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Smart Buildings Features and Key Performance Indicators: A Review 1 
 2 
Abstract The concept of Smart Buildings was introduced by the Energy Performance Building 3 

Directive, with the aim to promote energy flexibility, renewable energy production and user 4 

interaction. A wide range of definitions have been introduced in the literature to characterize smart 5 

buildings but, at present, its’ concept and features are not clearly and uniquely defined. 6 

Simultaneously, building energy retrofit concept has been introduced to facilitate achieving the 7 

nearly Zero-Energy Building target and reduce energy consumption in existing buildings. Up to 8 

90% of the existing European building stock will still be standing and in use in 2050. Thus, there 9 

is a need to upgrade the existing retrofitting strategies into Smart Retrofitting, to achieve the nearly 10 

Zero Energy Building target and to be able to respond to external dynamic conditions such as the 11 

weather and the grid. The aim of this research is first to review the concept of smartness in the 12 

built environment, highlighting the main features, functions, and technologies of smart buildings, 13 

also discussing the possible challenges for smart retrofit applications. The second part of the paper 14 

reviews the existing Key Performance Indicators that measure the performance and success in 15 

achieving goals in smart buildings. The need to develop a quantified guideline to improve energy 16 

and technological innovation is the basis for the increase of the smartness of buildings. 17 

Consequently, a set of nine groups of representative performance indicators for smart buildings is 18 

developed. This work shows current gaps in the literature and highlights the space for foreseeable 19 

future research.  20 
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Acronyms and definitions   

EU European Union ICT Information and Communications Technology 

GHG Greenhouse Gas  KPI Key Performance Indicators 

EED Energy Efficiency Directive SC Smart City 

EPBD Energy Performance of Buildings Directive SG Smart Grid 

nZEB nearly Zero Energy Building SM Smart Meters 

RES Renewable Energy Sources BEMS Building Energy Management Systems  

HVAC Heating, Ventilation, and Air Conditioning IoT Internet of Things 

SR Smart Retrofitting DSM Demand Side Management  

SB Smart Buildings DR Demand Response  

SRI Smart Readiness Indicator SMPC Stochastic Model Predictive Control 

MPC Model Predictive Control PCDR Peak Clipping DR Resource 

RNN Random Neural Network  BAS Building Automation System 

WSN Wireless Sensor Network  BACS Building Automation and Control System 

ESS Energy Storage System BMS Building Management System  

IEA International Energy Agency EMCS Energy Management and Control System 

TOU Time of Use  HEMS Home Energy Management System 

DSS Decision Support System DHW Domestic Hot Water 

ANN Artificial Neural Network PV Photovoltaics  

EV Electric Vehicle PLC Powerline Carrier  

SAIDI 

LOLP 

System Average Interruption Duration Index  

Loss of Load Probability 

SAIFI 

DER 

System Average Interruption Frequency Index  

Distributed Energy Resources 

BAU Business as Usual   

1 Introduction 25 

In the European Union (EU), buildings account for 40% of total energy consumption (European-26 

Commission, 2019a). In 2010, the EPBD recast (Recast, 2010) introduced the concept of nearly 27 

Zero Energy Building (nZEB) target, which has been defined as “a building characterized by a 28 
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very high-energy performance during its operations, with most of the energy required coming from 29 

renewable sources”. The revised EPBD (Recast, 2010) has recently defined new long-term goals, 30 

namely a 80-95% CO2 reduction in the EU by 2050 vs. 1990 , in order to facilitate a highly energy-31 

efficient and decarbonized building stock, through the renovation of existing buildings into nZEBs. 32 

The renovation of buildings is a key action to reach the decarbonization of the building stock by 33 

2050: current renovation rates account for about 1% of existing building stock each year (Dean et 34 

al., 2016), while to achieve the 100% zero-carbon goal by 2050 it is necessary to ensure a 35 

renovation rate higher than 3% (Laski & Burrows, 2017). The nZEB retrofitting implies the strong 36 

integration of Renewable Energy Sources (RES), as also stated in the Renewable Energy Directive 37 

2009/28/EU (Parliament & Council, 2009); the need to use less fossil fuels and reduce emissions 38 

of greenhouse gases is also linked to an increase in the dependency on the electricity produced by 39 

RESs. The long-term targets and supporting policy measures in the EU resulted in the growth of 40 

renewable energy consumption, from 9% in 2005 to 16.7% in 2015 (European Commission, 2018). 41 

However, its integration had introduced several problems in the management of the electric 42 

systems, since renewables that are more easily integrable in buildings have non-programmable 43 

energy production profiles and high variable rates (e.g. solar and wind energy) (Smith et al., 2010). 44 

Thus, while the RES integration increases in the building sector, the need to properly manage and 45 

dispatch energy at the building/district level becomes crucial (Chel & Kaushik, 2018): buildings 46 

must be able to balance their own on-site energy generation and consumption. As a result, the 47 

traditional grid was enhanced to a Smart Grid (SG), to cope with the increased penetration of solar 48 

and wind energy and to control its production.  49 

In parallel, there has been an increasing need for buildings with interactive features, to dynamically 50 

respond to users’ needs and/or changing boundary conditions (either external, such as climate and 51 

grid prices, or internal, such as the occupants’ requirements). Wang, 2016 (S. Wang, 2016), 52 

highlighted that future buildings are expected to be “grid-responsive“: the building will adapt its 53 

usage to time-of-use electricity pricing and to the users’ usage profiles. Similarly, (Oldewurtel et 54 

al., 2012), emphasized the need to respond to external weather conditions using prediction control 55 

strategies, in order to achieve a proper sizing of the mechanical equipment – such as Heating, 56 

Ventilation, and Air Conditioning (HVAC) – and the storage systems, as well as to achieve lower 57 

energy costs compared to buildings with no weather-prediction strategies. Buildings are going 58 

through a transition phase, from being unresponsive to becoming highly efficient, consuming, 59 

producing, storing and supplying energy. The concept of Smart Buildings (SB) has been 60 

introduced by the EPBD as the main enabler for the future of the building sector. SBs must be 61 

nZEBs with a higher flexibility, which is the ability of a building to manage its energy demand 62 

and generation based on local climate conditions, users’ needs and grid requirements (G. T. 63 

Costanzo et al., 2012). 64 

In this sense, the revised EPBD facilitated the development of a voluntary European scheme for 65 

rating the smart-readiness of buildings: the “Smart Readiness Indicator” (SRI) (Verbeke et al., 66 

2017). The SRI program is an EU initiative intended to measure the capacity of buildings to adapt 67 

their operations to the needs of the grid and occupants (Rochefort, 2019). The limitation in the 68 

methodology of the SRI is that it is qualitative and only evaluates the presence of the services and 69 

technologies without evaluating their performance. However, quantifying building performance is 70 

an essential baseline for assessing the potential savings and validating improvements in retrofitted 71 

buildings. To such an aim, the adoption of proper Key Performance Indicators (KPIs) is a crucial 72 

step in ensuring energy-saving goals in both new and existing buildings. 73 
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In this context, the need for Smart Retrofitting (SR) has become crucial to upgrade the definition 74 

of energy-efficient or nZEB retrofitting to reflect the new possibilities into transforming existing 75 

buildings into more responsive and efficient buildings and cities. To understand what SR is, it is 76 

pivotal to better assess the SB concept, which has not been clarified yet and no clearly defined 77 

framework has been set. In fact, the development of SBs calls for the need to add “smart-features” 78 

to both new and existing buildings. In this direction, it is important to define the minimum 79 

requirements of SBs and develop clear definitions, by addressing the following research questions: 80 

• What are the basic features of a SB and what are the related benefits? 81 

• Which technologies are required to obtain SBs? 82 

• What are the limitations and challenges of achieving SR? 83 

• How can “smart-features” be quantified by means of specific Key Performance Indicators 84 

(KPIs)?  85 

 86 

In such a framework, the aim of this review paper is twofold; first to establish the “basic smart 87 

features” and related technologies of SBs, and second, to provide a methodology to quantify the 88 

performance of SR. Therefore, the paper firstly reviews the concepts and definitions of SBs, the 89 

related features, and technologies, while in the second part the existing KPIs related to SBs are 90 

reviewed and the most representative ones are selected. The framework of the paper is summarized 91 

in Figure 1.  92 

 93 

Figure 1. Framework of the review paper 94 

2 The smart capability of the building sector: concepts and definitions  95 

The idea of “smartness”, “digitalization” or “intelligence” of a building, a district or a city has 96 

gained remarkable popularity over the last few years. However, no internationally agreed 97 

definition of such concepts have been established, although the term “intelligence” has been often 98 

used in the past (Wong & Li, 2009). The term “smartness” is more recent, and was adopted by the 99 

EPBD (Recast, 2010) as a key effort to improve the efficiency of the energy markets. 100 

Ghaffarianhoseini et al., 2018, explored the terms “intelligence” and “smartness” in the context of 101 

SBs and Smart Cities (SCs) and concluded that the two terms are complementary, as long as they 102 

have the mutual aim to optimize the performance and impacts of buildings and cities. Albino et al., 103 

2015, suggested that in the SC context, “intelligence” refers to the diffusion of ICT in the 104 

infrastructure, technological development, innovation, electronic and digital technologies, while 105 

“smartness” is not only limited to these, but also to the needs of the people and community.  106 



4 
 

SCs can be identified on several levels, including urban, social, political, transportation or 107 

building; in this research, we focus on the relationship between buildings, districts, and city 108 

infrastructures. According to (Townsend, 2013), there are two perspectives on SCs; first, they 109 

enable real-time monitoring, efficient management, enforcement of public safety and security 110 

using ICT infrastructure; and, second, they allow technology-inspired innovation, creativity, and 111 

entrepreneurship on the part of smart people. Several definitions on SCs were reviewed, for 112 

instance in (Dameri, 2013), SC was described as a well-defined geographical area in which ICT, 113 

logistics and energy production work together to create benefits for citizens in terms of well-being, 114 

environmental quality, and intelligent development. On the contrary, the definition of SC by 115 

(Caragliu et al., 2011), and (Morvaj et al., 2011), focused on the utilization of networked 116 

infrastructure, the inclusion of urban residents in public services, high technologies, RES and 117 

building automation systems integration, which work together synergistically to improve 118 

conveniences, conserve energy and deploy resources effectively and efficiently.  119 

In a smart environment, several components work together, such as Smart Homes, Smart 120 

Buildings, Smart Grids and Smart Meters (SM): all these elements are essential in forming a SC 121 

(Figure 2). In this paper, we focus on the SB environment within a SC and its infrastructure. 122 

According to the U.S. Department of Energy (Energy, 2018), SG is described as an advanced 123 

electric power grid infrastructure that uses digital technology to improve efficiency and enhance 124 

reliability and safety through automated control, sensing and metering technologies through the 125 

smooth integration of renewable and alternative energy sources; while SMs are claimed to be 126 

advanced energy metering systems that allow bidirectional communication of data and enable the 127 

collection of information about the electricity fed to the power grid from customer premises and 128 

the execution of control commands remotely and locally (Depuru et al., 2011); (Jixuan Zheng et 129 

al., 2013).  130 

 131 
Figure 2. Smart City Components 132 

Although the concept of SBs originated in the ’80s (Sinopoli & Sinopoli, 2010), its application 133 

and importance were emphasized in the revised EPBD and were identified as a key enabler for the 134 

future energy systems, where they allow a larger share of RES, energy flexibility and distributed 135 

supply (European-Commission, 2019b). Until now, there is no commonly accepted definition on 136 

SB. According to the European-Commission, 2019b, and (Morvaj et al., 2011), it was claimed that 137 

a SB can manage and control RES, adapt to the grid conditions,  communicate with other buildings, 138 

and actively respond in an efficient manner to any changing conditions in relation to the 139 
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operativeness of the technical building systems or the external environment and the demands from 140 

the building occupants; while (De Groote, Volt, & Bean, 2017) defined a SB as a highly energy-141 

efficient building that covers its very low energy demand by on-site or district system-driven RES, 142 

and is able to (i) stabilize the decarbonization of the energy system through energy storage and 143 

demand-side flexibility; (ii) empower its users with control over the energy flows; (iii) recognize 144 

and react to the users’ needs in terms of comfort, health and safety, as well as operational 145 

requirements. Based on the numerous definitions reviewed on SC, SM, SB, and SG, it is 146 

recognized that there is a notable overlap between the reviewed definitions; therefore, the 147 

definitions most representative of the objective of this paper have been summarized in Table 1.  148 

 149 
Table 1. Definitions of Smartness in the Built Environment 150 
Term Definition 

Smart City Networked infrastructure coupled with high technologies, creative social and environmental industries, that 

focuses on achieving sustainability. It is composed of ICT, SBs, smart infrastructures (SG and SM), energy storage 

systems, RES and building automation systems.  

Smart Meter Bidirectional communication that allows to collect data on the electricity fed to the power grid (SG) from 

customers, to execute control commands and to measure the energy usage, to then provide such data to the 

providing company for a better monitoring and billing. 

Smart 

Building 

A nZEB that is able to manage the amount of RES in the building and the SG, through advanced control systems, 

SM, energy storage and demand-side flexibility. Also, it reacts to the users’ and occupants’ needs and is able to 

diagnose faults in building operations. 

Smart Grid Advanced electric power grid infrastructure for improved efficiency, enhanced reliability and safety, through 

automated control, sensing, and metering technologies with smooth integration of RES, number of distributed 

generation and storage resources. 

Therefore, the SB concept can be classified into four main thematic groups: 151 

1. Achieving the nZEB standard. 152 

2. Buildings’ response to the external condition (grid and climate). 153 

3. Buildings’ response to the user’s needs. 154 

4. Utilization of Building Energy Management Systems (BEMS) to provide monitoring, 155 

control, and supervision.  156 

Building retrofit or renovation has been defined by the U.S. Department of Energy, 2019, as an 157 

opportunity for existing buildings to upgrade their energy performance for their ongoing life. Some 158 

attempts to define SR have been made in the literature. In the Amsterdam Institute for Advanced 159 

Metropolitan Solution project (Vliet & Feijter, 2019), SR has been defined as “restructuring of 160 

existing housing stock to increase buildings’ resource efficiency and resource generation capacity 161 

involving a structural change in energy and informational flows, actor relations, governance 162 

arrangements, and consumer practices”. However, based on the review made previously on 163 

“smartness” and SBs’ features, it should be noted that the definition provided by (Vliet & Feijter, 164 

2019) lacks many aspects, such as the building interaction with the grid and the building response 165 

to the climate and its occupants’ needs. In the context of this study, we define SR in buildings as 166 

the “Process to transform the existing building into a SB, that is a nZEB with the capability to 167 

respond to the changing conditions of climate and grid, communicate with the user and predict 168 

failures in its operations, through the use of ICT, RES, and BEMS”.  169 

3 Smart Buildings’ Basic Features and Technologies  170 

In the context of this study, according to (Lê et al., 2012), SBs have the following five 171 

fundamental features: 172 

• Automation: the ability to accommodate automatic devices or perform automatic functions. 173 
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• Multi-functionality: the ability to allow the performance of more than one function in a 174 

building. 175 

• Adaptability: the ability to learn, predict and satisfy the needs of users and the stress from 176 

the external environment.  177 

• Interactivity: the ability to allow the interaction among users. 178 

• Efficiency: the ability to provide energy efficiency and save time and costs.  179 

In an attempt to measure the performance of SBs, the EPBD developed the SRI, that measures the 180 

capacity of buildings to adapt their operation to the needs of the grid and the occupants (Rochefort, 181 

2019). The three key functionalities of the smart-readiness indicator in buildings are (Verbeke et 182 

al., 2017): 183 

• Readiness to adapt in response to the needs of the occupants and to empower building 184 

occupants to take direct control of their energy consumption. 185 

• Readiness to adapt in response to the needs/situation of the grid. 186 

• Readiness to facilitate the maintenance and an efficient operation of the building in a more 187 

automated and controlled manner.  188 

Based on the reviewed studies, as a first attempt to identify and describe the SB’s key features, the 189 

latter were categorized according to four main functions; they represent the macro-categories that 190 

describe the mandatory features that a SB must-have, as follows. It is important to note that the 191 

four functions work synergistically (Figure 3). 192 

 193 
Figure 3. Smart Buildings basic functions 194 

1. Climate Response: the buildings’ capability to respond to external climate conditions (actual 195 

and expected), according to which the building must identify the best operating profile. 196 

Buildings must be able to minimize their energy demand and generate renewable energy, in 197 

order to cover their energy consumption. The advancements of the Internet of Things (IoT) 198 

and control systems made it easier to obtain weather data (actual and forecasted). For instance, 199 

implementing sensors in all the components, such as the building’s HVAC, lighting and solar 200 

shading system, and connecting them to BEMS will facilitate the connection with the external 201 

weather forecast services. Section 3.2.1 elaborates on the application of BEMS for weather 202 

forecasts.  203 

2. Grid Response: the buildings’ action/reaction to signals/information coming from the grid, 204 

usually with the aim to maximize the energy/economic efficiency at district/city-scale (e.g. 205 

reduce grid overload, consume energy when there is maximum availability thereof and the 206 

price is lower, etc.). The key components of a SG are renewable generation, advanced metering 207 

infrastructure, and data exchange. The SG emphasizes the maintenance of an interaction with 208 

the users, including power consumption and dynamic pricing; that in turn is achieved through 209 
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the deployment of various Demand Side Management (DSM) strategies (Hussain & Gao, 210 

