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Figure 5 illustrates the user operation of heaters and fans led to the greater variation in
energy consumption, with respect to simulation implementing deterministic trigger operational
inputs. Light building envelope models increased the simulated energy consumption up to 79%
when located in Continental climate, and around 68% if in Mediterranean climate. Massive
envelope buildings demonstrated being more robust with respect to occupant’s manual operation of
heating and fans, both in Continental (+29%) and Mediterranean climates (+53%). In turn, for the
two climatic area simulations, the biggest share of energy consumption variation is represented by
heating (Continental) and cooling (Mediterranean) delivered energy. A similar comparable trend
emerged for the manual operation of windows. Massive envelope buildings located in
Mediterranean climates emerged the most robust configuration with respect to natural ventilation
behaviors. For this definite case, simulations demonstrated energy can be saved, indicatively around
6% of the total delivered energy. Specifically for the manual use of shading, a reduction in the
simulated energy consumption emerged for both a Continental climate location (from -7% in light
building envelope buildings to -4% in massive building envelope buildings) and Mediterranean
climate location (from -18% in light building envelope buildings to -7% in massive building
envelope buildings).

Figure 5. Variation in simulated Total Delivered Energy from Deterministic to Stochastic models for

Continental and Mediterranean Climate

Moreover, these variability indicators are considered as proxies of the robustness of climate
condition and building envelope design with respect to some identified comfort adaptive
opportunities, having an impact on the final energy consumption. In order to isolate the effect of
occupant behavior with respect to the building energy consumption, a correlation analysis of the

building energy balance of two adaptive control scenarios have been performed (Figure 6).

Figure 6. Energy balance correlation simulation implementing Deterministic and Stochastic adaptive control inputs
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In the first scenario, no adaptive control has been considered, and deterministic inputs have been
implemented in the building energy model. In the second scenario, stochastic models of adaptive
behavior have been applied as control inputs. A linear correlation between the energy balance of
these two scenarios has been calculated. The discordance in the correlation coefficient R? has then
been considered as a measure of the variation in energy consumption due to human interference
with building controls (Figure 7).

The energy balance simulated for massive buildings located in continental climates emerged having
a strong correlation among the occupant driven and deterministic control scenarios (R? =90%).
Such little variation corroborates the concept of robustness with respect to occupant behavior in
altering building energy performance, as discussed in Fabi et al. and Buso et al. [41, 44]. This is
specifically true for the usage of blinds (R? =99%), lighting (R? =96%) and heating and fans (R?
=92%) while slightly more attention need to be conveyed to the variation generated by natural
ventilation behaviors (R?=71%). The weakest correlation in energy balance emerged the one
simulated for light envelope buildings located in continental climates (R? =71%). Significantly,
window-opening behaviors in the presence of big window areas and significant thermic delta from
indoor and outdoor temperature during the heating season determine a little correlation (R? =59%)
to the energy balance simulated by using fixed infiltration and ventilation rates, as suggested by
national norms and standards. A very similar trend can be observed for the usage of artificial
lighting (R? =61%).

Figure 7. R2 correlation of the energy balance simulation implementing Deterministic and Stochastic adaptive control

inputs

2. Discussion

For the practical point of view, the main aim of the highlighted variability indicators of

simulated building energy consumption is to stress the big issue of the occupants’ role in actively
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modifying buildings’ performances in real life operation. Numerical simulations of a reference
office building representative of the European building stock were performed along with the BSP
IDA ICE. Four stochastic models of adaptive behaviors — window opening, use of blinds, heater and
fans and artificial lighting - were selected from recently published literature and implemented as
advance inputs into the BSP. Results of the deterministic simulations, taking into account fixed air
change rates, automated control over the shading system, threshold values for usage of artificial
lights and fixed heating-cooling operation, were compared to average results of sets of simulations
implementing the behavioral models individually. The authors aimed at verifying the impact of
some identified behavioral models on a reference building having fixed building morphology and
plant system under different climates, orientation and building thermal mass conditions. Also, Parys
[45] in his study shown that integration of proper user behavior in the building simulation is
important. However, most of the existing simulation studies focus mainly on conventional
residential buildings and are limited to effects on the building side only.

Despite some simplification has been made during the selection and implementation of
stochastic models of occupant behavior into the BSP, the proposed methodology and preliminary
results are aiming to support the advancement of contemporary research bridging the credibility gap
of building energy performance due to the actual operation of buildings. Results of the simulations
are circumstantial to the case study building and implemented models and do not represent the
complete set of variability indicators that can be derived from other simulation studies.
Nevertheless, they represent a meaningful methodology to be possibly applied to new behavioral
data sets and simulation models providing an outcome to the impact of different adaptive behaviors
and specific operation and maintenance strategies over building having diverse envelope
characteristic and geographical location. In this context, to support the validity of the results of the
presented study, future works will focus on implementing into the dynamic BSP other more

complex stochastic behavioral models available in the literature, to characterize the most compact,

17



29

physical meaningful and high-quality set of results that can be derived with satisfactory
performance.

Regarding the limitation of the implementation of stochastic models into BSP, by applying
single logistic regression, predictions of the probability i.e. of lowering a shades and usage of
artificial lights are driven by outdoor temperature, nevertheless more straightforward observations
might led to assume occupants are mainly driven by indoor temperature, solar radiance, and
illuminance level respectively. Despite the highlighted deficiencies, the models have been used in
the study for four main reasons:

1. are the most recent work analyzing occupant adaptive behaviors, with a statistical approach;

2. the logistic regression models can be implemented in IDA ICE;

3. models are based on monitored data that match the office intended use of the adaptive

actions investigated;

4. models derive from observations of users from the same geographical area (Europe).

Since occupants’ behavior is influenced by social and contextual factors, these two latter aspects
give authors warranty of coherent use of the simulated building controls.

Moreover, with respect to the correlation of the usage of lights with the outdoor air
temperature, Nicol justified this choice by stressing the likelihood that artificial lights are on during
winter months, counting more hours of dark during the daily working time. To confirm this
observation, results of the model showed the probability of turning the lights is gradually decreasing

with the increasing outdoor air temperature.

3. Conclusions

By isolating other paramount influencing factors on energy consumption, such as building
morphology, orientation, and plant system type, a comparative analysis of the energy simulation
results was performed to provide insights into the variance of building energy performance due to

individual adaptive occupant energy-related behaviors. Synthetic variability indicators were
18



proposed to measure the impact of the selected energy-related occupant behaviors on heating,
cooling and electricity energy consumption and robustness with respect to dissimilar building
envelope configurations and climate conditions.

Implementation of the four probabilistic models of occupant adaptive behaviors into the
BSP allowed virtualizing — by means a comparative analysis with deterministic simulation results —
an average impact of 22% of occupant adaptive behaviors over building energy consumption.
Behavioral adjustments in the indoor environment emerged responsible for a twofold variation
effect compared to standardized simulated energy performance. On the one hand, a reduction of
energy use for dynamically managing the solar heat gains entering the building is observed — with
specific regards to usage of window shadings. On the other hand, increments for the usage of air
conditioning (heating and cooling) and natural ventilation emerged in every climate condition and
for both building envelope configurations.

Massive buildings located in continental climates emerged as the most robust building
configuration with respect to occupant adaptive behavior. In opposition, light envelope buildings
located in continental climates emerged more affected by the occupant driven adaptive operation of
building controls. The presented results suggest the design of manual control of environmental
conditions and adaptive opportunities can profit from the robustness of building design such as
thermal inertia as well from mild climatic conditions and narrower thermal excursions. Conversely,
light envelope characteristics and more severe climatic conditions have been demonstrated to be
factors associated with buildings, which are more susceptible to occupant’s interaction with control
systems.

As an example, natural ventilation behavior will have minor negative drawbacks in terms of
energy consumption in mild climates, when compared to continental climates, where fluctuation
from indoor and outdoor air temperature is higher. Similarly, in massive buildings, where

transparent to opaque building envelope ratio is lower, and window area is smaller, natural
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ventilation will allow smaller air volume entering the space per window opening, having the minor
impact of the overall energy balance.

A better description of the building real functioning is not only a scientific problem
addressed to improve the prediction accuracy of energy consumption through calculation methods,
but also a need of the building designer and policy makers. Indeed, in the daily routine of building
energy audits or energy performance certificates, only deterministic simulations are usually put in
place. The availability of occupants’ behavior-related variation parameters associated with specific
building features or climate can give a hint of the actual energy performances of the building object
of analysis. In this frame, the purpose of this paper was to quantify to which extent the so-called
“credibility gap” of building energy consumption is affected by the adaptive interaction of the users
with the building control systems, by isolating other factors influencing the energy performance
such as building envelope configurations and climate locations.

In this view, outcomes of this study are aiming to support building designers, architects and
engineers, to design building that are —on the one hand — less sensitive to occupant adaptive
behaviors when simulated stochastic controls are indicating uncertainty in energy consumption
variation, and to profit — on the other hand — from the energy reduction potential of environmental
adaptation mechanisms. In fact, enormous amounts of behavioral opportunities are available to act
towards the energy mitigation challenge in the building sector. However, despite the burgeoning
interest and sensitivity around environmental concerns of actual trends of energy consumption
paradigm worldwide, average people ask for comfort in indoor spaces, no matter what the cost nor
the consequences of daily routine or habits. Typically, in office building— from CEQOs to front-line
workers — all employees behave in an unconscious energy-intensive manner, i.e. leaving their PCs
and lights on when not in the office, opening a window when arriving the office to provide fresh air,
no matter the HVAC system is still running. It becomes tremendously difficult to rewire the human
brain to unlearn such energy-wasting patterns of behaviors and to initialize a path towards more

“motivated” energy-conserving habits and routines. Furthermore, individual building users are able
20



to act just up to a certain level. This changeover must be scaled up to the building management
system level, in order to leverage the positive impacts of behavioral mitigation strategies. The
universe of Action (the energy market and building construction sector) and the universe of Norm
and Standards (the building operation and management strategies and the regulatory policy arena)
need hence to work jointly, to allow people to make this switch run.

