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Abstract— Inhabitants’ behaviour in buildings has a strong
impact on the energy consumption patterns resulting in
energy waste. The existing multi agent and centralized
energy management approaches are focused on consump-
tion optimization and load predictions without taking into
account the inhabitants’ behaviour. We argue that the con-
sumption optimization without waste reduction is difficult.
In this article we focus on the energy waste reduction
associated with the inhabitants’ behaviour. As an example
a physical model for the fridge to predict the energy waste
component and an agent based co-simulation methodology
to identify high energy consuming activities, are developed.
The proposed methodology demonstrates that based on the
co-simulation results a library of high energy consuming
activities can be built to support energy waste reduction
efforts in Smart homes. It shall result in a shift from an
energy manager towards an energy wizard to provide agents
with the information on their consumption behaviour and
alternatives to ensure the energy waste reduction.

Keywords: Multi agent simulation, behaviour, energy consump-
tion, human behaviour modelling

1. Introduction

Buildings account for 30-40% of the total primary energy
use globally [1]. The inhabitants’ behaviour has a significant
impact on energy consumption and is an important factor for
energy waste reduction [2]. We argue that the appliance con-
sumption patterns are strongly influenced by the inhabitants’
behaviour. Existing models that are used for the usage pre-
diction of appliances are mostly based on presence/absence
profiles [3]. Such profiles could be helpful for the appliances
where energy is consumed only when they are turned on,
e.g. lighting systems (active appliances). However, such
profiles are insufficient for the appliances having continuous
energy consumption e.g. fridge, freezers (cold appliances).
Widén and his colleagues proposed a scheme to predict
energy demand against different activities on both active
and cold appliances, however the cold appliances operation
was assumed unrelated to the activity patterns [4]. We argue
that these appliances offer a great challenge to model them
based on human behaviour due to the diversity of different

possible actions on them and their resulting consumption.
It will be interesting to see that how the energy waste
component resulting from actions on cold appliances impacts
the energy consumption optimization efforts in the Smart
homes. In this article we have focused on the inhabitants’
behaviour to identify high energy consuming activities with
the support of proposed physical model for our example cold
appliance « fridge ». This is done in a co-simulation platform
using Brahms (agent modeling language) and simulink. The
purpose of this co-simulation methodology is to assess the
sensitivity of inhabitants’ behaviour to the energy waste
component and identify the high energy consuming activities
to be transformed into a library for further use in the Smart
homes. It will help in developing true smart environments
as well as testing the design of new appliances models.
It will also help to design the smart energy advisors sug-
gesting human agents with the alternatives that minimize
the energy waste component. This article is divided in 5
sections. Section 2 presents the literature review, on existing
agent based approaches for energy management and the
importance of inhabitants’ actions on energy consumption.
The modeling of household behaviour with an agent based
approach is presented in section 3. The proposed physical
model for the refrigeration cycles and the co-simulation
methodology are detailed in section 4 and 5. Conclusion
and future perspectives are discussed in the section 6.

2. Background

The literature review is divided in 3 sub sections: (i) agent
based approaches for energy management, (ii) importance
of inhabitants’ actions on the energy consumption and (iii)
human behaviour representation.

2.1 Agent based energy management

Multi agent system approaches have been used in the
domain of energy management within buildings. Davidsson
and Boman proposed and implemented a multi agent system
based decentralized system to monitor and control the HVAC
system (Heating, Ventilation and Air Conditioning) and
lighting in office buildings [5]. Abras and his colleagues
proposed a home automation system made up of software
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Fig. 1: Full year fridge-freezer consumption

agents that control appliances and sources [6]. It adapts
power consumption to the available power resources. Agents
in the MavHome project [7] predict the mobility patterns and
device usage of inhabitants to satisfy the tradeoff between
cost and comfort. Liao and Barooah developed a MAS
approach to predict and simulate the occupancy at room
and zone level in commercial buildings [8]. The anticipatory
and reactive control of HVAC and lighting within smart
homes has been implemented in a MAS [9]. [10] used an
agent based control system in order to optimize the energy
usage of a simulated residential water heating system. The
above approaches do not take into account the impact of
inhabitants’ complex behaviour on the energy consumption
for appliances. We argue that humans must be considered
as active, intelligent agents for energy waste reduction in
buildings.