2018). The complete integration of DSM requires communication systems and sensors, 211 

automated metering, intelligent devices and specialized processors (further details about DSM 212 

are discussed in sections 3.1.2 and 3.1.4).  213 

3. User Response: the capability of a building to enable a real-time interaction between users 214 

and technologies implemented. As claimed by Ponds et al., 2018, the user interacts with the 215 

BEMS to automatically create optimal load operation schedules, different priorities and specify 216 

their comfort settings. BEMS enable end-users to interact with the automated energy systems 217 

and support the switch from energy consumer to an active role, as co-provider (Geelen et al., 218 

2013). In addition, real-time interaction is also achieved through Demand Response (DR) 219 

strategies in DSM (Alejandro Gomez Herrera, 2017), which links the price variations (or 220 

incentives) to the users’ priorities.  221 

4. Monitoring and Supervision: the capability to carry out a real-time monitoring of the building 222 

operation or, rather, of its technical systems and the users’ behaviour; it has the double aim to 223 

ease the aforementioned features (1 to 3) and to also allow an efficient operation (e.g. 224 

predictive maintenance, real-time identification of faults/unexpected behaviours, etc.). 225 

(Granderson, 2011) and (Erkoreka et al., 2016) claimed that monitoring and data analyses are 226 

essential for an appropriate commissioning and performance tracking, due to the performance 227 

gap between predicted (e.g. design phase) and measured energy consumption. 228 

Each of these functions is analyzed in detail in the next sections of the work, to set out the basic 229 

features and technologies of a SB. In detail, Table 2 reviews some representative studies, with 230 

quantified benefits, and categorizes them considering the basic features, elaborates the smartness 231 

features, and highlights the achievable results. 232 

 233 
Table 2. Smart Buildings features and Characteristics  234 

Basic 

Feature 

Ref. Smartness Features/ Technology Important Characteristics/Functions Quantified Benefits of Smartness 

Features 

C
li

m
a

te
 R

e
sp

o
n

se
 (Oldewurtel et 

al., 2010) 
• Stochastic Model Predictive 

Control (SMPC) strategy. 

 

• Controller uses weather predictions to select 

cost-effective energy sources to keep room 

temperature in the required comfort levels.   

• MPC resulted in a theoretical 

saving of 40% of the total energy 

consumption. 

(T. Zhang et 
al., 2018) 

• Online Model Predictive Control 

(MPC). 

 

• Integrates building thermodynamics, occupancy 

data, weather forecast and HVAC component 

for energy reduction and stabilizing 

temperature.   

• 18.2% energy saving with 

different temperature regulation 

settings. 

G
r
id

 R
e
sp

o
n

se
 

(Halvgaard et 
al., 2012) 

• Real-time electricity pricing and 

applying Economic Model 

Predictive Control (MPC). 

• Economic MPC for controlling heat pumps 

using day-ahead electricity prices. 

• Load shifting to periods with low electricity 

prices.  

• Optimized operating strategy 

saves 25-35% of the electricity 

cost compared to the baseline 
case. 

(Javed et al., 

2017) 
• Intelligent Sensor Nodes for 

HVAC. 

• Random Neural Network 

(RNN)-controller. 

• Inputs for the RNN model are: 1) heating set 

point; 2) cooling set point; 3) heating error, 4) 

cooling error, and 5) CO2 concentrations. 

• The total energy saving with the 

RNN controller is 27.12%. 

U
se

r
 R

e
sp

o
n

se
 

(Jazizadeh et 
al., 2014) 

• User-BMS communications and 

fuzzy predictive model. 

• HVAC system based on occupants’ comfort 

profiles. 

• Sensing approach for user-BMS 

communications  

• Learns user’s comfort profiles, using a fuzzy 

predictive model.  

• User control modes showed a 

39% reduction in daily 

average airflow rates of 

HVAC (compared to the 
conventional system).  

(Sembroiz et 

al., 2019) 
• Wireless Sensor Network 

(WSN). 

• BMS. 

• Identify the optimal locations for different sensor 

types and gateways.  

•  BEMS increases the overall 

occupant comfort by 2.2% with 

respect to the base case and saves 
19% of the energy. 
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(Shen et al., 
2017) 

• Monitoring, measurement, and 

verification. 

• HVAC system fault detection 

and diagnostics. 

• Fault detection or inappropriate operations of the 

HVAC system, and reminders to the building 

operators to address these issues. 

• Four pilot buildings showed an 

average energy saving of 15%, 

with a payback of less than 12 
months. 

(Y. Liu et al., 

2018) 
• Distribution system operators in 

the distribution network.  

• Building energy scheduling 

agents.  

• SB coordination and aggregation method 

reduces building electricity costs and satisfies all 

distribution system operating constraints. 

• Bi-level building load 

aggregation methodology 

resulted in an electricity cost 

reduction of 13% through a 
price-based MPC algorithm.   

 235 
Based on the reviewed studies, it should be noted that several technologies need to be implemented 236 

as fundamental requirements of SBs, such as BEMS and advanced control strategies, SMs and 237 

RES. This table presented the key studies on the characteristics of SBs with quantified benefits; 238 

however, many other studies explored the implementation of the aforementioned features without 239 

giving quantified results, such as (Qureshi & Jones, 2018); (Xu et al., 2012); (Hadri et al., 2019). 240 

Therefore, quantifying the benefits of the added smartness features is crucial for a performance 241 

evaluation. 242 

According to the review carried out, a schematic representation was developed in Figure 4 to 243 

highlight all the basic features, functions, technologies, and interfaces that define the smartness in 244 

a building, based on the four functions previously suggested. Based on the proposed logic, SBs 245 

respond to external conditions (climate and the grid) and internal conditions (user) and provide 246 

monitoring and supervision in the building. There are four basic features of the SB; the nZEB 247 

target, flexibility, real-time interaction and real-time monitoring. Technologies within the nZEB 248 

target are connected to flexibility (explained in detail in section 3.1.2) and to DSM; while 249 

flexibility is a feature that takes data from climate, user, and grid and gives an outcome of DSM 250 

with different strategies to respond and reduce the in-building demand and load. The Energy 251 

Storage System (ESS) (explained in detail in section 3.2.3) is also a technology connected to the 252 

DSM in order to store the energy from RES, and is managed by control systems in the building. 253 

Real-time interaction and real-time monitoring are connected to control systems through the 254 

internet and through sensors and actuators, respectively, to ensure user interaction, operativeness 255 

and the diagnosis of all the technologies and smart features within the building. Control systems 256 

(explained in detail in section 3.2.1) in a SB are local and cloud-based, consisting of classic and 257 

computational control systems, respectively. Details on the main components in this schematic 258 

illustration are presented in the following sections. 259 
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 260 

Figure 4. Smart Buildings features, functions and technologies 261 

3.1 Basic features  262 

3.1.1 Nearly Zero Energy Buildings Target 263 

The EPBD recast had set a target of achieving nZEBs for all new buildings in Europe by the 264 

beginning of 2021 (Recast, 2010). The implementation of RES to reach nZEBs has been stressed 265 

in several studies to reduce both energy consumption and CO2 emissions (Pikas et al., 2014), 266 

(Morelli et al., 2012), (Aste, Adhikari, et al., 2017).  267 

Functions: it is agreed that, in order to achieve nZEBs, three main steps must be implemented; 268 

application of passive strategies, energy-efficient technologies (efficient heating, cooling, and 269 

lighting), and then RES integration (J et al., 2011); (Kurnitski et al., 2011) and (Karlessi et al., 270 

2017) stated that the successful implementation of nZEBs does not focus only on energy-efficient 271 

measures and the adoption of RES, but also considers the grid integration, in order to achieve the 272 

appropriate balance between consumption and production. Thus, for a proper interaction, the 273 

building must be integrated with smartness features to be able to manage and program the surplus 274 

amount of RES. The relation between nZEBs, smart features and technologies is a process that 275 

requires an integrated design approach, in order to achieve the target of SBs and SCs. (Claudi, 276 

2018) highlighted that the interaction between nZEBs building and SGs is one of the main aspects 277 

of SCs. This target is a fundamental requirement for a SB, since it will ensure energy efficiency in 278 
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buildings, and prepare the building for the integration with the SG, the response to users and the 279 

application of control strategies.  280 

Outcomes: apply cost-optimal solutions to achieve energy efficiency and reduce GHG emissions. 281 

3.1.2 Flexibility  282 

The increased share of RES integration in buildings goes in parallel with the electrification goal 283 

and the decentralized electricity production. However, this has caused limited controllability of 284 

the energy supply and increasing load variations in the course of the day. Therefore, flexible energy 285 

systems have been developed as a solution to these issues. The International Energy Agency (IEA) 286 

(Jensen & Henrik, 2017) introduces the concept of ‘Energy Flexible Buildings’ with the project 287 

‘Annex 67’. Building Energy Flexibility is defined by (Jensen & Henrik, 2017) as, “the capacity 288 

of a building to manage its demand and generation according to local climate conditions, user 289 

needs, and grid requirements”.  290 

Functions: the building’s ability to provide energy flexibility is influenced by several factors, as 291 

suggested by (Glenn Reynders, 2015): (1) its physical characteristics, such as thermal mass, 292 

insulation, and architectural layout; (2) its technologies, such as ventilation, heating, and storage 293 

equipment; (3) its control system, that enables user interactions; the possibility to respond and 294 

react to external signals, such as electricity cost or CO2 factors; and (4) the user’s behaviour and 295 

the comfort requirements. The application of energy flexibility in buildings have been studied by 296 

several authors. The majority of studies focus on the flexibility of heat pumps, hot water storage, 297 

thermal energy storage that contribute to shifting electrical loads (Hewitt, 2012), (Arteconi et al., 298 

2012), (Masy et al., 2015). Other studies have shown that the structural thermal mass can be 299 

utilized to achieve flexibility in residential buildings (Le Dréau & Heiselberg, 2016), (Geert 300 

Reynders et al., 2013). Moreover, the use of control systems was applied in the majority of studies 301 

when addressing the potential of load shifting and achieving flexibility in buildings (Široký et al., 302 

2011), (Tahersima et al., 2011).  303 

Outcomes: DSM is the outcome of flexibility and real-time interaction (section 3.1.4) in SBs. 304 

DSM has two main functions; first, to integrate with the user, and second, to integrate with the 305 

external environment. In relation to flexibility, it has been claimed by (Gabaldon et al., 2003) that 306 

smart grids are based on the use of DSM, which includes the system operation, the minimization 307 

of peak demand and planning improvement. As reported by (Parrish et al., 2019) and (Mahin et 308 

al., 2017), DSM is categorized into demand reduction and DR. Demand reduction focuses on 309 

electricity saving through the implementation of energy-efficient equipment and user behavioural 310 

change (achieved through real-time interaction) (Mahin et al., 2017), while DR is the change in 311 

electricity use by end-use customers from their regular consumption patterns, in response to price 312 

changes (Hussain & Gao, 2018). Therefore, DR can be achieved through flexibility and real-time 313 

interaction. The Smart Grid is able to achieve energy measures, peak load shaving, improve the 314 

efficiency of the grid, and reduce the need for power investments through DR. According to 315 

(Hirsch et al., 2018), DR facilitates power consumption reduction, saves energy, and 316 

maximizes capacity utilization of the distribution system’s infrastructure, by reducing or 317 

eliminating the need to build new lines and expand the system. DR strategies could be categorized 318 

according to the following three aspects (Sun & Hong, 2017); 1) Peak clipping (explained in 319 

section 3.1.4), 2) Valley filling and 3) Load shifting.   320 

• Valley Filling describes the increase in the demand during off-peak periods, while having the 321 

same load peak (H.A. Attia, 2010). Its main function is to increase total energy consumption, 322 

while the peak demand is kept fixed, and allow off-peak energy consumption through energy 323 
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storage devices (Deng et al., 2015). It can be achieved by reducing the number of operating 324 

hours of baseload plants. 325 

• Load Shifting ensures the shifting of part of the demand at the peak period to the off-peak 326 

periods without reducing the users’ total energy consumption during any day (Deng et al., 327 

2015).  It is achieved through Time of Use (TOU) rates and/or use of storage devices that shift 328 

the timing of conventional electric appliances operation (H.A. Attia, 2010). It shifts the load to 329 

a cheaper billing period if consumption cannot be reduced, and allows to remotely program an 330 

appliance, by means of its timer (Law et al., 2012).  331 

3.1.3 Real-Time Monitoring 332 

The real-time monitoring feature is related to the monitoring and supervision function. It is 333 

connected to the control systems and uses sensors/actuators  to collect, analyze and monitor the 334 

data and energy consumption in the building. (Marinakis et al., 2013) defined “real-time 335 

monitoring” as a tool that organizes and statistically analyzes data sets on the energy use in 336 

buildings and their energy efficiency and economic performance. 337 

Functions: in real-time monitoring, data is collected, analyzed and stored, and then it is ready for 338 

the real-time interaction with users and the external building conditions (Marinakis et al., 2013). 339 

Thus, real-time monitoring collects information to monitor the behaviour of a building and to allow 340 

a predictive maintenance. (Yang et al., 2015) stated that the application of real-time monitoring 341 

can also be achieved through the Decision Support System (DSS), which has a data-collection 342 

module, a data-processing module, and a data-analyzing module. DSS predicts the power demands 343 

from consumers, which can allow for the optimization of the scheduling of power supply. The data 344 

collected from distributed power grid units and the knowledge of experts in the domain concur to 345 

define the measures for evaluating the success of the activities in the  power grid (Yang et al., 346 

2015).  347 

Outcomes: real-time monitoring identifies faults and anomalies and puts in place the 348 

corresponding actions. Moreover, it determines how much energy is being saved in buildings, and 349 

therefore supporting policies could provide subsidies and incentives that are proportional to the 350 

energy savings achieved. 351 

3.1.4 Real-Time Interaction 352 

The real-time interaction feature is related to the user’s interaction with external services (weather 353 

and grid conditions) and building technologies. (Andreev et al., 2012) indicated that real-time 354 

interaction allows the collection of users’ feedback through a task-based interaction between the 355 

user and the building. Additionally, users can experience real-time interaction with the SB and 356 

have an overview of the functionalities of smart technologies. 357 

Functions: real-time interaction includes several components, such as internet connection, 358 

sensor/actuators and a direct connection to the users. The collection of real-time data on occupants 359 

and weather forecasts was used for prediction in building automation (Stunder et al., 2003). 360 

(Rinaldi et al., 2016) tested the relationship between users and SBs in a project, using a bi-361 

directional interaction via a mobile application. The app is supported by sensors used to monitor 362 

and control comfort, indoor air quality, and HVAC parameters. The data is used to create real-time 363 

charts on user interaction and to allow easy access to the building status or to allow building 364 

automation systems (e.g. lighting systems control, HVAC system control, etc.).  365 

Outcomes: it was suggested by (Lertlakkhanakul et al., 2008) that real-time interaction results in 366 

shifting the user’s role from being a passive receiver to becoming an active actor. As mentioned 367 

earlier, DSM is also the outcome of real-time interaction, through which it allows the planning and 368 
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implementation of activities designed to impact the customer’s use of electricity (Gelazanskas & 369 

Gamage, 2014). (Mahmood et al., 2014) and (Yahia & Pradhan, 2018) suggested that in DSM 370 

users are encouraged to consume less power during peak times, or shift their energy use to off-371 

peak hours, to flatten the demand curve. Peak Clipping DR Resource (PCDR) strategy in DSM 372 

reduces peak energy consumption to stop the load from exceeding the supply capacity of the 373 

distribution substations (Sun & Hong, 2017). It supports loads with flexible procedures, such as 374 

residential loads and loads with on-site generation units (Behrangrad et al., 2010). It can be 375 

achieved when users shift some of their activities to another time and reduce their electric 376 

consumption.  377 

3.2 Technologies  378 

In SBs, several technologies must be present in order to facilitate the application/use of smart 379 

features. Based on literature, the main key technologies related to the functions of SBs are 380 

classified in Figure 5. 381 

 382 
Figure 5. Key Technologies in Smart Buildings 383 

3.2.1 Control Systems  384 

Building automation is a complex, multidisciplinary topic, that in literature has been introduced 385 

by several terms, such as Building Automation System (BAS), Building Automation and Control 386 
System (BACS); Building Management System (BMS), Building Energy Management System 387 

(BEMS); Energy Management and Control System (EMCS); and Home Energy Management 388 

