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ABSTRACT 
This paper introduces a Human And Building 
Interaction Toolkit (HABIT) for simulating the 
thermally adaptive behaviors of office building 
occupants alongside energy use and thermal comfort as 
part of whole building performance simulation (BPS).  
The toolkit co-simulates an agent-based model of 
occupant comfort and behavior in MATLAB with 
whole building energy simulation in EnergyPlus using 
the Building Controls Virtual Test Bed (BCVTB).  A 
general overview of this exchange and its user setup is 
provided, followed by a description of the field-
validated occupant behavior algorithm that the 
exchange relies upon.  The toolkit is then used to 
simulate the energy and comfort effects of occupant 
behavior in a medium-sized office building across each 
of the five U.S. Department of Energy climate regions.  
Results reveal that the inclusion of realistic behavior 
increases a building thermal zone’s total expected 
energy use by up to 15% in the winter in cold climates; 
however, if building managers were to pair the 
provision of more efficient personal heating/cooling 
devices with increases in thermostat set point ranges, it 
is expected that total energy use would not increase 
significantly in perimeter zones in the winter and would 
significantly decrease in all zones the summer (up to 
32%), while thermal discomfort would be significantly 
reduced in all zones in both seasons.  These effects are 
generally consistent across the simulated climates. 

INTRODUCTION  
Real office building occupants interact with and adapt 
to their surrounding environments in deliberate and 
meaningful ways that affect both energy consumption 
and Indoor Environmental Quality (IEQ).  Numerous 
studies have estimated the magnitude of these effects, 
establishing the high degree of influence that occupant 
behavior exerts on building energy use and thermal 

comfort relative to other potentially significant factors 
(e.g. Haldi and Robinson, 2011; Bourgeois 2006).    
Given the importance of occupants’ environmental 
adaptations to building energy and comfort outcomes, 
several regression-based models of occupant behavior 
have recently been developed for integration into 
building performance simulation (BPS) routines.  
Bourgeois (2006), for example, integrated a Sub-Hourly 
Occupant Control (SHOCC) model into the ESP-r 
building simulation program.   The SHOCC module 
overrides ESP-r lighting diversity profiles at five 
minute time steps with stochastically determined 
occupancy, blind use, and lighting behavior information 
for a single private office.  Rijal et al (2007) modeled 
the probability of window opening behavior in terms of 
operative indoor and outdoor air temperatures once a 
+/- 2K deadband around the group “comfort 
temperature” has been breached; this algorithm has 
been integrated into an ESP-r simulation of a single UK 
office at an hourly timestep. Haldi and Robinson (2011) 
integrated stochastic, Markov-chain models of occupant 
window and blind use into the City-Sim urban 
simulation software, using indoor/outdoor temperature 
and indoor/outdoor illuminance as inputs to the window 
and blind use models, respectively.  The behavior 
models were implemented in a City-Sim simulation of a 
single private office at a five minute time interval.   
While the above regression models yield group-level 
behavior probabilities, a few recent studies have 
attempted to incorporate individual-level occupant 
behavior predictions into BPS using an Agent-Based 
Modeling (ABM) approach.  In an ABM, individual 
building occupants are represented as autonomous 
“agents” with unique personal attributes and behavior 
possibilities, as well as rules for interacting with other 
agents and their surrounding environment; group-level 
behaviors then emerge from the adaptive behaviors of 
individuals.  Previous occupant behavior ABMs include 
that of Azar and Menassa (2010), which models ten 
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low, medium, and high energy consuming occupant 
agents and their interactions in an e-Quest model of a 
single graduate office at monthly time steps; and the 
study by Andrews et al (2011), which couples an ABM 
of occupants’ daily lighting use with the RADIANCE 
lighting simulation software, simulating a five-zone 
office building at hourly time steps for one day total. 
From the above review, the following issues with 
existing behavior modeling approaches for BPS have 
been identified: 
• Generality and scope of underlying behavior 

models.  It is unclear how effectively regression-
based behavior models can make predictions 
outside the context of their calibration (often 
naturally ventilated buildings in Europe); 
moreover, many of these models only roughly 
account for inter-individual variability in behavior 
through “active” and “passive” occupant groupings; 
do not generally address social influences on 
behavior in non-private offices; and rarely model 
the most immediate adaptive opportunities 
(clothing, personal fans/heaters).  While agent-
based behavior models are better suited to handling 
individual variability in comfort/behavior and 
social interactions, available ABMs have not been 
validated against long-term field data.  

