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1. INTRODUCTION

Besides building automation system which is installed to integrate, monitor and control electrical
and mechanical devices, motivating people to become better climate stewards might be the next big win for
the planet. Researches indicate that energy behaviour is key to energy conservation and suggest that
comparative feedback on energy usage can generate savings in residential and organizational settings [1], [2].
An agent-based model which integrates four important elements; organizational energy management
policies/regulations, energy management technologies, electric appliances and equipment, and human
behaviour was developed by Zhang [3] to comprehensively understand the complex organisational issue of
office energy consumption. The researchers acknowledged some limitations in their model. Firstly, an
electricity user agent’s stereotype in the model is fixed. However, they noted that in the reality the switch of
stereotypes might happen, although the probability for such occurrence is low. The second, assumption that
enhancing interactions about energy issues between staff can increase staff’s energy saving awareness which
is correct in a situation where electricity users have to bear the cost of electricity. However, they have not
found any sound evidence to support this assumption as staff do not have to bear the cost of electricity, which
may result in the assumption in question.

Behavioural science experiment showed that encouraging people to save power because it is
environmentally friendly or economical usually do not change their long-term habits [1]. Researcher tried a
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cleverer tactic from social psychology which had the probability to make a lasting impact called normative
comparison. It gives those same people clear, personalized insights into their energy use, then add context by
comparing them to each other. Scientist believe if this approach is applied to home energy use it is an
astonishingly reliable way to motivate people to make smarter decisions [1], [2], [4].

Bedwell [5] in his literature review indicates greatest potential for energy saving by changing user
behavior. It is said that disaggregation of energy data and apportionment is valuable to leverage data for
behavioural change and is concluded that setting clear specific goal within and coherent with company
strategy is likely to be effective and more so if specific feedback on these goals are provided.

Model socio-technical system of energy consumption in workplace is used in this paper to analyse
the impact of implementing different strategies to promote energy saving awareness and motivate staff to
change their behaviour. This model aims to find the impact of adding psychological factors for electricity
consumption in office building and to understand the impact of applying different approaches of energy data
apportionment to change staff behaviour toward energy consumption reduction.

The paper is organized as follows. In Section 2, present the specification and design of the model. In
Section 3, we describe the experimental design, execution and validation. In Section 4, the simulation results
of the model are presented. Finally, some conclusions are presented in Section 5.

2. MODEL DEVELOPMENT
2.1. Conceptualization

The conceptual model was developed using a framework described in Robinson [6]. It is started
with an understanding of the problem situation. A set of modelling objectives are then determined. These
objectives then drive the derivation of the conceptual model, first by defining the inputs and outputs, and then
by defining the content of the model itself. Table 1 shows Model Specification.

Table 1. Model Specification
Problem Situation e Changing of user behaviour may help reduce energy consumption.
o Comparative feedback or normative social influence has influence to change user behaviour.
Whether fine-grained energy consumption data should be apportioned at individual or group level remains
debatable.

Objective e Observe the most effective strategy to reduce energy consumption.
o Observe the total energy consumption per energy awareness stereotype.
Input/ Experimental e User initial stereotype o Data apportionment anonymity
Factor o Apportionment level o Implementation of sanction
o Feedback availability e Behaviour threshold
Output/ Response e School Energy Consumption per month
o Monthly Energy Consumption per stereotype
o Number of Stereotype shift per month
Model Scope Model scope is used to identify the key interconnections between the experimental factors and responses and
the other components of the real world. See Table 2 for detail
Model Level of The level of detail represents the components defined within the scope and their interconnection with the
Detail other components of the model with sufficient accuracy. See table 3.
Assumption o Potential free-riders is 10% of total people in group
o Individuals were actively reviewing comparative feedback information and this influenced their behaviour.
o Each user use one computer which consist of PC, monitor, and input device such as mouse and keyboard.
o Laptop and computer are assumed to consume same amount of electricity power.
o Computer will automatically change to standby mode when user leave the room for 20 minutes.
e Each user has different motives in performing their action, such as self-achievement and altruism value.
This simulation reflects users who are motivated by achievement.
Simplification o This research only focus on comparative feedback and the way feedback is apportioned to user.
o This model only allow decision making process once a month.
e This project groups staff based on their spatial location.
2.2. Design