System (HEMS). However, it must be noted that, despite the presence of several names and 389 

definitions, the main aim of these is to report the building performance, decide actions, and control 390 

the decided actions, with the goal of saving energy and costs and reducing environmental impacts. 391 

In this paper, to discuss control systems in SBs we selected the acronym BEMS.  392 

The integration of advanced ICTs increases the efficiency of the SB, by providing more 393 

automation, a reliable forecast of grid and weather, and a better operation of electrical appliances, 394 

resulting in higher energy quality and increased user satisfaction (Lobaccaro et al., 2016). BEMS 395 

is the physical element needed to reach the real-time interaction and flexibility in buildings. It is 396 

composed of hardware and software:  397 

• The hardware element in the BEMS consists of technologies such as sensors, actuators, 398 

user interface screens, CPU components, connections and monitoring tools.  399 

• The BEMS software provides the CPU operating logic, control system, alarms, user 400 

software, and DSS. 401 

As suggested by (Levermore, 2000), the main communication channel for the operator in the 402 

BEMS is the hardware, which allows energy monitoring, integration with utilities and smart grid 403 
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technologies through DSM, and ensures resilience and security. BEMS is responsible for 404 

monitoring and controlling the mechanical and electrical equipment of a building, such as lighting, 405 

HVAC, Domestic Hot Water (DHW), shading systems control, fire systems, onsite power 406 

generation, security systems and abnormal levels of energy use (Sayed & Gabbar, 2018), (Ock et 407 

al., 2016). 408 

(Chen et al., 2009) stated that BEMS are integrated into several parts of the building and use 409 

dynamic information about the users’ activities (e.g. location), ambient conditions (e.g. weather, 410 

light), and energy supply conditions (e.g. cost, load). Generally, control systems are classified into; 411 

conventional control systems (Kasahara et al., 1999), (Mathews et al., 2000), and advanced or 412 

computational control systems (Oldewurtel et al., 2012). However, in SBs, the use of advanced 413 

control systems is more relevant, since they allow the interaction with external and internal 414 

conditions. (Javed et al., 2017) pointed out that two technical approaches of HVAC control are 415 

available: physical model-based techniques (such as model predictive control) and black-box 416 

techniques (such as RNNs, artificial neural networks [ANNs], and support vector machines). 417 

According to (Oldewurtel et al., 2012), (Killian & Kozek, 2016) and (Y. Ma et al., 2012),  the most 418 

common way to respond to the external climatic condition is through the implementation of MPC. 419 

It provides optimal predictions of future disturbances, such as ambient temperature, solar radiation, 420 

occupancy, and presents the ideal control strategy to deal with conflicting optimization goals.  421 

3.2.2 Renewable Energy Systems 422 

The integration of RES in the power system of buildings has been extensively studied to achieve 423 

nZEB target to cover a substantial amount of energy, increase energy savings and reduce costs (S. 424 

Attia et al., 2017). The RES contains programmable sources, such as biomass, which can be stored 425 

and used anytime, and non-programmable energy sources, such as wind and solar production. 426 

Therefore, the RES that can be installed on SBs are Photovoltaics (PV) (L. Ma et al., 2016), solar 427 

thermal collectors (Buker & Riffat, 2015), pumped hydro energy (de Oliveira e Silva & Hendrick, 428 

2016), mini wind turbines (Bussel & Mertens, 2005), and biomass (Michopoulos et al., 2014). It 429 

should be noted that high production of PV and wind power must be linked to flexibility and DSM 430 

strategies, since their profile must be predetermined with sufficient anticipation in order to ensure 431 

the reliability of energy dispatching.  432 

3.2.3 Energy Storage Systems 433 

A successful coordination between RESs and power systems plays a vital role in allowing ESSs to 434 

improve the reliability, security, and resiliency of micro-grid applications. Storage is identified as 435 

the technology that has the ability to capture energy and release it later for consumption (Gupta et 436 

al., 2019). According to (Zame et al., 2018), ESS provides remarkable opportunities to improve 437 

the efficiency and operation of smart buildings. (Roberts & Sandberg, 2011) wrote that a smart 438 

grid, coupled with energy storage systems, increases flexibility. The integration of ESS during 439 

peak load periods is also useful to shift electrical demands from on-peak to off-peak (Worighi et 440 

al., 2015). Moreover, the use of energy storage technologies allows a reduction in the demand side 441 

and saves surplus energy in batteries/thermal storages. (Lizana et al., 2018) stated that energy-442 

flexible buildings which have electric heating, demand-side management, and efficient thermal 443 

energy storage represent one of the most promising strategies for carbon reduction. Storage 444 

systems are managed based on energy prices; when the price is low, the battery is charged, while 445 

when the price is high the battery is discharged (Guo et al., 2013). (Römer et al., 2012) pointed 446 

out that there is a wide range of storage technologies that have different capacities and speed and 447 



14 
 

time of response. Additionally, energy storage allows energy resilience, through which it can 448 

balance and respond to changes in energy demand and supply.  449 

On the other hand, based on the revised EPBD (European-Commission, 2019b), there is an evident 450 

link between electric mobility through Electric Vehicles (EVs) and SBs. EVs act as 451 

generation/storage devices or an additional element of flexibility to provide energy and capacity 452 

to the building and enhance power supply (Guille & Gross, 2009). EVs stay connected to the grid 453 

once they are parked, therefore they deliver the energy from their batteries, which can store and 454 

release energy in different conditions. The RES can be used to charge the EVs, and when the 455 

energy production is higher than the total demand, the EV charges the batteries, while, when the 456 

building does not have enough energy, the EV release the stored energy to supply the building (Z. 457 

Wang et al., 2012).    458 

3.2.4 Advanced HVAC and Lighting systems 459 

HVAC systems are considered to be the most demanding systems in the building, with a share of 460 

around 50% of the world total building energy consumption (Korolija, 2011). SBs are able to 461 

provide energy-efficient and responsive lighting system that uses ICTs. Energy-efficient HVAC 462 

and lighting technologies are fundamental parts of the active strategies to achieve the nZEB target, 463 

as illustrated previously in Figure 4. Unlike conventional HVAC systems, in SBs HVAC systems 464 

are integrated with the ESS technology (Fiorentini et al., 2015), BEMS (Mirinejad et al., 2008), 465 

ICTs (Serra et al., 2014), and DSM programs (Cai et al., 2018) in order to manage its consumption, 466 

reduce peak load and achieve the nZEB target. SBs’ HVAC systems also allow building occupants 467 

and operators to have more control and are able to adjust and adapt intuitively according to the 468 

users’ profile, preferences and needs, using real-time weather forecast and grid data through MPC 469 

(Bhutta, 2017). Smart Lighting is also claimed to be integrated with the BEMS system to allow 470 

information exchange, optimization, and supporting built-in occupancy sensors and logic systems 471 

to automatically adjust their luminance with respect to time and occupancy (Bhutta, 2017). 472 

Moreover, it is controlled through wireless control units to provide dimming, on/off control, and 473 

it changes the intensity of its glow (Delaney et al., 2009). The integration of smart lighting systems 474 

with advanced shading systems and BACS has been also tested and showed higher energy savings, 475 

more daylight penetration and increased user satisfaction (Selkowitz et al., 2003), (Martirano et 476 

al., 2014).  477 

3.2.5 Sensors and Actuators 478 

Sensors and actuators are technological interfaces in SBs that are connected to features, functions, 479 

and technologies such as DSM, storage systems, real-time monitoring, and BEMS. (Aste, Manfren, 480 

et al., 2017) defined sensors as devices that measure physical quantities and then convert them into 481 

digital signals. Conversely, actuators are used in control systems in two ways; first to manage 482 

information from sensors and actuate their control function directly, and second to deliver data 483 

from sensors to the supervisory control layer. Sensors and actuators have been used for occupancy 484 

detection and behavioural modeling in buildings (Jia & Srinivasan, 2015); monitoring data in the 485 

SG (Kayastha et al., 2014), lighting control (Labeodan et al., 2016), BEMS (Doukas et al., 2007), 486 

predictive control and energy storage systems (Biyik & Kahraman, 2019), etc. According to 487 

(Stankovic, 2008), the use of wireless sensors and actuators for building auditing and controlling 488 

presents a viable solution over traditional building monitoring and actuating systems. Sensors and 489 

actuators facilitate the application of ICTs in SBs and the connection to the BEMS of all 490 

technologies and equipment in the building.  491 
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3.2.6 Smart Meters 492 

SM – another important technological interface connected to the BEMS – promotes 493 

communication between the smart grid and the buildings. In particular, between the energy 494 

consumer, meter operator, supplier of energy or utility and meter data management systems (Zivic 495 

et al., 2016). According to (Gungor et al., 2011), a smart grid system has two types of information 496 

infrastructure; first, the information flows from sensors and electrical appliances to smart meters, 497 

which is achieved through Powerline Carrier (PLC) or wireless communications (Radio 498 

Frequency), such as ZigBee, 6LowPAN, Z-wave; secondly, it flows between SM and the utility’s 499 

data centers, which is achieved via internet-based solution. Three main benefits are expected from 500 

SM systems (Avancini et al., 2019): the availability of energy consumption information to users, 501 

which enables them to optimize their consumption, the ability to assess and control meters 502 

remotely, and the ability to reduce energy waste, since it can be automated to react to power 503 

shortages, failures, and excesses. Moreover, SMs are integrated into the BEMS and automatic 504 

functions are enabled when peak use approaches critical price thresholds or system constraints 505 

(Förderer et al., 2019).  506 

3.3 Key Challenges in Smart Retrofitting Application 507 

The previous review has shown the fundamental requirements, features and technologies in a SB. 508 

The integration of smart technologies in new constructions is always easier than in retrofit cases, 509 

since new buildings provide a greenfield and can adapt to the integrated systems. On the other 510 

hand, in SR applications it is important to highlight the key challenges that need to be considered. 511 

As mentioned earlier, SBs require to achieve nZEB target first, then to ensure a response to the 512 

changing conditions of climate, grid and users, and finally to predict failures through the utilization 513 

of technologies discussed. Achieving nZEB is a target for new buildings as well as for retrofit 514 

solutions; however, it should be noted that for retrofitting cases significant energy efficiency is not 515 

achieved only by envelope retrofitting (such as adding thermal insulation and windows 516 

replacement), but rather through the integration of these elements with active and renewable 517 

energy solutions (such as HVAC, efficient lighting and control systems). Therefore, for SR, the 518 

mechanical systems already existing in the building should be optimized in order to integrate 519 

properly with the new energy-efficient interventions. Ensuring a proper integration of energy-520 

efficient HVAC is critical, since most building loads are caused by heating and cooling demand. 521 

Therefore, the existing heat pumps, fan coils, and thermal storage tanks must be evaluated and 522 

optimized properly, in order to integrate the new systems, while keeping the important parts of the 523 

systems that can be modified without demolishing the whole systems before retrofit.  524 

Moreover, in SR cases the integration of RES must be accompanied with reliable forecasting 525 

methods, to estimate production and exchange profiles of non-programmable sources and facilitate 526 

the connection with the SG, SM, storage system through BEMS. The integration of BEMS in SR 527 

is very challenging and has many barriers. The first challenge is the technical barrier, due to which 528 

there is a lack of standardized solutions for BEMS requirements in existing buildings. Moreover, 529 

in SR it is important to install new technologies that must communicate with the existing 530 

buildings without installing new wires. Therefore, the most optimal solution would be installing 531 

advanced control systems that are wireless, such as the ANNs and RNN, which are efficient, 532 

since they do not require removing existing structures to install wiring systems.  533 

Furthermore, the application of energy flexibility in SR requires the optimization of systems (such 534 

as HVAC systems, storage systems, RES), as well as providing the connections with the SM and 535 

SG systems. Upgrading the existing meters with the SM system is challenged by the lack of 536 
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supporting policies and regulation to set the methods and minimum requirements, and the need to 537 

encourage building owners and users to accept this shift.  538 

4 Smartness Indicators  539 

Quantifying building energy performance through the development and use of KPIs is an essential 540 

step in achieving SB goals in both new and existing buildings. Thus, Specific metrics and KPIs 541 

are fundamental to support achieving energy efficiency in buildings. According to (Nelke & 542 

Håkansson, 2015), KPIs are a way of measuring the performance in an organization and its success 543 

in achieving goals. (Jefferson et al., 2007) claimed that indicator systems can provide 544 

measurements of the current performance and give a clear view of achievement in terms of future 545 

performance targets and progress. 546 

4.1 Legislations on Smartness Indicators in Buildings and Cities  547 

The need to develop policies and standards that enhance energy and technological innovation is a 548 

fundamental step for the increase of the smartness in the built environment. In the EU, several 549 

legislations, plans and projects have been developed to support and enforce the change towards 550 

smarter cities and buildings. At city level, ISO/TC268 for “Sustainable cities and communities” 551 

(ISO/IEC, 2015), is responsible for the ISO 37100 series of standards to help cities define their 552 

sustainability objectives and put strategies in place to achieve them. ISO/TR 37150 (ISO, 2014) 553 

introduced indicators such as Global City Indicators; Green City Index series; and Smart City 554 

realized by ICT. Moreover, some legislations are being developed to enhance the existing 555 

indicators, such as ISO/NP 37122 (ISO, 2019), “Sustainable Development in Communities- 556 

Indicators for Smart Cities”, which is still in proposal phase. At building level, the 2010 EPBD 557 

recast (Recast, 2010), European Commission (European-Commission, 2019b), and Building 558 

Performance Institute Europe (BPIE) (BPIE, 2020) supported the move towards smarter buildings 559 

in Europe. The EPBD has introduced the SRI in buildings, to measure the performance of SBs. 560 

Moreover, the IEA Annex 67 on energy flexibility and “smartness” of buildings (Jensen & Henrik, 561 

2017) is developing a quantitative methodology to characterize and label energy flexibility that 562 

takes into account not only the technical aspects or services at a building level, but also includes 563 

its interaction with the energy system, occupants and other boundary conditions.  564 

As seen from the previous claims, some attempts have been made to measure the performance of 565 

cities and buildings, however, a clear framework should exist on the fundamental KPIs for SBs 566 

and SR cases. These indicators must be able to assess the performance of SBs in terms of its 567 

previously discussed functions and basic features.  568 

4.2 Key Performance Indicators for Smart Buildings 569 

Several KPIs have been developed in reports and projects, however, some of them have not been 570 

always properly tested in research, while others have been tested and reported in more than one 571 

study. In the present section, a review on the existing KPIs in literature related to SBs is provided 572 

and a list of 36 KPIs that derive from SBs basic features was obtained. The majority of the defined 573 

KPIs are quantitative and measure energy and power rate, while few ones are non-energy 574 

indicators. The detailed framework of KPI selection and systems/components measured in KPIs 575 

are shown in Figure 6.  576 
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 577 
Figure 6. Smart Buildings Key Performance Indicators Framework 578 

Once the available KPIs are assessed, a targeted classification was proposed in order to organize 579 

the KPIs based on their priority for SR application. Table 3 classifies these KPIs based on the SB 580 

basic functions and shows the definition of each with the references that developed/tested them in 581 

literature.  582 

Table 3. Definitions and References of KPIs in Smart Buildings   583 
SB Basic 

Features 

Supporting KPIs 

(Units) 

Definitions References 
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Primary Energy (kWh/m2)   

 

Encompasses all the primary available energy 

that is consumed in the supply chains of the used 

energy carriers. 

(SCIS, 2017); (European-Commission, 

2018); (Pezzutto et al., 2018); 

(Green_Building_Council_Italia, 2019); 
(Ferrante et al., 2016); (Pasut, 2019) 

Energy Demand And 

Consumption (kWh/(m2.month 
or year)) 

Assess the building energy demand and 

consumption. 

(J. Salom et al., 2014);(SCIS, 2017); 

(Abu Bakar et al., 2015) 

Energy Savings (%) Percent reduction of energy consumption 

compared to the baseline case. 

(Bosch et al., 2017); (SCIS, 2017); (J. 

Liu et al., 2010); (D. Zhang et al., 2013) 

Global Energy Performance 

Indicator (kWh/m2)  

 

Indicator gives the numeric value, under 
reference conditions, of the building’s energy 

consumption and refers to the consumption of 

non-renewable energy sources, like the gas used 
for heating the building or producing hot water. 

(E. Costanzo et al., 2016); (S. Attia, 
2018); (ENEA, 2017) 

Peak Load Reduction (%) Compare the baseline peak demand with the peak 

demand after technology implementation. 

(SCIS, 2017); (Chua et al., 2017); (Kim 

et al., 2018); (Thanos et al., 2013) 

Degree of Energetic Self-Supply 

by RES (%) 

The ratio of locally produced energy from RES 

and consumption over a period of time.   

(SCIS, 2017); (Ana Quijano et al., 

2016);  

Increased RES and Distributed 

Energy Resources hosting 

capacity (%) 

The additional RES and energy resources that can 

be installed in the network, when new 

interventions are applied, and compared to the 

BAU scenario. 