• User accessibility of simulation frameworks.  
Though the sequence of information exchange in 
existing behavior/energy simulation frameworks is 
usually made clear, less attention is afforded the 
question of how typical users might set up new 
simulations from scratch.  In particular, most 
existing studies simulate behavior and energy in a 
single zone (often with one occupant), and it is 
unclear how users could build models of multiple 
zones with diverse occupant/office types.           

• Flexibility of simulation frameworks for future 
development.  Existing studies typically report the 
use of a single behavior modeling approach in the 
simulation routine.  Given the rapid development of 
behavior modeling options, behavior/energy co-
simulation frameworks must be flexible to 
incorporating multiple new and existing behavior 
algorithms under one simulation umbrella.      

This paper presents a novel Human and Building 
Interaction Toolkit (HABIT) that seeks to address the 
above issues.  The toolkit co-simulates energy, thermal 
comfort, and several related occupant behaviors in 
office buildings, relying upon a field-validated, agent-
based scheme for projecting individual and group level 
comfort/behavior outcomes.  Simulations can be 
configured by users to include multiple zones, offices, 

and occupant types, and yield outputs for assessing 
energy, behavior, and comfort together as a guide to the 
design and operation of low-energy, high quality office 
building environments.      

METHODS 
Modeling Scheme 
General Overview. HABIT pairs an ABM of office 
occupants’ thermal comfort and adaptive behaviors in 
MATLAB with whole building energy simulations of 
office buildings in EnergyPlus using the Building 
Controls Virtual Test Bed (BCVTB) co-simulation 
program.  Here, MATLAB is chosen for the ABM due 
to its straightforward coding of agents, their properties 
and behavior rules with Structure Arrays; its support of 
parallel computing to reduce simulation run times; and 
its existing accommodation in the BCVTB co-
simulation libraries.  EnergyPlus is also accomodated in 
the existing BCVTB libraries; is widely used in the 
building performance simulation community; and offers 
the range of modeling capabilities necessary to 
represent multiple occupant behaviors in whole 
building energy simulation on a sub-hourly basis.  
The EnergyPlus/MATLAB information exchange runs 
as follows (see Figure 1): EnergyPlus simulates zone-
level thermal conditions and passes these as inputs to 
the MATLAB comfort/behavior model; the MATLAB 
model predicts thermal comfort and related behavior 
outcomes for each occupant (i.e. fan on; window open, 
etc.) and aggregates these outcomes across the zone; the 
aggregated behavior outcomes are passed back to 
EnergyPlus and used to adjust appropriate zone 
schedules for the next time step; the process repeats 
until a simulation end time is reached.   
The entirety of the above exchange is negotiated by the 
BCVTB; however, the MATLAB comfort/behavior 
model contains probabilistic elements (see next sub-
section), thus the exchange must be re-run multiple 
times to assess a range of possible outcomes.  These re-
runs are achieved through a MATLAB wrapper that 
reopens and executes a given BCVTB system.xml file 
for as many simulation runs as the user specifies.  The 
MATLAB parallel computing toolbox is used to 
execute multiple runs simultaneously.     
HABIT allows users to configure new simulations 
through a designated Excel file. At minimum, the user 
is required to define general simulation parameters 
(number of runs, start/end time, timestep, etc.) as well 
as information about thermal zones with behavior 
simulation, including the number of each of nine office 
types in the zone (classified as basement/non-basement; 
perimeter/core; private/semi-private/open) and any 
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Figure 1 Diagram of the HABIT behavior/energy co-simulation