This model is a simplification of a former model [3] which consists of 5 object classes; User, Office,
Light, Computer and Main. A new algorithm, which implement psychological factors, for decision making
was added into the user agents and is executed at the end of the month. Table 2 shows model of scope.
Table 3 shows model level of detail.
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Table 2. Model of Scope

Element Detail Decision Justification
Actor Staff, Research fellows, PhD Include Regularly occupy office building
students
UG + MSc Students Exclude Do not have control over their work environment
Visitors Exclude Insignificant energy consumption
Heating, Ventilating, Air Exclude Only need one major energy consuer to test the theory;
Conditioning (HVAC) System decided to go for electricity
Lighting Include Interacts with users on a daily basis; controlled by user
Computer Include Interacts with users on a daily basis; controlled by user
Appliances Monitor Exclude Modelled as part ot the computer
Continuously running Exclude Constant consumption of electricity; not controllable by
appliances individuals
Personal appliances Exclude No way to measure consumption
Weather Temperature Exclude Not necessary for proof-of-principle
Natural Light Level Exclude Not necessary for proof-of-principle
Room Office Include Location where electronic appliances are installed
Lab Exclude Mainly used by UG + MSc
Kitchen Include as group Common areas frequently used by users
Toilet (Other Room)
Corridor Include Commonly used when users move around
Psychological ~ Comparative Feedback Include Effective strategy to reduce energy consumption in
Factors residential building
Informative Feedback Include Effective strategy to remove barriers in performing
specific behavior
Apportionment Level Include Effective strategy to reduce energy consumption in office
building
Freeriding Include Behaviour that differentiate two apportionment strategy
Sanction Include Factor to encounter freeriding behavior
Anonymity Include
Table 3. Model Level of Detail
Model Level Detail Decision Comments
of Detail
User Awareness Level Include Determine the probability whether user will switch off unnecessary
electronic appliances.
Working time Include Determine total energy consumption.
Location Include User triggers electronic appliances in a certain location.
Appliances Energy Consumption Include Things which is aimed to be reduced.
Usage Time Exclude Reflected from working time.
State (On/Off/Standby) Include Determine the energy consumption.
Energy Consumption Pattern ~ Exclude Reflected from awareness level.
Automatic/Manually On/Off Include Affected by user behaviour and at the end it will give impact to
overall energy consumption.
Brand/Model Exclude Give impact on appliances energy consumption. Assuming that all
appliances in a similar type consume same amount of energy.
Location Exclude Reflected from electrical appliances installed in a room.
Room Capacity Include Shows number of appliances that are installed in a certain room. This
will also determine the total energy consumed in a specific room.
Occupancy Status Exclude Reflected from user location.
Electrical Appliances  Include Show electric appliances type that are installed in a room.
Installed
Number of Occupant Include Needed to apportion data to individual level.
Psychological ~ Existence Include Show whether or not the factor is implemented.
Factor Impact Include The thing that are going to be observed in this research.
Pattern/Condition Include The thing that determine motivation increase/decrease.

2.2.1. Behaviour of Electricity User Agents

User, an active agent who triggers energy consumption in workplace, starts to consume electricity
when they arrive in an office building. To find their own office, user walk from one room to another. The
communal room where user passes to reach their own office is generalised as corridor. Besides that, user also
uses other rooms such as toilet, pantry, lab, meeting room. When user leaves office building, their energy
consumption is expected to be zero. However, if they do not switch off their electronic appliances, their
electricity consumption is still counted. These processes are represented in a statechart in the simulation
model. The state in statechart shows location in the office building while state inside it shows user’s action
when they occupy the office. Total electricity which is consumed by each user is calculated using the
following formula:
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X, €: own energy, Y. [ : energy of all lights in a room that user is occupied
€= te o: number of occupant, c: energy of computer

The nature and data about user behaviour that is used in this project was gained from former
research [3], categorized user based on their working time [3] and energy saving awareness [3] used of user’s
movement from one location to the other as their state. While [3] implements three different electricity
management strategy — automated, mixed and manual, this model only implemented the mixed strategy when
user is expected to switch off the electronic appliances manually when they leave a room but in case they do
not switch it off, it will be automatically switch off or standby in a certain time after they leave that room.