Designed energy efficiency measures over decades have been documented as being deviated
from reality, relying on assumptions of rationality and determinisms when referring to human
behavior. This has led to suboptimal policies in the past; this is the trend that needs to be promoted
and nourished with a fresh look into behavioral insights in order to satisfactorily meet a shift in the
energy consumption paradigm towards a low carbon future. One of the most popular approaches
suggested in the recent literature [36] is to alter the environment in which decision are made so that
humans (from building occupants to operators and managers) are more likely to behave (and make
choices) that may lead to better (more energy-conscious) outcomes.

Accordingly, in order to meet the 2020 and 2050 decarbonization targets, this study foresees
the need to foster dedicated behavioral policies in the building sector (i.e. Energy Performance
Occupant Directive EPOD), besides more traditional Energy Performance Building Directive — such
as the UE EPBD.

Solutions illuminated by this study supported the concept that energy efficiency in buildings
is not merely a technology issue. Conversely, policies and programs pivoting around building
science knowledge and applying behavioral models resolutions to building energy performance
might yield improvements in program cost-effectiveness, as well as the development of more robust
energy conservation strategies. Rigorous testing and evaluation of impacts and outcomes of such
strategies must be employed. Going forward, efforts to strengthen and update multidisciplinary and
international relationships and networks will be continuously nurtured; both within the research and
industry communities, to better drive empirical findings towards the development of behaviorally

driven market actions and building management system codes and standards.
21



15383
1534

References

[1] Economidou M. Europe’s buildings under the microscope. A country-by-country review of the energy
performance of buildings. Buildings Performance Institute Europe (BPIE), October, 2011. ISBN:
9789491143014.

[2] W. Bordass, R. Cohen , M. Standeven, A. Leaman, (2011). Assessing building performance in use 3:
Energy performance of the Probe buildings, Building Research and Information 29, 2: 114-128

[3] B. Bordass, K. Bromley, A. Leaman (1993). User and Occupant controls in office buildings. Building
design, Technology and occupant well-being in temperate climates, Brussels

[4] A.C Menezes, A. Cripps, D. Bouchlaghem, R. Buswell (2012). Predicted vs. actual energy performance
of non-domestic buildings: Using post-occupancy evaluation data to reduce the performance gap. Applied
Energy 97: 355-364

[5] O.T. Masoso, L.J. Grobler. The dark side of occupants’ behaviour on building energy use Energy and
Buildings 42 (2010) 173-177.

[6] T. Hong , H. Lin, Occupant Behavior: Impacts on Energy Use of Private Offices. ASim 2012 - 1st Asia
conference of International Building Performance Simulation Association, Shanghai, China (2013)

[7] C. Filippin, S. Flores Larsen, A. Beascochea, G. Lesino, Response of conventional and energy-saving
buildings to design and human dependent factors. Solar Energy 78 (2005) 455-470

[8] R.K. Andersen, J. Toftum, K.K. Andersen, B.W. Olesen, Survey of occupant behaviour and control of
indoor environment in Danish dwellings. Energy and Buildings 41 (2009) 11-16

[91 T.Hong T, S.C. Taylor-Lange, S. D’Oca S, D. Yan, S.P. Corgnati. Advances in Research and Applications
of Energy-Related Occupant Behavior in Buildings. Energy and Buildings 116 (2016) 694—702

[10] T. Hong, S. D'Oca, W.J.N. Turner, S.C. Taylor-Lange. An ontology to represent energy-related occupant
behavior in buildings. Part I: Introduction to the DNAs framework. Building and Environment 92 (2015) 764-
777

[11] H. Burak Gunay, W. O’Brien, 1. Beausoleil-Morrison, A critical review of observation studies,
modeling, and simulation of adaptive occupant behaviors in offices, Building and Environment 70 (2013)

31-47

22



553

18359
14

[12] M.A: Humphreys, J.F. Nicol, Understanding the adaptive approach to thermal comfort, ASHRAE
Transactions 104:1 (1998) 991-1004

[13] R. de Dear R, G.S: Brager. Developing an Adaptive Model of Thermal Comfort Preference. ASHRAE
Transactions 104-1 (1998) 27-49.

[14] International Energy Agency (IEA) Energy in Buildings and Communities Programme (EBC) Annex 53
— Total energy use in buildings, Analysis and evaluation methods. Final Report IEA (2013)

[15] International Energy Agency (IEA) Energy in Buildings and Communities Programme (EBC) Annex 66
- Definition and simulation of occupant behavior in buildings. www.annex66.org. 2013-2017.

[16] Da Yan, W. O’Brien, T. Hong, X. Feng, H. B. Gunay,F. Tahmasebi, A. Mahdavi. Occupant behavior
modeling for building performance simulation:Current state and future challenges. Energy and Buildings 107
(2015) 264 — 278.

[17] V. Fabi, RV. Andersen, SP. Corgnati, BW. Olesen. A methodology for modelling energy-related human
behaviour: Application to window opening behaviour in residential buildings. Building Simulation, 2013, 6:
415-427.

[18] Fabi V., Andersen RV., Corgnati SP. ,Filippi M., Olesen BW., Description of occupant behaviour in
building energy simulation: state-of-art and concepts for their improvement. Proceedings of Building
Simulation Conference 2011, Sydney, 14" -16" November.

[19] T. Hong, S. D'Oca, W.J.N. Turner, S.C. Taylor-Lange., S.P. Corgnati. An ontology to represent energy-
related occupant behavior in buildings. Part Il: Implementation of the DNAS framework using an XML
schema. Building and Environment 94 (2015) 196-206

[20] IDA ICE 4, Manual version: 4.0. EQUA Simulation AB (September 2009).

[21] R.K. Andersen, V. Fabi, J. Toftum, SP. Corgnati, BW. Olesen. Window opening behaviour modelled
from measurements in Danish dwellings. Building and Environment, Volume 69, November 2013, Pages
101-113.

[22] V. Fabi, RV. Andersen, SP. Corgnati. Influence of Occupant’s Heating set-point preferences on Indoor
Environmental Quality and Heating Demand in Residential Buildings. HYVAC&R Research Journal, Volume

19, Issue 5, July 2013, pages 635-645.

23


http://www.annex66.org/

580

1586
14

[23] S. D’Oca, V. Fabi, R.K. Andersen, S.P. Corgnati, Effect of thermostat and window opening occupant
behavior models on energy use in homes. Building Simulation Journal 7 (2014) 683-694

[24] V. Fabi V, S. D’Oca, T. Buso, S.P. Corgnati. The influence of occupant’s behaviour in a high
performing building. Proceedings of Climamed 13 Conference, 3rd-4th October 2013, Istanbul, Turkey.
[25] Hayes, S.C. & Cone, J.D., 1977. Reducing residential electrical energy use: payments, information, and
feedback. Journal of Applied Behavior Analysis, 10(3), pp.425-435.

[26] Steg, L. & Viek, C., 2009. Encouraging pro-environmental behaviour: An integrative review and
research agenda. Journal of Environmental Psychology, 29(3), pp.309-317.

[27] Dowd, A. et al., 2012. Energymark: Empowering individual Australians to reduce their energy
consumption. Energy Policy, 51, pp.264-276.

[28] Pothitou, M. et al., 2014. A framework for targeting household energy savings through habitual
behavioural change. International Journal of Sustainable Energy, 6451(June 2015), pp.1-15.

[29] Sovacool, B.K. et al., 2015. Integrating social science in energy research. Energy Research & Social
Science, 6, pp.95-99.

[30] Stern, P.C., 2014. Individual and household interactions with energy systems: Toward integrated
understanding. Energy Research and Social Science, 1, pp.41-48.

[31] Palme, M., Isalgué, A., Coch, H., & Serra, R. (2006) Robust design: a way to control energy use from
human behavior in architectural spaces. In Proceedings of the PLEA Conference, the 23rd Conference on
Passive and Low Energy Architecture, Geneve, Switzerland.

[32] Hoes, P., Hensen, J. L. M., Loomans, M. G. L. C., de Vries, B., & Bourgeois, D. (2009). User behavior
in whole building simulation. Energy and Buildings, 41, 295-302.

[33] O’Brien, W. (2013) Occupant-proof buildings: can we design buildings that are robust against occupant
behaviour? In 13th Conference of International Building Performance Simulation Association (pp. 1746—
1754). Chambéry, France.

[34] S. Karjalainen. Should we design buildings that are less sensitive to occupant behaviour? A simulation

study of effects of behaviour and design on office energy consumption. Energy Efficiency 2015

24



606

[35] E. Fabrizio, D. Guglielmino, V. Monetti. Italian benchmark building models: The office building,
Proceedings of the 12th Conference of International Building Performance Simulation Association, Sydney,
Australia, 14-16th November 2011, pp. 1981-1988.

[36] F. Haldi, D. Robinson, Interactions with window openings by office occupants, Building and
Environment 44 (2009) 2378-2395

[37] F. Haldi, D. Robinson, On the behaviour and adaptation of office occupants, Building and Environment
43 (2008) 2163-2177.

[38] J.F. Nicol, M.A. Humphreys. Adaptive thermal comfort and sustainable thermal standards for buildings.
Energy and Buildings 34:6 (2002) 563-572

[39] EN 15251. Criteria for the Indoor Environmental including thermal, indoor air quality, light and noise.
European standard (2008)

[40] S. Herkel S, U. Knapp, J. Pfafferott. Towards a model of user behaviour regarding the manual control of
windows in office buildings, Building and environment 43 (2008) 588-600

[41] V. Fabi, T. Buso, R.V. Andersen, S.P. Corgnati. Robustness of building design with respect to energy
related occupant behaviour. Proceedings of Building Simulation 2013 Conference, 25th-28th August 2013,
Chambeéry, France.