zone-level restrictions on behavior (i.e. given behavior
is not physically available, or is restricted by 
management).  The user may also modify default 
settings for more detailed items, such as occupancy, 
control availabilities/social constraints for each office 
type, behavior feedback increments, and the method for 
modeling each behavior (where the agent-based model 
presented below is the default).1 The place of the Excel 
setup in the overall HABIT exchange is diagrammed in 
Figure 1 above.  
Agent-Based Behavior Model Description.  In the 
default HABIT setup, each office occupant is 
represented in the MATLAB comfort/behavior model 
as a simulated agent that acts adaptively based on 
Perceptual Control Theory (PCT) (Powers, 1973), 
which states that “behavior is the control of 
perception”.  Here, behavior is considered the by-
product of a negative feedback loop in which an agent 
acts to bring a current thermal perception into line with 
a reference range of seasonally acceptable ASHRAE 
thermal sensations, despite environmental disturbances 
(i.e., dynamics in the outdoor environment, occupancy).  
This process is diagrammed in Figure 2.   
In the diagrammed scheme, “warm” behavior results 
when an agent’s current sensation is determined to be 
warmer than its warmest acceptable sensation, while 
“cold” behavior is required when the current sensation 
is colder than the agent’s coldest acceptable sensation.  
Both the agent’s thermal sensation and acceptability 
range are modeled probabilistically using the individual 
sensation and acceptability distributions of Langevin et 
al (2013): the sensation distribution yields the 
probability an agent experiences each of the seven 
ASHRAE sensations given a Predicted Mean Vote 
(PMV) input (Fanger, 1970); the acceptability 
                                                             
1 Current modeling alternatives include using Humphrey’s algorithm 
(Rijal, 2007) and basic logistic regression relationships.  Statistical 
and ABM approaches may both be used in the same simulation. 

distribution yields the probability an agent finds its 
current sensation unacceptable by season.  If the agent 
is predicted to be uncomfortable and behavior is 
required, the agent chooses the most immediate and 
unconstrained behavior available, where clothing, fan 
and heater adjustments constitute “immediate” 
behaviors and constraints may come from the building 
management or from others in the space who share a 
given control.            
The behavior scheme described above has been 
developed and validated using field data on comfort and 
behavior from a one-year study of an air-conditioned 
office building in Philadelphia.  The reader is referred 

Table 1 Validation results for full ABM 

TPR SPC ACC BACC R2 RMSE
Fans 0.57 0.82 0.74 0.69 0.61 0.60
Heaters 0.48 0.85 0.78 0.67 0.42 0.46
Windows 0.32 0.93 0.93 0.62 0.26 0.54

Indiv. Metric Agg. MetricBehavior

TPR = True Positive Rate; SPC = Specificity; ACC = Accuracy; BACC 
= Balanced Accuracy; RMSE = Root Mean Sq. Error; Note window 
results are based on few openings  (more opening data needed to verify).  

Figure 2 Diagram of ABM scheme, based on Perceptual 
Control Theory theoretical framework.   
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Table 2 Currently simulated behaviors/their impact in BCVTB co-simulation. Note: PMV inputs bolded/italicized. 

Matlab (Local) EPlus (Zone-Level)
Clothing Adjust (minor) +/-0.08 Clo --
Clothing Adjust (major) +/-0.30 Clo --
Fan On Increases local air velocity; adds zone level electric gain +0.75 m/s  +15 W equip.
Heater On Increases local and zone level ambient/radiant temp; +2ºC +1200 W equip. (max.)
Thermostat Up/Down Increases/decreases zone level ambient temp; -- +/- 1º C occupied setpt.

Window Open
Increases local air velocity; zone level ambient temp. 

moves towards outdoor temp. +0.25 m/s
 + 25 x  design infil. 

(max.)