New algorithm is based on several psychological factors, namely normative social influence,
behaviour-specific ability and additional factors for group apportionment because of the potential free riding
act, anonymity in data apportionment and the implementation of sanction. Those factors will change user’s
motivation. Since energy saving awareness stereotype determine user’s motivation level, in reverse changes
in user motivation level will also change their stereotype. The flowchart in Figure 2 represents the logic of
the algorithm which links the logic to its rationale in Table 3 based on [5].
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Figure 1. (a) User Agent (b) Light Agent (c) Computer Agent (d) Office Agent State Chart

The algorithm is triggered at the end of the month, a summary of user’s total electricity consumption
is presented together with information about the majority of other users’ consumption. Based on this
information, people will make comparison with other people performance and comparison with their
performance in the previous month. Data apportionment to individual and group leads to different formula to
calculate total energy consumption. In a room occupied by more than one user, if data is apportioned to
individual level the total of light energy consumption is divided by the number of room occupant. When data
is apportioned to group level, implementation of sanction will reduce the number of free rider by increasing
their motivation and specific evidence of one’s consumption (not anonymous) will put pressure on
themselves to perform better in the future because of lateral control which will increase their motivation.

Furthermore, there is another factor namely behaviour specific ability that might have impact to
motivation but is not depicted in Figure 1(a). Providing practical tips on how to perform better in conserving
energy in office building is increasing people motivation or in a situation when people’s motivation is
decreasing, the value of motivation decrease is lower than if this practical information is not available. The
availability of practical information is represented as a variable named feedback in the model as shown in
Figure 2.

2.2.2 Behaviour of Light Agents

Light, a passive agent and is installed in each room in the building, has 2 states, on (consume 60W)
and off (OW) [3], shown in Figure 1(b). Initially, lights in a room is off. User presence in a room triggers
automated light sensor which will switch the light on. Light will be off either if user switch it off or if the
sensor does not detect any user presence for 20 minutes.

2.2.3 Behaviour of Computer Agents
Computer, a passive agent and only available in user’s office room, has three states, off (OW), on
(400W) and standby (25W), as shown in Figure 1(c). It changes from on state to off state and vice versa
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because of user’s action. When user is not in the room for a certain period and does not switch the computer
off, it will automatically change its state to standby then back to state on when it detects users’ action.

2.2.4 Behaviour of Office Agents

Office agent is a passive agent that represents a certain location in an office building. Computers
and lights are installed in an office, while corridor and other room only have lights. User occupies an office
during the day. It has two states, vacant and occupied, based on user presence as shown in Figure 1(d). When
users occupy a room, their presence triggers the light on and he/she might switch the computer on. Both
actions start energy consumption in a room. Conversely, when user leaves a room energy consumption will
be zero if they switch off all appliances before leaving. Otherwise, after a certain time, the light will
automatically switch off and computer will keep consuming 25W of energy because it enters standby state.
The new algorithm rationale as shown in Table 4. Since apportionment to group level categorised people
based on their spatial location, the formula below is used to calculate group consumption:

Z e = Z I+ Z c Y. e.: Total Energy Consumption, ;[ : energy of all lights installed in the
¢ room, Y, ¢ : energy of computer installed in the room
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Figure 2. New Algorithm Flowchart

Table 4. The New Algorithm Rationale
No. Rationale
1 e Having knowledge of other people’s behaviours works as ‘descriptive norms’ to the group, and people will be inclined to
follow these norms and act similarly [9], [10], [11].

e Energy feedback often focuses on individual actions and related small costs/savings, which may dishearten individuals
given that they see their actions only having a relatively minor impact [8]. Observing the larger scale consumption
apportioned to a group may increase perceived instrumentality, a significant factor in promoting energy-saving behaviour
[12], [13].

