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Abstract

In this paper we propose the adoption of Overgrid, a new decentralized load control architecture, for balancing the energy production variations introduced with the adoption of renewable sources, facilitating and improving the smart energy retrofit. The system is presented and applied for managing the aggregated daily load profile of a community of domestic end-users in the island of Lampedusa, Italy, exploiting the load profiles gathered in a real measurement campaign. The Overgrid Demand Response (DR) architecture is used for managing the residential flexible loads, estimating the aggregated power demand without any centralized server and creating a virtual “community” of smart buildings in the small island. Two different control schemes are applied considering load curtailing and load shifting in presence of significant variations of the electricity production in the island. Our simulation experiments show how the proposed architecture, without any centralized control, is able to contrast such events and, thanks to load shifting actions, guarantees also a minimum discomfort for the end-users, opening the path to substantial smart energy retrofit of small island communities. 
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1. Introduction

The scientific and industrial community is more and more interested in the use of Renewable Energy Sources (RES) as an alternative way to the traditional costly and highly polluting diesel generators that are extensively used today for feeding small islands. Indeed, in the last years, many islands in the world have been making use of RES-based generators to a large extent (e.g.: Canary Island in the North Atlantic, Samsoe in the Baltic Sea, Hawaiian Island in the Pacific, Guadeloupe Island in the Caribbean islands and Reunion in the Indian Ocean), even if the most of islands electricity generation is based on imported fossil fuel from mainland. An important concern that has limited in time the recourse to RES-based generators in small islands is that the island power supply systems are less reliable and more sensitive to frequency instability than larger interconnected systems, because of their small inertia [1][2], and the presence of inverter-connected RES-based generators makes this situation worse. 
Nevertheless, the development of Smart Grid concept and their application, more common in last decades, is due to the fact that the balance between the generated power and load is a relevant topic for the grid and for the whole system [3]. As reminded by Avancini et al. [4] there are many issues and challenges that need to be over-come to develop a functional and secure smart grid. The sustainable and affordable management of the energy resources of small islands is indeed a topical and considerable challenge [5][6]. This is often due to a lack of electrical connection between mainland and island, because the submarine cables are expensive [7][8][9]. More than fifty thousand islands are present on the Earth, with a total area of over one sixth of the global land area [10] and hosting more than 740 million people. Thirty minor islands are only in the Italian territory and are inhabited by about 200,000 people. Concerning the Italian situation, after World War II the Italian Government established a support funding mechanism that that reduce the costs of electricity in small islands. Until the 598/2014/R/EEL Document [11], the electrical companies did not promote the RES-based systems because of the funding of the State. In the last years, several initiatives have been taken and several projects have been carried out to discuss the issue of integrating RESes in small islands. In 2012 the project “Energìas Renovables para Galàpagos” (ERGAL) begun and took place the “The Renewables and Islands Global Summit”, co-hosted by 100-nation International Energy Agency (IRENA) [12] are listed other meetings and initiatives, such as the one that the Small Island Developing States (SIDS) convenes every year to draw up plans and share experiences [13], in 2018 22 European countries met in Greece to talk about the European policy concerning the smart island topic [14].
The present paper is part of a research project carried out on small islands by the Department of Engineering of the University of Palermo, in co-operation with the Italian National Agency for New Technologies, Energy and Sustainable Economic Development (ENEA). 
The research deals with the conversion from a traditional “fuel-based” centralized electrical system to a smarter and newer “renewables-based” system. Regarding the studies on the Island of Lampedusa, in [15] the authors have made a comparison of classical and innovative measures for improving the energy efficiency of the island of Lampedusa analyzing different technical measures regarding the placement of capacitor banks or the installation of photovoltaic systems. In [16] a technical and economic analysis of various possible future scenarios presenting the integration of RES generators in the island of Pantelleria is presented. This analysis is further studied in [17] with a technical assessment of three different possibility of installation and management of Electrical Energy Storage (EES) systems. 
Nevertheless, the full exploitation of renewable sources in a small island can be assured only in presence of an effective monitoring and control system able, also, to support the implementation of Demand Response (DR) strategies for managing the demand to match the available energy [18]. DR supports customers and companies to decrease the price volatility and peak of demand. Furthermore, in this way, the customers play an active role in in the load management market [19][20]. In this view, Information and Communication Technologies (ICT) can play a potential role in improving the energy performance of buildings by the implementation of DR schemes and other effective solutions that take advantage of the energy interactions between all the elements included in a building, including distributed generators [21][22][23]. Groppi et al. studied the suitability of applying hybrid energy system comprising wind turbine, biomass, photovoltaic systems, and diesel generators in a small Mediterranean island called Favignana [24] and found relevant results about the optimization of RES application. Alamo et al. [25] developed a Forecasting System to predict load demand, solar power production and wind power and that it adjustable to the requirements of any given island microgrids.
In [26], an effective control and monitoring system, functional to the full exploitation of the opportunities given by DR schemes, is designed and some solutions for the automation of the end-users’ electrical installations are proposed, with the aim of minimizing the final energy consumption and contributing to the efficiency improvement of the distribution and generation in Lampedusa. 

