typical dwelling have been analysed, accounting for a traditional plant 
configuration without any automation system. For heating purpose, a NG heat generator, characterised by the 
seasonal average efficiency of 0.8, has been assumed; the DHW production is deputed to the same heat generator 
fueled with NG; for the inner space cooling an air-conditioner with an average seasonal EER of 2.5 has been 
considered; NG stovetops with an efficiency equal to 0.55 has been used as reference. Three case studies have been 
identified by several features according to what was found in [56] [57], as outlined in Table 11. 

 

TABLE 11. Case studies description and useful energy needs. 

Case 
study Description Heating Cooling DHW Food 

cooking 
Other 

electric use 
[kWh/y] [kWh/y] [kWh/y] [kWh/y] [kWh/y] 

A 
1 person 

Studio apartment of 50 m2 within 
condominium consisting of 12 flats 

5,750 627 694 200 1,500 

B 2 people 
Single family home of 100 m2 18,500 1,254 1,049 450 2,200 

C 
4 people 

Apartment of 80 m2 within 
condominium consisting of 12 flats 

9,200 1,003 1,700 600 2,700 

 
Gas and electricity consumptions have been computed on the basis of efficiency values and useful energy needs 

reported in Table 11; costs associated to the energy carriers purchase related to the purchase have been calculated in 
accordance with tariffs for the Enhanced Protection Service (see Table 12). Thus, the power commitment has been 
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assessed by considering a maximum value of 1,500 equivalent hours. In the end, referring to the electricity costs, a 
distinction between resident (RES.) and non-resident (NON-RES.) end-users has been made, due to the tariffs’ 
variation related to the dwelling use. 

 

TABLE 12. Case studies: costs and consumptions. 
Case study NG 

consumption 
Electricity 

consumption 
NG cost Electricity cost 

RES. NON-RES. 
[Sm3] [kWh] [€] [€] [€] 

A 845 1,751 716.73 353.64 541.41 
B 2,536 2,702 2057.37 532.96 714.48 
C 1,478 3,101 1213.17 618.8 787.79 

 
A further subdivision of electricity consumption has been made, highlighting the storable and shiftable ones, as 

depicted in Figure 8. For the electricity needs percentage distribution assessment, what was reported in [86] has been 
considered. 

 

  

FIGURE 8. Electricity consumptions distribution.  

The energy component incidence on the overall expenditure for Grid purchase related to 
the case studies  

Even though In Italy, there are several tariff formulations for the electricity purchase, they have the same 
structure, including sales services, network services, system rates and fiscal burdens. The item related to the sales 
services is composed by the pure energy cost (PE), the incurred marketing and sales costs by the energy supplier as 
well as the dispatching ones. As regards the network services item, it gathers all costs associated to the electric 
infrastructure use, i.e. transmission, distribution and measurement, which are required to bring electricity from the 
production plants to consumers. The third tariff item deals with the electric system rates, which includes for 
instance, the expenses associated to the old nuclear power plants decommissioning and the reserves to fund the 
incentives scheme for renewable sources support. Finally, the fiscal component relates to excises, other tax duties 
and VAT.  

The cost components for the infrastructure use and the electric system rates are regulated by the ARERA, while 
the tax component is established by law. Only the energy component (PE) follows markets dynamics and is 
therefore the only cost item on which users could get the economic saving by new tariff schemes adoption. 
However, the energy component (PE) that all users pay, is basically not alike to the PUN index deriving from the 
spot market, with a misalignment between the PUN values and the time slots current formulation. For the examined 
case studies, the PE cost impact on the total expense has been evaluated, referring to the RES and NON-RES rates. 
That incidence is higher for the RES rate (31.3% on average) and lower for the NON-RES rate (22.8% on average), 
as reported in Table 13. 
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TABLE 13. Case studies and energy needs. 
 Sales services 

(Energy) 
Sales services 

(other) Network services System rates Fiscal rates Total 

A-Resident 109.31 € 68.20 € 98.77 € 45.21 € 32.15 € 353.64 € 
30.9% 19.3% 27.9% 12.8% 9.1% 100.0% 