2. With regard to descriptive norms, if in fact it is observed that others tend to consume more, then people may actually increase

their usage as a result [14], [15].

3. Freeriding tends to be more common in larger groups and when individual behaviour is more anonymous [16].

4, Making mechanisms available to identify free-riders [17] and implementing sanctions (social, e.g. gossip, or institutional, e.g.
fines) to prevent further freeriding [18].

5. The injustice of freeriding encourages anger and confrontation [19], and there is potential for unjustified scapegoating when
there is no specific evidence of individual consumption.

6. e There are some evidences that not revealing exactly who has consumed what proportion of a resource may result in

increased fear or guilt and lead to reduced consumption overall through compensating behaviour [20], [5].
e However, the impact of this was found to be minor, and deliberate attempts to instil uncertainty may clash with more
traditional organisational values of teamwork.
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3. EXPERIMENTATION
3.1. Experimental Design

Although office is closed overnight, there are some electrical appliances that still consume energy.
For example, when users leave the computer on when they leave the office. So, this model is a non-
terminating simulation and the output of non-terminating system often reach a steady state. The simulation
output is stochastic because it depends on user behaviour which is determined by any random event.

3.1.1. Warm up Periode

The model compares monthly energy consumption. However, at the start of the simulation run it
might not the beginning of the month. It might lead to much lower energy consumption which is not realistic.
The inclusion of such data would bias the results obtained from the simulation. Graphical method that
visually inspects time-series output data was used to identify initialization bias and determine the warm-up
period. Because data can be very noisy and make it difficult to spot initialization bias, at least five
replications should be performed [6]. Mean averages of those replications for each month is presented in the
Figure 3 and warm-up period is the point at which the output appears to settle into a steady state. From the
graph in Figure 3, warm-up period for this experiment is 4, which means total energy consumption in the first
month until the fourth month will be omitted in the analysis.

3.1.2. Number of Replication

To obtain sufficient output data, the result from a single replication is not reliable. A graphical
method and confidence interval method were used to determine the number of replication. Graphical method
was performed by plotting cumulative mean of the output data from a series of replications. The number of
replications required was defined by the point at which the line becomes flat.

Confidence interval is used to show how accurately the mean average of a value is being estimated
by using a statistical mean. The narrower the interval the more accurate the estimate it deemed to be.
Confidence interval 95% with significance level 5% was chosen for this model. It means that 95%
probability that the value of the true mean (obtained if the model is run for an infinite period) lies within the
confidence interval. The estimated number of replication for this model is 5.

Warm Up Period - Time Series

!

Figure 3. Warm Up Period Graph

Table 5. Experimentation Result

Replication Average Monthly Energy Consumption
No Apportionment Individual Apportionment Group Apportionment
1 1,013,363.80 917,511.81(-9.46%) 825,872.78(-18.50%)
2 947,377.38 938,763.43(-0.91%) 887,671.28(-6.30%)
3 1,036,726.87 937,589.35(-9.56%) 866,805.62(-16.39%)
4 1,108,863.01 968,278.02(12.68%) 915,456.87(-17.44%)
5 1,097,287.42 938,288.99(-14.49%) 902,786.73(-17.73%)

3.1.3. Run Length

Because non-terminating simulation does not have a natural end point, the length of a simulation run
needs to be determined by the model user. Run-length was calculated by plotting cumulative means and
convergence based in five replications. Although the calculation indicate that the minimum run-length is 6,
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the run-length for this simulation is 12 months. It is because the simulation result is going to be compared
with an energy conservation research result from Cornell University [7].

3.2. Experimentation
3.2.1. Experimental Validation

The simulation re-implemented and simplified Zhang’s model [3]. It only simulated combine energy
management strategy where user can manually switch off the light but in case user do not switch it off, light
will automatically switch off after the office is empty for 20 minutes. Without implementation of any
intervention strategy and using same input value (same working time, user energy awareness level, total
number of user that occupy office building also same total number of lights and computer that is installed in
the building), hourly energy consumption between [3] and this model is relatively the same.