(Hormigo et al., 2014); (Etherden, 

2014); (MacEdo et al., 2017); (Lubośny 

& Dobrzyński, 2016);  

(Bissell et al., 2014) 
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Storage Capacity (%) Available storage capacity of storage 
technologies integrated into the smart grid. 

(Angelakoglou et al., 2019); (Del Pero et 
al., 2018); (Finck et al., 2018); (Glenn 

Reynders et al., 2017); (Silva, 2018); 

(Ibrahim et al., 2007) 

Depth of Discharge (%)  Describes how deeply a storage system can be 
discharged to provide usable energy with respect 

to the reference conditions.  

(Del Pero et al., 2018); (Cabeza et al., 
2015); (Haghigat et al., 2019) 

Storage Efficiency (%) The ratio between the discharged energy and the 
charged energy, typically over a full cycle. 

(Glenn Reynders, 2015); (Niederhäuser 
& Rouge, 2017) 

Load Cover Factor (%) The percentage of electrical demand covered by 
on-site electric generation. 

(Stern, 2013); (J. Salom et al., 2011); 
(Tumminia et al., 2020); (Dávi et al., 

2016); (J. Salom et al., 2014); 

(Verbruggen & Driesen, 2015)  
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Maximum Hourly Surplus 

(kWh) 
The maximum hourly ratio between on-site 
generation and load over the load for each energy 

type. 

(Ala-Juusela et al., 2014); (J. , Salom et 
al., 2013) 

Maximum Hourly Deficit (kWh) The maximum hourly ratio of the difference 

between load and on-site renewable energy 

generation. 

(Ala-Juusela et al., 2014); (J. , Salom et 

al., 2013); (Bosch et al., 2017) 

Demand Response (kWh) 

 

Load shed potential of a device with respect to its 

rated power consumption during a DR event. 

(Hormigo et al., 2014); (IRIS, 2018); 

(Arteconi & Polonara, 2018); (Yin et al., 
2016) 

Load Shifting (%) 

 

Load shifting potential for the considered DSM 

technology at a certain time step. 

(Arteconi & Polonara, 2018); 

(Märzinger & Österreicher, 2019) 

Flexibility Factor (-) Instant demand at high/low electricity price 
periods. 

(Li & You, 2018); (Finck et al., 2018) 

Annual Mismatch Ratio (-) The annual difference between demand and local 

renewable energy supply. 

(Ala-Juusela et al., 2014); (Lund et al., 

2011) 

Load Matching Index (%) 
 

The on-site energy use: it helps to differentiate 
between the different timescales. 

(Voss et al., 2016); (J. Salom et al., 
2014);(Dávi et al., 2016); (J. Salom et 

al., 2011); (Degefa et al., 2016) 

Mismatch Compensation Factor 

(-) 
 

No Grid Interaction Probability 

(-) 

 

RES Self-consumption (Supply 

Cover Factor) (%) 

The capacity of the PV or similar RES 

installation over the capacity of the installation 
for which the economic value of annual import 

and export of electricity is the same.  

The probability that the building is acting 

autonomously of the grid.  

 
 

 

The degree of instantaneous on-site renewable 
energy consumption  

(Ala-Juusela et al., 2014); (Lund et al., 

2011); (Athienitis & O’Brien, 2015) 
 

 

(Tumminia et al., 2020); (J. Salom et al., 

2011); (J. Salom et al., 2014); (Dávi et 

al., 2016); (Verbruggen & Driesen, 

2015) 

(Luthander et al., 2015); (Fachrizal & 

Munkhammar, 2020); (J. Salom et al., 

2011); (Prasanna et al., 2017) 
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Increased Power Quality and 

Quality of Supply (%) 

Average time needed for awareness, localization, 

and isolation of grid fault. 

(SCIS, 2017); (Ignatova et al., 2015); 

(Lubośny & Dobrzyński, 2016) 

Absolute Grid Support 

Coefficient (-) 

Evaluate the grid impact of a building or its 

heating system 

(Li & You, 2018), (Klein et al., 2016);  

 

Relative Grid Support 

Coefficient (-) 

 

 

Assesses the optimization potential for heating or 
cooling system operation. 

 

 

(Li & You, 2018); (Klein et al., 2016);  

Building Operational 

Performance KPI (%) 

Illustrates the performance of the building by 

relating the energy consumption, emissions, and 
geometrical information. 

(Ioannidis et al., 2016) 

Reduction of energy price by 

ICT related technologies (%) 

Measures the price of the energy traded by an 

aggregator, both with baseline and after ICT 
implementation. 

(SCIS, 2017); (IRIS, 2018) 

Smart Ready Built 

Environment Indicator (-) 

Assesses how smart-ready the building is and 

measures the performance of technologies. 

(De Groote, Volt, Bean, et al., 2017) 

Smart Readiness Indicator (-) A score that indicates the readiness of a building 

to adapt operations to the needs of occupant and 

also to optimize energy efficiency and energy 
flexibility. 

(European-Commission & VITO, 2020); 

(Verbeke et al., 2017); (Rochefort, 2019) 

 

EU Energy Label (-) The energy efficiency of appliances is rated based 
on a set of energy efficiency classes from A to G 

on the label, A being the most energy efficient, G 

the least efficient. 

(European Commission, 2010), 
(European-Commission, 2020);  

(Provincia Autonoma di Trento, 2010); 

(European Commission, 2017); (Majcen 
et al., 2013); (van den Brom et al., 2018) 

Reduced Energy Curtailment of 

RES and DER (%) 

Reduction of energy curtailment due to technical 

and operational problems. 

(SCIS, 2017); (IRIS, 2018); (Azpiri et 

al., 2015); 

Reduction of technical network 

losses (%) 

Compares the technical losses of the baseline 

scenario against the ones from the smart grid 

scenario for a period of time. 

(Hormigo et al., 2014); (IRIS, 2018) 
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Increased reliability (%) 
 

 

Grid Interaction Index (%) 

Avoids failures revert on higher reliability, 
meaning fewer stops on the normal operation of 

the building and associated systems.  

Describes the average grid stress, using the 
standard deviation of the grid interaction over a 

period of a year. 

(SCIS, 2017); (IRIS, 2018)  
 

 

(J. Salom et al., 2014); (Voss et al., 
2016); (J. Salom et al., 2011), (Ferraro et 

al., 2016) 
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Consumer Engagement (-) 
Measures the involvement of users in the control 

over the energy use in the building. 

(SCIS, 2017); (Lubośny & Dobrzyński, 

2016) 

System Average Interruption 

Duration Index System (-) 

 

Estimates the average interruption duration, 

which leads to disturbance for network users and 

maintenance costs. 

(Hormigo et al., 2014); (Harder & 

Joosten, 2017); (Putynkowski et al., 

2016); (Pramangioulis et al., 2019);  

System Average Interruption 

Frequency Index (-) 

Estimates the average number of service 
interruptions detected by a typical end user in the 

network during a defined time. 

(Hormigo et al., 2014); (Harder & 
Joosten, 2017); (Putynkowski et al., 

2016); (Pramangioulis et al., 2019) 

Some of the reviewed KPIs share similar targets/parameters by which they can be grouped and 584 

compared to each other. An analysis of the KPIs is presented in Table 4, where the KPIs with 585 

similar targets/functions are grouped together. It should be noted that it is challenging to select a 586 

representative indicator from each group; however, the designer should decide and select the 587 

suitable indicator based on the boundary conditions, such as measurement scale, sampling, unit, 588 

time of day, etc. Since some indicators have been studied more than others, they can be considered 589 

more reliable than others and, in some situations, can be selected to be more statistically 590 

representative (Table 4). To group the indicators, a set of criteria was developed considering 591 

CIVITAS framework (Van Rooijen & Nesterova, 2013) using the following requirements: 592 

1) Comparable KPIs, that can be compared to others since they share common 593 

targets/parameters. 594 

2) Reliable KPIs, that have been studied frequently in existing studies and researches, which 595 

shows the reliability of the KPI. 596 

3) Familiar KPIs, the indicators should be easy to understand. 597 

4) Measurable KPIs, that are capable of being measured quantitatively. 598 

5) Holistic KPI, which covers several aspects based on the aim of the KPI and includes 599 

representative parameters.  600 

 601 
Table 4. KPIs Analysis 602 
KPIs                   Interpretation 

Primary Energy  

Global Energy Performance Indicator (EPgl)  

Energy Demand and Consumption 

Energy Savings 

• KPIs can be grouped since they measure the “overall building energy performance” (Group 1 

- G1).  

• These indicators are widely applied in literature, however, the “Primary Energy” can be 

considered as a more holistic indicator since it achieves the objective of this group of indicators 

and gives information about the heating/cooling loads and energy savings in the building. 

Moreover, this indicator has been widely studied in literature.   

Demand Response  

Peak Load Reduction 

Load Shifting  

Flexibility Factor 

• These indicators are responsible for “DSM assessment in SBs” (G2) and focus on measuring 

the peak load and the ability of load shifting.  

• Among these, the “Demand response”, “Load shifting” and “Peak Load Reduction” share 

common targets by which they measure the load shed potential of a device at a time step with 

respect to its rated power consumption, however, based on literature the “Demand Response” 
has been cited more.  

• The “Flexibility Factor” measures the flexibility of a building with respect to the Low and high 

electricity periods and the heating power. However, this indicator has been tested in few studies 

and requires further investigation. 

Degree of Energetic Self-Supply by RES 

Increased RES and DER hosting capacity 

Generation 

Load Cover Factor  

RES Self-consumption (Supply Cover Factor) 

Maximum Hourly Surplus 

Maximum Hourly Deficit 

• These KPIs can be grouped since they assess the production, consumption, and installation of 

“RES in SBs” (G3).   

• The KPIs share similar targets, according to literature, the most studied KPI is the “Load cover 

factor”  which represents the percentage of the electrical demand covered by on-site electricity 

generation.  

• Moreover, it is a more holistic indicator since it evaluates the on-site generation with respect 

to the storage, losses and building loads during the evaluation period. 
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Annual Mismatch Ratio  

Load Matching Index 

Mismatch Compensation Factor  

• This group of KPIs shows the percentage between the onsite RES and the building load profiles 

which represents the “RES mismatch indicators” (G4). The most applied indicator in literature 

is the “Load Matching index” which compares the on-site generation with on-site demand, 

moreover it is considered as a more holistic indicator.  

• Measuring the “Mismatch compensation factor” is applied in particular cases only since it 

considers measuring mismatch at aggregated level and not at each individual building level. 

Grid Interaction Index  

No Grid Interaction Probability 

Absolute Grid Support Coefficient  

Relative Grid Support Coefficient 

• These indicators monitor the “Grid interaction in SBs” (G5). To achieve this objective several 

aspects, need to be addressed. The “Grid Interaction Index” is important since it shows the 

variable amount of purchased or delivered energy for a given time resolution and it has been 
tested in several researches and thus shows reliability.  

• The “No Grid Interaction Probability” is also an important indicator to has been also studied 

in several research and is important to indicate the time share when the local generation is 

insufficient to supply the local load. 

• The later indicators have been tested in few studies and requires further investigation.   

Storage Capacity  

Storage Efficiency  

Depth of Discharge  

• These indicators measure the performance of the implemented energy storage system and can 

be combined as “Storage performance indicators” (G6).  

• The most used indicators in literature have been collected such as the storage capacity, 

efficiency and depth of discharge, however, based on literature, these indicators still have 

unclear calculation methodologies and their definitions are often oversimplified, and must be 

further developed to consider the storage energy losses.  

• Therefore, based on selected indicators from G3, G4 and G5, it would be better to calculate 

these indicators with and without storage to assess the obtainable benefit of storage system in 

buildings.  

Smart Readiness Indicator (SRI) 

Building Operational Performance KPI  

EU Energy Label  

Smart Ready Built Environment Indicator 

• This group of KPIs represents the attempt for “Building Operational Evaluation” (G7). These 

KPIs have been developed to evaluate the building performance or the smartness of 

technologies integrated in the building.  

• However, most of these indicators such as the SRI, the Building operational performance, and 

the smart ready built environment KPI has not been tested yet, and therefore, does not show 

reliability.  

• The Energy Label, which has been cited and used extensively, is a reliable building evaluation 

process and is fundamental for ensuring the performance of a building. Thus, it can be selected 
as a representative indicator for this group. 

Reduced Energy Curtailment of RES And 

DER 

Reduction of technical network losses 

Increased Power Quality and Quality of 

Supply  

Increased reliability  

• These KPIs measure the “Technical losses/failures” (G8) in grids and building systems. Based 

on literature, the most studied indicator is the “Reduced Energy Curtailment of RES and DER”. 
The main purpose of this indicator is to minimize curtailment of the energy supplied by 

RES/DER generation due to technical and operational problems. 

Consumer Engagement 

System Average Interruption Duration Index 

(SAIDI) 

System Average Interruption Frequency Index 

(SAIFI) 

• These KPIs indicate the “Users’ involvement” (G9) and the interruptions caused by them. 

“SAIDI” and “SAIFI” indicators have been studied extensively in the literature.   

The theoretical analysis done on KPIs showed that, in order to measure SBs performance, a 603 

combination of nine groups of KPIs can be applied. It must be noted that the building designer can 604 

choose at least one KPI form each group in order to evaluate the SB performance, depending on 605 

the data available and the boundary conditions. After setting the nine KPI groups, a further analysis 606 

is carried out to select the representative indicators from each group. The selection is based on the 607 

frequency of their citation in literature and on achieving the objective of each group. The following 608 

table presents the nine groups that can be applied to test the performance of SBs and shows the 10 609 

most cited KPIs in literature as representative ones for each group.  610 

Table 5. SBs Representative Assessment KPIs  611 
KPI Group Most Cited KPI  Timestep Equation Remarks 

G1. Overall 

Building 

Energy 

Performance 

Primary Energy  

(SCIS, 2017); (Pezzutto et 

al., 2018); 

(Green_Building_Council
_Italia, 2019); (Ferrante et 

al., 2016); (Pasut, 2019) 

Annual 
∑ 𝐸𝑃𝑡𝑜𝑡 = ∑ 𝐸𝑟𝑒𝑛,𝑖 +

𝑖

 ∑(𝐸𝑑𝑒𝑙,𝑖𝑓𝑑𝑒𝑙,𝑡𝑜𝑡,𝑖)
𝑖

− ∑(𝐸𝑒𝑥𝑝,𝑖𝑓𝑒𝑥𝑝,𝑡𝑜𝑡,𝑖)
𝑖

 

EPtot annual total primary energy [kWh/m2]  

Eren,i annual renewable energy produced on site or nearby 

for energy carrier i [kWh/m2] 

Edel,i annual delivered energy on site or nearby for energy 

carrier i [kWh/m2] 

An important basic indication of 
building evaluation is the net 

primary energy consumed. 
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fdel,tot,i total primary energy factor for the delivered energy 
carrier i, [-] 

Eexp,i annual exported energy on site or nearby for energy 

carrier I [kWh/m2 a] 
fexp,tot,i total primary energy factor of the energy 

compensated by the exported energy for energy carrier i 

[-] 

G2. DSM 

Assessment in 

SBs  

Demand Response  
(Hormigo et al., 2014); 

(IRIS, 2018); (Arteconi & 

Polonara, 2018); (Yin et 
al., 2016) 

Hourly/ 
one 

Season/ 

one Year 

𝐷𝑅𝑝 =
𝑃ℎ

𝑏𝑎𝑠𝑒 − 𝑃ℎ
𝐿𝑆

𝑃ℎ
𝑏𝑎𝑠𝑒

 

DRp hourly load shedding potential [%] 

Ph
base baseline hourly power consumption [kWh] 

Ph
LS hourly power consumption of a load using the DR 

profile [kWh]  

For each load (such as heat pumps, refrigerators, and air 
conditioners), two consumption profiles are calculated: 

the baseline setpoint profile, which is the load before DR 

solution and a DR setpoint profile which is the load after 

implementation of DR strategy (such as electricity price 

signal on the load profile or variable temperature set-

point, etc.) in order to estimate the change in load within 
the hour h in which the DR event occurs.  

DR is an important indicator for 
DSM by which positive DR 

potential refers to a “load shedding” 

capacity, while negative DR 
potential refers to an “overloading” 

capacity.  

In the case of comparison between 
two buildings, it must be calculated 

on one season or one-year basis.  

