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Abstract: The ongoing energy system shift—from traditional centralized fossil fuel based to decentralized renewable 7 
energy sources based—requires a strengthened control of energy matching. Smart buildings represent the latest step 8 
in building energy evolution and perform as active participants in the cluster/energy infrastructure scale, becoming 9 
energy prosumers. In this framework, the IEA EBC Annex 67 introduces the concept of ‘Energy Flexible Building’, 10 
defined as a building able to manage its demand and generation in accordance with local climate conditions, user 11 
needs and grid requirements. Currently, there is no insight into how much flexibility a building may offer, and this 12 
study aims to overview the theoretical approaches and existing indicators to evaluate the Energy Flexibility of building 13 
clusters. The focus on cluster scale allows for the exploitation of the variation in energy consumption patterns between 14 
different types of buildings and the coordination of load shifting for the improvement of renewable energy use. The 15 
reviewed indicators can contribute to the definition of the Smart Readiness Indicator, introduced in the European 16 
Commission proposal for the EPBD revision, in order to test a building’s technological readiness to adapt to the needs 17 
of the occupants and the energy environment, as well as to operate more efficiently.  18 

Highlights:  19 
 First steps towards the definition of Energy Flexibility at cluster scale  20 
 Overview of indicators for quantifying Energy Flexibility at cluster scale 21 
 Support in the definition process of Smart Readiness Indicator 22 
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1. Introduction  26 

The “Clean Energy for All European” package (EC, 2016a) of the European commission sets out the energy policy 27 

framework going toward 2030, and treats buildings as an essential part of Europe’s clean energy transition. The 28 

principle “energy efficiency first” (EC, 2015) drives the transformation of the conventional centralized energy system 29 

based on fossil fuels into an efficient decentralized system powered by renewable energy sources.  30 

Energy systems based on Variable Renewable Energy sources are characterized by intermittent generation, and their 31 

rapid increase challenges the stability of both thermal and electric grids (Whiteman, Rinke, Esparrago, & Elsayed, 32 

2016). A mitigating effect of the stress put on the grid by variable renewable energy sources (VRES) penetration can 33 

be played by buildings, which are gradually moving from stand-alone consumers to interconnected prosumers (both 34 

producers and consumers) able to provide and store renewable energy and actively participate in demand response.  35 



Despite the fact that the Energy Performance of Buildings Directive (EU, 2010) and the Renewable Energy Directive 36 

(EU, 2009) have stimulated the deployment of on-site renewable energy systems, the on-site (or nearby) renewable 37 

energy production and self-consumption in European countries are not at their full potential.  This is partly due to 38 

rigid regulatory frameworks and lack of investments. The instantaneous sharing of produced energy among buildings 39 

is allowed or encouraged only in a few Member States and currently the storage technologies are too expensive for 40 

massive application. Therefore, it is necessary to identify solutions aimed at changing the relationship between the 41 

grid and the consumers. Future buildings should adapt their energy demand to the needs of the grid and the renewable 42 

production, while maintaining high comfort standards and low operating costs. 43 

In recent years, we have observed a deep evolution of the building design approach in terms of targets, technology 44 

functions, overall performances and domain (Fig. 1). The evolutionary path of building transformation started with 45 

passive buildings intended to minimize the energy demand through passive solutions (building envelope domain), 46 

then evolved into the nearly Zero Energy Buildings (nZEB) aimed at obtaining an energy balance (consumption-47 

production) through on-site generation from RES (building as energy system domain) (Paoletti, Pascual Pascuas, 48 

Pernetti, & Lollini, 2017), and will now find its latest evolution in the energy matching required by smart buildings 49 

in order to improve resilient building behavior coupled with grid interaction (cluster/energy infrastructure domain).  50 

 51 

Fig. 1 Evolutionary path of building transformation 52 



Within this framework, the International Energy Agency (IEA), in the programme ‘Energy in Buildings and 53 

Communities’ (EBC), introduces the concept of ‘Energy Flexible Buildings’ with the project ‘Annex 67’ (IEA EBC 54 

ANNEX 67). Based on the initial definition of Annex 67, building Energy Flexibility represents “the capacity of a 55 

building to manage its demand and generation according to local climate conditions, user needs and grid requirements. 56 

Energy Flexibility of buildings will thus allow for demand side management/load control and thereby demand 57 

response based on the requirements of the surrounding grids”. 58 

From a different perspective, Energy Flexibility could also be defined as the capacity of a building to react to one or 59 

more forcing factors, in order to minimize CO2 emissions and maximize the use of Renewable Energy Sources (RES). 60 

The forcing factors represent a set of significant boundary conditions that could change during the lifetime of a 61 

building and have different levels of frequency: 62 

- Low frequency factors (temporal fluctuations within the years-decades time range): climate change, macro-63 

economic factors, technological improvement, building intended use and variation in the number of 64 

occupants, demographic changes (e.g. age, income); 65 

- High frequency factors (temporal fluctuations within the minutes-hours time range): internal loads, solar 66 

loads, user behavior, energy prices.  67 

Starting from the initial definition, the work planned within Annex 67 deals with three main topics: metrics and 68 

indicators able to represent Energy Flexibility in buildings, simulation and evaluation of technology solutions (passive, 69 

active, and control strategies) and the potential influence of user behaviour on an Energy Flexible Building. One of 70 

the issues faced within this Annex is the Energy Flexibility assessment at cluster level. It is meant to be an intermediate 71 

level between a single building and districts or the whole city, and it offers the possibility to achieve performance 72 

enhancement and cost optimization through a mutual collaboration between  generation, storage, and consumption 73 

units (AIA National, 2007; Crosbie, Short, Dawood, & Charlesworth, 2017; Shen & Sun, 2016).  74 

The present paper aims to make a comprehensive overview of the theoretical approaches, currently described in the 75 

literature, for the evaluation of Energy Flexibility of building clusters in order to provide the framework for the 76 

performance assessment of the future generation of Energy Flexible buildings. In particular, the section Energy 77 

Flexibility in the European perspective reports the current EU Commission development of a “Smart Readiness 78 

Indicator”; the chapter Energy Flexible Building Clusters clarifies the importance of designing at cluster scale, then 79 



explains the meaning of the word ‘cluster’ (definition) and the level of interaction among buildings (connection) and 80 

finally reports some key concepts adopted so far in the literature to describe the synergy of energy efficient buildings 81 

and renewable energy utilization at an aggregated level; the last section, Reviewed indicators for evaluating Energy 82 