A-Non-Resident 109.31 € 71.74 € 98.77 € 172.63 € 88.97 € 541.42 € 
20.2% 13.3% 18.2% 31.9% 16.4% 100.0% 

B-Resident 168.69 € 89.21 € 106.77 € 97.95 € 70.33 € 532.95 € 
31.7% 16.7% 20.0% 18.4% 13.2% 100.0% 

B-Non-Resident 168.69 € 87.36 € 106.77 € 225.36 € 126.29 € 714.47 € 
23.6% 12.2% 14.9% 31.5% 17.7% 100.0% 

C-Resident 193.60 € 98.10 € 110.13 € 120.72 € 96.25 € 618.80 € 
31.3% 15.9% 17.8% 19.5% 15.6% 100.0% 

C-Non-Resident 193.60 € 93.92 € 110.13 € 248.13 € 142.01 € 787.79 € 
24.6% 11.9% 14.0% 31.5% 18.0% 100.0% 

Advance/Postponement of electricity take-ups 

From a theoretical point of view, a statistical analysis on the PUN time values has been carried out in order to 
verify the potential savings hailing from the user habits change, over the years 2013-2018. It aims at comparing the 
general PUN time value with the minimum one, in a time neighborhood of 48 hours (2 days). The graph in Figure 
9 shows the analysis outcomes in terms of percentage difference, depending on the neighborhood amplitude. 

 

 
FIGURE 9. Percentage difference between the hourly PUN value and the minimum one vs. time neighbourood amplitude 

(curves related to 2016 and 2017 are basically superimposed ) 
 
It emerges that large percentage differences have been registered corresponding to narrow time spans. 

Implementing the hourly electric tariffs formulation matching the PUN trend, those differences could represent the 
achievable price savings once the advance or postponement of the electricity off-takes are planned. It is important to 
point out that the first part of the graph (up to 24 hours) is supported by the current price formation mode, while the 
remaining one represents only the statistical processing result. Substantially, nowadays it is possible to know PUN 
values referring the day after checking the GME data base, but long-term forecasts are not available anyhow. In 
detail:  

• having considered a 3 hours advance/postponement, the average energy price can be reduced starting 
from 8.0% off (referring to 2018) up to 13.3% off (referring to 2013);  
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• having considered a 6 hours advance/postponement, the average energy price can be reduced starting 
from 12.7% off (referring to 2018) up to 21.2% off (referring to 2013);  

• having considered a 12 hours advance/postponement, the average energy price can be reduced starting 
from 18.2% off (referring to 2018) up to 29.8% off (referring to 2013);  

• having considered a 24 hours advance/postponement, the average energy price can be reduced starting 
from 24.1% off (referring to 2018) up to 39.1% off (referring to 2013). 
 

It is noteworthy how the potential savings, coming out of the advance/postponement application, are lower 
owing to the PUN time profile flattening, as mentioned in the previous sections. Having said, if the end-users had 
the possibility to know automatically the energy prices one day ahead, it will allow them to effectively schedule 
their consumptions to pay the electricity equal to the PUN values as much as possible.  

Economic benefits associated to the demand flexibility model 

Referring to the aforementioned case studies, in this section, the overall beneficial effects on the residential users 
once they participate to a DR program (implicit and explicit), have been presented.  

The following calculations are based on: 
• the electrical loads characterization and especially, on the basis of storable and shiftable loads 

incidence; 
• the pure energy item impact on the overall electricity costs; 
• the achievable potential benefits caused by the advance/postponement of electricity off-takes.  

 
The savings quantitative evaluation has been made by what has been found in previous section for the year 2018. 

It is worth of highlighting that, for the case studies A, B, C, the sum of both storable and shiftble loads is equal to 
27%, 32% and 31%, respectively. 

Table 14 summarizes in a systemic overview those results. Thereafter, analysing data it is possible to state that 
economic savings are very small as well as their incidence on the overall expense and they are constantly limited to 
values lower than 4.1%.  

 

TABLE 14. Economic benefits and percentage share on the overall expense hailing from implicit DR. 