G3. RES 

Assessment in 

SBs 

Load Cover Factor [-] 

(Stern, 2013); (J. Salom et 

al., 2011); (Tumminia et 
al., 2020); (Dávi et al., 

2016); (J. Salom et al., 

2014); (Verbruggen & 
Driesen, 2015); (Prasanna 

et al., 2017) 

 

 

 

 

 

 

 

RES Self-consumption or 

Supply cover factor [-] 
(Luthander et al., 2015); 

(Fachrizal & 

Munkhammar, 2020); (J. 
Salom et al., 2011); 

(Prasanna et al., 2017) 

Daily/ 

Monthly 

Hourly/ 
Season/ 

Year 
 

 

 

 

 

Daily/ 

Monthly 

Hourly/ 

Season/ 

Year 

𝑦𝑙𝑜𝑎𝑑 =  
∫ min[𝑔(𝑡) − 𝑆

𝜏2

𝜏1
(𝑡) −  𝜁(𝑡), 𝑙(𝑡)]𝑑𝑡 

∫ 𝑙
𝜏2

𝜏1
(𝑡)𝑑𝑡

 

 

S(t) = 𝑆𝑐 − 𝑆𝑑𝑐 

yload load cover factor [-] 

g(t) on-site generation [kWh] 
S(t) storage energy balance [kWh] 

Sc charging storage energy [kWh] 

Sdc discharging storage energy [kWh] 
ζ(t) storage energy losses [kWh] 

l(t) building load [kWh]  

t    time 

τ1 and τ2 are the start and the end of the evaluation period 

 

𝑀(𝑡) = 𝑚𝑖𝑛{𝐿(𝑡), 𝑃(𝑡)} 

ᵩ𝑆𝐶 =
∫ 𝑀(𝑡)𝑑(𝑡)

𝑡2

𝑡=𝑡1

∫ 𝑃(𝑡)𝑑(𝑡)
𝑡2

𝑡=𝑡1

 

M(t) instantaneously overlapping of the generation and 
load profiles [kWh] 

L(t) instantaneous building power consumption [kWh] 

P(t) instantaneous on-site RES power generation [kWh] 

SC Self-consumption [-] 

Load cover factor represents the 

percentage of the electrical demand 

covered by on-site electricity 
generation; it ranges between 0-1 

and when it is equal to 1, the system 

produces more energy than the real 
needs, while when it is equal to zero 

it indicates periods with no on-site 

generation. 

Moreover, the it is important to 

calculate the RES consumed 
instantaneously on-site using the 

RES self-consumption indicator 

which has been cited in several 
studies. 

G4. RES 

Mismatch  

Load Matching Index  

[-,%] (Voss et al., 2016); 

(J. Salom et al., 
2014);(Dávi et al., 2016); 

(J. Salom et al., 2011); 

(Degefa et al., 2016) 

Hourly, 

Daily, 

Monthly 
(monthly 

is most 

suitable 

for 

addressin

g 
seasonal 

effects) 

Load match index 

𝑓𝑙𝑜𝑎𝑑,𝑖 = 𝑚𝑖𝑛 [1,
𝑜𝑛𝑠𝑖𝑡𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑙𝑜𝑎𝑑
] 𝑥 100 

fload,i load Matching Index [-] 

i time interval [hourly, daily, monthly] 

 

𝑓𝑙𝑜𝑎𝑑,𝑖 =
∑ min [1,

𝑔(𝑡) − 𝑆(𝑡) −  𝜁(𝑡)
𝑙(𝑡)

𝑇2
𝑇1

𝑁
 

 

g(t) local renewable energy generation at time step 

S(t) storage energy balance [kWh] 

ζ(t) energy losses (sum of generation energy losses, 
storage energy losses, building technical systems energy 

losses (excluding storage) and load energy losses (e.g.: 

distribution losses)) [kWh] 
l(t) building load [kWh]  

N is the number of samples in the evaluation period, from 

1 to 2. In case that hourly resolution data are used, and 

the evaluation period is a complete year, the number of 

samples is 8760. 

The maximum value is 1 or 100%. 

The higher the index is, the better 

the coincidence between the load 
and the onsite generation. 

Moreover, with increasing time 

interval, excess production 

decreases. 

G5. Grid 

Interaction  

Grid Interaction Index  

[-] (J. Salom et al., 2014); 

(Voss et al., 2016); (J. 

Hourly/ 

Daily/ 

Monthly 

𝑓𝑔𝑟𝑖𝑑,𝑖 = [
𝑛𝑒𝑡𝑔𝑟𝑖𝑑

𝑚𝑎𝑥|𝑛𝑒𝑡𝑔𝑟𝑖𝑑|
] 𝑥 100 

 

Grid interaction index is important 

to assess the variability of the 

exchanged energy between the 

Commentato [C1]: Sometimes you put the units here and 
sometimes not. Please uniform.  
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Salom et al., 2011), 
(Ferraro et al., 2016) 

 

 

 

No grid interaction 

probability [%] 

(Tumminia et al., 2020); 

(J. Salom et al., 2011); (J. 

Salom et al., 2014); (Dávi 
et al., 2016); (Verbruggen 

& Driesen, 2015) 

 
 

 

 
 

 

 

Hourly/ 

Daily/ 

Monthly 
 

fgrid,i grid interaction index [-] 
netgrid net grid metering over a given period (e.g. 

monthly) compared to the maximum nominal contractual 

grid power given by contract with the energy company 
[kWh] 

 

 

 

𝑃𝐸∽0 =  
∫ 𝑑𝑡|𝑛𝑒|(𝑡)<0.001 

𝜏2

𝜏1
 

𝜏2 − 𝜏1
 

PE∽0 no grid interaction probability [%] 

ne(t) normalized variable for the net exported energy 
[kWh] 

τ1 and τ2 are the start and the end of the evaluation 

period 
t is the time 

building and the grid within a year 
normalized on the maximum 

absolute value.  

 
 

 

 

It is also crucial to study the no grid 

interaction probability to assess the 

building when it is acting 
autonomously of the grid and the 

load is covered by either direct use 

of renewable energy or by the stored 
energy.  

G6. Storage 

Performance  

Load Cover Factor [-]  

RES Self-consumption 

(Supply cover factor) [-] 

Load Matching Index [-, 

%] 

Grid Interaction Index [-

] 

No grid interaction 

probability [%] 

Daily/ 

Monthly 

Hourly/ 
Season/ 

Year Indicators equations are described above in G3, G4 and 

G5 

To evaluate the storage performance 

in buildings, it‘s interesting to use 

the load cover/supply factors, load 
matching and grid interaction 

indicators selected in G3, G4 and 

G5, and calculate these indicators 

with and without the energy storage, 

to assess the obtainable benefits due 

to the presence of the storage in a 
building. 

G7. Building 

Operational 

Evaluation 

EU Energy Label [-] 

(European Commission, 

2010), (European-
Commission, 2020);  

(Provincia Autonoma di 

Trento, 2010); (European 
Commission, 2017); 

(Majcen et al., 2013); (van 

den Brom et al., 2018) 

Annual Compare actual energy consumption with expected one 

reported by the energy label. 

 
ECa actual energy consumption (measured) [kWh/m2]. 

ECe expected or theoretical energy consumption 

indicated in the Energy Label of the same building 
[kWh/m2].  

In order to evaluate the building 

operational performance, the use of 

Energy Label is crucial to rate the 
energy consumption of appliances 

and devices installed in buildings. 

The KPI in this category compares 
the real versus expected energy 

consumption resulting from energy 

label.   

G8. Technical 

Losses/Failures  

Reduced Energy 

Curtailment of RES and 

DER [%] 

(Azpiri et al., 2015); 

(Harder & Joosten, 2017) 

Annual   

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐸𝑛𝐼 =  
𝐸𝑛𝐼𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 −  𝐸𝑛𝐼𝑅&𝐼

𝐸𝑛𝐼𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

 x 100 

EnI total energy not injected in network due to network 
conditions such as overvoltage, over frequency, local 

congestion, etc. [MWh] 

Enl baseline energy not injected at baseline scenario 

EnlR&I energy not injected after intervention  

This indicator can be measured as 

the percentage of electricity 

curtailment from DER reduction 
compared to BAU, for a reference 

period of time, i.e. a year. The 

indicator does not consider the 
losses in RES. It must be also noted 

that calculating this indicator 

requires collection of data that can 
be difficult to access. Thus, further 

work should be done to improve the 

indicator.  

G9. Users 

Involvement  

SAIDI/SAIFI [-] 

(Hormigo et al., 2014); 
(Harder & Joosten, 2017); 

(Putynkowski et al., 2016); 

(Pramangioulis et al., 
2019) 

Annual 
𝑆𝐴𝐼𝐷𝐼 =

∑ 𝑟𝑖𝑁𝑖

𝑁𝑇

 

SAIDI System Average Interruption Duration 

Index [hours/year and customer] 

Ni  is the number of customers [-] 

ri total average down time [h/year]  
NT  total number of customers served [-] 

𝑆𝐴𝐼𝐹𝐼 =
∑ 𝜆𝑖𝑁𝑖

𝑁𝑖

 

SAIFI System Average Interruption Frequency Index 

[failures/year and customer] 

𝜆𝑖 total average failure frequency [failures/year] 

Ni total number of customers for i [-] 

SAIDI and SAIFI indicators have 

been developed to measure the 
average number of interruptions and 

duration of interruptions caused by 

each customer.  

It must be underlined that there is a 

lack of existing indicators to study 

the user interaction within the 
technologies integrated in SBs, 

therefore, further specific KPIs 

should be developed and tested in 
this area. 

Moreover, the analysis showed a gap within the existing KPIs in addressing climatic conditions 612 

and user needs, therefore further KPIs must be developed in these areas. 613 

 614 

Commentato [C2]: Why in MWh a? I would use kWh since we 
are referring to a building.  

Commentato [C3]: In my opinion is TO and not BY. The 
customer is not the cause but the “victim” of the interruption.  
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5 Conclusions 615 

In this work we presented a systematic analysis of the state-of-the-art of smartness in the built 616 

environment from the perspective of smart buildings. Particularly, a schematic representation of 617 

the basic features and technologies of SBs was presented. The review done showed that the 618 

minimum features claiming smartness in buildings lays in the capability of response to external 619 

and internal conditions. External factors are mainly represented by variable weather conditions 620 

and grid conditions, while the internal ones include the user interaction and the ability of 621 

monitoring/supervision of the building systems.  622 

There are significant controversial points regarding the smart retrofitting, including the technical 623 

challenges in installing new technologies and the need to optimize the existing systems to interact 624 

with such new technologies. Moreover, there is a lack within the current legislation to address the 625 

smart retrofitting requirements and steps, as well as the social challenges in user’s acceptance for 626 

the shift towards smarter buildings and the ability to interact within the building systems.  627 

The second part of the paper proposed a set of 36 KPIs developed in reports/legislations/research, 628 

and classified them based on their smartness basic features. An analysis of KPIs with similar 629 

targets/aims was made and a set of simplified nine KPI groups was developed. Among these KPIs, 630 

some were tested, while others were only mentioned and not tested. The building designer should 631 

select at least one KPI form each group, based on the available data and boundary conditions, in 632 

order to evaluate the SB performance. In this review, the KPIs that can achieve smart buildings 633 

objectives and are most cited in literature were selected as the most representative ones. The 634 

analysis showed the top 10 KPIs required for measuring the performance of SBs. Some of these 635 

KPIs require further development to be more holistic and achieve the objective of each KPI group. 636 

Moreover, the analysis showed a gap within the existing KPIs in addressing climatic conditions 637 

and user needs, thus further KPIs must be developed in these areas.  638 

The research also discussed the Smart Readiness Indicator developed by the EPBD and showed 639 

the limitation in the proposed methodology, which should be more quantitative to be able to test 640 

the performance and progress of smart technologies used in buildings. Thus, the EPBD should 641 

consider further development of the current SRI methodology, SBs and SR concept. Therefore, 642 

the developed set of KPIs in this study needs further testing to assess the performance of smart 643 

retrofitted buildings. Moreover, there is an opportunity for developing new KPIs to address the 644 

challenges within the identified representative KPIs. Future works will be done to test the 645 

performance of these indicators on real case studies.  646 

 647 

 648 

References 649 

 650 
Abu Bakar, N. N., Hassan, M. Y., Abdullah, H., Rahman, H. A., Abdullah, M. P., Hussin, F., & Bandi, M. (2015). Energy efficiency index as an 651 

indicator for measuring building energy performance: A review. In Renewable and Sustainable Energy Reviews (Vol. 44, pp. 1–11). 652 
Elsevier Ltd. https://doi.org/10.1016/j.rser.2014.12.018 653 

Ala-Juusela, M., Sepponen, M., & Crosbie, T. (2014). Defining the concept of an Energy Positive Neighbourhood and related KPIs. Proceedings 654 
of Sustainable Places Conference. 655 

Albino, V., Berardi, U., & Dangelico, R. M. (2015). Smart cities: Definitions, dimensions, performance, and initiatives. Journal of Urban 656 
Technology, 22(1), 3–21. 657 

Alejandro Gomez Herrera, J. (2017). User-Oriented Demand Response for Smart Buildings. 658 
https://publications.polymtl.ca/2663/1/2017_JuanAlejandroGomezHerrera.pdf 659 

Ana Quijano, Ali Vasallo, Marian Gallego, Alberto Moral, & Aitziber Egusquiza. (2016). SmartEnCity: Towards Smart Zero CO2 Cities across 660 
Europe. https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5abaaa070&appId=PPGMS 661 

Andreev, S., Balandin, S. I., Koucheryavy, Y., & Conference on Smart Spaces (5th : 2012 : Saint Petersburg, R. (2012). Internet of things, smart 662 
spaces, and next generation networking : 12th International Conference, NEW2AN 2012, and 5th Conference, ruSMART 2012, St. 663 
Petersburg, Russia, August 27-29, 2012, Proceedings. Springer. 664 
https://books.google.it/books?id=Jb25BQAAQBAJ&pg=PA110&lpg=PA110&dq=This+leads+to+the+“paradigm+shift+in+user+role+fr665 



24 
 

om+a+passive+listener+to+an+active+actor”+(Lertlakkhanakul+et+al.+2008).&source=bl&ots=AjTi-666 
5wVuf&sig=ACfU3U3N1v8ZfEZStKKnWIXBT8pBqcCMBA&hl=en&sa=X&ved=2ahUKEwi2qfKJuorjAhWQ6aQKHd0bB2cQ6AEw667 
AHoECAYQAQ#v=onepage&q=This leads to the “paradigm shift in user role from a passive listener to an active actor” (Lertlakkhanakul 668 
et al. 2008).&f=false 669 

Angelakoglou, K., Nikolopoulos, N., Giourka, P., Svensson, I.-L., Tsarchopoulos, P., Tryferidis, A., & Tzovaras, D. (2019). A Methodological 670 
Framework for the Selection of Key Performance Indicators to Assess Smart City Solutions. Smart Cities, 2(2), 269–306. 671 
https://doi.org/10.3390/smartcities2020018 672 

Arteconi, A., Hewitt, N. J., & Polonara, F. (2012). State of the art of thermal storage for demand-side management. Applied Energy, 93, 371–389. 673 
Arteconi, A., & Polonara, F. (2018). Assessing the Demand Side Management Potential and the Energy Flexibility of Heat Pumps in Buildings. 674 

Energies, 11(7), 1846. 675 
Aste, N., Adhikari, R., Del Pero, C., & Leonforte, F. (2017). Multi-functional Integrated System for Energy Retrofit of Existing Buildings: A 676 

Solution Towards nZEB Standards. Energy Procedia, 105, 2811–2817. https://doi.org/10.1016/j.egypro.2017.03.608 677 
Aste, N., Manfren, M., & Marenzi, G. (2017). Building Automation and Control Systems and performance optimization: A framework for 678 

analysis. Renewable and Sustainable Energy Reviews, 75, 313–330. https://doi.org/10.1016/J.RSER.2016.10.072 679 
Athienitis, A., & O’Brien, W. (2015). Modelling, Design, and Optimization of Net-Zero Energy Buildings. (pp. 216–222). Wiley. 680 
Attia, H. A. (2010). Mathematical Formulation of the Demand Side Management (DSM) Problem and its Optimal Solution. Proceedings of the 681 

14th International Middle East Power Systems Conference (MEPCON’10). http://www.sdaengineering.com/MEPCON10/Papers/314.pdf 682 
Attia, S. (2018). Net Zero Energy Buildings (NZEB): Concepts, frameworks and roadmap for project analysis and implementation. In Net Zero 683 

Energy Buildings (NZEB): Concepts, Frameworks and Roadmap for Project Analysis and Implementation. Elsevier. 684 
https://doi.org/10.1016/C2016-0-03166-2 685 

Attia, S., Eleftheriou, P., Xeni, F., Morlot, R., Ménézo, C., Kostopoulos, V., Betsi, M., Kalaitzoglou, I., Pagliano, L., Cellura, M., Almeida, M., 686 
Ferreira, M., Baracu, T., Badescu, V., Crutescu, R., & Hidalgo-Betanzos, J. M. (2017). Overview and future challenges of nearly zero 687 
energy buildings (nZEB) design in Southern Europe. Energy and Buildings, 155, 439–458. 688 
https://www.sciencedirect.com/science/article/pii/S0378778817331195 689 

Avancini, D. B., Rodrigues, J. J. P. C., Martins, S. G. B., Rabêlo, R. A. L., Al-Muhtadi, J., & Solic, P. (2019). Energy meters evolution in smart 690 
grids: A review. Journal of Cleaner Production. 691 