A DR scheme can be used as a security mechanism for reducing the energy demand in presence of a sudden and not programmable reduction of the production typical of RES-based generators, preserving in this way the stability of the system. However, for implementing such a mechanism, it is necessary to manage a significant share of the electric load. Therefore, in order to investigate the application of DR strategies for such purposes, in this paper the Overgrid architecture presented in [27] is applied and extended, fulfilling two logics of control called load shifting and load curtailing. Overgrid is a fully distributed peer-to-peer (P2P) architecture designed with the aim of implementing control logics for managing the aggregated electric load of a community of smart buildings of any type, also in presence of RES-based distributed generators and EES systems. In this work, a cluster of 100 residential end-users is considered and 2 scenarios have been analyzed in order to investigate the contribution that the Overgrid architecture can provide in terms of possibility of regulating the demand side electric profile according to specific trends of the production. We also extended the original Overgrid to include the possibility to shift in time the energy consumption (which was not implemented before). In the first scenario, only load curtailment is carried out on the flexible quota of the aggregated load, while the second scenario takes into account the possibility of implementing also load shifting actions on specific domestic appliances like dish washers, electric storage water heaters and washing machine. All the simulations presented in the following are done considering actual daily load profiles of residential end-users gathered in a measurement campaign carried out during 2016 in Lampedusa by the same authors. Our experimental results show that Overgrid is able to cope with steep variations in the Distributed System Operation (DSO) for power generation and that load shifting is usually limiting to few hours. 
Overgrid greatly simplifies the smart retrofit for several reasons. First and most important, it does not require a centralized controller or data center (energy manager), but only a low-cost software controller which combines local energy data (smart-plug/smart-meter) and external input (DSO, other Overgrid nodes) to implement DR control mechanisms. This also means that redundancy not required as there is no single point of failure. Secondly, because of the P2P nature, Overgrid allows to deploy DR gradually and in wide geographical regions as the algorithms self-adjusts with the network conditions (nodes can join and leave seamlessly). Finally, no restrictions are made on the type of hardware or wireless connection: new smart-plug/smart-appliances can be gradually added which can be connected via WiFi, BT, ZigBee or any kind of wireless technology.


The paper is divided as follows: in sections 2 description of the Overgrid architecture is presented, in section 3 the characteristics of the residential end-users of the island of Lampedusa are described and in section 4 the results of the simulation experiments are shown.
2. The Overgrid emulator