[42] Bourgeois, D. ; Reinhart, C. ; Macdonald, I. Adding advanced behavioural models in whole building
energy simulation: A study on the total energy impact of manual and automated lighting control. Energy and
Buildings, v. 38, no. 7, July 2006, pp. 814-823

[43] C.F. Reinhart, Lightswitch-2002: a model for manual and automated control of electric lighting and
blinds. Solar Energy 77 (2004) 15-28.

[44] Buso, T. et al., 2015. Occupant behaviour and robustness of building design. Building and Environment,
94, pp.694-703.

[45] Parys, W., D. Saelens, et al. How important is the implementation of stochastic and variable internal
boundary conditions in dynamic building simulation. CISBAT. (2011). Lausanne.

[46] J. Beshears and F. Gino. Leaders as Decision Architect. Harward Business Review, 2015

25



Figure

“if a change occurs such as to produce discomfort, people react in ways which tend to restore
their comfort”
- Humphrey and Nicol, 1998

Ad.;ptive .l.).ehavi.(.).rs ! Non- adaptive behaviors
Changes to adapt the i Changes to adapt themselves occupant presence
environment to their needs § | to the environment i i operation of plug-in and equipment
* opening/closing windows : + adjusting clothing reporting discomfort
* lowering blinds i i+ drinking hot/cold beverage § i inaction

+ adjusting thermostats i + moving through spaces

Figure 1. Adaptive and non-adaptive behaviors having effect on building energy performance (comfort and

consumption).
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Figure 2: Typical Floor Plan of the chosen Reference Building and indication of the two simulated zones.
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Table

Table 1: Building characteristics of the two simulated zones.

Light Envelope Massive Envelope
Orientation South East
Area [m?] 24 40
Length [m]
Depth [m]
Height [m] 3,5 3,5
Windows area 7,02 7,2
Window Opening 2% 5%

Table 2: Opaque envelope characteristics of the two simulated zones.

Thermal Mass Light Envelope Massive
External wall surface mass [kg/m?] 52 130
U [W/m?K] 0,31 0,32
Internal wall surface mass [kg/m?] 45 94
U [W/imK] 0,90 1,20
Internal floor surface mass [kg/m?] 169 853
U [W/imK] 1,02 1,96

Table 3: Characteristic of the transparent components of the Reference Building.

Type of component Triple pane glazing, 4-12-4-12-4
U [W/m2K] 1,9
Solar transmittance 0,6
Solar Heat Gain Coefficient 0,68

Table 4. Heating maximum power of the water radiator and cooling maximum power of the cooling device

Heating Max Power [kW] Cooling Max Power [kW]
Zone A 3,15 25
Zone B 6,3 2,5

Table 5. Heating and Cooling seasons for climate locations

Heating Season Cooling Season

Frankfurt 1 October — 1 March 31 May — 30 October
Athens 1 November — 31 March 1 April — 31 October




Table 6. Regression parameters for the Markovian transition probabilities.

Type Parameters Opening probabilities Closing probabilities

Arrival a (intercept) -13,7 3,95
tin 0,308 -0,286
tout 0,0395 -0,05
abs,prev 1,826
R -0,43

Intermediate a (intercept) -11,78 -4,14
tin 0,263 0,026
tout 0,0394 -0,0625
pres -0,0009
R -0,336

Departure a (intercept) -8,72 -8,68
tin 0,222
tout,dm 0,1352 -0,0936
abs,next 0,85 1,534
GF 0,82 -0,845

Table 7. Regression parameters for the single logistic regression

Types Parameters Lowering probabilities
. a (intercept) -3,54
Blinds tout 0,139

Table 8. Regression parameters for the single logistic regression

Turning on heaters

Running fans

Turning on lights

a = intercept 2.73+0.18

-3.80 £ 0.25

247+0.18

b = gradient -0.322 £ 0.017

0.110 £ 0.014

-0.058 + 0.018

Table 9. Example of IDA ICE deterministic native NMF input syntax for opening windows using schedules

(:PAR:N X :V 0.5)
(:PAR:NY :V 0.25)
(:PAR:N DX:V 4)
(:PAR:N DY :V 3)

((OPNCTRL :N "Windowl" :T WINDOW :D "Window")

(:PAR :N OPENING-CONTROL :V PI-CONTROL+SCHEDULE)
(:RES :N OPENING-SCHEDULE :V "Schedule people ORB")))




Table 10. Example of IDA ICE User Customized Code written in NMF syntax, for opening windows

CONTINUOUS_MODEL Logistic

ABSTRACT

"Logistic regression. p=exp(a+bx1+cx2+...)/(1+exp(atbx1+cx2+...))
where a is the offset, b,c ... are coefficients and

x1, X2, ... are variables/insignals

Sends result to multiple output links"

/* Updates: 110921 rka, bounds added to denominator, OutSignal and polyn */
EQUATIONS
polyn:=SUMi=1,n_in
InSignal[i]* Coeffli]
END_SUM + OffSet;

polynom := IF polyn > 700 THEN
700
ELSE
polyn
END_IF;

denominator := IF 1+EXP(polynom) < 0.00001 THEN
IF 1+EXP(polynom) > -0.00001 THEN
0.00001
ELSE
1+EXP(polynom)
END_IF
ELSE
1+EXP(polynom)
END_IF;

OutSignal = IF EXP(polynom)/(denominator)<0 THEN
0
ELSE
IF EXP(polynom)/(denominator)>1 THEN
1
ELSE
EXP(polynom)/(denominator)
END_IF
END _IF;
LINKS

FORi=1.n in
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To secure a sustainable energy development in the residential sector, attitudes and human behavior
need to be modified toward more efficient and conscious energy usage. The goal of this research is to
assess evaluations and to test the effectiveness in reducing domestic electricity consumption. The aim
of the smart monitoring system we evaluate is to provide households with a user-friendly tool that
improves awareness of energy behavior in homes, enabling better management via the visualization of
consumption and persuasive tailored information on domestic electricity use. In our study, the system
was tested on 31 Italian families selected among volunteers all over Italy, participating to the first trial
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such as graphical real-time and historical feedback based on real data and comparison tools to encourage
competitiveness against “similar” households were provided to users through a domestic user-friendly
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The study concludes that energy related persuasive communication is effective in reducing electricity
consumption in dwellings on average —18% and up to —57%.
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1. Introduction

Extended literature studies [1-5] confirm occupant behavior
to be setting the direction for contemporary researches aiming
to bridge the gap between predicted and actual energy con-
sumption in residential buildings. Since the stochastic nature
of occupant behavior, the mutual influences between human-
building-environment cannot be described in a simplistic way,
rather it requires appropriate methodologies and techniques able
to comprehend, describe and reproduce the leverage of occupant
behavior on building operation. In a view of these facts, Stern [6]
firstly highlighted a growing interest around the enhancement of
an integrative, trans-disciplinary science of human-energy inter-
action.

Moving toward a model to understand household behavior,
the human decision to behave in a certain way is driven by a
wide range of internal and external factors [7]. Specifically, in
the area of domestic energy consumption, there is a need to take
into account the physical, social and cultural factors that influence

* Corresponding author. Tel.: +39 3316923934.
E-mail addresses: simona.doca@polito.it (S. D’Oca), stefano.corgnati@polito.it
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and/or constrain user’s choices and behaviors, such as age, gender,
social class, income, geographical position and political differences,
aside from information provisions and economic incentives. More-
over, a study conducted in 2003 by Shove [8] shown the domestic
energy consumption is influenced by dominant conceptions of
comfort, cleanliness and convenience. Interesting examples can be
found in the field of domestic energy consumption where, in spite
of successive campaigns, the take-up of energy efficiency measures
has been disappointing and behaviors have often become more
energy-intensive. The most widespread explanation relies on lack
of information of the leverage of occupant behavior on energy con-
sumption variations. Human attitudes and behaviors are driven by
a complex interaction process: for this reason an interdisciplinary
understanding is a pre-requisite for any strategy aimed at changes.
Thus, disciplines such as sociology, social psychology, anthropol-
ogy and building physics are increasingly cooperating for providing
findings into behavioral patterns of energy consumption in house-
holds.

1.1. Electricity consumption in the residential sector

In 2003 the International Energy Agency (IEA) estimated [9]
that, even with a continuation of all existing appliance policy
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measures, the appliance electricity demand in the residential sec-
tor will grow by 3000 TWh/year by 2030. Accordingly to a later
2007 projection of the EU Commission [10], the final energy net
electricity demand in the European residential sector will grow by
2030 by 3800 TWh/year. The most update 2009 projection lowers
the tendency by 3600 TWh/year by 2030.

In a view of these facts, although significant improvements in
energy efficiency have been achieved in home appliances and light-
ing, the average electricity consumption in the EU-25 households
has been increasing by about 2% per year during the last 10 years
[10]. Some of the reasons for such increase in the residential sector
electricity consumption are associated with a higher degree of basic
comfort and level of amenities (particularly in the new EU mem-
ber countries) and also with the widespread utilization of relatively
new types of loads whose penetration and use have experienced a
very significant growth in recent years.

The introduction of energy labels, implemented with EU Direc-
tives in the last ten years, has produced a positive trend in the sales
of more energy efficient appliances. Consumers have responded
positively to this mandatory information scheme enabling com-
parison of energy-efficiency of various appliance models through
the ranking into the proper energy class (A-G). The introduction
of even better energy classes (A+ and A++) and the broadening
range of appliances labeled are thought to produce even greater
electricity savings. Nevertheless, due to technological limitations in
further reduction in energy consumption, nowadays white goods
and appliances have reached an asymptote in enhancement of
energy efficiency.