Azpiri, I., Veguillas, R., Despouys, O., Rebolini, M., Marzinotto, M., Palone, F., Sallati, A., Kiewitt, W., Gombert, V., Lallouet, N., Bruzek, C., 692 
Borroy, S., González, V. V, Lorenzo, M., García, A. J., Zhao, Q., Siborgs, J., Finney, S., Lund, P., … Berljn, S. (2015). Best Paths Project 693 
- Data set, KPIs, tools & methodologies for impact assessment. http://www.bestpaths-694 
project.eu/contents/publications/wp2_deliverable_2_1_final.pdf 695 

Behrangrad, M., Sugihara, H., & Funaki, T. (2010). Analyzing the system effects of optimal demand response utilization for reserve procurement 696 
and peak clipping. IEEE PES General Meeting, 1–7. https://doi.org/10.1109/PES.2010.5589597 697 

Bhutta, F. M. (2017). Application of smart energy technologies in building sector — future prospects. 2017 International Conference on Energy 698 
Conservation and Efficiency (ICECE), 7–10. https://doi.org/10.1109/ECE.2017.8248820 699 

Bissell, G., Costa, C., De Nigris, M., Losa, I., Margarone, M., Vu Van, T., Galant, S., Varela, J., & Invernizzi, M. (2014). DEFINITION AND 700 
PRACTICAL APPLICATION OF KEY PERFORMANCE INDICATORS TO SUPPORT EUROPEAN GRID OPERATORS TO ENABLE 701 
THE ENERGY POLICY GOALS. 702 

Biyik, E., & Kahraman, A. (2019). A predictive control strategy for optimal management of peak load, thermal comfort, energy storage and 703 
renewables in multi-zone buildings. Journal of Building Engineering, 25, 100826. https://doi.org/10.1016/J.JOBE.2019.100826 704 

Bosch, P., Jongeneel, S., Rovers, V., Neumann, H.-M., Airaksinen, M., & Huovila, A. (2017). CITYkeys indicators for smart city projects and 705 
smart cities. http://nws.eurocities.eu/MediaShell/media/CITYkeysD14Indicatorsforsmartcityprojectsandsmartcities.pdf 706 

BPIE. (2020). BPIE - Buildings Performance Institute Europe. http://bpie.eu/ 707 
Buker, M. S., & Riffat, S. B. (2015). Building integrated solar thermal collectors–A review. Renewable and Sustainable Energy Reviews, 51, 708 

327–346. https://www.sciencedirect.com/science/article/pii/S1364032115005791 709 
Bussel, G. van, & Mertens, S. (2005). Small wind turbines for the built environment. 710 

https://www.researchgate.net/publication/290825521_Small_wind_turbines_for_the_built_environment 711 
Cabeza, L. F., Galindo, E., Prieto, C., Barreneche, C., & Inés Fernández, A. (2015). Key performance indicators in thermal energy storage: 712 

Survey and assessment. Renewable Energy, 83, 820–827. https://doi.org/10.1016/j.renene.2015.05.019 713 
Cai, M., Ramdaspalli, S., Pipattanasomporn, M., Rahman, S., Malekpour, A., & Kothandaraman, S. R. (2018). Impact of HVAC Set Point 714 

Adjustment on Energy Savings and Peak Load Reductions in Buildings. 2018 IEEE International Smart Cities Conference (ISC2), 1–6. 715 
https://doi.org/10.1109/ISC2.2018.8656738 716 

Caragliu, A., Del Bo, C., & Nijkamp, P. (2011). Smart Cities in Europe. Journal of Urban Technology, 18(2), 65–82. 717 
https://doi.org/10.1080/10630732.2011.601117 718 

Chel, A., & Kaushik, G. (2018). Renewable energy technologies for sustainable development of energy efficient building. Alexandria 719 
Engineering Journal, 57(2), 655–669. https://doi.org/10.1016/J.AEJ.2017.02.027 720 

Chen, H., Chou, P., Duri, S., Lei, H., & Reason, J. (2009). The design and implementation of a smart building control system. 2009 IEEE 721 
International Conference on E-Business Engineering, 255–262. 722 

Chua, K. H., Lim, Y. S., & Morris, S. (2017). Peak reduction for commercial buildings using energy storage. IOP Conference Series: Earth and 723 
Environmental Science, 93(1). https://doi.org/10.1088/1755-1315/93/1/012008 724 

Claudi, A. (2018). Tools and techniques supporting new nZEB design methodologies in Mediterranean climate. Firenze University Press. 725 
https://doi.org/10.13128/Techne-22724 726 

Costanzo, E., Martino, A., Varalda, G. M., Antinucci, M., & Federici, A. (2016). EPBD implementation in Italy. https://www.epbd-ca.eu/wp-727 
content/uploads/2018/08/CA-EPBD-IV-Italy-2018.pdf 728 

Costanzo, G. T., Zhu, G., Anjos, M. F., & Savard, G. (2012). A system architecture for autonomous demand side load management in smart 729 
buildings. IEEE Transactions on Smart Grid, 3(4), 2157–2165. 730 

Dameri, R. P. (2013). Searching for Smart City definition: a comprehensive proposal. International Journal of Computers & Technology, 11(5). 731 
https://www.researchgate.net/profile/Renata_Dameri/publication/283289962_Searching_for_Smart_City_definition_a_comprehensive_pr732 
oposal/links/5630cd6608ae2df441bb7e5d.pdf 733 

Dávi, G. A., Castillo-Cagigal, M., Caamaño-Martín, E., & Solano, J. (2016). Evaluation Of Load Matching And Grid Interaction Indexes Of A 734 
Net Plus-Energy House In Brazil With A Hybrid PV System And Demand-Side Management. 32nd European Photovoltaic Solar Energy 735 



25 
 

Conference and Exhibition EVALUATION. 736 
https://www.researchgate.net/publication/305641234_Evaluation_of_Load_Matching_and_Grid_Interaction_Indexes_of_a_Net_Plus-737 
Energy_House_in_Brazil_with_a_Hybrid_PV_System_and_Demand-Side_Management 738 

De Groote, M., Volt, J., & Bean, F. (2017). Smart Buildings Decoded. Building Performance Institute Europe. http://bpie.eu/wp-739 
content/uploads/2017/06/PAPER-Smart-buildings-decoded_05.pdf 740 

De Groote, M., Volt, J., Bean, F., Rapf, O., Filippos, D. S., Cosmina, A., & Faber, M. M. (2017). IS EUROPE READY FOR THE SMART 741 
BUILDINGS REVOLUTION? MAPPING SMART-READINESS AND INNOVATIVE CASE STUDIES BPIE review and editing team. 742 
www.bpie.eu 743 

de Oliveira e Silva, G., & Hendrick, P. (2016). Pumped hydro energy storage in buildings. Applied Energy, 179, 1242–1250. 744 
https://doi.org/10.1016/j.apenergy.2016.07.046 745 

Dean, B., Dulac, J., Petrichenko, K., & Graham, P. (2016). Towards zero-emission efficient and resilient buildings.: Global Status Report. Global 746 
Alliance for Buildings and Construction (GABC). https://orbit.dtu.dk/portal/en/publications/id(4ad9ec51-ba05-4c87-986b-747 
fcabdcf60795).html 748 

Degefa, M. Z., Lehtonen, M., McCulloch, M., & Nixon, K. (2016, July 2). Real-time matching of local generation and demand: The use of high 749 
resolution load modeling. IEEE PES Innovative Smart Grid Technologies Conference Europe. 750 
https://doi.org/10.1109/ISGTEurope.2016.7856186 751 

Del Pero, C., Aste, N., Paksoy, H., Haghighat, F., Grillo, S., & Leonforte, F. (2018). Energy storage key performance indicators for building 752 
application. Sustainable Cities and Society, 40, 54–65. https://doi.org/10.1016/J.SCS.2018.01.052 753 

Delaney, D. T., O’Hare, G. M. P., & Ruzzelli, A. G. (2009). Evaluation of energy-efficiency in lighting systems using sensor networks. BuildSys 754 
First ACM Workshop On Embedded Sensing Systems For Energy-Efficiency In Buildings, 61–66. 755 
https://doi.org/10.1145/1810279.1810293 756 

Deng, R., Yang, Z., Chow, M.-Y., & Chen, J. (2015). A survey on demand response in smart grids: Mathematical models and approaches. IEEE 757 
Transactions on Industrial Informatics, 11(3), 570–582. 758 

Depuru, S. S. S. R., Wang, L., Devabhaktuni, V., & Gudi, N. (2011). Smart Meters for Power Grid – Challenges, Issues, Advantages and Status. 759 
2011 IEEE/PES Power Systems Conference and Exposition, 1–7. https://doi.org/10.1109/PSCE.2011.5772451 760 

Doukas, H., Patlitzianas, K. D., Iatropoulos, K., & Psarras, J. (2007). Intelligent building energy management system using rule sets. Building 761 
and Environment, 42(10), 3562–3569. https://doi.org/10.1016/J.BUILDENV.2006.10.024 762 

ENEA. (2017). Annex 2 Italian Energy Efficiency Action Plan. https://ec.europa.eu/energy/sites/ener/files/documents/it_neeap_2017_en.pdf 763 
Energy, U. . D. (2018). Smart Grid | Department of Energy. https://www.energy.gov/science-innovation/electric-power/smart-grid 764 
Erkoreka, A., Gorse, C., Fletcher, M., & Martin, K. (2016). EBC Annex 58 Reliable Building Energy Performance Characterisation based on full 765 

scale dynamic measurements. http://eprints.leedsbeckett.ac.uk/3114/ 766 
Etherden, N. (2014). Increasing the Hosting Capacity of Distributed Energy Resources Using Storage and Communication. 767 
European-Commission. (2018). IN-DEPTH ANALYSIS IN SUPPORT OF THE COMMISSION COMMUNICATION COM(2018) 773. 768 
European-Commission. (2019a). Energy performance of buildings- Energy. https://ec.europa.eu/energy/en/topics/energy-efficiency/energy-769 

performance-of-buildings 770 
European-Commission. (2019b). Smart Buildings. https://epbd-ca.eu/topics-teams/topics/ct-6-smart-buildings 771 
European-Commission. (2020). Energy Label Generator | Energy. Energy Label Generator. https://ec.europa.eu/energy/topics/energy-772 

efficiency/energy-label-and-ecodesign/energy-label-generator_en 773 
European-Commission, & VITO. (2020). Smart Readiness Indicator for Buildings | Smart Readiness Indicator for Buildings. 774 

https://smartreadinessindicator.eu/ 775 
European Commission. (2010). DIRECTIVE 2010/30/EU OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 19 May 2010 on the 776 

indication by labelling and standard product information of the consumption of energy and other resources by energy-related products. 777 
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32010L0030&from=EN 778 

European Commission. (2017). REGULATION  (EU)  2017/  1369  OF  THE  EUROPEAN  PARLIAMENT  AND  OF  THE  COUNCIL  -  of  4  779 
July  2017  -  setting  a framework  for  energy  labelling  and  repealing  Directive  2010/  30/  EU. https://eur-lex.europa.eu/legal-780 
content/EN/TXT/PDF/?uri=CELEX:32017R1369&from=EN 781 

European Commission,  the. (2018). Renewable Energy Prospects for the European Union Based on REmap analysis conducted by the 782 
International Renewable Energy Agency in co-operation with the European Commission Disclaimer About IRENA. www.irena.org 783 

Fachrizal, R., & Munkhammar, J. (2020). Improved photovoltaic self-consumption in residential buildings with distributed and centralized smart 784 
charging of electric vehicles. Energies, 13(5). https://doi.org/10.3390/en13051153 785 

Ferrante, A., Mochi, G., & Nieboer, N. (2016). Energy and architectural renovation towards nZEB The Dutch Scheveningen case in the 786 
ABRACADABRA Project. https://amslaurea.unibo.it/13086/1/THESIS.pdf 787 

Ferraro, M., Sergi, F., Antonucci, V., Guarino, F., Tumminia, G., & Cellura, M. (2016, August 29). Load match and grid interaction optimization 788 
of a net zero energy building through electricity storage: An Italian case-study. EEEIC 2016 - International Conference on Environment 789 
and Electrical Engineering. https://doi.org/10.1109/EEEIC.2016.7555812 790 

Finck, C., Li, R., Kramer, R., & Zeiler, W. (2018). Quantifying demand flexibility of power-to-heat and thermal energy storage in the control of 791 
building heating systems. Applied Energy, 209, 409–425. https://doi.org/10.1016/j.apenergy.2017.11.036 792 

Fiorentini, M., Cooper, P., & Ma, Z. (2015). Development and optimization of an innovative HVAC system with integrated PVT and PCM 793 
thermal storage for a net-zero energy retrofitted house. Energy and Buildings, 94(1), 21–32. 794 
https://www.sciencedirect.com/science/article/pii/S0378778815001139 795 

Förderer, K., Lösch, M., Növer, R., Ronczka, M., & Schmeck, H. (2019). Smart Meter Gateways: Options for a BSI-Compliant Integration of 796 
Energy Management Systems. Applied Sciences, 9. https://www.mdpi.com/2076-3417/9/8/1634 797 

Gabaldon, A., Molina, A., Roldan, C., Fuentes, J. A., Gomez, E., Ramirez-Rosado, I. J., Lara, P., Dominguez, J. A., Garcia-Garrido, E., & 798 
Tarancon, E. (2003). Assessment and simulation of demand-side management potential in urban power distribution networks. 2003 IEEE 799 
Bologna Power Tech Conference Proceedings, 4, 5-pp. 800 

Geelen, D., Reinders, A., & Keyson, D. (2013). Empowering the end-user in smart grids: Recommendations for the design of products and 801 
services. Energy Policy, 61, 151–161. 802 

Gelazanskas, L., & Gamage, K. A. A. (2014). Demand side management in smart grid: A review and proposals for future direction. Sustainable 803 
Cities and Society, 11, 22–30. https://doi.org/10.1016/J.SCS.2013.11.001 804 

Ghaffarianhoseini, A., AlWaer, H., Ghaffarianhoseini, A., Clements-Croome, D., Berardi, U., Raahemifar, K., & Tookey, J. (2018). Intelligent or 805 



26 
 

smart cities and buildings: a critical exposition and a way forward. Intelligent Buildings International, 10(2), 122–129. 806 
https://doi.org/10.1080/17508975.2017.1394810 807 

Granderson, J. (2011). Energy information handbook: Applications for energy-efficient building operations. 808 
https://cloudfront.escholarship.org/dist/prd/content/qt03z8k1v3/qt03z8k1v3.pdf 809 

Green_Building_Council_Italia. (2019). Energy Efficiency of Buildings in Italy Green Building Council Italia. 810 
http://gbcitalia.org/documents/20182/1033786/SMARTER++-+Energy+Efficency+in+Italy+-+GBC+Italia+ENG+2019_08_29.pdf 811 

Guille, C., & Gross, G. (2009). A conceptual framework for the vehicle-to-grid (V2G) implementation. Energy Policy, 37(11), 4379–4390. 812 
https://www.sciencedirect.com/science/article/pii/S0301421509003978 813 

Gungor, V. C., Sahin, D., Kocak, T., Ergut, S., Buccella, C., Cecati, C., & Hancke, G. P. (2011). Smart grid technologies: Communication 814 
technologies and standards. IEEE Transactions on Industrial Informatics, 7(4), 529–539. 815 

Guo, Y., Pan, M., Fang, Y., & Khargonekar, P. P. (2013). Decentralized coordination of energy utilization for residential households in the smart 816 
grid. IEEE Transactions on Smart Grid, 4(3), 1341–1350. https://doi.org/10.1109/TSG.2013.2268581 817 

Gupta, R., Bruce-Konuah, A., & Howard, A. (2019). Achieving energy resilience through smart storage of solar electricity at dwelling and 818 
community level. Energy and Buildings, 195, 1–15. https://doi.org/10.1016/J.ENBUILD.2019.04.012 819 

Hadri, S., Naitmalek, Y., Najib, M., Bakhouya, M., Fakhri, Y., & Elaroussi, M. (2019). A Comparative Study of Predictive Approaches for Load 820 
Forecasting in Smart Buildings. Procedia Computer Science, 160, 173–180. https://doi.org/10.1016/j.procs.2019.09.458 821 

Haghigat, F., Tuohy, P., Fraisse, G., & Del Pero, C. (2019). IEA ECES Annex 31 Final Report - Energy Storage with Energy Efficient Buildings 822 
and Districts: Optimization and Automation. International Energy Agency. https://iea-eces.org/publications/final-report-annex-31/ 823 

Halvgaard, R., Niels Kjølstad, P., Madsen, H., & Jørgensen, J. B. (2012). Economic model predictive control for building climate control in a 824 
smart grid. 2012 IEEE PES Innovative Smart Grid Technologies (ISGT). https://doi.org/10.1109/ISGT.2012.6175631 825 