2.2 Importance of inhabitants’ actions on the
energy consumption

Since human behaviour strongly influences energy con-
sumption [2], an experiment has been performed on the
IRISE database in order to see how inhabitants’ behaviour
affects energy consumption'. In figure 1 the number of
people in the houses are shown on x-axis and the appliance
consumption on y-axis. It shows the results of an experiment
taking into account the number of people in each house
and the specifications for the appliance. It can be seen that
consumption does not depend solely on the number of people
in the house and the size of the fridge freezer, but also on
how the appliance is used by the people. For example, the
first oval on the left in the figure shows that a fridge freezer
with a capacity of 1721/941 in a 2-person house is consuming
even more than the fridge freezer of almost double size in
a 4-person house. The above experiment shows that human
behaviour strongly affects energy consumption.

IThis dataset is part of the European Residential Monitoring to Decrease
Energy Use and Carbon Emissions (REMODECE) project. It contains
energy consumption data, for each appliance from 98 French houses,
recorded at every 10 minutes, over a one year period.

2.3 Human behaviour representation

The term "behaviour" refers to the actions or reactions
of an object, usually in relation to its environment. In the
literature, perception, cognition, memory, learning, social
and emotional behaviour and psychomotor are considered
to be the basic elements of human behaviour [11], [12],
[13]. Human behaviour has also been analyzed through
contextual factors including user, time, space, environment
and object. These authors presented a user behaviour mod-
eling approach called 5SW1H for: what, when, where, who,
why and how, which they then mapped to a home context
(object, time, space, user and environment) [14]. Sempé
and Quijano implemented an agent based modeling and
simulation environment in order to study the use of electrical
appliances by inhabitants [15]. Human behaviour can range
from being very simple to very complex. The purpose here
is to capture the behaviour that not only represents a simple
presence or absence of an inhabitant in an environment but
also represents a realistic interaction of the human with
the environment. This means that the dynamic, reactive,
deliberative and social behaviour of inhabitants must also be
taken into account in order to fully understand its possible
effect on energy consumption. This will help to consider the
inhabitants as reactive, intelligent agents instead of simply
"fixed metabolic heat generators passively experiencing the
indoor environment" [16].

3. Modeling the household behaviour
with an agent based approach

A belief-desire-intention agent model of the household’s
behaviour specifically for their interaction with the fridge
is derived from an activity journal. The data was collected
by a 2-person household, husband and wife, in which they
had to specify the actions that they performed on the fridge
as well as the reasons behind those actions. This reasoning
mechanism when implemented into the agent based language
gives them the power to think and behave the way humans
do. Figure 2 shows that the agents in our model set their
beliefs based on some perception from the environment. For
example, perception of the other agents, objects, location
and time etc. The environment could be the surroundings
or the inner self for the agent. For example, in order to
have the dinner, the perception from the inner self is the
feeling of hunger, which now becomes a desire to eat.
However, this desire will not be fulfilled by the agent until
it reaches a certain threshold level and/or based on some
cognitive influence. This cognition constitutes the reasoning
mechanism that why the agent take or avoid taking some
decisions. The social norms of the family, for example, could
be one of the influencing factors on cognition. In this case,
if the threshold for hunger is reached but the other agent
has not arrived yet, based on the cognitive influence a new
threshold level will be attained. If however the threshold
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Fig. 2: Behaviour representation