The experiment result from individual apportionment was compared with the average energy
reduction from [7] about using comparative feedback to influence workplace energy conservation with case
study in Cornell University [7] to check the validity of the experiment result.

The experimentation result, shown in Table 5, gives higher reduction percentage compared to [7], in
the range of 0.91% to 18.50% and constantly reducing the energy consumption. These differences might be
caused of the simplification of real world in Table 1. First, in the real world reducing energy consumption
month-on-month might not always feasible. The best individual or group might not be able to reduce their
consumption anymore. Second, each person has different motive and goal. People with achievement oriented
will be more motivated when comparative feedback on energy usage is presented to them, since they care
about performance and personal loss/gain, rather than people with altruistic value. Altruistic also more likely
to be demotivated by sanction or free-riding. Last, this simulation only focuses on light and computer (in the
real-world HVAC consume most of energy in non-residential building [21]) while [7] considers all electricity
consumption in the building. Furthermore, the simulation shows that without any intervention the total
energy consumption is considerably stable while [7] shows that there are two buildings that slightly reduce
their energy consumption even though they were not participating in the campaign. It might be because there
are higher number of staff that have altruistic value in those building which is not reflected in this simulation.

3.2.2. Sensitivity Analysis

The presence of estimated data in a simulation leaves some uncertainty about the validity of the
model and would no doubt reduce its credibility. One way to overcome this issue is performing sensitivity
analysis to get insight about the subject of interest.

First, the motivation level as an input is varied for both scenario. One that simulate all staff has very
low motivation level (0) and another one simulates all staff has very high mativation level (98). The effect on
the total energy consumption in a year, Figure 4(a), shows a steep gradient which means there is a significant
shift in the response. It can be concluded that the response is sensitive to the change in the input.

In apportionment strategy to group level, sanction and ability to identify individual consumption in
group also give impact to motivation level. Sensitivity analysis result for sanction and anonymity factor in
Figure 4(b) shows that both factors do not have a significant impact toward total energy consumption.

3.2.3. Scenario

The model consists of 4 office rooms, 1 corridor, and 1 public area, 27 lights installed, and occupied
by 24 people who have their own computer in their own office. 5 replications were executed for each
scenario.

Each user will be assigned a work time stereotype and energy saving awareness stereotype using a
random probability. Their energy saving awareness stereotype determines the motivation level and
motivation level determines user behaviour in using unnecessary electrical appliances. If their motivation
level is higher than threshold value, more likely user will switch off appliances when they are no longer use
it. Otherwise, the appliances will either automatically switch off or enter standby state after a certain period
to conserve energy.

In order to compare the impact between individual and group apportionment, two different scenarios
will be run during experimental stage;

a. Scenario 1: Apportioned to Individual level, Anonymous, Informative Feedback available, sanction
implemented
b. Scenario 2: Apportioned to Group, Anonymous, Informative Feedback available, sanction implemented

Total energy consumption of the whole office that is produced monthly will be analysed to see how

different approaches is affect the outcome.
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3.2.4. Ouput Comparison from Scenarios

The experiment result as shown in Figure 5 shows that without intervention the total energy
consumption is relatively stable for along the year while presenting energy usage feedback to staff in the
building reduce the total energy consumption. The total energy consumption reduction between
apportionment strategy to individual level and group level shows a similar pattern. However, the total energy
consumption of group apportionment slightly reduces more energy consumption than individual
apportionment. Because visual comparison between individual and group consumption only shows
insignificant difference, further analysis using statistic method need to be performed to observe whether the
difference is statistically significant.

As explained in [5], although underlying group goals on collective consumption provides the
opportunity for individuals to freeride, aggregate amount presented in group apportionment which give
higher or more significant saving is highly motivating compared to small saving on individual action which
may dishearten individuals given that they see their actions only having a relatively minor impact [8].

Nonetheless, it must note that in Section 2.1 it is assumed that the potential free-rider is constantly
10% of the total group member while in the real world very large groups may encourage more free-riding
because an individual may believe that it is easier to hide. Moreover, in the context of energy monitoring the
optimum group size is yet unknown.