Overgrid is a physical and logic network based on a generalization of the concept of microgrid, from a localized system of loads and energy resources. They can be unconnected to the main grid, to a virtual community of smart buildings. These buildings are with controllable loads, local generators, and EES systems, which cannot work in isolation, but can support a desired energy balance with the main grid.
The logical Overgrid nodes correspond to buildings that can be attached to different parts of the grid and even in independent distribution networks in the same price zone. For example, as shown in Fig. 1, participating buildings could be on the same Low Voltage (LV) segment (left) or be attached to different LV segments (right). Indeed, in Overgrid, buildings can be clustered according to different criteria, based on physical location, power demand (e.g. complementarity of the energy demand), EES or load control equipment supporting similar control actions, and types of contracts with the energy utility.
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Fig. 1. Reference scenario for the Overgrid 
Regardless of the specific clustering criterion, the community of buildings cooperates guaranteeing a desired power balance. In particular, the DSO or utility provides to the Overgrid a time-varying function DR(t) that corresponds to the desired Demand Response balance with the rest of the power grid. For a community of n nodes, being loadi(t) the power demand of node i at time t (which can be negative for taking into account local generation systems), the instantaneous DR balance is
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loadi(t) = DR(t)
(1)
To achieve the desired power balance, a completely distributed service architecture based on P2P communications, is considered. A distributed control protocol allows each node to estimate the aggregated power demand and constraint of the Overgrid in a given time interval, without inquiring any centralized server, and to implement a local load control in order to meet the desired balance.

2.1 Architecture Overview

Each smart building joining the Overgrid network is assumed to be equipped with an Internet connection for exchanging control messages with the other nodes of the community. Moreover, a local communication network (based on WiFi, ZigBee, power line, etc.) is available for controlling the electric appliances and/or the production and storage systems, with a response time comparable with the Internet latency (in general, up to few seconds). On top of the physical communication network between the nodes, Overgrid implements an unstructured Peer to Peer (P2P) overlay network, where nodes do not have a priori knowledge of the topology and communicate with the neighbors by means of “gossip” protocols [28]. This P2P network is designed to be completely decentralized and is clearly fault tolerant since there is no single point of failure. No dedicated server or other centralized resources are required for creating the “community” of smart buildings. The nodes periodically exchange messages, containing their local state, to random neighbors and update their local state as a function of the information fields transmitted by the peer nodes. Finally, each node runs independently several distributed functions to maintain the connectivity of the P2P network, for disseminating information to the neighbors, for data aggregation and estimation of network-wide parameters and distributed load control.

The P2P infrastructure is used to maintain the network topology, disseminate information to the nodes and aggregate data about the current power demand of the buildings. In particular, the gossip protocol:
1) bootstraps and maintains the P2P network: the nodes receive and periodically update a pool of  neighboring nodes by sending “heartbeats”, i.e. special packets containing topological information of the network. When a node is activated for the first time, a local configuration file provides an initial neighbor list that contains at least one neighbor node. The list is updated after the node exchanges the first message with a neighbor, by learning about the neighbors of the neighbor;
2) disseminates information about the DR(kT) signal in the Overgrid network: this represents the DR request and the nodes should adapt their energy demand in a limited amount of time. The DR signal is usually generated every 15 minutes and can be sent to any node in the network. The gossip protocol then spreads this information to all the other nodes in the Overgrid;
3) aggregating local data for estimating the overall power demand iloadi(kT): distributed data aggregation and, in particular, the evaluation of the aggregated power demand, is the main function for the Overgrid. We use a distributed mechanism called flow updating [29] to compute both the average energy load P=Ê[load] of the nodes and the size of the P2P network. The use of the flow updating algorithm guarantees a rapid convergence of the estimation process throughout the P2P network, with increased robustness to message losses and minimum communication overhead (information is biggybacked on the heartbeat messages). Additionally, the computation results are known by all the nodes in the Overgrid. The entire Overgrid service architecture is developed in Java, based on the open source library for gossip protocols called JavaGossip [30], with specific software modules responsible for the above interactions between the nodes.

On the basis of the local estimate of the total power demand and power constraint, each node has finally to perform a load control scheme. 