Harder, W. J., & Joosten, R. A. M. G. (2017). KEY PERFORMANCE INDICATORS FOR SMART GRIDS Master Thesis on Performance 826 
Measurement for Smart Grids. 827 

Hewitt, N. J. (2012). Heat pumps and energy storage – The challenges of implementation. Applied Energy, 89(1), 37–44. 828 
https://doi.org/10.1016/J.APENERGY.2010.12.028 829 

Hirsch, A., Parag, Y., & Guerrero, J. (2018). Microgrids: A review of technologies, key drivers, and outstanding issues. Renewable and 830 
Sustainable Energy Reviews, 90, 402–411. 831 

Hormigo, M., Garrote, J. L., Cruz, M., Dede, A., Salazar, F., Alessio, F. M., Per, D., Lukas, R., Juan, V., Garrote, L., Angioni, A., Riccobono, A., 832 
Repo, S., Zanini, S., Mutanen, A., Al-Jassim, Z., Mehmedalic, J., Hooshyar, H., & Usaola, J. (2014). IDE4L Deliverable D7.1: KPI 833 
Definition . 834 

Hussain, M., & Gao, Y. (2018). A review of demand response in an efficient smart grid environment. The Electricity Journal, 31(5), 55–63. 835 
https://doi.org/10.1016/J.TEJ.2018.06.003 836 

Ibrahim, H., Ilinca, A., & Perron, J. (2007). Comparison and analysis of different energy storage techniques based on their performance index. 837 
2007 IEEE Canada Electrical Power Conference, EPC 2007, 393–398. https://doi.org/10.1109/EPC.2007.4520364 838 

Ignatova, V., Villard, D., & Hypolite, J. M. (2015). Simple indicators for an effective Power Quality monitoring and analysis. 2015 IEEE 15th 839 
International Conference on Environment and Electrical Engineering, EEEIC 2015 - Conference Proceedings, 1104–1108. 840 
https://doi.org/10.1109/EEEIC.2015.7165321 841 

Ioannidis, D., Tropios, P., Krinidis, S., Stavropoulos, G., Tzovaras, D., & Likothanasis, S. (2016). Occupancy driven building performance 842 
assessment. Journal of Innovation in Digital Ecosystems, 3(2), 57–69. https://doi.org/10.1016/J.JIDES.2016.10.008 843 

IRIS. (2018). Deliverable 1.1 Report on the list of selected KPIs for each Transition Track. 844 
https://irissmartcities.eu/sites/default/files/documents/d1.1_report_on_the_list_of_selected_kpis_for_each_transition_track.pdf 845 

ISO/IEC. (2015). Information technology ISO/IEC JTC 1 Smart cities. www.iso.org 846 
ISO. (2014). ISO/TR 37150:2014 - Smart community infrastructures -- Review of existing activities relevant to metrics. 847 

https://www.iso.org/standard/62564.html 848 
ISO. (2019). ISO/DIS 37122(en), Sustainable development in communities — Indicators for Smart Cities. 849 

https://www.iso.org/obp/ui/#iso:std:iso:37122:dis:ed-1:v1:en:en (Accessed: 22 January 2019). 850 
J, K., A, S., T, K., M, V., J, N., & T, T. (2011). Cost optimal and nearly zero (nZEB) energy performance calculations for residential buildings 851 

with REHVA definition for nZEB national implementation. Energy and Buildings, 43(11), 3279–3288. 852 
https://www.sciencedirect.com/science/article/pii/S0378778811003835 853 

Javed, A., Larijani, H., Ahmadinia, A., Emmanuel, R., Mannion, M., & Gibson, D. (2017). Design and implementation of a cloud enabled 854 
random neural network-based decentralized smart controller with intelligent sensor nodes for HVAC. IEEE Internet of Things Journal, 855 
4(2), 393–403. 856 

Jazizadeh, F., Ghahramani, A., Becerik-Gerber, B., Kichkaylo, T., & Orosz, M. (2014). User-led decentralized thermal comfort driven HVAC 857 
operations for improved efficiency in office buildings. Energy and Buildings, 70, 398–410. 858 
https://doi.org/10.1016/J.ENBUILD.2013.11.066 859 

Jefferson, I., Hunt, D. V. L., Birchall, C. A., & Rogers, C. D. F. (2007). Sustainability indicators for environmental geotechnics. Proceedings of 860 
the Institution of Civil Engineers: Engineering Sustainability, 160(2), 57–78. https://doi.org/10.1680/ensu.2007.160.2.57 861 

Jensen, S., & Henrik, M. (2017). Annex 67: Energy Flexible Buildings-Energy Flexibility as a key asset in a smart building future-Contribution 862 
of Annex 67 to the European Smart Buildings. 863 

Jia, M., & Srinivasan, R. S. (2015). Occupant behavior modeling for smart buildings: A critical review of data acquisition technologies and 864 
modeling methodologies. 2015 Winter Simulation Conference (WSC), 3345–3355. https://doi.org/10.1109/WSC.2015.7408496 865 

Jixuan Zheng, Gao, D. W., & Li Lin. (2013). Smart Meters in Smart Grid: An Overview. 2013 IEEE Green Technologies Conference 866 
(GreenTech), 57–64. https://doi.org/10.1109/GreenTech.2013.17 867 

Karlessi, T., Kampelis, N., Kolokotsa, D., Santamouris, M., Standardi, L., Isidori, D., & Cristalli, C. (2017). The concept of smart and NZEB 868 
buildings and the integrated design approach. Procedia Engineering, 1316 – 1325. 869 
http://www.smartgems.tuc.gr/fileadmin/users_data/smart_gems/publications/The_Concept_of_Smart_and_NZEB_Buildings_and_the_In.870 
pdf 871 

Kasahara, M., Matsuba, T., Kuzuu, Y., & Yamazaki, T. (1999). Design and tuning of robust PID controller for HVAC systems. ASHRAE 872 
Transactions, 105(154). http://search.proquest.com/openview/c878bf049186d77a137df16388908e55/1?pq-origsite=gscholar&cbl=34619 873 

Kayastha, N., Niyato, D., Hossain, E., & Han, Z. (2014). Smart grid sensor data collection, communication, and networking: a tutorial. Wireless 874 
Communications and Mobile Computing, 14(11), 1055–1087. https://doi.org/10.1002/wcm.2258 875 



27 
 

Killian, M., & Kozek, M. (2016). Ten questions concerning model predictive control for energy efficient buildings. Building and Environment, 876 
105, 403–412. https://doi.org/10.1016/J.BUILDENV.2016.05.034 877 

Kim, N.-K., Shim, M.-H., & Won, D. (2018). Building Energy Management Strategy Using an HVAC System and Energy Storage System. 878 
Energies, 11(10), 2690. https://doi.org/10.3390/en11102690 879 

Klein, K., Langner, R., Kalz, D., Herkel, S., & Henning, H. M. (2016). Grid support coefficients for electricity-based heating and cooling and 880 
field data analysis of present-day installations in Germany. Applied Energy, 162, 853–867. https://doi.org/10.1016/j.apenergy.2015.10.107 881 

Korolija, I. (2011). Heating, ventilating and air-conditioning system energy demand coupling with building loads for office buildings. 882 
https://www.dora.dmu.ac.uk/xmlui/handle/2086/5501 883 

Kurnitski, J., Allard, F., Braham, D., Goeders, G., Heiselberg, P., Jagemar, L., Kosonen, R., Lebrun, J., Mazzarella, L., Railio, J., Seppänen, O., 884 
Schmidt, M., & Virta, M. (2011). How to define nearly net zero energy buildings nZEB. In REHVA. 885 
https://www.rehva.eu/fileadmin/hvac-dictio/03-2011/How_to_define_nearly_net_zero_energy_buildings_nZEB.pdf 886 

Labeodan, T., De Bakker, C., Rosemann, A., & Zeiler, W. (2016). On the application of wireless sensors and actuators network in existing 887 
buildings for occupancy detection and occupancy-driven lighting control. Energy and Buildings, 127, 75–83. 888 
https://doi.org/10.1016/j.enbuild.2016.05.077 889 

Laski, J., & Burrows, V. (2017). From Thousands to Billions Coordinated Action towards 100% Net Zero Carbon Buildings By 2050. World 890 
Green Building Council. https://www.worldgbc.org/sites/default/files/From Thousands To Billions WorldGBC report_FINAL issue 891 
310517.compressed.pdf 892 

Law, Y. W., Alpcan, T., Lee, V. C. S., Lo, A., Marusic, S., & Palaniswami, M. (2012). Demand Response Architectures and Load Management 893 
Algorithms for Energy-Efficient Power Grids: A Survey. 2012 Seventh International Conference on Knowledge, Information and 894 
Creativity Support Systems, 134–141. https://doi.org/10.1109/KICSS.2012.45 895 

Le Dréau, J., & Heiselberg, P. (2016). Energy flexibility of residential buildings using short term heat storage in the thermal mass. Energy, 111, 896 
991–1002. 897 

Lê, Q., Nguyen, H. B., & Barnett, T. (2012). Smart homes for older people: Positive aging in a digital world. Future Internet, 4(2), 607–617. 898 
Lertlakkhanakul, J., Choi, J. W., & Kim, M. Y. (2008). Building data model and simulation platform for spatial interaction management in smart 899 

home. Automation in Construction, 17(8), 948–957. https://www.sciencedirect.com/science/article/pii/S0926580508000496 900 
Levermore, G. J. (2000). Building energy management systems : applications to low energy HVAC and natural ventilation control. E & FN Spon. 901 

https://books.google.it/books?id=Lj21eH_VmsMC&pg=PA65&lpg=PA65&dq=central+processing+unit+bems&source=bl&ots=jiZCmH902 
46ia&sig=ACfU3U2O1MJc5bUXqm2WPh2hilfRSmllJg&hl=en&sa=X&ved=2ahUKEwjdzPPYqJflAhUSsKQKHeIjAgUQ6AEwAHoE903 
CAgQAQ#v=onepage&q=central processing unit bems&f=false 904 

Li, R., & You, S. (2018). Exploring potential of energy flexibility in buildings for energy system services. CSEE Journal of Power and Energy 905 
Systems, 4(4), 434–443. 906 

Liu, J., W, L., J, L., & B, W. (2010). Efficiency of energy recovery ventilator with various weathers and its energy saving performance in a 907 
residential apartment. Elsevier, 42(1), 43–49. https://doi.org/10.1016/j.enbuild.2009.07.009 908 

Liu, Y., Yu, N., Wang, W., Guan, X., Xu, Z., Dong, B., & Liu, T. (2018). Coordinating the operations of smart buildings in smart grids. Applied 909 
Energy, 228, 2510–2525. https://doi.org/10.1016/J.APENERGY.2018.07.089 910 

Lizana, J., Friedrich, D., Renaldi, R., & Chacartegui, R. (2018). Energy flexible building through smart demand-side management and latent heat 911 
storage. Applied Energy, 230, 471–485. https://doi.org/10.1016/J.APENERGY.2018.08.065 912 

Lobaccaro, G., Carlucci, S., & Löfström, E. (2016). A review of systems and technologies for smart homes and smart grids. Energies, 9(5), 348. 913 
Lubośny, Z., & Dobrzyński, K. (2016). Real proven solutions to enable active demand and distributed generation flexible integration, through a 914 

fully controllable LOW Voltage and medium. 915 
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5b751c324&appId=PPGMS 916 

Lund, H., Marszal, A., & Heiselberg, P. (2011). Zero energy buildings and mismatch compensation factors. Energy and Buildings, 43(7), 1646–917 
1654. https://doi.org/10.1016/j.enbuild.2011.03.006 918 

Luthander, R., Widén, J., Nilsson, D., & Palm, J. (2015). Photovoltaic self-consumption in buildings: A review. In Applied Energy (Vol. 142, pp. 919 
80–94). Elsevier Ltd. https://doi.org/10.1016/j.apenergy.2014.12.028 920 

Ma, L., Liu, N., Wang, L., Zhang, J., Lei, J., Zeng, Z., Wang, C., & Cheng, M. (2016). Multi-party energy management for smart building cluster 921 
with PV systems using automatic demand response. Energy and Buildings, 121, 11–21. 922 
https://www.sciencedirect.com/science/article/pii/S0378778816302286 923 

Ma, Y., Borrelli, F., Hencey, B., Coffey, B., Bengea, S., & Haves, P. (2012). Model predictive control for the operation of building cooling 924 
systems. IEEE Transactions on Control Systems Technology, 20(3), 796–803. 925 

MacEdo, L. H., Franco, J. F., Romero, R., Ortega-Vazquez, M. A., & Rider, M. J. (2017, October 26). Increasing the hosting capacity for 926 
renewable energy in distribution networks. 2017 IEEE Power and Energy Society Innovative Smart Grid Technologies Conference, ISGT 927 
2017. https://doi.org/10.1109/ISGT.2017.8086006 928 

Mahin, A. U., Sakib, M. A., Zaman, M. A., Chowdhury, M. S., & Shanto, S. A. (2017). Developing demand side management program for 929 
residential electricity consumers of Dhaka city. 2017 International Conference on Electrical, Computer and Communication Engineering 930 
(ECCE). https://ieeexplore.ieee.org/abstract/document/7913001/ 931 

Mahmood, A., Ullah, M. N., Razzaq, S., Basit, A., Mustafa, U., Naeem, M., & Javaid, N. (2014). A New Scheme for Demand Side Management 932 
in Future Smart Grid Networks. Procedia Computer Science, 32, 477–484. https://doi.org/10.1016/j.procs.2014.05.450 933 

Majcen, D., Itard, L. C. M., & Visscher, H. (2013). Theoretical vs. actual energy consumption of labelled dwellings in the Netherlands: 934 
Discrepancies and policy implications. Energy Policy, 54, 125–136. https://doi.org/10.1016/j.enpol.2012.11.008 935 

Marinakis, V., Karakosta, C., Doukas, H., Androulaki, S., & Psarras, J. (2013). A building automation and control tool for remote and real time 936 
monitoring of energy consumption. Sustainable Cities and Society, 6, 11–15. https://doi.org/10.1016/J.SCS.2012.06.003 937 

Martirano, L., Manganelli, M., Parise, L., & Sbordone, D. A. (2014). Design of a fuzzy-based control system for energy saving and users 938 
comfort. 2014 14th International Conference on Environment and Electrical Engineering. 939 
https://ieeexplore.ieee.org/abstract/document/6835853/ 940 

Märzinger, T., & Österreicher, D. (2019). Supporting the smart readiness indicator-A methodology to integrate a quantitative assessment of the 941 
load shifting potential of smart buildings. Energies, 12(10). https://doi.org/10.3390/en12101955 942 

Masy, G., Georges, E., Verhelst, C., Lemort, V., & André, P. (2015). Smart grid energy flexible buildings through the use of heat pumps and 943 
building thermal mass as energy storage in the Belgian context. Science and Technology for the Built Environment, 21(6), 800–811. 944 

Mathews, E. H., Arndt, D. C., Piani, C. B., & Van Heerden, E. (2000). Developing cost efficient control strategies to ensure optimal energy use 945 



28 
 

and sufficient indoor comfort. Applied Energy, 66(2), 135–159. https://www.sciencedirect.com/science/article/pii/S0306261999000355 946 
Michopoulos, A., Skoulou, V., Voulgari, V., Tsikaloudaki, A., & Kyriakis, N. A. (2014). The exploitation of biomass for building space heating 947 

in Greece: Energy, environmental and economic considerations. Energy Conversion and Management, 78, 276–285. 948 
https://doi.org/10.1016/j.enconman.2013.10.055 949 

Mirinejad, H., Sadati, S., Ghasemian, M., & Torab, H. (2008). Control techniques in heating, ventilating and air conditioning (hvac) systems 1. 950 
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.165.9529 951 

Morelli, M., Rønby, L., Mikkelsen, S. E., Minzari, M. G., Kildemoes, T., & Tommerup, H. M. (2012). Energy retrofitting of a typical old Danish 952 
multi-family building to a “nearly-zero” energy building based on experiences from a test apartment. Energy and Buildings, 54, 395–406. 953 
https://doi.org/10.1016/J.ENBUILD.2012.07.046 954 

Morvaj, B., Lugaric, L., & Krajcar, S. (2011). Demonstrating smart buildings and smart grid features in a smart energy city. Energetics (IYCE), 955 
Proceedings of the 2011 3rd International Youth Conference On, 1–8. 956 

Nelke, M., & Håkansson, C. (2015). Competitive intelligence for information professionals. Chandos Publishing. 957 
Niederhäuser, E.-L., & Rouge, M. (2017). Technical report on best practices for energy storage including both efficiency and adaptability in 958 

solar cooling systems. https://doi.org/10.18777/ieashc-task53-2019-0002 959 
Ock, J., Issa, R. R. A., & Flood, I. (2016). Smart Building Energy Management Systems (BEMS) simulation conceptual framework. 2016 Winter 960 