Flexibility at the building cluster level, focuses on existing metrics and indicators that can be used to quantify Energy 83 

Flexibility at cluster scale. 84 

2. Energy Flexibility in the European perspective  85 

In addition to being the focus of Annex 67, Energy Flexibility represents a key issue to be addressed also according 86 

to the European Commission.  Considering the transition toward clean energy, the interaction between buildings and 87 

the spread of information to consumers regarding operational energy consumption can contribute to RES 88 

maximization at a local level.  In this regard, the “Clean Energy for All Europeans” package, the proposal for amending 89 

EPBD (EC, 2016b), introduces a ‘Smart Readiness Indicator’ (SRI). The “Common general framework methodology 90 

for the calculation of 'Smartness Indicator' for Buildings” of the proposal for amending  EPBD focuses on key SRI 91 

functionalities: (i) the technological readiness assessment of a building’s capacity to adapt to user needs and energy 92 

environment; (ii) the evaluation of building readiness in operating more efficiently and (iii) the measurement of the 93 

readiness of building interaction in demand response with the energy system and the district infrastructure.  94 

The introduction of such a SRI will increase building users’ consciousness of the fundamental role of smart 95 

technologies and ICT solutions, encouraging the spread of healthier and more comfortable buildings with lower energy 96 

use and carbon impact, while facilitating RES integration. 97 

The current state of discussion at the EU level evaluates the flexibility according to the number and features of the 98 

building components with a qualitative approach, whereas the characterization and methodology defined within the 99 

Annex 67 will provide a quantitative evaluation of the flexibility associated with a building, by using measured 100 

physical data and results from simulation campaigns. Therefore, the approach being defined within the Annex 67 can 101 

be coupled and applied within the framework of the evaluation of Smart Readiness Indicator, providing a quantitative 102 

evaluation of the flexibility associated with a building.  103 

In order to properly create the SRI indicator, it is necessary to identify smart services, i.e. services that use smart 104 

technologies to facilitate energy management  and interact with building occupants’ behaviors to fulfil their comfort 105 

needs (Verbeke, Ma, Bogaert, Tichelen, & Uslar, 2017). The concept of ‘functionality levels’ can be introduced to 106 



value the smartness of service implementation, ranging from basic functionality to fully integrated smart solutions 107 

(Fig. 2).  108 

 109 

Fig. 2 Excerpt from structure of the service list (Verbeke et al., 2017) 110 

The review and investigation of Energy Flexible indicators can contribute to defining the proper smart technologies 111 

that are able to store thermal and electrical loads, to improve load shifting potential of buildings while maintaining 112 

required comfort levels, and support the physical quantification of functionality levels.   113 

3. Energy Flexible Building Clusters 114 

3.1 Why cluster scale? 115 

In an evolving energy system, shifting from single energy efficient units to interconnected active players that manage 116 

the energy flows, the relationship between the buildings and the grid significantly changes. Smart buildings are able 117 

to both consume and produce energy and they increasingly interact with the energy infrastructure by acting as micro 118 

energy hubs (D’Angiolella, De Groote, & Fabbri, 2016).  119 

Energy planning at the building cluster scale represents an effective strategy for providing local and low-carbon energy 120 

supply, through the enhancement of district energy systems and decentralized energy production. In the European 121 

context, the combination of energy efficiency improvement with renewable energy integration at the cluster scale has 122 

been investigated in a considerable number of strategically selected case studies (e.g. the BedZED eco-community in 123 

London, Vauban in Freiburg, Hammarby in Stockholm (Williams, 2016)). The results reveal that the management of 124 



a shared distribution network powered by solar thermal or combined heat and power (CHP) plants can bring several 125 

benefits to individual buildings in terms of increased efficiency, higher possibilities of storage and load 126 

complementarity due to building usage differences (e.g. commercial and residential) (IPCC, 2007).  127 

Furthermore, the focus on cluster scale enables the development of a systemic approach in building design that 128 

considers, in an economy of scale perspective, factors such as retrofitting and adoption of technologies/strategies for 129 

increasing energy efficiency and minimizing CO2 emissions, so as to reduce the unitary cost of investment and reach 130 

cost-optimality (Koch & Girard, 2013). 131 

Therefore, the opportunity to enlarge the design at the cluster scale can yield progress toward the aim to reduce carbon 132 

emissions.   133 

3.2 Definition of building clusters 134 

The investigation of the ‘building cluster’ concept is the starting point necessary for defining common rules and 135 

specific characteristics -e.g. size, composition, owner, type of connection with other buildings. Indeed, in the literature 136 

it is possible to find several terms and definitions related to the cluster concepts according to different perspectives, 137 

but there is not a univocal description of clusters’ features.  138 

Urban social scientists introduce the concept of neighborhood, focusing on its spatial attributes - geography, 139 

infrastructure and buildings - and on the social collective relations that characterize the space. (Galster, 2001).  140 

The term community could identify, on the one hand, a group of buildings located in the same area and, on the other 141 

hand, a “portfolio of buildings” geographically far but owned by a single person or set of occupants (Managan & 142 

Controls, 2012).  143 

Moreover, the definition of cluster can be linked to the concept of Net Zero Energy Communities (NZECs), 144 

characterized by a null or positive value in the difference between annual delivered energy and on-site renewable 145 

exported energy (He, Huang, Zuo, & Kaiser, 2016). The community can be considered the crucial scale for reaching 146 

the target of net zero energy, for improving energy interdependency and reducing maintenance and life-cycle costs. 147 

In fact, compared to a single building, the community level ensures a larger accommodation of RES supply systems 148 

and an easier flattening of load profiles due to highly varying occupancy patterns.  149 



Thus, the building cluster concept will fundamentally transform the energy system by shifting on-site energy 150 

generation from a single Net Zero building to a system of “Net Zero clusters”, able to freely share distributed power 151 

generation and storage devices, in order to achieve maximum energy efficiency (Li, Wen, & Wu, 2014).  152 