Smart electricity meters and home energy communication and
management systems are shown as powerful tools for modeling
residential end user electricity demand patterns as well as testing
ability and potentiality to reduce or adjust domestic consumption.
Results of several studies [11-13] underlined that the energy sav-
ing potential by improving occupant behavior through persuasive
communication is on the average among 15%. In this context, the
evolution of the electric power system to include home energy
communication and management systems offers more flexibility
to energy customers and creates new challenges and needs for
energy providers, distributors and appliances utilities. Also, with
the aim of better aligning electricity generation and demand, this
study is stressing the paramount role of domestic energy users both
as passive energy consumer and active energy prosumers (produc-
ers and consumers). In this view, the employment of home energy
systems in the residential sector is demonstrated as capable to
reduce energy bills by shifting peak consumption and managing
peak demand [14]. Various optimization strategies and method-
ologies are proposed for the efficient coordination of domestic
appliances. Studies are conducted at the academic, industry and
government level both by international and national organizations.
A study conducted by Sarah Darby in 2008 [15] presented an inter-
esting literature survey of the persuasive methods that result in
positive energy behavioral change.

1.2. Energy saving potential by improving occupant’s behavior in
dwellings

The electricity energy consumption is rapidly increasing in the
last years due to the use of a higher number of electric appli-
ances, reflecting the higher economic status of the householders
and their lifestyles. Nowadays, consumption becomes an act of
pleasure beyond satisfying basic needs: consequently, our chang-
ing lifestyle has dramatic impact on world energy demand. Many
serious worldwide problems accompany the increase of electric-
ity use such as global warming, urban heat island, environmental
pollution, CO, emissions and degradation. Common citizens rarely

care about these inconveniences and are often not aware that the
energy they consume in their daily domestic activities is so closely
related to the climate change issue. Moreover, occupant behavior
at home can enormously vary based on different energy related
behavioral patterns: accordingly, Andersen in 2012 [16] demon-
strated that energy consumption in almost identical dwellings may
increase up to a scale of 3. Hence, reducing energy-demand is an
important task to face with, not only worldwide, but also at a house-
hold level is some way.

With the aim of reducing energy consumption in the residen-
tial sector Wood and Newborough [17,18] advanced three general
routes to pursue in the residential sector:

i. replacing the existing housing stock with low energy buildings
designed primarily to minimize heating and cooling loads;
ii. developing and achieving widespread replication of low-energy
domestic equipment (e.g., appliances, lighting)
iii. promoting and achieving “energy-conscious” behavior among
householders.

Another possibility, mentioned by studies conducted by Ueno
et al. [19,20] is to induce energy saving potential by providing
household members with information on actual domestic energy
consumption. While the former two technical routes require much
money (high capital intense investments) and time (long term
results achievement) to accomplish energy improvement, a change
of behavioral pattern by energy-saving education of users can save
energy without almost any additional investment in infrastructure
(low capital intense investments); moreover, the energy-saving
effect can appear quickly (short term results achievement).

1.3. Empowering domestic user awareness by energy
consumption displays

The concept of displaying energy consumption to domestic con-
sumers in order to promote energy saving behaviors has been
suggested since 1970s [21]. Nowadays, home automation tech-
nologies allow displaying energy information with the aim of
educate, motivate, incentive and persuade domestic users toward
energy saving behaviors. Field studies on environmental behavior
conceptualized persuasive strategies, pointing out that energy con-
sumer may be influenced by antecedent (general) and consequent
(feedback) information. Antecedent strategies announce the avail-
ability of positive or negative consequences through information,
prompts, demonstration and commitments. Such supply informa-
tion describes practical ways for reducing energy consumption and
could be in the form of brochure, notice, booklet posted through the
door, TV programs or Internet sites. Several field studies (Dennis
et al, Winnet et al.) [22,23] reported that significant energy sav-
ings can be achieved by providing antecedent information about
methods of energy conservations. However, antecedent informa-
tion has proven to be less effective in accomplishing behavioral
changes than consequent information.

Consequent strategies provide feedback of positive or negative
consequences through prompts, real time visualization, and tailo-
red information. Van Houwelingen and Van Raaij [24] found that
the most effective feedback is that which more immediately fol-
lows an action. Moreover, Stern [25] argued that it is not the time
step differences between days, weeks and months that is important
to communicate to users, but that the feedback appears immedi-
ately after an action that attempts the goal of energy saving. Stern
also stated that the most effective energy information is that which
captures the attention of the audience, gains involvement and is
credible and useful in the user situation.
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However, Wood and Newborough [17] underlined that an
adverse effect can often occur in persuasive communication stud-
ies, so called Fallback effect. The Fallback effect has been defined
by Wilhite and Ling [26] as “the phenomenon in which newness of
a change causes people to react, but then the reaction diminishes
and the newness wears off”. Coherently to this statement, a study
conducted by Hayes and Cone [21] found that information alone,
such as a poster describing ways to reduce electricity consumptions
of individual electric appliances, has temporary effect in reducing
electricity consumption.

Interestingly, Stern [25] suggested that the conclusion of
research on the responsiveness of consumers to general energy-
saving information is heavily affected by the Hawthorne effect. As
stressed by Seligman and Darley [27], since subjects are aware that
they were taking part in an energy study, people exposed to feed-
back are performance affected and the average reduction in energy
usage could be mystified and not realistic.

1.4. Motivating users to energy saving behaviors through
feedback information

From the literature concerning feedback information [27-31]
little clarity emerges on how best to achieve energy saving potential
in households. A study conducted by Harkins and Lowe [32] gave
evidence to the fact that if users are given a goal to reach they
feel a sense of satisfaction of achievement from reaching that goal.
Achievement goals or benchmark may contribute significantly to
performinawide range of social, academic and cognitive behaviors.

Moreover, if users are shown how much energy they are using
compared to their peers, they may well get satisfaction from know-
ing they are doing better than others. For this reason, the display
design could seek to exploit the competitive need to win by putting
the householders in a kind of energy race. By giving them informa-
tion about how much energy they use compared with statistical
average for other group of households having similar domestic pro-
file (household members, age, size of the dwellings, etc.) they may
experience significant motivational opportunity, feeling they are
winning or losing at being energy efficient.

Regarding the feedback display’s form, it is important to evi-
dence how units have strong influence on the consumer as they
effectively dictate the comprehension, giving relevance and mea-
surability to the energy use. Using the kWh as display unit would
be the most obvious choice among technicians for identifying elec-
tricity energy use. However, understanding of this unit is limited
for energy users: the majority of the common population does not
understand energy units and experiences difficulties in defining a
kWh and in estimating how much energy will be needed for dif-
ferent end-use event. Moreover, people may not understand the
relevance of the amount of energy they are using to the effect it
has on environment.

Economic effects shown to energy users could display how
much money they are spending as they use their appliances. Wood
and Newborough [18] showed evidence that this could be effec-
tive only if the savings are large. However, in most cases, the
monetary savings will be small as a proportion of total spend per
total unit time. Accordingly, displaying energy in units of money
could be ineffective of even unhelpful for motivating and main-
taining energy saving behavior. People might consider their energy
expenditure as a small part of their total spending, minimizing the
perception of the domestic energy use as trivial or unimportant.

Environmental effects shown on display would represent dif-
ferent indirect effects that an energy user might have on the
environment such as CO, emission avoided by means improve-
ments in energy domestic behavior.

2. Method

Goal of the research is to assess evaluations and to test the effec-
tiveness in reducing domestic electricity consumption of the Italian
smart monitoring system Energy@home for residential buildings.
The Italian Energy@home project [33] aims to endow householders
with a cost-effective tool thatimproves energy behavior awareness
by means of real-time energy monitoring and persuasive feed-
back communication system, allowing users to better understand
electricity usage and manage more efficiently their electric energy
loads at home. The project envisions a communication web plat-
form that can provide users with information on their household
consumption directly on the display of smart appliances, on the
smart phone or on their computer by means graphical user/friendly
interfaces, based upon information exchange and persuasive feed-
back information related to real monitored electricity usage in the
home domain.

The Energy@home kit includes several devices involved in the
residential energy management [34]. A brief description of the
home kit is provided in Fig. 1 and listed below:

i. The Electronic Meter, is responsible for providing certified
metering data. The meter is interfaced via a new-generation
device called Smart Info, able to gather data via wireless coming
from the meter and from the household appliances;

ii. The Smart Appliance (Indesit washing machine), is able to com-
municate via ZigBee among the Home Area Network;

iii. Five Smart Plugs, able to collect metering data and to implement
a simple on/off control on the plugged energy loads other than
Smart Appliances;

iv. The Home Residential Gateway, which acts as the central coor-
dinator of the entire home. It allows data exchange between
the devices operating in the Home Network, in the Home Area
Network, and in the Internet.

v. The Customer Interfaces are all the devices used by the
customer to monitor and configure his/her energy behavior.
Typical Customer Interfaces are personal computers, smart
phones, ad-hoc displays, entertainment systems, in-house
monitor.

3. Calculation

A trial test of the Energy@home system was conducted from
October 2012 to November 2013.

In this first trial phase, the Energy@home kit was installed
in more than 50 test households, selected among volunteers all
over Italy. Each trial user was named as “Hag” and coupled with
an identification code. In each of the 50 test households, both
global electricity consumption (data gathered from the smart
meter) and electricity consumption of single appliances (smart
appliance and smart plugs) were recorded with a two minutes
time-step. Several potentialities of the system were tested (i.e.,
system switching on and off, appliances and plug testing in
different rooms) in trial-households. For this reason, only con-
sistent electricity loads gathered in 31 selected trial-households,
were considered for the analysis. A combination of persua-
sive communication strategies such as graphical real-time and
historical feedbacks and comparison tools to encourage compet-
itiveness against “similar” households were provided to users
through the domestic user-friendly interface of the Energy@home
kit.
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Fig. 1. The Energy@home home kit description.