 

Case Study A Case Study B Case Study C 

Resident Non- 
resident Resident Non- 

resident Resident Non- 
resident 

Total electricity expense [€] 353.64 541.41 532.96 714.48 618.8 787.79 
Pure energy item expense [€] 109.31 109.31 168.69 168.69 193.6 193.6 

The pure energy item impact on the overall 
electricity costs [%] 30.9% 20.2% 31.7% 23.6% 31.3% 24.6% 

Storable and shiftable loads [kWh] 479 479 865 865 952 952 
[%] 27% 27% 32% 32% 31% 31% 

advance/postponement 3 
hours 

Economic benefit [€/y] 7.15 7.15 12.97 12.97 14.32 14.32 
Share on the overall 

expense [%] 2.0% 1.3% 2.4% 1.8% 2.3% 1.8% 

advance/postponement 6 
hours 

Economic benefit [€/y] 8.54 8.54 15.51 15.51 17.14 17.14 
Share on the overall 

expense [%] 2.4% 1.6% 2.9% 2.2% 2.8% 2.2% 

advance/postponement 12 
hours 

Economic benefit [€/y] 10.16 10.16 18.48 18.48 20.44 20.44 
Share on the overall 

expense [%] 2.9% 1.9% 3.5% 2.6% 3.3% 2.6% 

advance/postponement 24 
hours 

Economic benefit [€/y] 11.91 11.91 21.66 21.66 23.98 23.98 
Share on the overall 

expense [%] 3.4% 2.2% 4.1% 3.0% 3.9% 3.0% 

 

020062-15



CONCLUSIONS 

The Italian electricity system, owing to the large renewable energy sources penetration, is characterized by a 
discontinuous production. The electric system can take advantage from the Demand Response program application, 
providing an electricity demand with more flexibility. 

In this work, the potentials of the DR activity for domestic users and the foreseeable economic benefits by 
implementing the DR activity, have been evaluated. The main findings can be outlined as follows: 

• the Italian electricity system shows a variable power demand ranging between 20÷60 GW (day / night, 
weekday / holiday, winter / spring / summer / fall) and in the current scenario, there is great potential 
for high demand flexibility within the residential sector;  

• the storable loads are approximately equal to 13.1-14.1 GWh once the electrical heaters (12.1 GWh) 
and devices equipped with battery (1-2 GWh) have been gathered;  

• the shiftable loads in terms of available power is equal to 31.1 GW, taking into account washing 
machines (21.6 GW), dishwashers (9.0 GW) and dryers (0.4 GW).  

• nevertheless, the only demand flexibility implementation entails small economic benefits for the 
individual user, even if it offers undoubted benefits to the electricity system; generally, the application 
of such strategy is quite complicated due to the lack of suitable automation devices and the achievable 
benefits for the end-users are not exceeding a few percentage points; referring to the case studies, the 
economic benefits for residential users are higher (3.4÷4.1%) than those related to the non-residential 
ones (2.2÷3.0%); the low electrification degree of Italian domestic users as well as the current pricing 
system affects negatively the economic balance of single user; additionally, the expenditure for the pure 
energy component is less than one third of total electricity cost (i.e. 30.9÷31.7% for residential users 
and 20.2÷24.6% for non-residential users). 
 

For that reason, a potential aggregator of residential users will have to identify other ways to remunerate their 
activities and investments; for instance, it will be able to offer additional services, such as energy savings and life 
assisted by the distribution of building automation. 

The current scenario could change interestingly, once electrical technologies to meet thermal needs are widely 
deployed. In detail, high flexibility degree can be achieved by the DHW systems electrification (+16.4 GWh of 
supplementary potential storage capacity), as well as by heating systems (520-800 GWh) conversion and providing 
cooling (640-960 GWh) where can be applied.  

The additional benefits coming out the electrification of such devices along with the automation systems 
deployment will be explored in the research project further developments.  

Moreover, it will be possible to promote new incentive schemes to participate in DR programs, like to those 
envisaged for the energy refurbishment and RES exploitation.  
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