Starting from the previous reviews, a new definition of cluster is suggested and adopted in the present paper as follows: 153 

a building cluster identifies a group of buildings interconnected to the same energy infrastructure, such that the change 154 

of behaviour/energy performance of each building affects both the energy infrastructure and the other buildings of the 155 

whole cluster. This definition does not assign fixed dimension and boundaries to the building cluster scale, but it is 156 

based on building interconnection that could be physical and/or market related.  157 

The physical connection to the same grid of building clusters allows the exchange of energy between buildings (e.g. 158 

PV panels installed in one building produce energy that can be used also by the other buildings) or from a central 159 

source toward the buildings (e.g. district heating).  160 

The possible presence of market aggregation (Eurelectric, 2014) enables the management of the building cluster by a 161 

common agent or company who can potentially exploit the Energy Flexibility of the whole cluster (Langham, Cooper, 162 

& Ison, 2013; SF Environment, 2013). In general, different buildings can be treated as elements of the same cluster 163 

although they are not located in the same area (multi-site aggregation), e.g. different buildings with the same owner 164 

that can negotiate better energy tariffs with the DSO, offering in exchange a reduction of the energy consumption 165 

when required by the grid.  166 

3.3 First steps towards the Energy Flexibility concept at the building cluster scale  167 

One of the specific objectives of Annex 67 is the development of a common definition of ‘Energy Flexible Building 168 

Cluster’, in order to create a common basis for the work and to explain what Energy Flexibility is and how it can be 169 

evaluated.  170 

As a general definition, starting from the approach set out for single buildings and reported in the introduction, Energy 171 

Flexible Building Clusters should demonstrate the capacity to react to forcing factors in order to minimize CO2 172 

emissions and maximize the use of Renewable Energy Sources (RES). 173 

Nevertheless, the absence of a consolidated definition requires as a starting point the analysis of some auxiliary 174 

concepts adopted so far in the literature used to describe the synergy of energy efficient buildings and renewable 175 



energy utilization at an aggregated level; all of these concepts contain important keywords that will be included in the 176 

final definition elaborated during the Annex 67 work.  177 

The auxiliary concepts identified are the following: (i) Smart Building Cluster and (ii) Zero Energy Neighbourhood 178 

concepts stressing the role of smart interaction between buildings and grid and underlining the importance of reasoning 179 

at an aggregated level to reach the aim of Zero Energy Buildings; (iii) Micro Energy Hub concept, representing the 180 

future behaviour of buildings, that will be able to consume, produce and store energy and will increasingly interact to 181 

reduce peak demand and grid stress; (iv) Virtual Power Plant concept as a strategy for aggregating heterogeneous 182 

Distributed Energy Resources (DERs) to relieve the load on the grid by smartly distributing the power generated by 183 

the individual units during periods of peak load; (v) Collaborative Consumption concept as a social agreement by 184 

users to share their energy sources; (vi) Local Energy Community concept introduced by the European Commission 185 

in the “Winter Package” as new market players with the right to generate, consume, store and sell renewable energy.  186 

It is important to refer to such auxiliary concepts, further detailed in the following sections, since they represent an 187 

expression of the market stakeholders and players involved in the ongoing energy transition towards the ambitious 188 

100% RES target. Policy makers should start from these auxiliary concepts in order to effectively promote energy 189 

efficiency in the current crucial transformation of market, building and infrastructure technologies, as well as EU 190 

legislative framework. 191 

I. Smart Building Cluster 192 

The concept of Energy Flexibility at an aggregated level can be linked to the definition of “Smart Building Cluster 193 

(SBC)”, indicating  “a group of neighboring smart buildings electrically interconnected to the same micro-grid” (Ma 194 

et al., 2016). Considering the SBC scale, it is possible to obtain an improvement of the local use of renewable energy, 195 

a decrease in the cost of electricity consumption, and a larger load shift in time due to different occupancy patterns 196 

and varying load profiles within a cluster composed of mixed-use buildings. 197 

II. Zero Energy Neighborhood 198 

The “Zero Energy Building” concept still considers the individual buildings as autonomous entities and neglects the 199 

importance of reaching energy efficiency at a larger scale. In the future shift to NZEB 2.0 (D’Angiolella et al., 2016) 200 

the Zero Energy Neighborhood scale will take into account the numerous interactions between urban form, building 201 

energy needs and on-site production of RES (A.-F. Marique & Reiter, 2014), in order to balance annual building 202 



energy consumption and individual transportation by the local production of renewable energy (A. Marique, Penders, 203 

& Reiter, 2013).  204 

III. Micro Energy Hub 205 

In the framework of an Energy Flexible Building Cluster, buildings will increasingly interact with the energy systems 206 

and have the potential to take up an important role in the energy-supply-system stability by acting as micro energy 207 

hubs i.e. “multi hubs-generation systems, providing renewable energy production, storage and demand response” 208 

(Geidl, Koeppel, Klockl, Andersson, & Frohlich, 2007).  209 

The key concept of the energy hub approach is the possibility to jointly manage the energy flows from multiple energy 210 

sources in order to improve the renewable energy sharing between different interconnected buildings (Darivianakis, 211 

Georghiou, Smith, & Lygeros, 2015; Orehounig, Mavromatidis, Evins, Dorer, & Carmeliet, 2014). 212 

IV. Virtual Power Plant  213 

It is possible to make an analogy between Energy Flexible Building Clusters and virtual power plants: in fact, Virtual 214 

Power Plants (VPP) are “collective generators of renewable energy sources that can store and adjust energy output on 215 

demand and at will” (Carr, 2011). An aggregator can group different distributed energy resource (DER) systems into 216 

a VPP in order to provide more Energy Flexibility than a single system and, in parallel, Energy Flexible buildings 217 

have the possibility to co-generate with current grids or operate solely to produce energy in a cost-effective way, while 218 

adapting/shifting the electricity consumption profile in time (De Coninck & Helsen, 2013). 219 

V. Collaborative Consumption 220 

In the current market, end-users hold only the role of final consumers and are not involved in the energy supply side. 221 

The community engagement to reach a suitable energy management framework represents an opportunity to increase 222 

social acceptance of distributed generation in smart grids (Ahmadi, Rosenberg, Lee, & Kulvanitchaiyanunt, 2015). 223 