level has crossed its limit, the agent will either take some
alternative or his desire will be converted to an intention
and he will achieve the goal, i.e. fulfill hunger. The actions
caused by the agent’s intentions are the planned actions, but
if there is some new perception from the environment before
he fulfilled the intention, it may lead to some unplanned
actions. For example the planned actions to fulfill the hunger
are to open the fridge, take the food out, cook it and
then eat, but the unplanned actions upon the perception of
a sudden pleasant change in the weather is to go to the
restaurant and eat there. How the actions are performed
finally constitute the behaviour of the agent. Brahms is
a descriptive language to record and simulate the causal
relations of inhabitant behaviour. The Brahms language
[13] is compatible with our requirements. It is an agent
oriented modeling/simulation environment and programming
language based on belief-desire-intention agent architecture.
It is able to represent people, things, places, behaviour of
people over time, tools and artefacts used, when and where
they are used. It also supports the communication between
co-located and distributed people to support social behaviour.
The key concepts are the workframes and thoughtframes.
Workframes are the condition-action-consequence rules that
allow agents to perform certain actions based on their beliefs
and set new beliefs about the perception of the environment.
Thoughtframes are used to trigger the reasoning behaviour
of agents, they let the agents derive new beliefs based on
existing beliefs and facts about the environment without
performing some action. The BDI based behaviour model

has been implemented in the Brahms environment. An
example is shown in figure 3 where the agent (agentAdultl)
is watching TV, he has some belief about the threshold level
of his hunger. In the figure this belief is shown with the help
of thoughtframes represented by a bulb symbol. The hunger
level gradually increases as the simulation progresses. The
agent will continue watching TV until he detects that the
hunger level has reached beyond the threshold level. This
detection mechanism is implemented using the concept of
detectables in Brahms language which are used to interrupt,
abort or continue the current activity. The first bulb symbol
after 7:49:50 pm shows a pop-up of thoughtframes changing
the agents’ belief about the perception of hunger which is
converted into the desire to eat. This desire finally becomes
his intention as there is no other constraint or belief avoiding
him from fulfilling the desire and he moves to the kitchen
to prepare food, where he interacts with the appliances
e.g. the fridge. The horizontal yellow bar just beneath the
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Fig. 3: Brahms simulation output

“Open_Fridge” primitive activity is used to represent the



interaction of agents with some appliances. A brief example
of the model presented in figure 2 is presented in section
5, where a link is established between human and appliance
behaviour.

4. Fridge simulation model

The activities of inhabitants, their presence at different
locations in the house, their control over different appliances
and objects, and their communications can be modeled in the
Brahms simulation environment. However in order to model
the appliance behaviour a physical simulator is required
which provides the information about physical aspects such
as temperature inside the fridge, compressor states etc. We
have developed our physical model as shown in figure 4.
The description of the model variables is given in table 1.

R frid,
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controller
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-

Fig. 4: Physical model for the fridge consumption cycle
modeling

In this model we have made assumptions: (i) variation in the
quantity of food inside the fridge is negligible, (ii) Ro0q =
0 and food temperature inside the fridge is assumed same
as the inside temperature of the fridge. Figure 4 presents

Variable Description

Tfridge(k) | inside temperature of the fridge during reac-
tive time k, = Tyriqge(k) € [Tmin; Tmax]

Troom (k) ambiant temperature of the room

Trew New food temperature

Chew M ewCyp, capacity of a new food added to
fridge

Ryridge Ropen + ((Rclose - Ropen) resistivity for
heat exchange between inside fridge and room

Rfood resistivity to heat exchange between food and
fridge

Rpew resistivity to heat exchange between new food
and fridge

Myood food quantity

Mpew quantity of a new food

Tser (k) set-point temperature

+o Dead zone: +o and -o represent the upper and
lower limits, above and below the set point
temperature, where the compressor starts or
stops respectively

Table 1: Description of model variables

the physical model of the fridge energy consumption cycles.
The cooling power ¢.,o; is provided by the controller to
maintain the setpoint temperature of the fridge. Similarly ¢,
is the heating power coming from the room and affects the
inside temperature of the fridge depending on the resistance

Ryridge: @food and ¢ney are the heating power coming
from the food already present in the fridge and the newly
introduced food respectively. Their affect on the fridge
temperature depends upon their heat capacity and mass as
well as the corresponding resistivity. In modeling the fridge
cycles, the heat pump is an important element, let p be the
performance factor of heat pump that yields Ceiec = pdcoor
and fridge controller is made to follow the following criteria:
i) compressor stops working when the fridge temperature
goes below the lower limit of the dead zone

Tfridge(t) = Tses(t) < —o = £(t+dt) =0 ()

ii) compressor starts working when the fridge temperature
goes above the upper limit of the dead zone