Behavior Impact Impact Increments

Adds/subtracts clothing insulation from morning level

*Users may also choose to simulate use of warm/cold drinks, doors, and blinds, but these are not considered thermally driven behaviors by default.

 
to Langevin et al (2014) for a detailed description of the 
field study, the full ABM and its behavior rules, and 
model validation against measured fan, heater, and 
window use (validation statistics shown in Table 1). 
Table 2 presents the full set of behavioral adaptations 
simulated by the HABIT ABM and their impacts on 
both the MATLAB and EnergyPlus sides of the 
BCVTB co-simulation.  Note that certain behaviors like 
personal heater adjustment are assigned both local and 
zone-level impacts, while others like clothing 
adjustment and thermostat use are assigned impacts on 
only one of these levels.    

Case Study Simulations 
To demonstrate the use of the above simulation 
framework, a series of case study simulations is 
performed for a medium-sized office building across all 
five U.S. Department of Energy (DOE) climate region 
(Building Technologies Program, 2013).  The simulated 
medium-sized office has 3 stories with 60,000 square 
feet of total floor space and 1 core/4 perimeter thermal 
zones per floor; masonry construction with 20% 
glazing; a variable-air-volume (VAV) system with hot 
water reheat; an occupant density of 0.005 person/sq.ft; 
and a baseline occupied infiltration rate of 0.223 
CFM/sq.ft.   

For a city in each DOE climate region, one of the 
building’s perimeter zones (open plan, south facing, 2nd  
floor; 12 occupants; 12 windows, 1 thermostat; ~232 
sq.m.) and one core zone (open plan, 2nd floor; 59 
occupants; 1 thermostat; ~1099 sq.m.) is simulated at a 
fifteen minute time interval for the months of January 
and July.  In each monthly simulation, three behavior 
scenarios are considered:  
1. No behavior aside from realistic clothing 

adjustments between days (“Baseline” (BASE)).  
2. Occupants adjust clothing between/within days; 

fans/heaters/thermostats/windows are physically 
available but management-restricted; thermostats 
also carry social restrictions (“Typical” (TYP)).  

3. Occupants adjust clothing and use fans/lower 
energy halogen heaters provided by management,  
who extend thermostat setpoint range +/-1ºC and 
shift +2ºC in summer; thermostats and windows 
use restricted by management; thermostats carry 
social restrictions (“Set Point Float” (SPF)).    

Settings for each scenario are detailed in Table 3 below.   
Simulation results are evaluated from both the energy 
and IEQ perspectives.  For energy, equipment and 

Table 3 Simulation settings for three case study scenarios 

January July January July January July
Baseline Heat/Cool Setpoint (ºC) 21/24 21/24 21/24 21/24 20/25 22/27
Heater Equipment Energy (/person)
Fan Equipment Energy (/person)
Clothing Adjustment
Fans/Heaters
Windows
Thermostats

3 One window available in perimeter zones for each occupant, thus no social restrictions assumed.  

Baseline (BASE) Typical (TYP) Set Point Float (SPF)

EPlus 
Settings N/A 1200 W1 800 W1

N/A 15 W 15 W 

Behavior 
Limits

Between days               Btwn./within day Btwn./within day
Not possible Mgmt./social restrict2 Unrestricted

Not possible Mgmt./social restrict Mgmt./social restrict
Not possible Mgmt. restrict3 Mgmt. restrict

1 100% TYP scenario heater energy is convective gain, 100% SPF heater energy is radiant; 800 W typical for halogen heater set on "high".
2 50% occupants listen to mgmt.; 30% of remainder don't use behavior if causes discomfort for >50% other occupants (from field surveys).

© 2014 ASHRAE (www.ashrae.org). For personal use only. Reproduction, distribution, or transmission 
in either print or digital form is not permitted without ASHRAE’s prior written permission.

420



sensible heating/cooling Energy Use Intensity (EUI) are 
reported for each zone; for IEQ, the percentage of 
occupants that the behavioral model indicates are 
outside their acceptable thermal sensation range without 
any behavioral remedy is recorded at each time step and 
averaged across the entire simulation period, yielding 
an overall percentage thermally unacceptable outcome. 
These results  are presented in the next section. 