Simulation Conference (WSC), 3237–3245. https://doi.org/10.1109/WSC.2016.7822355 961 
Oldewurtel, F., Parisio, A., Jones, C. N., Gyalistras, D., Gwerder, M., Stauch, V., Lehmann, B., & Morari, M. (2012). Use of model predictive 962 

control and weather forecasts for energy efficient building climate control. Energy and Buildings, 45, 15–27. 963 
https://doi.org/10.1016/J.ENBUILD.2011.09.022 964 

Oldewurtel, F., Parisio, A., Jones, C. N., Morari, M., Gyalistras, D., Gwerder, M., Stauch, V., Lehmann, B., & Wirth, K. (2010). Energy efficient 965 
building climate control using stochastic model predictive control and weather predictions. Proceedings of the 2010 American Control 966 
Conference, 5100–5105. 967 

Parliament, E., & Council, E. (2009). DIRECTIVE 2009/28/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL. https://eur-968 
lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:140:0016:0062:en:PDF 969 

Parrish, B., Gross, R., & Heptonstall, P. (2019). On demand: Can demand response live up to expectations in managing electricity systems? 970 
Energy Research & Social Science, 51, 107–118. https://doi.org/10.1016/J.ERSS.2018.11.018 971 

Pasut, W. (2019). Key Performance Indicators (KPIs) and needed data . http://www.exceedproject.eu/wp-content/uploads/2019/02/D3.1-KPIs-972 
and-needed-data_final-.pdf 973 

Pezzutto, S., Haas, F., Exner, D., & Zambotti, S. (2018). Europe’s building stock and its energy demand: A comparison between Austria and 974 
Italy. In Green Energy and Technology (Issue 9783319757735, pp. 35–47). Springer Verlag. https://doi.org/10.1007/978-3-319-75774-975 
2_3 976 

Pikas, E., Thalfeldt, M., & Kurnitski, J. (2014). Cost optimal and nearly zero energy building solutions for office buildings. Energy and 977 
Buildings, 74, 30–42. https://doi.org/10.1016/j.enbuild.2014.01.039 978 

Ponds, K., Arefi, A., Sayigh, A., & Ledwich, G. (2018). Aggregator of demand response for renewable integration and customer engagement: 979 
Strengths, weaknesses, opportunities, and threats. Energies, 11(9), 2391. 980 

Pramangioulis, D., Atsonios, K., Nikolopoulos, N., Rakopoulos, D., Grammelis, P., & Kakaras, E. (2019). A Methodology for Determination and 981 
Definition of Key Performance Indicators for Smart Grids Development in Island Energy Systems. Energies, 12(2), 242. 982 
https://doi.org/10.3390/en12020242 983 

Prasanna, A., Dorer, V., & Vetterli, N. (2017). Optimisation of a district energy system with a low temperature network. Energy, 137, 632–648. 984 
https://doi.org/10.1016/j.energy.2017.03.137 985 

Provincia Autonoma di Trento. (2010). LABELLING AND CERTIFICATION GUIDE. https://ec.europa.eu/energy/intelligent/projects/sites/iee-986 
projects/files/projects/documents/ilete_labelling_and_certification_guide_en.pdf 987 

Putynkowski, G., Woźny,  krzysztof, Balawender, P., kozyra, J., Łukasik,  zbigniew, kusmińska-FijaŁkoWska,  aldona, & Ciesielka,  edmund. 988 
(2016). A New Model for the Regulation of Distribution System Operators with Quality Elements that Includes the 989 
SAIDI/SAIFI/CRP/CPD Indices. In Electrical Power Quality and Utilisation, Journal: Vol. XIX (Issue 1). 990 

Qureshi, F. A., & Jones, C. N. (2018). Hierarchical control of building HVAC system for ancillary services provision. Energy and Buildings, 169, 991 
216–227. https://doi.org/10.1016/J.ENBUILD.2018.03.004 992 

Recast, E. (2010). Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the energy performance of buildings 993 
(recast). Official Journal of the European Union, 18(06), 2010. 994 

Reynders, Geert, Nuytten, T., & Saelens, D. (2013). Potential of structural thermal mass for demand-side management in dwellings. Building and 995 
Environment, 64, 187–199. 996 

Reynders, Glenn. (2015). Quantifying the impact of building design on the potential of structural storage for active demand response in 997 
residential buildings. 998 

Reynders, Glenn, Diriken, J., & Saelens, D. (2017). Generic characterization method for energy flexibility: Applied to structural thermal storage 999 
in residential buildings. Applied Energy, 198, 192–202. https://doi.org/10.1016/j.apenergy.2017.04.061 1000 

Rinaldi, S., Bittenbinder, F., Liu, C., Bellagente, P., Tagliabue, L. C., & Ciribini, A. L. C. (2016). Bi-Directional Interactions between Users and 1001 
Cognitive Buildings by means of Smartphone App. 2016 IEEE International Smart Cities Conference (ISC2). 1002 
https://www.unibs.it/sites/default/files/ricerca/allegati/Rinaldi Bi-Directional.pdf 1003 

Roberts, B. P., & Sandberg, C. (2011). The role of energy storage in development of smart grids. Proceedings of the IEEE, 99, 1139–1144. 1004 
https://doi.org/10.1109/JPROC.2011.2116752 1005 

Rochefort, H. C. (2019). EU Smart Readiness Indicator for buildings. https://www.theade.co.uk/assets/docs/nws/ADE_Briefing_Note_-1006 
_The_Smart_Readiness_Indicator%2C_an_EU_pilot_vf.pdf 1007 

Römer, B., Reichhart, P., Kranz, J., & Picot, A. (2012). The role of smart metering and decentralized electricity storage for smart grids: The 1008 
importance of positive externalities. Energy Policy, 50, 486–495. https://www.sciencedirect.com/science/article/pii/S0301421512006416 1009 

Salom, J. , Joanna Marszal, A., Candanedo, J., Widén, J., Byskov Lindberg, K., & Sartori, I. (2013). Analysis Of Load Match and Grid 1010 
Interaction Indicators in NZEB with High-Resolution Data . 1011 

Salom, J., Marszal, A. J., Widén, J., Candanedo, J., & Lindberg, K. B. (2014). Analysis of load match and grid interaction indicators in net zero 1012 
energy buildings with simulated and monitored data. Applied Energy, 136, 119–131. https://doi.org/10.1016/j.apenergy.2014.09.018 1013 

Salom, J., Widén, J., Candanedo, J., Sartori, I., Voss, K., & Marszal, A. (2011). Understanding net zero energy buildings: evaluation of load 1014 
matching and grid interaction indicators. Proceedings of Building Simulation, 6, 2514–2521. 1015 



29 
 

Sayed, K., & Gabbar, H. A. (2018). Building Energy Management Systems (BEMS). In Energy Conservation in Residential, Commercial, and 1016 
Industrial Facilities (pp. 15–81). John Wiley & Sons, Inc. https://doi.org/10.1002/9781119422099.ch2 1017 

SCIS. (2017). MONITORING KPI GUIDE D23.1. https://smartcities-infosystem.eu/sites/www.smartcities-infosystem.eu/files/document/scis-1018 
monitoring_kpi_guide-november_2018.pdf 1019 

Selkowitz, S. E., Lee, E. S., & Aschehoug, O. (2003). Perspectives on advanced facades with dynamic glazings and integrated lighting controls. 1020 
International Conferences on Solar Energy in Buildings. https://facades.lbl.gov/sites/all/files/cisbat-2003.pdf 1021 

Sembroiz, D., Careglio, D., Ricciardi, S., & Fiore, U. (2019). Planning and operational energy optimization solutions for smart buildings. 1022 
Information Sciences, 476, 439–452. https://doi.org/10.1016/J.INS.2018.06.003 1023 

Serra, J., Pubill, D., Antonopoulos, A., & Verikoukis, C. (2014). Smart HVAC control in IoT: Energy consumption minimization with user 1024 
comfort constraints. The Scientific World Journal, 2014. 1025 

Shen, W., Xue, H. H., Newsham, G., & Dikel, E. (2017). Smart building monitoring and ongoing commissioning: A case study with four 1026 
canadian federal government office buildings. 2017 IEEE International Conference on Systems, Man, and Cybernetics (SMC). 1027 
https://doi.org/10.1109/SMC.2017.8122598 1028 

Silva, F. A. (2018). Electric Energy Storage Systems: Flexibility Options for Smart Grids. IEEE Industrial Electronics Magazine, 12(3), 54–55. 1029 
https://doi.org/10.1109/mie.2018.2856574 1030 

Sinopoli, J., & Sinopoli, J. (2010). What Is a Smart Building? Smart Building Systems for Architects, Owners and Builders, 1–5. 1031 
https://doi.org/10.1016/B978-1-85617-653-8.00001-6 1032 

Široký, J., Oldewurtel, F., Cigler, J., & Prívara, S. (2011). Experimental analysis of model predictive control for an energy efficient building 1033 
heating system. Applied Energy, 88(9), 3079–3087. 1034 

Smith, J. C., Beuning, S., Durrwachter, H., Ela, E., Hawkins, D., Kirby, B., Lasher, W., Lowell, J., Porter, K., Schuyler, K., & Sotkiewicz, P. 1035 
(2010). Impact of variable renewable energy on US electricity markets. IEEE PES General Meeting, 1–12. 1036 
https://doi.org/10.1109/PES.2010.5589715 1037 

Stankovic, J. A. (2008). When Sensor and Actuator Networks Cover the World. ETRI Journal, 30(5), 627–633. 1038 
https://doi.org/10.4218/etrij.08.1308.0099 1039 

Stern, F. (2013). Peak Demand and Time-Differentiated Energy Savings Cross-Cutting Protocols: The Uniform Methods Project: Methods for 1040 
Determining Energy Efficiency Savings for Specific Measures. 1041 

Stunder, M., Sebastian, P., Chube, B., & Koontz, M. (2003). Integration of real-time data into building automation systems. 1042 
https://www.osti.gov/biblio/809900 1043 

Sun, K., & Hong, T. (2017). A framework for quantifying the impact of occupant behavior on energy savings of energy conservation measures. 1044 
Energy and Buildings, 146(April), 383–396. https://doi.org/10.1016/j.enbuild.2017.04.065 1045 

Tahersima, F., Stoustrup, J., Meybodi, S. A., & Rasmussen, H. (2011). Contribution of domestic heating systems to smart grid control. 2011 50th 1046 
IEEE Conference on Decision and Control and European Control Conference. https://doi.org/10.1109/CDC.2011.6160913 1047 

Thanos, G., Minou, M., Ganu, T., Arya, V., Chakraborty, D., Van Deventer, J., & Stamoulis, G. D. (2013). Evaluating demand response 1048 
programs by means of key performance indicators. 2013 5th International Conference on Communication Systems and Networks, 1049 
COMSNETS 2013. https://doi.org/10.1109/COMSNETS.2013.6465597 1050 

Townsend, A. M. (2013). Smart cities : big data, civic hackers, and the quest for a new utopia. 1051 
https://books.google.it/books?hl=en&lr=&id=PSsGAQAAQBAJ&oi=fnd&pg=PA1&dq=%22Smart+Cities:+Big+Data,+Civic+Hackers+1052 
and+the+Quest+for+a+New+Utopia%22&ots=xawm2zapGv&sig=9cI5BeqctY6kiVuBoSSREDHMGbE&redir_esc=y#v=onepage&q=%1053 
22Smart Cities%3A Big Data%2C Civic 1054 

Tumminia, G., Guarino, F., Longo, S., Aloisio, D., Cellura, S., Sergi, F., Brunaccini, G., Antonucci, V., & Ferraro, M. (2020). Grid interaction 1055 
and environmental impact of a net zero energy building. Energy Conversion and Management, 203, 112228. 1056 
https://doi.org/10.1016/j.enconman.2019.112228 1057 

U.S. Department of Energy. (2019). Retrofit Existing Buildings | Department of Energy. https://www.energy.gov/eere/buildings/retrofit-existing-1058 
buildings 1059 

van den Brom, P., Meijer, A., & Visscher, H. (2018). Performance gaps in energy consumption: household groups and building characteristics. 1060 
Building Research & Information, 46(1), 54–70. https://doi.org/10.1080/09613218.2017.1312897 1061 

Van Rooijen, T., & Nesterova, N. (2013). Applied framework for evaluation in CIVITAS PLUS II. 1062 
Verbeke, S., Ma, Y., Van Tichelen, P., Bogaert Waide Strategic Efficiency, S., Waide OFFIS, P., Uslar, M., & Schulte, J. (2017). Support for 1063 

setting up a Smart Readiness Indicator for buildings and related impact assessment Interim report. 1064 
https://smartreadinessindicator.eu/sites/smartreadinessindicator.eu/files/sri_for_buildings_interim_report_20171212.pdf 1065 

Verbruggen, B., & Driesen, J. (2015). Grid impact indicators for active building simulations. IEEE Transactions on Sustainable Energy, 6(1), 43–1066 
50. https://doi.org/10.1109/TSTE.2014.2357475 1067 

Vliet, B. van, & Feijter, F. de. (2019). Smart Retrofitting of Urban Housing. 1068 
https://waag.org/sites/waag/files/ams_project_final_report_smart_urban_retrofit_21_april_2017_0.pdf 1069 

Voss, K., Sartori, I., Napolitano, A., Geier, S., Gonçalves, H., Hall, M., Heiselberg, P., Widén, J., Candanedo, J. A., Musall, E., Karlsson, B., & 1070 
Torcellini, P. (2016). Load Matching and Grid Interaction of Net Zero Energy Buildings. 1–8. 1071 
https://doi.org/10.18086/eurosun.2010.06.24 1072 

Wang, S. (2016). Making buildings smarter, grid-friendly, and responsive to smart grids. Science and Technology for the Built Environment, 1073 
22(6), 629–632. https://doi.org/10.1080/23744731.2016.1200888 1074 

Wang, Z., Wang, L., Dounis, A. I., & Yang, R. (2012). Integration of plug-in hybrid electric vehicles into energy and comfort management for 1075 
smart building. Energy and Buildings, 47, 260–266. https://doi.org/10.1016/J.ENBUILD.2011.11.048 1076 

Wong, J. K. W., & Li, H. (2009). Development of intelligence analytic models for integrated building management systems (IBMS) in intelligent 1077 
buildings. Intelligent Buildings International, 1(1), 5–22. https://doi.org/10.3763/inbi.2009.0011 1078 

Worighi, I., Maach, A., & Hafid, A. (2015). Modeling a smart grid using objects interaction. 2015 3rd International Renewable and Sustainable 1079 
Energy Conference (IRSEC). https://ieeexplore.ieee.org/abstract/document/7454968/ 1080 

Xu, Z., Guan, X., Jia, Q.-S., Wu, J., Wang, D., & Chen, S. (2012). Performance analysis and comparison on energy storage devices for smart 1081 
building energy management. IEEE Transactions on Smart Grid, 3(4), 2136–2147. 1082 

Yahia, Z., & Pradhan, A. (2018). Optimal load scheduling of household appliances considering consumer preferences: An experimental analysis. 1083 
Energy, 163, 15–26. https://www.sciencedirect.com/science/article/pii/S0360544218316499 1084 

Yang, H., Li, P., He, Z., Guo, X., Fong, S., & Chen, H. (2015). Enterprise Information Systems A decision support system using combined-1085 



30 
 

classifier for high-speed data stream in smart grid A decision support system using combined-classifier for high-speed data stream in 1086 
smart grid. https://doi.org/10.1080/17517575.2015.1086495 1087 

Yin, R., Kara, E. C., Li, Y., DeForest, N., Wang, K., Yong, T., & Stadler, M. (2016). Quantifying flexibility of commercial and residential loads 1088 
for demand response using setpoint changes. Applied Energy, 177, 149–164. https://doi.org/10.1016/j.apenergy.2016.05.090 1089 

Zame, K. K., Brehm, C. A., Nitica, A. T., Richard, C. L., & Schweitzer III, G. D. (2018). Smart grid and energy storage: Policy 1090 
recommendations. Renewable and Sustainable Energy Reviews, 82, 1646–1654. https://doi.org/10.1016/J.RSER.2017.07.011 1091 

Zhang, D., Shah, N., & Papageorgiou, L. G. (2013). Efficient energy consumption and operation management in a smart building with microgrid. 1092 
Energy Conversion and Management, 74, 209–222. https://doi.org/10.1016/j.enconman.2013.04.038 1093 

Zhang, T., Wan, M. P., Ng, B. F., & Yang, S. (2018). Model Predictive Control for Building Energy Reduction and Temperature Regulation. 1094 
2018 IEEE Green Technologies Conference (GreenTech), 100–106. https://doi.org/10.1109/GreenTech.2018.00027 1095 

Zivic, N., Ur-Rehman, O., & Ruland, C. (2016). Smart Metering for Intelligent Buildings. Transactions on Networks and Communications, 4(5). 1096 
https://doi.org/10.14738/tnc.45.2234 1097 

 1098 