Tpridge(t) — Tset(t) > 0 — £(t +dt) =1 )

iii) otherwise it follows its current state

—0 < Tfridge(t) — Tset(t) < o — (¢ + dt) = &(t) 3)

cooling power at a particular instance is given by:

Peoot (t) = &(t)Peool (C))

We have modeled three major events for the fridge as (a)
permanent mode, where the fridge operates in the normal
refrigeration cycles, (b) temporary mode when the fridge
door is opened and closed, as a result heat is exchanged
and inside temperature rises to impact the instantaneous
refrigeration cycles and (c) temporary mode when food is
introduced in the fridge.

a) The model for the permanent state or normal cycles is
proposed as under that computes the rate of change in the
fridge temperature over the simulation period:

- ¢con 1 6
[ ngOdL Rfv‘idgeCfood][ Troom :I

The model of the permanent state (Ist order) is obtained
when They = Tfridge'

b) The model for the temporary mode when the fridge door
is opened and closed. It follows the model for the permanent
state with only change in the resistance of the fridge as

under:

Rfridge = Rpew + <(Rclose - Ropen) 6)

¢) The model for the mode when new food is introduced is
proposed as under that computes the change in temperature
over time for both the fridge and the new food introduced
into the fridge:

Rnew+Rfridge
] = [ R‘”-Ewa'{idgﬁcfood

d { Trridge

1
il RrewCfood ]
dt Tnew 1

RnewCnew
_ P%cool
Cfood

0

" RnewCnew %)

[ e 141 Lo |

We have followed following assumptions wile modeling the
fridge: (i) Opening the door modifies R t,.;q4¢ (i1) Removing

1
Rfridgecfood ] [
0



food from fridge is assumed to have a very small impact
(except the door opening) (iii) Adding food sets a new value
to Ty, and parameters like C,,¢q, and Ry,¢,, may be adjusted
depending on the food.

5. Co-simulation environment

Human behaviour is dynamically modeled and simulated
in a multi agent simulation environment (Brahms), as intel-
ligent agents. An agent based approach is well suited since
agents are a natural and intuitive way to model humans
and their characteristics and are a key towards implement-
ing group behaviour. Agents like humans evolve in the
environment, perceive it and act accordingly. The changes
in the environment are perceived by the agents, who then
take actions dynamically to change the state of the objects
and appliances in the building. This dynamic behaviour is
fed to the physical simulator containing the model of the
fridge using an interface developed in java. It generates
energy consumption cycles of the fridge and maintains the
setpoint temperature. Physical simulator is implemented in
Matlab and simulation results are monitored and analyzed
with Simulink. In order to perform certain activities, the
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Fig. 5: Co-Simulation Platform to Find High Energy Con-
suming Activities

inhabitants change their locations, perform certain actions on
appliances e.g. opening the fridge, putting food inside etc.
As soon as these state changes happen, this information is
sent to the physical simulator, where appliance behaviour is
changed and its consumption is computed. The proposed co-
simulation platform is presented in figure 5 with 3 distinct
elements as (i) Brahms MAS, (ii) Brahms Java Interface
and (iii) physical simulator (model for the fridge). The
Brahms MAS element simulates the agent behaviour for the
fridge. The Brahms java interface establishes the connection
between Brahms and the physical model of the fridge.
This interface actually drives Brahms virtual machine and
manipulates different attributes of the occupant’s behaviour
model to be simulated by setting agents and objects attributes
and handling the starting time of the simulation. It also

keeps track of the current location of agents and of the
current values of different attributes of objects. The physical
simulator is created in Matlab/Simulink and consists of the
model of the fridge and the controllers for appliances. The
model of the fridge is defined in the Matlab function file
which uses the output of the Brahms simulation such as
opening the fridge, putting food in fridge and based on the
inside temperature of the fridge turns the refrigeration cycles
on or off. It computes the inside temperature of the fridge
to maintain the setpoint temperature.