3.1. Capture actual domestic energy consumption by means
constant monitoring

Electricity pattern loads were clustered for a set of 12 trial users
having 4 households family composition, selected among the 31
representative trial users, which were actively testing the system
over the time period the newsletters were sent. Only 12 trial users
were selected based on electricity data consumption availability
and consistency and their pattern loads were clustered to be shown
into the tailored newsletters. Moreover, these trial users were
selected based on the criteria of being exposed for the first time to
energy visualization in order to test the effectiveness of reducing
energy consumption by providing them with tailored information
regarding actual energy load in their homes, when compared to
other similar users.

Pattern loads for family types may be further clustered based
on number and age of the household members or family habits
dependent on daily routine (number of hours spent at home/work
from each householder), leading to wider group scenarios. As a mat-
ter of fact, energy related behavior are not only dependent from
the number of households, rather factors such as age of compo-
nents, number and type of electrical equipments normally used as
well as presence of electrical heating systems (such as fan coils,
heat pumps, air conditioners) and electrical boiler for domestic hot
water production may heavily affect domestic energy consumption
and pattern loads.

For each of the 12 monitored trial users, an average 24 h pattern
load identifying household typical behavior regarding global elec-
tricity consumption was created and a weekly mean value of the
average daily pattern load was deduced (Fig. 2). Pattern loads were
basically distinguished from working days (from Monday to Friday
in Fig. 3) and weekends (Saturday and Sunday in Fig. 4), since daily
routine may vary with great influence on electricity energy uses.

In Fig. 3, the weekday average daily pattern load presents an
obviously extra consumption curve for Monday. This is significant
for the Italian case study, since many commercial activities close
on this weekday having inevitably local impacts on domestic elec-
tricity consumption patterns. Electricity consumption pattern load
variation from weekday to weekend is highlighted in Fig. 5. The
black dotted line in Fig. 5 indicates the average consumption of 12

trial users during weekdays. The pattern follows the typical daily
routine of a working family during working days:

¢ peak in consumption between 7:00 and 10:00;

¢ standby consumption during the central part of the day;
e drastic rise in consumption from 17:00 to 20:00;

¢ high but stable consumption between 20:00 and 24:00;
e fall down of consumption in the night hours.

The gray dotted line in Fig. 5 indicates the average consumption
of 12 trial users during weekends. The pattern follows the typical
daily routine of a family during weekends:

¢ no peak in consumption due to wakening-time activities

e rise in consumption above 9:00 (late wakening) with a peak
around 11:00 (generally associated to house cleaning and
cooking activities)

e high but semi-stable consumption during the whole day until
24:00 with a deeper valley around 18:00 (nap time)

e fall down of consumption in the night hours.

3.2. Cluster trial users into family type

The relatively small sample of trial users (12 trials were ana-
lyzed) did not allow the authors to group users taking into account
more than one variable. The selected variable to cluster users into
“family types” was the household composition (2-6 family mem-
bers). However, in order to coherently evaluate the energy profiles
of families in each family type, volunteers were also asked about
information on family habits and type and number of electricity
equipment home installed. Information were gathered by means
a web questionnaire created in Google Drive so that similar users
living in similar houses can be identified. Google Drive provides
a useful tool for gathering data: from the respondent standpoint
questionnaire survey form is simple to understand and fill, whilst
gathered data are automatically aggregated into a standard report
easy to export into Excel files. Link to the web questionnaire [35]
was sent by e-mail to trial-users, asking them to answer to simple
and non-intrusive short questions, mainly listed below:
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Weekly average daily patternload for 12 trial users
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Fig. 2. 4 households family type weekly average daily pattern load for electricity consumption.
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Fig. 3. 4 households family type weekday average daily pattern load for electricity consumption.
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Fig. 4. 4 households family type weekend average daily pattern load for electricity consumption.
e Number of identification of the trial-user ¢ Domestic household information, such as number and age of per-
e Location of the trial-user sons in the family, level of education, activity and un-occupied
¢ House information, such as building type, orientation, size, age period
of construction, state of maintenance e Appliance usage information, such as number and kind of owned

e Electrical plant system information appliances, time and period of usage.
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Average daily pattern load for 12 trial users
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Fig. 5. 4 households family type average daily pattern load for electricity consumption.
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Fig. 6. Electricity annual consumption projection with reference to a trial user having family composition of 4 households.

3.3. Compare monitored energy loads to benchmark (vertical and
horizontal) values

Among the clustering methods, the comparison of the users’
current electricity consumption to reference values emerged to be
effective. Reference values (benchmark) may derive from existing
studies providing average national values (vertical benchmarking),
or from past energy consumption monitoring data (horizontal
benchmarking) related to specific users’ (family type) profiles, of
the user itself. Reasonably, if benchmark setting were to be used,
the boundary of the stated benchmark must be carefully consid-
ered. Likewise for goals, if a target is too easy the effects could be
limited, while unrealistic goals can cause distress.

Useful vertical benchmarks related to typical domestic energy
consumption in Italy are provided by the National Agency for elec-
tricity and gas energy consumption (AEEG, Agenzia per I'Energia
Elettrica e il Gas) [36] and by the Italian National Institute of Statis-
tics, ISTAT [37].

¢ The average electricity energy consumption for an Italian family
(4 households and installed power of 3 kW) is settled by AEEG as
2700 kWh/year.

¢ The correlated average energy consumption is settled by AEEG as
516 € /year.

e The average Italian electricity energy consumption procapite is
settled by ISTAT as 1200 kWh/procapite

The creation of horizontal benchmarks for typical energy con-
sumption of homogeneous groups of users (family type), reveals
to be the compromise between the general and averaged bench-
mark value provided by national surveys, and the very specific one
given by the monitoring of individual energy consumption pattern
load. Moreover, several literature studies [38-40] gave evidence
to the fact that even similar family types, both in terms of build-
ing and household characteristics, may behave following dissimilar
trends, making unfeasible the creation of coherent and effective
benchmarks.
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Fig. 7. Electricity annual bill projection with reference to a trial user having family composition of 4 households.

For every trial user, a projection of the electricity annual
consumption (Fig. 6) and annual electricity bill (Fig. 7) as well
the procapite consumption (Fig. 8) was made. The following
coefficients were used:

* 0,19 €/kWhel fixed rate for domestic electricity consumption
(1st October 2013) [36]

® 0,422 kgCO,/kWhel for emissions related to electricity produc-
tion in Italy (2011) [41]

Procapite Electricity Annual Consumption Projection
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Fig. 8. Procapite electricity annual consumption projection with reference to a trial
user having family composition of 4 households.
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Average values were highlighted and comparison to the
national annual average electricity consumption (2700 kWh/year
corresponding to 516<€/year) accordingly to AEEG and for
the procapite national annul average electricity consumption
(1200 kWh/procapite year) accordingly to ISTAT was provided.

3.4. Provide energy visualization and feedbacks to occupants
through tailored newsletters sent via e-mail

A good way to persuade consumers toward energy saving
behaviors emerged from literature is showing users how much
energy they have used in one situation. This information was used
to compare how much they used in a subsequent week or how
much energy used a trial user having same household characteris-
tics. This comparison made trial users aware they were using more
or less energy than usual or than similar households and there-
fore, motivating the desire to better control energy consumption.
With the aim of successfully motivate energy consumers, besides
the continuous feedback provided by the real-time interfaces of
the Energy@home kit, a total number of 9 web-newsletters were
sent to 10 trial users (via e-mail) in order to prompt users with a
specific information, in the period from 27/03/2013 and 17/7/2013
(Table 1).

Based on the analysis of the average daily pattern loads for elec-
tricity consumption, for every family type (Fig. 6), threshold values
were settled based on typical consumption pattern ranging from
“energy saver”, “on the average”, up to “energy intensive”. Not a
singular value but a range of positive and negative values around
the average was considered significant for clustering the typical
consumption pattern for similar household compositions. Specifi-
cally, a Buffer Acceptability Range (BAR) composed by three bands
was created on a daily basis (Fig. 9), regarding the whole week
(Monday-Sunday).

¢ The yellow band corresponded to “average” consumption
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Table 1
List of 9 web-newsletters sent to 10 trial users.
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9 newsletters sent to 10 trial users

15/02/2013 01/03/2013 15/03/2013 27/03/2013 05/04/2013 23/04/2013 21/05/2013 09/07/2013 17/07/2013
Prompts on global Prompts on Prompts on Suggestion of Prompts on Which is the Prompts on Prompts on Visualization of
energy energy stand-by actions to refrigerator most energy smart washing  smart washing  changes in
consumption consumption energy reduce energy consuming machine machine energy
with reference  consumption stand-by consumption appliance? energy energy consumption
to family type energy consumption consumption load
consumption (PartI) (Part II)
Buffer Acceptability Ranges (BAR) for typical consumption patterns
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Fig. 9. Buffer acceptability ranges (BAR) for typical consumption patterns ranging from “energy saver”, “on the average” up to “energy intensive”.

e Two more bands were defined to identify a valid range of “energy
intense” (red band) and “energy saver” (green band) typical con-
sumption.

For every hour of the day, higher and lower limits were defined
around the mean value by adding and subtracting the standard
deviation to the average values.

The Buffer Acceptability Range for typical consumption pat-
tern profiles was therefore used as self-reference value (horizontal
benchmark) for the weekly average electricity energy consumption
of each specific family type. Daily average pattern loads of each of
the trial users were overlapped to the BARs in order to provide users
with tailored information regarding their typical consumption pat-
tern. The study therefore highlighted for how many hours of the day
the electricity consumption of each trial user was bounded into as
“energy saver”, “average” or “energy intensive” behavioral pattern
(Fig. 10).