RESULTS 
Table 4 presents median simulated energy, comfort, and 
behavior outcomes by month, zone, and behavior 
scenario for each of the five simulated cities.  In the 
final two columns of the Table, the maximum percent 
change in energy and comfort outcomes between each 
of the “Typical” and “Set Point Float” scenarios and the 
baseline scenario (no behavior) is given.  From this, it is 
seen that total heating, cooling, and equipment loads are 
increased by up to 15% over the baseline in the 
“Typical” scenario, where management-restricted 
behavior is considered.  The increase for this scenario is 
most pronounced in January in the cold winter climates 
(Philadephia, Chicago), where higher-energy personal 
heater usage dominates (a maximum of up to 11% of 
occupants typically use a heater during the day); in the 
July results for the “Typical” scenario, total energy use 
does not significantly increase in any climate, as lower 
energy fan usage dominates (up to 13% maximum 
typical daily use).  Note, however that thermal comfort 
in both the January and July results for the “Typical”  

scenario is markedly improved over the baseline, with 
decreases of up to 83% observed in the overall 
percentage of time thermally unacceptable. 
For the “Set Point Float” scenario where management 
allows fans and more efficient heaters and widens 
thermostat setpoint ranges, total energy use in perimeter 
zones remains about the same as the baseline case for 
January in cold climates, and decreases slightly across 
both perimeter and core zones in warmer climates, 
where lower-energy fan use dominates even at this time 
of year (up to 20% maximum daily use).  At the same 
time, significant improvement is seen in the percentage 
of time thermally unacceptable in all cases. In July, 
“Set Point Float” results show significant decreases in 
total energy across zones and climates of up to 32%, as 
fan use dominates (up to 42% maximum daily use); 
meanwhile, percentage of time thermally unacceptable 
also decreases up to 85% (not called out in Table).   
Figure 3 breaks down energy and comfort results for 
the perimeter zone in Philadelphia under all behavior 
scenarios and for both simulated months; the Figure 
also presents daily behavior profiles for the perimeter 
zone under the “Set Point Float” behavior scenario.  
Examining the energy results for January, it appears the 
use of personal heaters in the “Typical” and “Set Point 
Float” scenarios increases equipment loads as much as 
or slightly more than it decreases sensible heating 
loads, resulting in a modest increase in total energy use 
between the baseline and “Typical” scenarios and 

Table 4 Summary of mean case study energy, comfort, and behavior results (all climates). Note: shading gradient 
shows relative magnitudes of “Energy Use Intensity” and “Thermally Unacceptable %” across each row; Greatest 

Maximum Daily % Using Behavior for each row bolded.  

BASE1 TYP SPF BASE TYP SPF BASE TYP SPF BASE TYP SPF
BASE 
!TYP

BASE 
!SPF

PHL 4.1 4.4 4.8 7.3 8.1 7.6 12.2 12.4 9.4 16.5 16.7 12.1 +11% -26%
CHI 4.2 4.8 5.0 8.6 8.9 8.6 12.1 12.3 9.2 16.5 16.6 12.1 +15% -27%
SF 8.0 8.4 7.7 8.9 9.2 8.4 10.4 10.6 7.7 10.7 10.8 7.3  +6% -32%
LA 9.0 9.6 8.6 13.0 13.3 12.0 11.4 11.7 8.5 13.0 13.2 9.1  +6% -30%

HOU 8.2 8.6 8.0 9.9 10.1 9.2 12.6 12.8 9.7 17.4 17.6 12.7  +5% -27%
PHL 15.7 3.0 1.2 16.4 3.1 2.0 12.6 4.0 3.2 12.4 5.4 1.9 -81% -92%
CHI 14.3 3.5 1.6 16.3 5.9 1.8 11.4 4.0 3.2 13.1 3.2 2.4 -76% -89%
SF 12.7 2.8 1.4 15.4 5.5 2.1 12.1 3.5 3.8 12.1 3.7 2.8 -78% -89%
LA 14.2 3.7 2.1 15.8 4.6 2.9 11.3 4.1 3.2 11.8 6.1 5.5 -74% -85%