Collaborative consumption (CC) is “a social-based agreement framework”, in which different consumers cooperate 224 

to share their resources and to create valuable services for the benefit of the whole community (Belk, 2010). Therefore, 225 

an active participation of residents into the energy market improves their inclination towards cooperation in order to 226 

reschedule their consumptions and generate more renewable energy so as to minimize energy cost, carbon emissions 227 

and primary energy consumption (Dai, Hu, Yang, & Chen, 2015). 228 



VI. Local Energy Community 229 

The European Commission proposal for a recast of the International Electricity Market Directive (EC, 2016c) 230 

establishes a framework for Local Energy Communities aimed at improving energy management at the community 231 

level and empowering local participants. In such a geographically confined network, all consumers can have a direct 232 

involvement in energy consumption, storage and/or the sale of self-generated electricity to the market, and the up-take 233 

of new technologies and consumption patterns, including smart distribution grids and demand response, will get easier.  234 

4. Reviewed indicators for evaluating Energy Flexibility at the building cluster level 235 

Indicators are fundamental for quantifying the amount of Energy Flexibility that a building can offer, and measure 236 

how different aspects influence the sharing of renewable energies and the reduction of peaks of delivered energy 237 

demand in buildings. Indicators are also a way to effectively communicate the energy flexibility concept, providing a 238 

common language between energy players and supporting policy makers in the quantification of the actual impact of 239 

novel energy related policies.  240 

A first literature review showed that the majority of existing indicators and approaches, related to Energy Flexibility 241 

quantification, just focuses on single buildings. This research study identifies a set of potential key performance 242 

indicators that could be adapted to the cluster scale and used to characterize Energy Flexible Building Clusters. The 243 

selected indicators have been classified into five different categories, as reported in Table 1: 244 

1. The Cost level focuses on Energy Flexibility quantification with respect to costs.  245 

2. The Thermal level includes indicators: 246 

- of Energy Flexibility related to the possibility to activate the envelope/structural mass of the building; 247 

- referred to the Energy Flexibility that could be provided by controllable loads such as the consumed power 248 

of HVAC systems; 249 

- related to the thermal grid; 250 

- of thermal comfort related to the acceptance of indoor conditions by occupants (temperature fluctuations, 251 

air quality, etc.).  252 

3. The Electric level comprises indicators referred to the measure of electric grid control over the demand and 253 

to the relation between on-site generation and load for a specific temporal resolution. 254 



4. The Thermal-electric level encloses indicators related to cumulative energy demand/supply.  255 

5. The Other relevant indicators section includes indicators related to other auxiliary issues that influence the 256 

energy flexibility, such as the influence of the typological composition of a cluster on energy consumption 257 

and the readiness of a building to adapt its operation to the needs of the occupants and of the grid to improve 258 

its performance.  259 

Table 1 Reviewed indicators for Energy Flexible Building Cluster 260 

Energy Flexible Building Cluster Indicators 

Costs 

Specific Cost of Flexibility 

Spark Spread 

Total Supply Spread 

Flexibility Factor 

Thermal level 

Available Storage Capacity 

Comfort Index 

Electric level 

Grid Control Level  

Load Matching Index 

Grid Interaction Index 

Thermal-Electric level 

On-site Energy Ratio 

Annual Mismatch Ratio 

Maximum Hourly Surplus 

Maximum Hourly Deficit 

Ratio of Peak Hourly Demand to Lowest Hourly Demand 

Other relevant indicators 

Homogeneity Index 

Smart-ready Built Environment Indicator 

 261 

I. Energy Flexibility Indicators related to costs 262 

In the study of De Coninck & Helsen, 2013, Energy Flexibility is intended as “the possibility to deviate the electricity 263 

consumption profile compared to a reference business as usual (BAU) scenario”. In order to quantify the potential 264 

flexibility at the cluster scale, multiple cost curves, as can be seen from Figure 3, can be aggregated and for every 265 

point on the cost curve it is possible to obtain the Specific Cost of Flexibility csp expressed as the ratio between the 266 

extra cost for flexibility ΔC [c€] and the range of variability of the electricity consumption ΔE [kWh] due to flexibility 267 

(in comparison to the BAU scenario) (Equation 1): 268 



csp =  
∆C

|∆E|
  269 

       Equation 1 270 

 271 

Fig. 3 Aggregation of two cost functions showing the flexibility of electricity consumption on the horizontal axis 272 
and the corresponding additional cost compared to the business as usual on the vertical axis 273 

The study of Piacentino et al. (Piacentino & Barbaro, 2013) introduces two further indicators that can be applied at 274 

the cluster scale, the Spark Spread and the Total Supply Spread, to express the convenience of self-producing heat and 275 

electricity compared to energy purchased from the public grid. The Spark Spread (SS) is defined as the “ratio between 276 

the market price MPe of electricity (expressed in €/kWh) and the cost of the amount of fuel consumed by the ‘combined 277 

heat and power’ (CHP) unit to produce 1 kWh electricity” (Equation 2): 278 

SS =  
𝑀𝑃𝑒
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       Equation 2 280 

with low heat value of fuel LHVCHP
fuel expressed in kJ/Nm3 or kJ/kg, respectively for gaseous and liquid fuels, and 281 

market price MPCHP
fuel expressed in €/Nm3 or €/kg.  282 

Compared to the previous one, the second indicator, named Total Supply Spread (Equation 3), adds at numerator the 283 

cost that should be sustained to supply by a traditional boiler the amount of heat 1/PHRCHP (where PHRCHP is the 284 

power to heat ratio of the prime mover) actually recoverable when 1 kWh of electricity is produced in cogeneration 285 

mode. 286 



TSS =  
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       Equation 3 288 

Le Dréau & Heiselberg, 2016 calculate a Flexibility Factor, that can prove the “ability to shift the energy use from 289 

high to low price periods”, as reported in Equation 4 referred to heating energy consumption. Low price period is 290 

referred to a price which is lower than the first quartile (evaluated over two weeks); a high price corresponds to a price 291 

which is higher than the third quartile. In this equation a null value indicates that the heating use is similar in low and 292 

high price periods, a positive unitary value expresses that heating energy use is not used in high price periods and 293 

finally a negative unitary value means that no heating energy is used in low price periods.  294 

𝐹𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 =  
∫ 𝑞ℎ𝑒𝑎𝑡𝑖𝑛𝑔𝑑𝑡−∫ 𝑞ℎ𝑒𝑎𝑡𝑖𝑛𝑔𝑑𝑡