It is believed that there is a social driver at work in the presen-
tation of energy use in comparative fashion. If households realize
they use more energy than their peers, it is assumed they will be
motivated to reduce consumption.

Based on the former mentioned analysis, easy-to-understand
graphs were provided to users, with the aim to:

i. enable them to evaluate their own improvements (or wors-
ening), on a weekly basis, during the monitoring period and
compare them with those of similar households (Fig. 11)

ii. boost competition between trial users involved into a kind
of «social-energy race>, driving users toward always more
energy saving behavioral profiles (Fig. 12)

4. Results

Main purpose of this study was to evaluate the energy sav-
ing potential by improving household occupant’s behavior through
energy-saving education and rise in user awareness in energy use.
In this aim, the study observed whether the suggested changes
were actually implemented and discerned actual energy saving,
also in terms of economic and environmental impacts.

Comparison between electricity consumption at the beginning
of the monitoring period and an arbitrary date of ending period
(31st October) was performed for each of the 31 selected trial users.
Outcomes of the research demonstrate that the Energy@home sys-
tem is an effective tool in reducing electricity energy consumption
at home on the average among -18%. Results (Fig. 11) demonstrated
that more than 73% of the testing-users (23 over 31) achieved
energy savings, after installing the Energy@home system Signif-
icantly, “best case” trial user managed to lower the electricity
energy consumption up to -57%. Moreover Fig. 13 shows 26% of
the test-users (8 over 31) did not manage to reduce their energy
loads and consumed more energy up to 32%. Households happened
to increase their electricity consumption even if exposed to the
Energy@home real-time monitoring system and feedback messag-
ing. Some reason can be attributed to the fact that, on the short
term, residential occupant behavior is ruled by habits and rout-
ines which are hard to break and more persistent exposure to
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Energy profile for a selected trial user
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Fig. 12. Energy race among a cluster of 12 trial users having family composition of 4 households.

the system may be needed. In this view, authors find interesting
to further investigate the possible relationships among household
composition and the tendency to energy consumption intensifica-
tion despite the exposure to energy saving programs.

A total number of 9 web-newsletters were sent to 10 trial users
(via e-mail) in the period from 27/03/2013 and 17/7/2013. The
effectiveness of these newsletters in reducing energy consump-
tions was calculated as the variation in energy consumption trends

with respect to reference average values. Average values of the sea-
sonal energy consumption was calculated. Moreover, in the time
step between the dispatches of two newsletters, an average value
of energy consumption was calculated.

The effectiveness of the first newsletter in reducing electricity con-
sumption was calculated as the variation in energy consumption
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Fig. 13. Global energy saving achieved during

trends with reference to the seasonal average for 10 monitored
trial users.

The effectiveness of the following newsletters in reducing elec-
tricity consumption was calculated as the variation in energy
consumption trends with reference to the average energy con-
sumption in the time step between the dispatches of two previous
newsletters for 10 monitored trial users.

In order to give evidence of the newsletters that enabled trial
users in achieving the greatest energy savings on energy con-
sumption variation, results were expressed in terms of energy,
economical and environmental savings (Fig. 14). The most effective
newsletter was the one sent on the 27/03/2013. This newsletter
provided trial users with tailored information on their stand-
by consumption, prompting them with suggestion on actions
to perform in order to reduce the stand-by energy consump-
tion in their households. This newsletter allowed trial users to
save up to 1131 kWh of electrical energy, equivalent to 214€
in terms of economical savings and correspondent to avoid the
emission of 477 Kg CO, in the atmosphere, in terms of environ-
mental savings. The less effective newsletter was the one sent
on the 15/02/2013. This newsletter provided trial users with
tailored information related to their global energy consump-
tion.

the trial testing phase of the Energy@home system.

5. Discussion

Goal of the research was to assess evaluations and to test
the effectiveness in reducing domestic electricity consumption of
the Italian smart monitoring system Energy@home for residential
buildings. Results from literature underlined that the energy sav-
ing potential by improving occupant behavior at home is on the
average among 15%.

The Energy@home system is an effective tool in reducing
domestic electricity energy consumption on the average among
18%. Results demonstrates that more than 73% of the testing-
users achieved energy savings, after installing the Energy@home
system in their homes. Significantly, “best case” trial user
managed to lower its electricity energy consumption up to
—57%.

The persistency of this kind of persuasive communication on
energy saving has not been tested. Nonetheless, from several recent
works in related fields [19,20] it emerged that high level of educa-
tion, interest in environmental topics and energy related research
issues are parameters that positively influence the potential of
long term effectiveness of real time energy monitoring, visual-
ization and feedback in the residential sector. In the specific case
study, authors find interesting to investigate the persistence of the
proposed persuasive communication messaging methodology in
further studies.
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Fig. 14. Global savings (energy, economical and environmental) per newsletter.

The effect of climate seasonal changes has been considered
and isolated when evaluating the effect of tailored newsletter in
reducing electricity energy consumption. The effect of other out-
side disturbing parameters such as time of the day, order and
type of information sent in the newsletters or side correlations
among information sent - just to mention some - has not been
considered in this study. Nevertheless, it is worthy of interest for a
deeper understanding on human centered studies and behavioral
programs to determine the effectiveness of persuasive communi-
cation.

The Energy@home system is designed and intended as a per-
manent domestic tool to improve user awareness on household
electricity consumption on the long run. It is plausible to assume
that persistence of energy saving may benefit from long term expo-
sure to real time energy consumption visualization, feedback and
prompts.

Energy consumption in the household sector is tremendously
influenced by occupant behavior. It is in authors’ knowledge that

simple vertical and horizontal benchmarking may led to oversim-
plification and uncertainty to estimate energy savings compared
to baseline energy usage. Nevertheless several studies and behav-
ioral programs (such as Opower [41], Enernoc [42] in the United
States and Eviz [43,44] in Europe) focusing on peer comparisons
demonstrated that showing domestic consumers information on
the energy consumption of their neighbors is one of the most
widely used and effective methods to encourage the adoption
energy saving measures and decline energy use intensity. In a view
of these facts, horizontal and vertical benchmarks were only used
as motivational stimuli to drive energy saving behaviors among
testing users. Energy savings were then calculated by comparing
household energy consumption during the Energy@home messag-
ing and feedback testing phase.

The method used in this paper had the aim to demonstrate
the effectiveness of persuasive strategies, personalized energy
feedbacks and real time prompts in reducing electricity energy
consumption at home, applied to the specific Energy@home case
study. Nevertheless, it is in authors’ knowledge that the 31 house-
holds testing sample is not relevant to justify the effectiveness of
the system at the whole national level. Further research develop-
ments and broader sample tests are required in order to identify
the robustness of the proposed methodology and analyzed system
to improve customers’ energy saving opportunities and potential
in residential buildings.

Specifically in Italy, accordingly to a study conducted by the
European Environmental Agency in 2011 [45], thermal loads
account for more than 84% of the domestic energy consumption
breakdown (68% for space heating, 9% for water heating and 6%
for cooking), whereas only 16% of domestic energy consumption
is used on the average for lighting and electrical appliances usage.
For this reason, there is a strong need to integrate thermal load
monitoring also into the Energy@home kit, in order to perform a
comprehensive monitoring of the whole energy use of the domestic
energy consumption.

6. Conclusions

A test of the effectiveness of Energy@home System was pre-
sented in this paper. The study aimed at enhancing the user
awareness related to domestic energy uses and hence the energy
efficiency of the whole house system. Main achievement of the
research project are listed below:

i. Capture actual domestic energy consumption by means real-

time monitoring

ii. Cluster trial users into household family types

iii. Compare monitored energy loads to benchmark (vertical and
horizontal) values

iv. Provide information, prompts and feedbacks to occupants
through real time user-friendly interface visualizations and tail-
ored newsletters sent via e-mail

v. Observe whether the suggested changes are actually imple-
mented and discern energy saving, also in terms of economical
and environmental impacts.

Outcomes of the research demonstrate that the Energy@home
system is an effective tool in reducing domestic electricity energy
consumption on the average among —18%. In the Italian scenario,
whether this energy saving would be achieved by 29.2 million Ital-
ian electricity domestic consumers, in one year a total amount of
2128 Million € can be saved, equivalent to 71.6 € saved in the elec-
tricity bill and corresponding to avoiding the emission of 5.8 Million
tons of CO,.
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Nonetheless the persistency of this kind of persuasive commu-
nication on energy saving has not been tested in this study, the
results are significant to show how improved occupant behavior
can be seen as a zero-cost (or low-cost) investment to enhance the
energy saving potential in residential buildings. Indeed, simple and
low cost solutions which can be provided to a large amount of peo-
ple may offer a higher aggregated result than higher cost solutions
provided to only a few (i.e., renovation packages in energy building
retrofits).

A goal for future domestic energy control devices is therefore to
became a cost-effective and reliable tool able to raise user aware-
ness regarding total energy uses in residential buildings and hence
to guide users toward more energy saving behavioral profiles.
Moreover, the project is a further step toward the development
of the so-called “smart grid” in the Italian electricity market, which
would allow continuous real-time two-way information exchange
between utilities and home appliances. Final aim is to enable
domestic electricity customers to manage in a more smart way their
energy loads and consumption patterns depending on power sup-
ply and prices, hence enhancing the energy efficiency of the entire
house system.
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Abstract

An increasing body of research is underlying the need to foster energy behaviors and
interaction with technology as a way to achieve energy savings in office buildings.
However, engaging office users into more “forgiving” comfort-adaptive behavior is
not a trivial task, since neither consequences nor benefits for changing behavior have
visible or tangible effects on them personally. Since the 70’s, survey studies in the
field of building science have been used to gain better understanding of
multidisciplinary drivers of occupant behavior with respect to comfort and energy
requirements in buildings. Rather than focusing on individual behaviors — and
influencing factors — purpose of this survey research is to provide quantitative
descriptions on the collective and social motivations within the complexity of different
social groups in working environment, under different geographical context, culture
and norms. The resultant questionnaire survey emerges as a combination of traditional
and adaptive comfort theories, merged with social science theory. The questionnaire
explores to what extent the occupant energy-related behavior in working spaces is
driven by a motivational sphere influenced by i) comfort requirements, ii) habits, iii)
intentions and iv) actual control of building systems. The key elements of the proposed
occupant behavior motivational framework are grounded on the Driver Need Action
System framework for energy-related behaviors in buildings. Goal of the study is to
construct an additional layer of standardized knowledge to enrich the state-of-the-art
on energy-related behavior in office buildings.