HOU 14.0 4.0 1.9 16.3 2.8 2.4 12.9 3.9 3.2 11.3 4.4 5.2 -83% -87%
PHL --   7.2H 15.3H -- 11.0H 20.2H --   9.2F 34.1F --   8.5F 33.1F -- --
CHI --   6.7H 14.4H --   5.8H 18.8H --   9.4F 31.4F -- 13.3F 36.7F -- --
SF -- 10.0F 10.0F -- 10.0F 20.0F -- 10.0F 30.0F -- 10.0F 40.0F -- --
LA --   5.3F 16.9F --  8.6F 18.8F --   9.4F 33.1F --   8.0F 41.7F -- --

HOU --   5.0F 12.5F --  5.6F 16.0F -- 11.3F 36.3F -- 10.8F 34.2F -- --

Max % 
Change1

1  Indicates maximum change between "Baseline" and "Typical"/"Set Point Float" scenarios across all months/zone types for given row. 
2  Superscripts indicate dominant behavior for given month/zone: H = Heaters; F = Fans; Windows never dominate. 

Energy Use 
Intensity 
(kWh/m2)

Thermally 
Unaccept. 

%

CITYMETRIC

Max Typical 
Daily % 

Using 
Behavior2

JANUARY JULY
Core Perimeter Core Perimeter

© 2014 ASHRAE (www.ashrae.org). For personal use only. Reproduction, distribution, or transmission 
in either print or digital form is not permitted without ASHRAE’s prior written permission.

421



a very small increase in total energy use between the 
baseline and “Set Point Float” scenarios.  In July, the  
“Set Point Float” elevation of cooling set point 
reduces zone sensible cooling load by about one third 
while a related uptick in fan use only marginally 
increases equipment loads, resulting in significant 

total energy savings.  Regarding the comfort plot in 
Figure 3, it is noted that prediction intervals on the 
thermal unacceptability outcomes for the “Typical” 
and “Set Point Float” scenarios in both months are 
pushed below the 10% threshold traditionally used in 
thermal comfort standards. 

 
Figure 3  Top row: Mean energy use/thermal comfort, perimeter zone, all behavior scenarios, Jan./July, PHL 
(whiskers are 95% prediction interval (PI) on mean result).  Middle/bottom rows: Mean daily behavior profiles, 
perimeter zone, “Set Point Float” scenario, Jan./July, PHL (dotted lines are 95% PI).2

                                                             
2 95% of future predictions sampled for given metric are expected to fall into prediction interval; interval calculated as (sample mean +/- (sample 
std. dev. * (sqrt. (1 + (1/n))))), assuming sample is drawn from normal distribution. 
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The daily behavior time series in the middle and bottom 
rows of Figure 3 show that for the “Set Point Float” 
scenario, heater use is expected to dominate for the cold 
winter conditions of January in Philadephia, while fan 
use dominates in the hot month of July.  Peak daily use 
of fans in July (33%) appears to be greater than peak 
daily use of heaters in January (20%); this reflects the 
generally comfortable to warm conditions of the space 
across the two seasons, with the indoor operative 
temperature typically hovering slightly above the 
cooling set point in July and well above the heating set 
point in January (see Set Point/Temp. plots in Figure 3).  
It is noted in the daily behavior profiles that window 
use for this perimeter zone does not dominate in either 
season, reaching a maximum of about 10% of total 
windows open on a typical July day and perhaps 1% 
open on a typical January day, both for the “Set Point 
Float” scenario; thermostat set points also do not show 
much adjustment across the daily profiles aside from a 
slight downward trend in the set point range (from 27 
ºC to ~ 26.5 ºC) during the typical July day.           