ℎ𝑖𝑔ℎ 𝑝𝑟𝑖𝑐𝑒 𝑡𝑖𝑚𝑒𝑙𝑜𝑤 𝑝𝑟𝑖𝑐𝑒 𝑡𝑖𝑚𝑒

∫ 𝑞ℎ𝑒𝑎𝑡𝑖𝑛𝑔𝑑𝑡+∫ 𝑞ℎ𝑒𝑎𝑡𝑖𝑛𝑔𝑑𝑡
ℎ𝑖𝑔ℎ 𝑝𝑟𝑖𝑐𝑒 𝑡𝑖𝑚𝑒𝑙𝑜𝑤 𝑝𝑟𝑖𝑐𝑒 𝑡𝑖𝑚𝑒

   295 

       Equation 4 296 

Similar equations could be defined also for further energy use. This indicator is quite intuitive and easy to be 297 

calculated, nevertheless it does not give any information on how much load can be shifted thanks to energy flexibility 298 

and it does not provide any suggestions on how to improve the operation. Furthermore, the definition of the low and 299 

high price periods strongly affects the results of the index, and a more univocal approach should overcome the 300 

problem.  301 

II. Energy Flexibility Indicators related to thermal level 302 

Reynders, 2015 defines the Available Structural Storage Capacity for Active Demand Response CADR (Equation 5) 303 

as “the amount of heat that can be absorbed by the structural mass of a building without jeopardizing indoor thermal 304 

comfort in a specific time-frame and given the dynamic boundary conditions”. The Available Structural Storage 305 

Capacity, expressed in kWh, can be quantified as: 306 

𝐶𝐴𝐷𝑅(𝑡, 𝑙𝐴𝐷𝑅 , 𝑈(𝑡), 𝑑𝑇𝑐𝑜𝑚𝑓(𝑡), 𝜃) =  ∫ (𝑄̇𝐴𝐷𝑅
𝑙𝐴𝐷𝑅

0
− 𝑄̇𝑅𝑒𝑓)𝑑𝑡  307 

       Equation 5 308 



with lADR indicates the duration of the Active Demand Response (ADR) event, U(t) the dynamic boundary conditions 309 

such as climate and occupant behaviour, dTcomf (t) the comfort range available for ADR which may vary in time, 310 

QADR the heat demand for active demand response and Qref the reference heat demand. This indicator can explain how 311 

the design and the properties of the buildings within a cluster may affect their energy performance and suitability for 312 

active demand response without compromising comfort. 313 

Another indicator dealing with the indoor conditions of a NZEB Cluster is the Comfort Index (Shen & Sun, 2016), 314 

expressing the thermal discomfort resulting from the cooling supply time failure of a sized air-conditioning system. 315 

The Comfort Index is expressed in Equation 6: 316 

𝑃𝐸𝑐𝑜𝑚𝑓𝑜𝑟𝑡 =  ∑ 𝜏𝑖 {
𝜏𝑖 = 1,   𝑖𝑓𝐶𝐴𝑃𝐴𝐶  <  𝐶𝐿𝑖

𝜏𝑖 = 0,   𝑖𝑓𝐶𝐴𝑃𝐴𝐶  ≥  𝐶𝐿𝑖
            317 

       Equation 6 318 

where PEcomfort is the comfort index, τi represents failure time value of ith hour, CAPAC is the air-conditioning system 319 

size, CLi is the cooling load profile. 320 

III. Energy Flexibility Indicators related to electric level 321 

The study of Ahmadi et al., 2015 proposes a method for categorizing residential loads according to consumer needs: 322 

1) “first priority loads” are non-reschedulable usage and service loads, which provide fundamental and 323 

uninterruptible services for users; 324 

2) “second priority loads” are reschedulable usage loads of appliances that use thermal storage and which use 325 

is deferrable to near future periods still providing acceptable comfort; 326 

3) “third priority loads” are referred to the reschedulable/deferrable loads, resulting from e.g., dishwashers, 327 

washing machines and dryers’ usage.  328 

Grid Control Level, denoted by φ, represents “a measure of a microgrid’s control over the demand”. It is calculated 329 

as the sum of controllable second and third priority loads divided by the total load as reported in Equation 7: 330 

φ =  
𝜃2+𝜃3

𝜃1+𝜃2+𝜃3
  331 

       Equation 7 332 



θ1, θ2, and θ3 represent the total amount of first, second and third priority loads in kW, respectively. A 0 value expresses 333 

the absence of control by the central controller and the necessity to use most of its generation for demand supply, 334 

while the value 1 indicates the capacity of the central controller to flexibly delay the demand of the cluster and partly 335 

sell electricity to the grid if the market price is attractive.  336 

Load Matching Index, proposed by Voss et al., 2010, is expressed as the relation of the on-site generation to the load 337 

for a specific temporal resolution. This indicator is useful to assess the on-site energy use and it helps to differentiate 338 

between the different timescales and although this concept was specifically developed for single buildings, the same 339 

idea can be applied to building clusters connected to the same local grid. The Load Matching Index fload,i, expressed 340 

in percentage [%] and influenced by the time interval i [h,d,m], can be formulated in function of load metering 341 

(Equation 8) or net metering (Equation 9), while the presence of an on-site battery modifies the index (Equation 10) 342 

by adding the battery energy balance to the on-site generation. The Load Matching Index indicates the amount of 343 

energy that can be generated by RES and stored with batteries in comparison to the load; in addition, as indicated in 344 

Equation 9, it gives indications to the amount of exported energy in comparison to the on-site generation.  345 

𝑓
𝑙𝑜𝑎𝑑,𝑖 =𝑚𝑖𝑛[1,

𝑜𝑛 𝑠𝑖𝑡𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
𝑙𝑜𝑎𝑑

]∙100
 347 

       Equation 8 346 

𝑓
𝑙𝑜𝑎𝑑,𝑖 =𝑚𝑖𝑛[1,

𝑜𝑛 𝑠𝑖𝑡𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
𝑛𝑒𝑡 𝑚𝑒𝑡𝑒𝑟𝑖𝑛𝑔+𝑜𝑛 𝑠𝑖𝑡𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