Keywords: energy-related occupant behavior, questionnaire survey, motivation, DNAs
framework, office buildings



1. Introduction

In Europe and US, about 40% of the total primary energy consumption derives
from building construction and operation. Specifically, more than 60% of this amount
depends on the energy consumption for heating, cooling, ventilation and lighting,
meaning a huge proportion of world energy consumption is spent to maintain
comfortable and healthy inhabited environments. As demands for low energy
consumption is constantly increasing, architects and engineers are facing great
challenges of saving energy while maintaining or even improving current comfort
levels for occupants. The implications of occupants’ behaviors seeking for comfort
conditions in indoor environments are undoubtedly essential for building energy
requirements.

Recent advancements in energy researches have brought about more awareness of
the importance of the human dimension as part of the energy system. Achieving energy
conservation emerged as a double challenge, partly technical and partly human. Energy
consumption may vary largely due to how occupants interact with system controls
(thermostats, lights, equipment, etc.) and the building envelope (windows, blinds,
shades, etc.) to adapt themselves to the thermal and visual environment.

There is a growing body of research underlying the need to foster energy conscious
behaviors and interaction with technology as a way to achieve energy savings [1-4].
Results from a simulation study to evaluate the impact of occupant behavior on energy
use of private offices [5] demonstrated that occupants with wasteful work-style
consumed up to 90% more energy than standard users, while austerity work-style
occupants used half of the energy of the standard occupants. Accordingly, the
development of energy conservation technologies is a necessary but incomplete step
toward energy efficiency goals and net zero energy buildings. However, it is a
challenging task to develop reliable scenarios of the impact of occupant behavior on
final energy usage due to the stochastic nature of human behavior [6].

It is shown that users allowed to interact with control systems are more satisfied
with their own working environments [7], since they became more forgiving to adapt
themselves to the variation of indoor climate conditions and to tolerate greater
fluctuations in acceptable temperature ranges [8]. In this context, leading building
occupants in workspaces towards comfort-adaptive energy-saving behaviors can be
seen as an effective and low-cost investment [9] to reduce energy consumption by up to
30% [5]. This can be achieved by maintaining comfort condition and increasing
satisfaction and productivity [10]. Yet, in office buildings, engaging users into more
“forgiving” indoor climate conditions [11] — sometime at the expenses of indoor
environmental quality and comfort — is not a trivial task. Differently from the household
context, neither consequences nor benefits for changing behavior (i.e. saving money
from the energy bill) have visible or tangible effects on them personally. For this
reason, it is necessary to achieve a deeper understanding of the motivation structure
towards the concept of “forgiveness” and comfort-adaptive (and energy-saving)
behaviors within the complexity of different social groups in working environment.

The future of occupant behavior studies remains a multidisciplinary and
controversial field [12], since comfort condition and energy use is recognized not



merely related to physical parameters but also factors. In order to fully understand
occupant behavior based on facts rather than hypothesis, there is a need for discovery of
a layer of social, contextual and group interaction constructs related to individual
motivations, which overlap the four key components of the human-building interaction:
i) the Drivers of behavior, ii) the Needs of the occupants, iii) the Actions carried out by
the occupants, and iv) the building systems acted upon by the occupants [13].
Motivation emerged as a key unlocking parameter for behavioral change, as largely
discussed in the field of behavioral science theory [14, 15]. As described in the Theory
of Planned Behavior [16], motivations are driving behavior, and can be assumed as a
proxy to describe actual behavior. Questionnaire studies conducted in the field of
behavioral studies [17-18], also confirmed motivation can be assumed to be the
immediate antecedent of behavior. Building occupant behavior research commonly
focuses on direct observations such as sensor or other non-self-report data. In contrast,
social science research generally deals with self-report data or latent variables such as
motivations, beliefs, perceptions, emotions, and attitudes. To the extent that perceived
behavioral control communicated by the questionnaire respondents is veridical, it acts
as a latent variable for actual control and can contribute to the prediction and estimate
of the behavior in question. Social science provides quantitative methodological
descriptions on how to develop survey researches related to human subjects [19]. Since
the 70’s, a wide spectrum of building science researches started dealing with the
variables of occupants’ comfort satisfaction, need, acceptance and energy concerns.
Yet, surveys have been widely used to gain a better understanding of occupant behavior
and comfort requirements in office buildings, as reviewed in Ackerly et al [20].

2. Methodology

The purpose of this survey research is to provide standardized quantitative
descriptions on the motivations driving occupant behavior in office buildings. Rather
than focusing on individual behaviors and influencing factors, key results aim to be
generalized under collective and social conventions shaped by geographical and
climatic contexts, culture and norms.

Adaptive |  Occupant behavior theory CFomfort theory Physical environment
Pshycologi(fal (Humphrey et al) { <Di”[9)22r & Brager Physiological parameters
Social Questionnaire surveys | E { ger)
Contextual

(Ackerly etal) i

y (Brown et al) Ability

Situati ibilit, Harland et al
ituation responsibility ( ) Tothoology

Attitude | Theory of planned behavior

1 Social practice theory {Knowledge
Efficacy (Aizen et al)

Awareness of cunsequences‘| Norm activation theory |

Figure 1. Structure of the OB Motivation Framework



The survey structure is primarily grounded on the DNAS ontology for energy-
related occupant behavior in buildings [13]. In this framework, the goal of the study is
to create an additional layer of standardized knowledge on energy-related behavior in
office buildings, to enrich the state-of-the-art. The resultant self-report questionnaire is
a combination of key questions emerged in a comprehensive literature review of
occupant behavior questionnaire surveys [20], Humphreys’ principle of occupant’s
interaction with control systems in buildings [21], traditional [22] and adaptive comfort
theories [23] merged with social science theories [15-18, 24]. The questionnaire
explores to what extent the occupant energy-related behavior in working spaces is
driven by an individual motivational sphere influenced by i) comfort requirements, ii)
habits, iii) intentions and iv) actual control of building systems (Table 1)

Table 2. Structure of the OB Motivation Survey Framework

Section Context Focus Area References
thermal comfort
5 physical environment visual comfort Brager et al, 2004 [23]
E IAQ
3 gender
physiological parameters age Fanger, 1987 [22]
adaptive past behavior
phsychological response automaticity
& social social norms Ackerly et al, 2012 [20]
=) workstyle routine Humphreys et al, 1995
I
contextual empolyment _ro_Ie [21]
country of origin
enviromental factors
awareness of . A
g consequences perceived subjective norms og\\;\,;zszta;lag 025)11:[31[61]5]
|5 sntttytatéon responsability perce!veg sqclzll_al norms Harland et al, 2007 [17]
£ attitude perceived willingness Stern et al, 1986 [18]
efficacy perceived effectiveness
knowledge perceived control
S actual control
§ ability perceived access Brown et al, 2009 [24]
) perceived impediments
technology perceived achievements
3. Results

As the first step towards the development of the motivational framework, a field
survey structure is settled in order to understand the predictor variables leading
occupants to adapt to and to accept more rigid comfort conditions reducing or not
relying on the mechanical control systems in offices.

The occupant motivation survey is structured into the following 4 sections,
corresponding to the framework structure. For each section, the questionnaire defines i)
the context of the question and allocates distinct ii) focus area categories, and provides
background references, as follows:




1. Comfort (Table 2)
a. Physical environment: thermal comfort; visual comfort; acoustic comfort; IAQ

b. Physiological parameters: gender; age

2. Habits (Table 3)
a. Adaptive: past behaviors
b. Psychological: response automaticity

c. Contextual:

workstyle

routine;

environmental factors
3. Intention (Table 4)
a. Awareness of consequences: perceived subjective norms
b. Situation responsibility: perceived social norms
c. Attitude: perceived willingness
d. Efficacy: perceived effectiveness
4. Control (Table 5)
a. Ability: perceived and actual control; perceived access and impediments
For each of the focus area categories, the questionnaire allocates iii) survey questions
and specifies iv) the scale or the options for the questionnaire responses.

employment

role; country of origin;

Table 2. Comfort Section: Occupant Behavior Motivation Survey Framework

Context Focus Area Survey question Scale
Grade your typical thermal
comfort satisfaction in your | ASHRAE 7 points scale
working space
§ Air draft
§ Floor too cold (cold feet)
thermal comfort What's the most frequent § Too cold du_ring winter
cause for thermal § Too hot durl_ng summer - .
discomfort? 8§ Too aggressive heatl_ng durl_ng winter
' 8§ Too aggressive cooling during summer
§ Zones at different temperatures
. § Cold nearby windows
physical Grade your typical visual

environment

visual comfort

comfort satisfaction in your
working space

dissatisfied/satisfied 7 points scale

What's the most frequent
cause for visual discomfort?