DISCUSSION 
In interpreting the above results, it is instructive to 
focus on the two dominant behaviors - fans and heaters 
– from both the energy and comfort perspectives.   
In terms of energy use, it is clear that the low energy 
use of fans (15 W) makes them a more efficient local 
alternative to whole-space cooling in July for the air-
conditioned building and climates studied, typically 
saving about one third of cooling energy when 
management allows their use alongside a higher cooling 
set point.  For personal heaters, the benefits of 
managers encouraging a lower-energy version of this 
behavior in lieu of whole space heating in January are 
not evident from the energy perspective alone.  Indeed, 
in the colder climates where heater use is dominant in 
the winter, unrestricted use of lower energy halogen 
heaters results in no significant change in total energy 
use for perimeter zones, and in an energy use increase 
for core zones, which have low baseline heating loads 
and thus less potential for offsetting energy increases 
from personal heaters with reductions in space heating.   
When fan and heater use is further examined from a 
comfort perspective, however, a more consistently 
favorable picture emerges.  In both January and July, 
the unrestricted use of such personal heating/cooling 
options is projected to significantly reduce the overall 
percentage of time that occupants find their thermal 
environment unacceptable, across all climates studied. 
Pairing this finding with the observed impacts of these 
two behaviors on energy, it can be concluded that for a 
typical, medium-sized air-conditioned office building: 

• Unrestricted use of personal fans together with a 
moderate increase in cooling set point (to 27ºC) in 
the hottest summer months is expected to yield 
significant energy use and comfort benefits, across 
all thermal zone types and DOE climate regions.  

• In the DOE climates with cold winters, unrestricted 
use of lower energy personal heaters (800 W) 
together with a moderate decrease in cooling set 
point (to 20ºC) in the coldest winter months is 
expected to significantly improve occupants’ 
thermal comfort across all thermal zones in the 
building without significantly increasing the energy 
use of the perimeter zones. 

Note that the latter of these conclusions is subject to 
further considerations about fuel sources: while 
increased use of personal heaters in perimeter zones 
seemingly offers comfort benefits without increasing 
the zone’s total energy load, this behavior may still add 
to energy costs and CO2 emissions if the electricity-
sourced local heaters are replacing a cheaper, lower-
emissions natural gas space heating source.   
The HABIT framework is open to the introduction of 
such supporting lines of investigation through the 
flexibility and comprehensiveness of its underlying 
energy and behavior simulation programs.  The 
EnergyPlus side of the HABIT co-simulation, for 
example, supports a wider range of output metrics that 
includes the fuel consumption statistics mentioned 
above in the context of evaluating personal heater use 
in cold climates; EnergyPlus also offers more 
sophisticated modeling options for certain behaviors, 
such as Airflow Networks to represent windows.   
On the MATLAB side of the HABIT co-simulation, the 
modular nature of the default occupant behavior 
algorithm accomodates the simulation of several, user-
defined EnergyPlus zones together to construct energy, 
behavior, and comfort estimates at the whole building 
level.  Moreover, the agent-based approach of the 
behavior algorithm improves upon the accuracy and 
generality of existing behavior simulation approaches 
by establishing the individual occupant as the basic unit 
being simulated, explicitly accounting for key 
determinants of inter-individual behavior differences 
and placing thermal perception, comfort, and a range of 
behavioral actions under one simulation umbrella. 
The HABIT program is intended for several uses, 
including: for directly considering occupant behavior as 
part of design stage simulations of building 
performance; for assessing the possible IEQ impacts of 
energy-saving operational strategies and/or energy 
education programs from the building management; and 
for placing energy efficiency policies in the context of 
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occupant comfort and perception.  The HABIT ABM 
also provides researchers a platform for investigating 
possible causal mechanisms behind observed behaviors. 
The HABIT ABM has been formulated and validated 
with field data from a medium-sized air-conditioned 
building, and while it is believed that the basic rules for 
agent behavior could be adapted to a wide variety of 
office building contexts, the robustness of certain model 
assumptions (i.e. behavior choice hierarchy) to changes 
in office scale and conditioning strategy must be further 
tested against new longitudinal field data.  Moreover, 
HABIT simulations do not currently consider 
behavioral adaptations that originate for non-thermal 
reasons (i.e., habitually drinking morning coffee, 
opening a door to enter an office, adjusting blinds to 
reduce glare).  As these adaptations potentially affect 
thermal outcomes, they may be incorporated in a future 
version of the toolkit, perhaps by using existing 
statistical models of these behaviors in the literature or 
by adapting the present PCT-based behavior framework 
to consider new perceptual inputs (i.e. lumen levels). 