5.1 Agent based scenario and brahms simula-
tion results

We will now consider a scenario consisting of a 2 person
house where husband and wife are modeled as agents. It
will show how the decisions taken by the agents affect the
energy consumption. Figure 6(a) shows that the husband
and wife are sitting in the living room and watching TV.
The hunger level for the wife gradually increases with time.
When it reaches beyond some threshold, she communicates
with the husband to have their meal together. The husband
usually likes to eat at restaurant if there is a beautiful weather
outside; otherwise he prefers to eat at home. In case husband
is agreed based on perception about the weather, she moves
to the kitchen, opens the fridge, takes the stuff out and
prepares the table for lunch. If however, the husband is not
agreed to eat at home, she puts the warm food, which she
had already prepared for their meal into the fridge and they
go out to restaurant. The simulation results are presented
in figure 6. The output is generated randomly based on
agents’ belief certainty. Belief certainty is the concept used
in Brahms which assigns a probability between 0 to 100
to agents’ beliefs and the facts in the environment. Beliefs
and facts with varying probabilistic values influence agents’
actions accordingly. For example, if for the communication
between the agents, the fact is that the husband doesn’t
denies to eat at home as often as he agrees to eat at home
based on his perception about the weather, there are more
chances that the wife will not put the warm food which
she had prepared for the meal into the fridge. Similarly, if
the husband is agreed to eat at home, the duration of the
activity of opening the door of the fridge and taking the stuff
out is a random value between a minimum and maximum
duration. Based on this duration, every time the wife will
open the door of the fridge for different durations resulting
in varying behaviour of the fridge. In figure 6, the horizontal
bar on the top represents the movements of agents in
different locations. Below this is the timeline, which shows
the simulation time in the agent world. The vertical bars are
used to represent the communication between agents. These
are also used to represent the broadcast activity where the

2In figure 6 wf stands for workframe, tf for thoughtframe, ca for
composite activity, pa for primitive activity, mv for move activity and cw
for communication activity.
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agents transfer their beliefs with each other. For example
in the figure 6(b) the vertical bar coming down from agent
Wife to agent Husband at the moment when the Wife agent
moves from kitchen to living room, represents the Wife
agent’s belief which she transfers to the husband to move
to the restaurant. The bulb symbols are used to represent
the thoughtframes or beliefs of agents. Thoughtframes are
changed with the passage of the simulation time and based
on different perceptions of agents from the environment.

5.2 Co-simulation results

Figure 7 shows the actions of agents on fridge and the
resulting effect on the inside temperature and the compressor
cycles. Opening the fridge door for different durations affects
the compressor cycles accordingly. In figure 7(a) it can
be seen that the agent opened the door of the fridge for
longer period so the compressor worked longer and hence
consumed more energy than as in figure 7(b) where the
agent opened the door for fewer seconds. Similarly it can
be seen from figure 7(c) that when the agent husband has
denied having meal at house, wife put the warm food inside
the fridge. As a result, the temperature inside the fridge
increased causing the compressor to work longer than usual
to bring the temperature back to the setpoint. The fridge
states are represented by three levels 0,1 and 2 where 0 —
no action on the fridge, 1 — door is opened and closed and
2 — new food is added.

6. Conclusions and future perspectives

Until recently research has focused on active appliances
to optimize the energy consumption and reduce energy
waste, however cold appliances are not yet explored that
constitute a significant source of energy consumption in
our daily lives. It is also a fact that to model the cold
appliances energy consumption behaviour is not simple as
it follows the activity later in time and is quite complex to
predict. We believe that these cold appliances have a hidden
energy waste component that must be addressed. So, in
this article we have presented a co-simulation methodology
to demonstrate the hidden energy waste component from
actions on the cold appliances linked with the inhabitants’
behaviour. This energy waste component is further used to
classify the activities as high energy consuming activities
and shall help in building the energy advisors within Smart
homes to propose alternative actions to the human agents in
real life to ensure energy waste reduction and consumption
optimization. Our contributions are (i) a multi agent model
of human behaviour relating to energy related activities (ii)
a physical model for the fridge energy consumption (target
cold appliance), (iii) co-simulation methodology to analyze
the energy consumption behaviour of cold appliances based
on dynamically simulated inhabitants’ behaviour. We have
demonstrated by dynamically simulating the inhabitants’ be-
haviour using Brahms modeling and simulation environment

that actions on the cold appliances do have a hidden energy
waste component and can be avoided to support the efforts
for energy waste reduction and consumption optimization.
Simulation results clearly highlights that opening fridge for
long period and putting a hot food in the fridge results
in longer compressor refrigeration cycles resulting in the
energy waste. In future we shall validate our physical model
with experiments on different categories and capacities of
the fridge to develop an accurate but generic model for the
fridge (cold appliances). We propose the research community
to shift their focus towards other cold appliances to model
the energy waste component linked with the inhabitants’
behaviour.