3.2.5. Energy Comparison based on user’s awareness

Total energy consumption per energy awareness as shown in Figure 6 shows that the energy
consumed by Big User and General User is almost the same while Energy Saver and Environmental
Champion only consume almost half of Big and General User consumption.
Since there is only slight difference of energy consumption between Energy Saver and Environmental
Champion stereotype, it is not necessary to change staff behaviour to become an Environmental Champion.
They are expected to maintain their level of consumption. Changing user behaviour from Big User or
General User to Energy Saver can save the organisation a lot of money.

3.2.6. Number of Staff per Stereotype per month

Comparative feedback on energy usage influence user’s motivation level. Since users are
categorized to a certain stereotype based on motivation level, the changes of motivation level will change
user’s stereotype. Figure 7 shows that using group apportionment strategy the changes in the total number of
staff per stereotype is faster. Staff starts to shift to a better stereotype around the third month. The shift
significantly occurs around the eighth month.

4. RESULT ANALYSIS

Beside compare the graph visually, deeper analysis using paired-t confident interval comparison was
performed. This method identifies the statistical significance of a difference in the result from two scenarios.
It looks at the mean value of each case, standard deviation and number of replication. Paired-t confidence
interval comparison is calculated using formula defined in [6].
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Figure 5. Energy Consumption for Each Figure 6. Total Energy Consumption per
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Five replications were performed for each scenario, then the average monthly energy consumption
within a year is used for this analysis. The calculation result is shown in Table 6. Since the confidence
interval is a to the right of zero, it can be concluded with specified level of confidence (95%) that the result of
Scenario 1 is greater than the result of Scenario 2. However, because the aim is to reduce energy
consumption, Scenario 2 is to be preferred.

Individual Apportionment Group Apportionment
6 25
=
t 6 ‘ E 10
;||IIII :||IIIIIIIIIIIIIIIIIIIII
12 3 45 6 7 8 910111213 14151617 18 15 20 21 22 23 1 2 3 45 6 7 8 91011121314151617 18 19 20 21 22 23
Month Month
m Big User General User Energy Saver Environmental Champion m Big User General User Energy Saver Environmental Champion
Figure 7. The Changes in the total number of staff per stereotype
Table 6. Paired-t Confidence Interval Comparison Calculation
Significance Level 5.0%
Confidence Interval
Replica-  Scenario 1 Scenario 2 Difference  Cum. Mean Standard Lower Upper Conclusion
tion Result Result Difference Deviation Interval Interval
1 917,511.81  825,872.78 91,639.02 91,639.02 n/a n/a n/a n/a
2 938,763.43  887,671.28 51,092.16 71,365.59 28,670.96 -186,232.78 328,963.96  No Difference
3 937,589.35  866,805.62 70,783.74 71,171.64 20,276.21 20,802.73 121,540.55 S1>S2
4 968,278.02  915,456.87 52,821.15 66,584.02 18,927.98 36,465.38 96,702.65 S1>S2
5 938,288.99  902,786.73  35,502.26 60,367.66 21,492.24 33,681.52 87,053.81 S1>S2

5. CONCLUSION

Since collecting fine-grained energy data in workplace is increasingly possible and changing user
behaviour using comparative feedback strategy provides a potential to reduce energy consumption, this
research is aimed to understand the impact of applying different approaches of energy data apportionment to
change staff behaviour toward energy consumption reduction by re-implementing and extending the former
model, add several psychological factors into the model.

The new algorithm reflects psychological factor when comparative feedback campaign is used as an
intervention strategy to change energy behaviour in workplace. From the experimentation result it can be
concluded that motivation plays an important role in changing user behaviour while sanction and ability to
identify individual consumption in group does not. Big and General User are the target of behaviour change
strategy because changing their behaviour has significant impact in lowering whole energy usage thus help
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the organisation saves money. Moreover, apportionment strategy to group level give higher result in energy
consumption reduction for the whole building even though it provides opportunity for individual to freeride.
The conclusion only accurately reflects lights and computer consumption. In the model scope there are some
items that were identified to have significant impact toward energy consumption and energy conservation but
does not included in this research.
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