2.2 Load curtailing and load shifting

In Overgrid, load control is performed independently by each node, opportunistically changing the local power demand as requested by the DSO through the DR signal and based on the energy consumption estimated with the flow updating algorithm. As it will be better explained below, the power demand of each building it has been assumed including a flexible part, which can be curtailed or shifted without granularity constraints (being the building consumption due to the aggregation of a large number of relatively small electric appliances), and with the hypothesis that the load control works on this flexible part. The local control scheme has been carefully defined in order to avoid synchronization between nodes (causing possible instabilities) and fairness problems among different peers (e.g., some nodes that consistently reduce their demand more than others). We also extended the original Overgrid to include load shifts which was not implemented before (only load curtailing was available in the first version of the emulator).
In particular, we impose each node to reduce the power consumption proportionally to the difference between the DR request and the nodes’ energy consumption. Load curtailing is then implemented by modulating the instantaneous power consumption of the nodes, i.e. touring off the flexible loads of the buildings. However, in a more realistic scenario, it is possible to include modifications of the user demands, exploiting deferrable loads or load shifts, where part of the energy demand is delayed to off-peak hours. Thus, the Overgrid presented in [27] has been extended with the possibility of deferring certain loads: each node keeps track of the amount of deferrable energy consumption available (at present) and the total consumption that has already been delayed (in the past). When the DSO requests to reduce the load, the deferrable load consumption is reduced accordingly and the nodes store the amount of load delayed. Conversely, when the DSO offer becomes higher than the power demand, the deferrable loads are turned back on until the total energy consumed equals the amount of delayed power consumption. This allows shifting the load consumption from peak to off-peak hours. 
Each building must run an instance of the Overgrid algorithm. This is done independently for every building, so no central controller or synchronization among nodes is necessary. Clearly, each building must be connected to the internet, but with little requirements on the access network performance (few kbps of bandwidth and latency in the order of seconds are sufficient). 
Fig. 2 shows the main elements of a node participating in the Overgrid and its interactions with the DSO, network and appliances. 
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Fig. 2. The main components of a node and interactions with other elements in Overgrid.

3. Characteristics of the network and of the end-users of the case study
Lampedusa is a small island in the Southern Mediterranean sea. It is not electrically unconnected to the mainland. The main town comprises the 85% of the total built area of the island. The total area of the dwellings is equal to 230,816 m2 and the most part of them are single-floor and two-floors buildings composed by 3 or 5 rooms. The 71% of the family units who inhabit in the houses is composed by 1-3 people [31][32]. 
The electrical system of the island is managed by the private utility SE.LI.S. S.p.A. and comprises one thermal power plant with 8 diesel generators and a total installed power of about 23 MW. From the generating station 4 Medium Voltage (MV) lines extend outward. The MV system presents various points of connection where it is possible to radially counter-supply the MV feeders, or create a meshed conﬁguration. In total, the MV network connects together 39 kiosk secondary substations and 13 pole-mounted substations. Each kiosk substation located in the city supplies about 100 residential end-users (in addition to commercial and office-type end-users).
A survey carried out in 2016 by the authors shows that residential end-users have many common characteristics:

· the houses have poorly insulated envelope;

· domestic hot water production is based on the use of ESWHs;

· RES-based electrical generators and EES systems are quasi-totally absent;

· all the users own a washing machine, a dishwasher, a fridge, a water system electric pump and an electric oven and

· lighting systems present a mix of halogen and LED lamps.

The yearly electricity consumption of a typical residential end-user of the island is about 4,500 kWh, that is about the 1.5 times the national average for this type of end-users [33].
Table I shows the devices/appliances installed in a typical house of the island, that will be considered in the following subsection for the case study. For each device the table reports a typical value of the absorbed power (“max” indicates the maximum power that the device can absorb in dependence on the work cycle) and the classification for the DR strategies in “Not flexible” (No flex), “Flexible” (Flex) and “Deferrable” (Defer).
Table 1. List of electrical loads installed in a typical house