§ Improper office lighting

§ Excessive office lighting via natural means
§ Glare on my computer/working plane

§ Lack of view from outside (eye tiredness)

Grade your IAQ satisfaction

dissatisfied/satisfied 7 points scale

1AQ What's the main cause for § Stuffy air
indoor air quality § Co2 concentration
discomfort? § Bad/strong/offensive odors/scents
physiological gender What's your gender? male/female
parameters age What's your age? cardinal

The questions and scale/options for self-report responses are designed to comply with
the principles of specificity (qualitative responses) and generality (quantitative
responses) [20]. Insights from social science are borrowed to design a correct order of
the questions to avoid biased effects on the answer of the respondents [19].




Table 3. Habits Section: Occupant Behavior Motivation Survey Framework

Focus Area Survey question Scale

Context

| typically perform these adaptive

actions to make myself comfortable

because: § never

§ feeling hot (summer) § once a week

§ feeling cold (winter) § more than once a week

§ for airing spaces 5 once a da

§ for providing natural lighting § more thanyonce ada
Adaptive past behavior | § for preventing glare Yy

§ for preventing overheating
§ for preventing overcooling

| typically perform these adaptive
opportunities in my working space in
order to:

§ restore my comfort conditions

§ conserve energy

§ opening/closing windows

§ turning up/drawing blinds/shadings

§ turning on/off the heater/cooling when
feeling too hot/too cold

§ using flexible dress code

phsychological

response
automaticity

Preference of indoor environmental
control in your office space

§ Free manual control (operable windows
and shading, manual heating and cooling set
points)

§ Automatic mechanical control
(mechanical ventilation, automatic shading
and heating and cooling set point)

workstyle
routine

What's your workstyle schedule?

full time/part time

employment role

What's your employment role?

employee, manager, student, professor

country of origin

What's your country of origin?

nominal

contextual
§ Open Space
environmental | What's the spatial configuration of § Shared office (max 4 people)
factors your office? § Shared office with another person
§ Single office
Do you feel free to dress as you like?
Do you have a formalized dress code | yes/no
in your office?
How much does the building
management encourage/discourage
these adaptive actions/opportunities? .
] : h § encouraging
§ opening/closing windows ¥
. . - : § don't care
. . § turning up/drawing blinds/shadings : .
social social norms § discouraging

§ turning on/off the heater/cooling
when feeling too hot/too cold
§ using flexible dress code

How much does the building
management encourage/discourage
flexible dress?

§ encouraging
§ don't care
§ discouraging

The elements of the questionnaire identify at times a specific action or motivation, by
means of qualitative responses. Other times the generality of the questions is increased
by aggregation of typical behaviors, by means the adoption of unpaired numerical
scales (7 points). These elements constitutes the predictor variables for measuring the
impact of motivational drivers over the likelihood of adopting motivation-driven rather
than adaptive-unconscious interaction with the building control systems, having impact
on energy and comfort requirements.




Table 4. Intention Section: Occupant Behavior Motivation Survey Framework

Context Focus Area Survey question Scale
Saving energy in my workspace will cause .
me to reduce my comfort level very much/not at all 7 points scale
Reducing comfort in my works_pgce wil very much/not at all 7 points scale
perceived cause me to reduce my productivity
awareness of subjective Interacting with the control systems to make
consequences myself comfortable in my workspace will .
norms - . § reducing
influence:
. § any change
§ Energy consumption § augmentin
§ My comfort level 9 9
§ My productivity
| am prone to accept more forgiving indoor
environmental condition to conserve energy
situation perceived in my workspace:
responsability social norms § to help my company _to reduce budget likely/unlikely 7 points scale
costs for energy provision
§ to be visible among my coworkers
§ to be environmentally friendly
Are you willing to use windows/other very much/not at all 7 points scale
attitude perceived devices to make yourself comfortable? Y P
willinginess | Are you willing to use windows/other :
. - very much/not at all 7 points scale
devices to save energy in your workspace?
§ Lack of time
§ Lack of convenience
Which are in your opinion the barriers to § Technical barriers due to control
overcome to turn your willingness into a system usability issues
habit? § Technical barriers due to space
layout issues
§ Comfort issues
Which are for you the benefits of adopting § Visibility among employers
energy saving behavior in your working § Visibility of my employers/company
] perceived space? § Comfort issues
efficacy

effectiveness

Which type of reward would you willing to
receive, to motivate you towards energy
saving behaviors?

§ Being financially rewarded when
performing energy saving behavior
(peer comparison)

§ Being praised when performing
energy saving behavior (incentives)

§ Receiving negative messages or
criticism when not performing energy
saving behavior (naming and shaming)

How effective are the adaptive actions in
helping you to stay comfortable?

very ineffective/very effective 5 point
scale

A selection of statistical models typically adopted for

survey data analysis (e.g.

multivariate analysis, frequency distribution analysis, marginal homogeneity test,
Pearson Chi-Square test, Cronbach’s alpha test, likelihood ratio test, correlation
analysis, single and multiple regression models.) and data mining methods (cluster
analysis, decision tree, association rules, etc.) will be applied for the investigation of the
predictor motivational variables. The evaluation of the magnitude of different perceived
control opportunities will establish new knowledge about the motivational sphere
driving decisions of similar profiles of office users’ to engage towards the energy-
related measures under scope of investigation. A wide variety of survey distribution
method and tools are available for survey delivery. To align with the authors’ expertise,
project goals and budget, the open-access and web-based Google Forms will be used.




Table 5. Control Section: Occupant Behavior Motivational Framework questionnaire

Perceived control
opportunity

Survey question

Scale

Context
How would you grade your knowledge in terms of?
§ how is comfort control provided in your workspace g ;;){tkcr;(r):vledgeable
§ who is responsible for comfort controlling in your § not at all knowledgeable
perceived control | workspace
not at all
Who is responsible for controlling? knowledgeable/very
knowledgeable
During the last six months, | performed these adaptive
actions to make myself comfortable:
§ opening window when feeling hot
§ closing window when feeling hot
§ opening window for airing spaces § never
§ turnir_]g up _blinds/shgdings for provi(_iing natural lighting § once a week
actual control § draw!ng bl!nds/shad!ngs for preventing glare ) § more than once a week
§ drawing blinds/shadings for preventing overheating § once a day
§ turning on the heater when feeling cold (winter) § more than once a day
§ turning off the heater when feeling too hot (winter)
§ turning on the cooling/fans when feeling hot (summer)
§ turning off the cooling/fans when feeling too cold
(summer)
§ removing/adding extra layers of clothing
ability

perceived access

My authority (I am allowed to) to interact with control
systems in my working space is

not allowed/allowed 7 point
scale

My ability (I manage to) to interact with control systems
in my working space is

no control, full control 7
point scale

How satisfied are you with your degree of control/ability
to make yourself comfortable?

very dissatisfied/very
satisfied 7 point scale

perceived
impediments

What are your main perceived impediments to interact
with the control systems?

§ Access

§ Knowledge

§ No need

§ Upset coworkers
§ Security

§ Outdoor pollutant

Regarding the sample needed to assure validity and robustness of the survey

question, insights from social science provide a formula to determine the survey
respondent sample size and response rate acceptability, as a function of population sizes
and characteristics at confidence intervals [25]. Another approach is to refer to the
average sample number — about 1000 interviewed — of the occupant survey researches
published in literature.



4, Discussion and Conclusions

The prospect of comfort theory is still debated as a multidisciplinary and
controversial field [12], since comfort condition is not only related to building physical
and environmental parameters but also to social constructs reflecting beliefs, values,
expectations, and mostly motivation of occupants. The key elements of the proposed
occupant behavior motivational framework are grounded on the DNAS framework for
energy-related behaviors in buildings [13]. The resultant questionnaire is based on
extensive literature review of previously developed occupant behavior surveys [20] and
emerges as a combination of traditional [22] and adaptive comfort [23] theories, merged
with occupant behavior [21] and social science theories [15-18, 24]. Behavioral insights
introduce the concept of behavioral motivation by means of i) individual behavioral
beliefs — leading to favorable or unfavorable habits towards the behaviour; ii) social
pressure and normative beliefs — influencing individual intention; and iii) control
beliefs, giving rise to perceived behavioral control with respect to the actual IEQ
control opportunities for the specific office configuration. As a rule, the more favorable
the individual habits and intention, the more encouraging the social pressure and norms,
and the greater the perceived control, the stronger should be the person’s motivation to
perform the behaviour in question [16].

In line with this work, outcomes from Shove [1] argue building occupants’
motivations, i.e. to adopt more energy conscious behaviors in offices, depends on the
diffusion of sustainable beliefs and actions through society. The study establishes that
users are generally not aware of their routines and habits, above all in energy field,
leading to overrated existing consumption patterns. Hence, Shove [1] concludes that
routine behaviors leading to consumption patterns are largely driven by social norms,
and are deeply molded by cultural and economic factors. However, the connection of
such correspondence remains controversial and quite undiscovered. Bridging this
causality gap is one of the scope of the proposed framework and questionnaire.

The starting-point of this work is that human behavior is stochastic by nature and
interactions among the several factors that influence occupant’s motivations towards
consumption practices are dynamic. Influencing factors change over time, rendering
individual consumer (occupant) behavior and the process of (energy) consumption
practices to some extent irrational, and therefore unpredictable. One of the main
conclusions curtailing from this research is that rather than focusing on individual
behaviors — and influencing factors — research should focus on the rise and alteration of
collective and social conventions shaped by geographical context, culture and norms,
driving occupant motivations, as they are crucial in fastening behavioral patterns, with
different consequences for building energy consumption and indoor environment
comfort. Further advancements of the presented study is the operative rollout of an
extensive survey questionnaire campaign in different geographical locations, among the
international research community embracing the IEA EBC Annex 66 on “Definition
and Simulation of Occupant Behavior in Buildings” [26]. The final aim of this study —
in a broader perspective — is to provide a standardized tool to drive effective occupant
behavior data collection, to enhance the state of the art on knowledge, methodologies
and tools.
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