CONCLUSION 
This paper has introduced a Human and Building 
Interaction Toolkit (HABIT) for simulating the 
thermally adaptive behaviors and comfort of office 
occupants alongside building energy consumption.  The 
toolkit uses the Building Controls Virtual Test Bed 
(BCVTB) to co-simulate an agent-based behavior 
model in MATLAB with a whole building energy 
model in EnergyPlus.  The paper outlined this co-
simulation and its setup by users, and also described the 
the agent-based, field-validated occupant behavior 
algorithm that the co-simulation incorporates.  To 
demonstrate how the toolkit might be used to inform 
building design and operation, a series of behavior 
scenarios were simulated for a medium-sized office 
building across multiple climates.  Results reveal key 
insights about the degree to which occupants’ thermal 
adaptations may affect energy use and comfort under 
typical building management policies; they also suggest 
that managers can embrace the use of lower energy 
local heating and cooling options as a simple way of 
improving comfort without increasing energy use.   
In addition to addressing the aforementioned limitations 
of the HABIT behavior modeling capabilities, future 
work will extend the application of the toolkit to full 
benefit-cost analyses that weigh the price of 
implementing a certain behavioral intervention (i.e., 
purchasing personal heating/cooling equipment) against 
potential savings in energy expenses or reductions in 
problems with discomfort.  To enrich such analyses, 
new judgement metrics like relative work performance 

are targeted for incorporation into the toolkit’s existing 
agent-based behavior algorithm.     

ACKNOWLEDGEMENTS 
This work was supported by a U.S. National Science 
Foundation Graduate Research Fellowship.  We thank 
Ryan Tanner for sharing a MATLAB code that was 
adapted to re-run the BCVTB multiple times, and Liam 
Hendricken for providing the baseline EPlus model. 

REFERENCES 
Andrews, C.J., et al. 2011. Designing Buildings for 

Real Occupants: An Agent-Based Approach. IEEE 
Transations on Systems, Man, and Cybernetics – 
Part A: Systems and Humans. 41(6):1077-1091. 

Azar, E., and Menassa, C. 2012. Agent-Based 
Modeling of Occupants and Their Impact on 
Energy Use in Commercial Buildings. Journal of 
Computing in Civil Engineering. 26(4): 506-518. 

Bourgeois, D., Reinhart, C., and Macdonald, I. 2006. 
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, 38:814-823. 

Building Technologies Program. 2013. Building 
Science-Based Climate Maps. Washington, D.C.: 
U.S. Department of Energy.   

Fanger, P.O. 1970. Thermal Comfort. Copenhagen: 
Danish Technical Press. 

Haldi, F., and Robinson, D. 2011. The impact of 
occupants’ behaviour on building energy demand. 
Journal of Building Performance Simulation, 4(4): 
323-338. 

Langevin, J., et al. 2013. Modeling thermal comfort 
holistically: Bayesian estimation of thermal 
sensation, acceptability, and preference 
distributions for office building occupants. 
Building and Environment. 69, 2013: 206-226.  

Langevin, J., et al. 2014. Simulating the human-
building interaction: Development and validation 
of an agent-based model of office occupant 
behaviours.   Presented: Windsor 2014, Apr. 10-13, 
2014, Windsor, UK. 

Powers, W.T. 1973. Behavior: The Control Of 
Perception. New Canaan, CT: Benchmark. 

Rijal, H. B., et al., 2007. Using results from field 
surveys to predict the effect of open windows on 
thermal comfort and energy use in buildings. 
Energy and Buildings, 39(7):823–836.  

© 2014 ASHRAE (www.ashrae.org). For personal use only. Reproduction, distribution, or transmission 
in either print or digital form is not permitted without ASHRAE’s prior written permission.

424