]∙100
 349 

       Equation 9 348 

𝑓
𝑙𝑜𝑎𝑑,𝑖 =𝑚𝑖𝑛[1,

𝑜𝑛 𝑠𝑖𝑡𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛+𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑏𝑎𝑙𝑎𝑛𝑐𝑒
𝑙𝑜𝑎𝑑

]∙100
 351 

       Equation 10 350 

The Grid Interaction Index (Voss et al., 2010) describes the average grid stress, using the standard deviation of the 352 

grid interaction over a period of a year. The Grid Interaction Index fgrid,i, expressed in percentage [%] and in relation 353 

to the  time interval i [h,d,m],  can be useful to express the variation of the energy exchange between a building cluster 354 

and the grid and it is defined as “the ratio between net grid metering over a given period compared to the 355 

maximum/minimum value within an annual cycle” (Equation 11).  356 



𝑓
𝑔𝑟𝑖𝑑,𝑖 = 

𝑛𝑒𝑡 𝑔𝑟𝑖𝑑
𝑚𝑎𝑥|𝑛𝑒𝑡 𝑔𝑟𝑖𝑑|

∙100
 358 

       Equation 11 357 

IV. Energy Flexibility Indicators related to thermal-electric level 359 

The On-site Energy Ratio (OER) (Ala-juusela & Sepponen, 2014) is defined as “the ratio between annual energy 360 

supply from local renewable sources and annual energy demand” (Equation 12): 361 

𝑂𝐸𝑅 =  
∫ 𝐺(𝑡)𝑑𝑡

𝑡2
𝑡1

∫ 𝐿(𝑡)𝑑𝑡
𝑡2

𝑡1

  362 

       Equation 12 363 

where G(t) is the on-site energy generation power and L(t) is the load power of all energy types (heating, cooling, 364 

electricity) combined. The indicator is calculated by aggregating energy production and consumption of different types 365 

of buildings at the cluster scale. Considering net annual balance, a unitary value indicates that the energy demand is 366 

completely covered by RES supply, while a value higher than 1 describes an energy positive neighborhood, in which 367 

the annual energy demand is lower than the annual energy supply from local renewable energy sources. This indicator 368 

by itself does not measure the Energy Flexibility of a cluster, but it should be coupled with the following three 369 

indicators: Annual Mismatch Ratio, Maximum Hourly Surplus and Maximum Hourly Deficit.  370 

The Annual Mismatch Ratio (Ala-juusela & Sepponen, 2014) expresses the annual difference between demand and 371 

local renewable energy supply in a cluster of buildings and, for each energy type, AMRx (x = h for heat, c for cool, e 372 

for electricity) is calculated by taking an average of the Hourly Mismatch Ratios HMRx (Equation 13): 373 

𝐴𝑀𝑅𝑥 =  
∑ 𝐻𝑀𝑅𝑥(𝑡)8760

𝑡=1

8760
  374 

       Equation 13 375 

For each energy type, the Maximum Hourly Surplus (MHSx) (Ala-juusela & Sepponen, 2014) indicates “the 376 

maximum hourly ratio of difference between on-site generation and load over the load for each energy type”. It is 377 

calculated as reported in Equation 14: 378 



𝑀𝐻𝑆𝑥 = 𝑀𝑎𝑥 [
∫ [𝐺𝑥(𝑡)−𝐿𝑥(𝑡)− 𝑆𝑥(𝑡)]𝑑𝑡

𝑡2
𝑡1

∫ 𝐿𝑥(𝑡)𝑑𝑡
𝑡2

𝑡1

]  379 

       Equation 14 380 

where Gx(t) is the on-site energy generation rate of the energy type, Lx(t) is the load for that type and Sx(t) is the rate 381 

of storage loading or discharge. A building cluster that is supplying more than its demand will be characterized by 382 

high values of OER and MHS, while when the RES supply of the cluster is not optimally planned, we obtain low OER 383 

and high MHS values.  384 

The role of local storage in the ratio between load and RES on-site generation in a cluster can be taken into account 385 

by calculating the Maximum Hourly Deficit (MHDx) for each energy type (Ala-juusela & Sepponen, 2014). In 386 

Equation 15, Sx(t) represents the storage discharge rate (negative value).  387 

𝑀𝐻𝐷𝑥 = 𝑀𝑎𝑥 [
∫ [𝐿𝑥(𝑡)−𝐺𝑥(𝑡)+ 𝑆𝑥(𝑡)]𝑑𝑡

𝑡2
𝑡1

∫ 𝐿𝑥(𝑡)𝑑𝑡
𝑡2

𝑡1

]    388 

       Equation 15 389 

A proper way to characterize the magnitude of the peak power demand of a cluster is the calculation of the ratio 390 

between the highest and lowest peak values for hourly demand over the month, expressed for each energy type by the 391 

Ratio of Peak Hourly Demand to Lowest Hourly Demand (Ala-juusela & Sepponen, 2014). 392 

V. Other relevant Energy Flexibility Indicators  393 

Considering the cluster composition, Jafari-marandi et al., 2016 propose an index to determine which type of buildings 394 

should form a cluster and what is the impact of building clusters’ heterogeneity based on energy profile on the energy 395 

performance of building clusters. The Homogeneity Index HIj expresses the average correlation of buildings’ energy 396 

profiles within the same cluster. Small values of this indicator indicate a more cost-effective usage of shared energy 397 

and correspond to highly heterogeneous building clusters’ composition. The indicator is calculated according to 398 

Equation 16:  399 

𝐻𝐼𝑖 =  
∑ ∑ 𝐶𝑜𝑟(𝑀𝐽

𝐶𝑖 ,𝑀
𝑘

𝐶𝑖)
𝑁𝐶𝑖
𝑘=𝑗+1

𝑁𝐶𝑖
𝑗=1

𝑁𝐶𝑖
×(𝑁𝐶𝑖

−1)/2
  400 

       Equation 16 401 



where i is the index for different clusters, Nci is the number of buildings in the cluster i, Mj
Ci is the jth member of the 402 

cluster i, and Cor(x, y) is the correlation between x and y. 403 

The Smart Built Environment Indicator (SBEI) developed by the Buildings Performance Institute Europe (BPIE) 404 

supports the assessment of EU countries’ readiness to transition to smart buildings. The key aspects considered by the 405 