	Load
	Power [W]
	Classification for DR

	Lighting (kitchen/living room)
	20
	Flex

	Lighting (corridor)
	60
	Flex

	Lighting (bathroom)
	50
	Flex

	Lighting (bedroom)
	50
	Flex

	Lightng (kid’s bedroom)
	50
	Flex

	Laptop
	90
	No flex

	HI-FI system
	120
	No flex

	TV+VHS+DVD
	120
	No flex

	Hair Dryer
	1800 (max)
	No flex

	Hoover
	2000 (max)
	No flex

	Electric oven
	2000 (max)
	No flex

	Iron
	2400 (max)
	No flex

	Dishwasher
	2000 (max)
	Defer

	Washing Machine
	2000 (max)
	Defer

	Microwave oven
	800 (max)
	No flex

	Fridge
	250
	No flex

	ESWH
	1200
	Defer


Not-Flexible loads are those whose operation can not be interrupted (e.g.: PC, TV, electric oven), Flexible loads are defined as loads that can be switched-off or modulated (e.g.: lighting systems and air-conditioners), and Deferrable loads are loads that can be switched-off or whose operation can be shifted in time.

Starting from the above classification and from the electric daily profile measured at voluntary end-users facilities, by applying the bottom-up approach proposed in [34][35], the aggregated Not-Flexible, Flexible and Deferrable daily load profiles have been built for 100 homogeneous end-users supplied by the same secondary substation.  

Fig. 3 shows the aggregated daily load profiles during a typical working day of an intermediate season (spring or fall) for 100 residential buildings, separating the three contributions (No flex, Flex and Defer). While most of the energy consumption is not flexible (with peak consumption of 120 kW), approximately 40% is deferrable with peaks of 100 kW. Such loads are usually active close to peak hours, so the grid would definitely benefit from the possibility of delaying such consumption. Instead, the quota of flexible (but not deferrable) loads is almost negligible compared to the overall power consumption.
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Fig. 3. Breakdown of the power profile of a group of 100 residential buildings during a typical spring/fall working day.

4 Experimental results
In the experiments, Overgrid has been evaluated with a real communication network and emulating the behavior of the smart buildings by using several virtual machines in a local testbed at the University of Palermo. The historical power demand traces are loaded in the virtual machines (each representing a building/node) and load control is then applied independently by each node in the Overgrid. Another node is then used to emulate the DSO requests, with a preloaded trace with the power constraints DR(kT) diffused through the Overgrid every 15 min. The output of the Overgrid emulator is the consumption profile of the nodes after the DR is applied. The network thus emulates 100 independent nodes, representing the 100 residential buildings, each having its own power profile, as described in section 3.1. Being the trace 24 hours long, in the experiments it has been repeated in cycle representing 5 working days. Every 100s, both the power demand of the nodes and the average power estimated by the system have been logged, and several experiments with different random network topologies and different connectivity properties, namely degree D=3, 5, 10, have been run. For the DSO power trace (blue line in the following figures), a week-long trace with high variability has been considered which cuts the peak power consumption of the 100 residential buildings and with days in which the power generation drops considerably. 
In a first step of the test Overgrid has been applied considering only load curtailing but without the possibility of load shifting, then, the new extension of Overgrid, exploiting deferrable loads to delay power consumption to off-peak hours, has been applied.

4.1 Results with load curtailing

The results obtained by modulating the energy consumption without any load shift are here presented. In this case, the amount of deferrable loads in the traces is simply treated as flexible (i.e. switched off when needed) and is not delayed in time. The 100 nodes have been evaluated with variable power consumption and the experiments has been repeated for various degrees of network connectivity D. The average degree D influences the speed of the P2P system, but has little impact on the ability to meet the requests of the DSO. For easiness of presentation, only a subset of all the experiments produced is reported.

Fig. 4 shows the evolution of the overall power consumption of the 100 buildings with and without DR imposed on the flexible power quota. The figure shows that Overgrid successfully responds to the DSO/utility requests, even in the presence of sharp changes (for example in day 3, with a reduction of 85% in less than 5 h). This is better visible in Fig. 5, which shows the detail of day 3 where the DSO variations are most demanding. Over the entire week, approximately 500 kWh have been cut off which probably translates in heavy loss of customer satisfaction. As it will be shown, the impact of load shifting is much lower because the appliances are not curtailed but only slightly delayed.
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Fig. 4. Energy profile when only load curtailing is applied (no load shift).
[image: image8.png]P [kW]

150

100

—— POWER DSO
---- NODR Pflex
——— DR Pflex

t [hours]





Fig. 5. Energy profile of the Overgrid with load curtailing. Detail of day 3.