References

[1]1 P. Huovila, Building and Climate Change Status, Challenges and
Opportunities, Ed.  United Nations Publications, 2007, ISBN 978-
92-807-2795-1.

[2] W. F. Van Raaij and T. M. M. Verhallen, “A behavioral model of
residential energy use,” Journal of Economic Psychology, vol. 3(1),
pp. 39-63, 1983.

[3] L Richardson, M. Thomson, D. Infield, “A high-resolution domestic
building occupancy model for energy demand simulations,” Energy and
Buildings, vol. 40(8), pp. 1560-1566, 2008.

[4] J. Widén, M. Lundh, I. Vassileva, E. Dahlquist, K. Ellegard, and
E. Wackelgard, “Constructing load profiles for household electricity
and hot water from time-use data-modelling approach and validation,”
Energy and Buildings, vol. 41(7), pp. 753-768, 2009.

[5] P. Davidsson and M. Boman, “Distributed monitoring and control of of-
fice buildings by embedded agents,” Information Sciences, vol. 171(4),
pp. 293-307, May. 2005.

[6] S. Abras, S. Ploix, S. Pesty and M. Jacomino, “Advantages of MAS
for the resolution of a power management problem in smart homes,”
in Advances in Intelligent and Soft Computing, pp. 269-278, Berlin,
Heidelberg: Springer, 2010.

[71 DJ. Cook, M. Youngblood and S.K. Das, “A multi-agent approach
to controlling a smart environment,” in Designing Smart Homes, pp.
165-182, Berlin, Heidelberg: Springer-Verlag, 2006.

[8] C. Liao and P. Barooah, “An integrated approach to occupancy mod-
eling and estimation in commercial buildings,” in American Control
Conference, IEEE, June 30 2010-July 2 2010, p. 3130.

[9]1 H. Joumaa, S. Ploix, S. Abras and G. De Oliveira, “A MAS integrated
into Home Automation system, for the resolution of power management
problem in smart homes,” Energy Procedia, vol. 6, pp. 786-794, 2011.

[10] J. Engler and A. Kusiak, “Agent-Based Control of Thermostatic
Appliances,” in Green Technologies Conference, IEEE, 15-16 April
2010, p. L.

[11] J. F. Lehman, J. Laird and P. Rosenbloom, “A gentle introduction
to Soar, an architecture for human cognition,” Invitation to Cognitive
Science: Methods, Models, and Conceptual Issues, pp. 2116253,
Cambridge, MA: MIT Press, 1998.

[12] A. Sloman, “Varieties of Affect and the CogAff Architecture Schema,”
in Proceedings of the AISBSOI symposium on emotion, cognition, and
affective computing, 2001, p. 39.

[13] M. Sierhuis, W. J. Clancey and R. van Hoof, “Brahms - a multiagent
modeling environment for simulating work practice in organizations,”
Journal for Simulation and Process Modelling, vol. 3(3), pp. 134-152,
2007.

[14] T.S. Ha, J. H. Jung and S. Y. Oh, “Method to analyze user behaviour
in home environment,” Personal and Ubiquitous Computing, vol. 10,
pp. 110- 121, 2006.

[15] F. Sempé and J. Gil-Quijano, “Incremental and Situated Modeling for
Multi-agent Based Simulations,” in RIVE, IEEE, 2010, p. 1.

[16] G. Newsham, “Manual control of window blinds and electric lighting:
Implications for comfort and energy consumption,” Indoor Environ-
ment, vol. 3, pp. 135-144, 1994.