SBEI to describe how smart-ready the built environment is are related to the energy performance of the building stock, 406 

the share of energy from renewable sources, the smart meter deployment, the development of a dynamic energy 407 

market, the improvement of the access to demand response, the roll-out of building energy storage and the market 408 

penetration of electric vehicles (De Groote, Volt, & Bean, 2017). The specific application of this indicator is intended 409 

for entire countries, but the characteristics considered are scalable also to a small cluster context and useful to evaluate 410 

the flexibility also at an aggregated level.  411 

5. Conclusions  412 

The foreseen large deployment of renewable energy sources may seriously affect the stability of energy grids and it 413 

will be necessary to control energy consumption or evaluate the feasibility of installing batteries and storage systems 414 

(both active and passive) in order to match instantaneous energy production. Energy Flexibility in buildings will allow 415 

for demand side management and load control and thereby demand response according to climate conditions, user 416 

needs and grid requirements. In the framework of the research IEA EBC Annex 67, a literature review was conducted 417 

to define building clusters and describe existing indicators to quantify the Energy Flexibility at the building cluster 418 

scale. A novel definition of building cluster and its possible different levels of connections have been outlined, and 419 

first steps towards a definition of Energy Flexibility at a cluster scale have been set. The reviewed indicators have 420 

been classified into different categories related to cost, thermal and electric features, cluster composition and smart 421 

readiness. The outcomes of the study can actively contribute to the development process of the Smart Readiness 422 

Indicator (SRI) introduced in the European Commission proposal for amending EPBD, by supporting the assessment 423 

of smart technologies and strategies for building readiness improvement in demand response. The work is intended to 424 

be a starting point for future research and an overview for policy makers that will have to deal with the new topic of 425 

Energy flexible building clusters.  426 

 427 



Acknowledgments 428 

This work is part of the research activities of the International Energy Agency - Energy in Buildings and Communities 429 

Program Annex 67, Energy Flexible Buildings. The activities are carried out in the framework of the project 430 

INTEGRIDS funded by the European Regional Development Fund ERDF.  431 

References 432 

Ahmadi, M., Rosenberg, J. M., Lee, W.-J., & Kulvanitchaiyanunt, A. (2015). Optimizing Load Control in a 433 
Collaborative Residential Microgrid Environment. IEEE Transactions on Smart Grid, 6(3), 1196–1207. 434 

AIA National. (2007). Integrated Project Delivery: A Guide. Retrieved from 435 
http://info.aia.org/siteobjects/files/ipd_guide_2007.pdf 436 

Ala-juusela, M., & Sepponen, T. (2014). Defining the concept of an Energy Positive Neighbourhood and related 437 
KPIs. In Sustainable Places Conference. Nice. 438 

Belk, R. (2010). Sharing. Journal of Consumer Research, 36(5), 715–734. https://doi.org/10.1086/612649 439 

Carr, S. (2011). Virtual Power Plants. International Journal of Scientific & Engineering Research, 2(8), 1–4. 440 

Crosbie, T., Short, M., Dawood, M., & Charlesworth, R. (2017). Demand response in blocks of buildings: 441 
opportunities and requirements. The International Journal ENTREPRENEURSHIP AND SUSTAINABILITY 442 
ISSUES, 4(3), 271–281. 443 

D’Angiolella, R., De Groote, M., & Fabbri, M. (2016). NZEB 2.0: interactive players in an evolving energy system. 444 
REHVA Journal, (May), 52–55. Retrieved from 445 
http://www.rehva.eu/fileadmin/REHVA_Journal/REHVA_Journal_2016/RJ_issue_3/p.52/52-446 
55_RJ1603_WEB.pdf 447 

Dai, R., Hu, M., Yang, D., & Chen, Y. (2015). A collaborative operation decision model for distributed building 448 
clusters. Energy, 84, 759–773. https://doi.org/10.1016/j.energy.2015.03.042 449 

Darivianakis, G., Georghiou, A., Smith, R. S., & Lygeros, J. (2015). A Stochastic Optimization Approach to 450 
Cooperative Building Energy Management via an Energy Hub. In 54th IEEE Conference on Decision and 451 
Control (CDC). Osaka. 452 

De Coninck, R., & Helsen, L. (2013). Bottom-up quantification of the flexibility potential of buildings. In Building 453 
Simulation Conference. Chambéry. 454 

De Groote, M., Volt, J., & Bean, F. (2017). Is Europe ready for the smart buildings revolution ? Mapping smart-455 
readiness and innovative case studies. 456 

EC. (2015). Energy Union Package. A Framework Strategy for a Resilient Energy Union with a Forward-Looking 457 
Climate Change Policy. COM(2015) 80 final. Brussels, 25.2.2015. Retrieved from http://eur-458 
lex.europa.eu/resource.html?uri=cellar:1bd46c90-bdd4-11e4-bbe1-459 
01aa75ed71a1.0001.03/DOC_1&format=PDF 460 

EC. (2016a). Clean Energy for All Europeans. COM(2016) 860 final. Brussels, 30.11.2016. Retrieved from 461 
http://eur-lex.europa.eu/resource.html?uri=cellar:fa6ea15b-b7b0-11e6-9e3c-462 
01aa75ed71a1.0001.02/DOC_1&format=PDF 463 

EC. (2016b). Proposal for a Directive of the European Parliament and of the Council amending Directive 464 
2010/31/EU on the energy performance of buildings. COM(2016) 765 final. Brussels, 30.11.2016. Retrieved 465 
from http://eur-lex.europa.eu/resource.html?uri=cellar:4908dc52-b7e5-11e6-9e3c-466 



01aa75ed71a1.0023.02/DOC_1&format=PDF 467 

EC. (2016c). Proposal for a Directive of the European Parliament and of the Council on common rules for the 468 
Internal Market in Electricity (Recast). COM(2016) 864 final. Brussels, 30.11.2016. Retrieved from http://eur-469 
lex.europa.eu/resource.html?uri=cellar:9796c7a3-b7ba-11e6-9e3c-470 
01aa75ed71a1.0001.02/DOC_1&format=PDF 471 

EU. (2009). Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009 on the promotion 472 
of the use of energy from renewable sources and amending and subsequently repealing Directives 2001/77/EC 473 
and 2003/30/EC. Official Journal of European Union, 52, 16–62. Retrieved from http://eur-474 
lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L:2009:140:FULL&from=EN 475 