4.2 Results with deferrable loads

The experiment has been repeated adding the possibility to defer loads to off-peak hours. In this case, the nodes must store the amount of energy consumption that is shifted in order to activate such loads as soon as the DSO allows. Fig. 6 shows the evolution of Overgrid exploiting both flexible and deferrable loads. When the power load is too high, Overgrid limits the consumption to match the DSO requests and the nodes store the amount of deferrable load to be postponed. The delayed power consumption is reactivated immediately after the peak hour.
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Fig. 6. Power consumption with and without DR for an Overgrid of 100 residential buildings, with flexible and deferrable loads.

This is more evident in Fig. 7, where a detail of day 3 is shown. During peak hours, the power demand is reduced by Overgrid to respond to DSO requests and the consumption is delayed. Then, as soon as the peak ends, the power consumption stays at maximum (matching the DSO offer) until the deferrable loads absorb the delayed amount of energy.
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Fig. 7. Power consumption with flexible and deferrable loads. Detail of day 3.
Finally, the delay experienced by the deferrable loads has been analyzed (i.e. the time between the beginning of the load shift and the complete dispatch of such delayed consumption). Fig. 8 shows that the distribution of this delay is less than 1.5 hours in average and less than 2.5 hours in over 90% of the cases. Such result is very encouraging as it demonstrates the feasibility of load shifting schemes with little impact on the user habits, even when the DSO power production is unstable.
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Fig. 8. Cumulative Distribution Function (CDF) of the delay imposed on deferrable loads throughout the week.
In summary, we can conclude that Overgrid can be successfully used to implement both Load Curtailing and Load Shifting control schemes for residential DR. Load Curtailing cuts of the energy consumption during peak hours but does not allow to resume the appliances when more energy is available during off-peak. This approach has the advantage to be state-less (only the present energy balance is regarded) and greatly simplifies the implementation since no memory of the appliance state is required. The disadvantage is that it is not possible to re-schedule the loads that have been curtailed in a later time (possibly with higher impact on the users and less profit for the energy producers).

On the other hand, Load Shifting still complies with the DSO requests on peak hours but maintains a state of the postponed deferrable load, resuming them at off-peak hours. The main advantage of this control scheme is that provides better quality of experience to the users and offers additional flexibility for the energy producers to accommodate loads throughout the day. The main disadvantage consists in additional complexity for the energy management algorithms.


5. Conclusion
In this paper, the Overgrid emulator presented in [27] has been extended and applied to the case of a community of domestic end-users of a small Mediterranean island. The previous architecture of Overgrid has been extended to allow also load shifting actions and used to simulate very stressing conditions for the end-users. For example, in Fig. 5 the blue line representing the reference for the power consumption established by the DSO for the community, varies from about 60 kW to 20 kW in few hours and, in particular, it reaches the lowest values in correspondence of the first daily peak of demand (that is about 100 kW).
The results presented in the paper demonstrate that:

· the new extension of Overgrid with load shifting is able to compensate even steep variations in the power generation of the DSO;

· the Overgrid architecture can be used in small islands for compensating rapid reductions of the power production (due for example to a fault of one of the diesel generators or to a not programmable reduction of wind or solar production), maintaining the stability of the whole system.

In particular, our experimental results show that load curtailing has a deep impact on the users appliances in presence of significant reduction of the production and this implies that load curtailments actions, besides implemented for maintaining the reliability of the system, can produce not acceptable discomfort for the final users.

Looking at the case of load shifting actions, a more favourable situation is found for the end-users. In fact, in 90% of the cases a few hours delay (1.5-2.5 hours) in the usage of deferrable loads is sufficient to achieve a complete peak shaving, according to the command of the DSO.
In future works, the Overgrid architecture will be implemented with EES systems for contrasting strong variation in the energy production of the island and for improving the generation and distribution efficiency of the network.
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