EU. (2010). Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the energy 476 
performance of buildings (recast). Official Journal of European Commission, 53, 13–35. Retrieved from 477 
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:153:0013:0035:en:PDF 478 

Eurelectric. (2014). Flexibility and Aggregation Requirements for their interaction in the market. Eurelectric. 479 
Brussels. Retrieved from http://www.eurelectric.org/media/115877/tf_bal-agr_report_final_je_as-2014-030-480 
0026-01-e.pdf 481 

Galster, G. (2001). On the Nature of Neighbourhood. Urban Studies, 38(12), 2111–2124. 482 

Geidl, M., Koeppel, G., Klockl, B., Andersson, G., & Frohlich, K. (2007). Energy Hubs for the futures. IEEE Power 483 
& Energy Magazine, 5(1), 24–30. 484 

He, D., Huang, S., Zuo, W., & Kaiser, R. (2016). Towards to the development of virtual testbed for net zero energy 485 
communities. In ASHRAE and IBPSA-USA SimBuild 2016 Building Performance - Modeling Conference (pp. 486 
125–132). Salt Lake City. 487 

IPCC. (2007). Mitigation of climate change: Contribution of working group III to the fourth assessment report of 488 
the Intergovernmental Panel on Climate Change. Intergovernmental Panel on Climate Change. 489 
https://doi.org/http://www.ipcc.ch/publications_and_data/.htm 490 

Jafari-marandi, R., Hu, M., & Omitaomu, O. A. (2016). A distributed decision framework for building clusters with 491 
different heterogeneity settings. Applied Energy, 165, 393–404. 492 
https://doi.org/10.1016/j.apenergy.2015.12.088 493 

Koch, A., & Girard, S. (2013). Urban neighbourhoods - an intermediate scale for the assessment of energy 494 
performance of buildings. Eceee 2013 Summer Study, 1377–1385. 495 

Langham, E., Cooper, C., & Ison, N. (2013). Virtual Net Metering in Australia: Opportunities and barries. Sydney. 496 
Retrieved from https://opus.lib.uts.edu.au/bitstream/10453/31943/1/2012004596OK.pdf 497 

Le Dréau, J., & Heiselberg, P. (2016). Energy fl exibility of residential buildings using short term heat storage in the 498 
thermal mass. Energy, 111, 991–1002. https://doi.org/10.1016/j.energy.2016.05.076 499 

Li, X., Wen, J., & Wu, T. (2014). Net-zero Energy Impact Building Clusters Emulator for Operation Strategy 500 
Development. ASHRAE Transactions, 120(2). 501 

Ma, L., Liu, N., Wang, L., Zhang, J., Lei, J., Zeng, Z., … Cheng, M. (2016). Multi-party energy management for 502 
smart building cluster with PV systems using automatic demand response. Energy and Buildings, 121, 11–21. 503 
https://doi.org/10.1016/j.enbuild.2016.03.072 504 

Managan, K., & Controls, J. (2012). Net Zero Communities : One Building at a Time, 180–192. Retrieved from 505 
http://aceee.org/files/proceedings/2012/data/papers/0193-000351.pdf 506 

Marique, A.-F., & Reiter, S. (2014). A simplified framework to assess the feasibility of zero-energy at the 507 
neighbourhood / community scale. Energy and Buildings, 82, 114–122. 508 
https://doi.org/10.1016/j.enbuild.2014.07.006 509 

Marique, A., Penders, M., & Reiter, S. (2013). From Zero Energy Building to Zero Energy Neighbourhood . Urban 510 



form and mobility matter . In 29th Conference PLEA2013, Sustainable Architecture for a Renewable Future. 511 
Munich. 512 

Orehounig, K., Mavromatidis, G., Evins, R., Dorer, V., & Carmeliet, J. (2014). Towards an energy sustainable 513 
community: An energy system analysis for a village in Switzerland. Energy & Buildings, 84, 277–286. 514 
https://doi.org/10.1016/j.enbuild.2014.08.012 515 

Paoletti, G., Pascual Pascuas, R., Pernetti, R., & Lollini, R. (2017). Nearly Zero Energy Buildings: An Overview of 516 
the Main Construction Features across Europe. Buildings, 7(2), 43. https://doi.org/10.3390/buildings7020043 517 

Piacentino, A., & Barbaro, C. (2013). A comprehensive tool for efficient design and operation of polygeneration-518 
based energy grids serving a cluster of buildings . Part II : Analysis of the applicative potential. Applied 519 
Energy, 111, 1222–1238. https://doi.org/10.1016/j.apenergy.2012.11.079 520 

Reynders, G. (2015). Quantifying the impact of building design on the potential of structural storage for active 521 
demand response in residential buildings. KU Leuven. 522 

SF Environment. (2013). Virtual Net Energy Metering at Multitenant Buildings. Retrieved from 523 
https://sfenvironment.org/sites/default/files/fliers/files/virtual_net_energy_metering_at_multitenant_buildings524 
_0.pdf 525 

Shen, L., & Sun, Y. (2016). Performance comparisons of two system sizing approaches for net zero energy building 526 
clusters under uncertainties. Energy & Buildings, 127, 10–21. https://doi.org/10.1016/j.enbuild.2016.05.072 527 

Verbeke, V. S., Ma, Y., Bogaert, S., Tichelen, P. Van, & Uslar, O. M. (2017). Support for setting up a Smart 528 
Readiness Indicator for buildings and related impact assessment - Catalogue of Smart Ready Services 529 
Technical Working Document for Stakeholder Feedback. Retrieved from 530 
https://smartreadinessindicator.eu/sites/smartreadinessindicator.eu/files/sri_for_buildings_catalogue_of_smart531 
_ready_services_170613.pdf 532 

Voss, K., Sartori, I., Napolitano, A., Geier, S., Gonzalves, H., Hall, M., … P., T. (2010). Load Matching and Grid 533 
Interaction of Net Zero Energy Buildings. In 8th EuroSun Conference. Graz. 534 

Whiteman, A., Rinke, T., Esparrago, J., & Elsayed, S. (2016). Renewable Capacity Statistics 2016. 535 

Williams, J. (2016). Can low carbon city experiments transform the development regime? Futures, 77, 80–96. 536 
https://doi.org/10.1016/j.futures.2016.02.003 537 

IEA EBC Annex 67. http://www.annex67.org/  538 


