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ABSTRACT

Building occupancysignificantly impactdHVAC system energy consumptionc€upancy is stochastic in
nature, and occupancy from different spaces couldhéierogeneous, resulting in heterogeneous
distributions of loadsthereforeHVAC energy inefficienes This paper proposes a framework for
conditionally redistribuhg loads byreassigningpccupantsat the building levelfor elevating the effects

of occupancy based control, amimulatesa realworld office building for validation. Predefined
constraints are integrated, and an agglomerate hierarchical cludtesed reassignmeatgorithm is
designed for iteratively assigning occupancy with zone adjacency, orientation, and HVAC layout being
considered.Simulation results show that the integration of occupancy based control amctupant
reassignmentould saveup to 9.6%o0f enegy compared to simply applying occupancy based control
(18.9% compared to the baselinentrol that is usedh the building. Theproposed framework helps
reducingunnecessary loads and imprewmnergy efficiency through better-informed decision making for
occupancy based HVAC controls.

1 INTRODUCTION

With the everrising energy demands and diminishing supplies of nonrenewable energy resources,
sustainability and energy conservation have become increasingly important topics. In the U.S,,
approximately 40% of the totainergy consumption is attributed to buildings, with 45.8% consumed by
commercial buildinggUSDOE 2014). @mmercial buildingsre promising targets for increasing energy
efficiency, considering theilong lifespan, rapid increase of area, large amount of €&dssiors, high
intensity of energy consumption per square foot, and lack of incentives for energy reditSDQE

2014; ACEEE 2013)Sincemore than 40%f commercial building energy is used by HVAC (Heating,
Ventilation, and Air Conditioning) systems to maintain comfortable and healthy indoor thermal
environmentsgfficiency for HVAC systemsshould begiven the priority (USDOE 2014. In general,

there isa difference betweemominal demands, amount ofenergy required to maintain the thermal
conditions of spaces, and actual demandsnount ofenergy required to maintain the thermal conditions

for occupants. It &is been widely recognized that occupatgyne of the most important factors
impacting actual demands for HVAC systembBereis great potential for energy efficiency if occupancy

is considered ithe operations of HVAC systensinceone wayof improving efficiency is to minimize

the difference between actual demands and nominal demands é{wbR011).
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Load isa quantitative measure to describe demandsffloe buildings, heat gain/loss resaly from
conduction, radiation and infiltration through building envelpes well as from the heat produced by
occupantscomputers, and other equipment, are ltheds for heating/cooling. Occupandgtermines
heating/cooling periods and desired thermal conditions (actual conditioning requirements), which
differentiateactual demands (effective loads) from nominal demands (total loads)p@ncysually has
patternsbut it is stochastic(contains random variationsh nature. § can be described from two
perspectives(l) Real time occupancigs occupancy status at each time point; it may vary as time passes
and depicts the onme occurrences of occupant presence/absence chaf®jésong term occupangy
also called personalized occupancy profile, indicates a typieekday/weekend presence probabilgy a
a function of time.An occupancy profile is for a specific space, representing the space$efamg
habitualpresence patterns (occupancy pattefoisthe day of weekln addition, occupancy haariety,
resulting in heterogeneous distributionsf effective loads (creating varied requirements for
heating/cooling) antherefore, resulting in unnecessary energy consumption. It has been demonstrated by
previous research that zone level load redistribution by clustering and reassigning loads based on
occupancy similaries, could significantly improve energy efficien€yang and BeceriGerber 2014a).

However, an HVAC system is a network consisting of more than one zone and there exist load
transfer and balance among different zomesswell as heatagn and los through a building’s envelope.

Since adjacent zones are commonly served by the same supply air and also have shared or similar
boundary conditionASHRAE 2009) if they have similar occupaies andvacanciesthey would have

similar load distributionsand therefore, théoadsfor the entire system could be reduced. In addition,
redistributing relatively low effective loads to perimeters of a building and integrating occupancy time-
dependence with @ntation also have the potential to reduce the impacextefnal loadsThis paper
proposes a framework to conditionally redistribute loads by reassigning occaptreduilding level

and presents results from a simutat of a realworld office building for validation Predefined
requirement constraints (e.g., room size) and capacity constraints (e.g., number or rooms within a zone)
are integrated and an agglomerate hierarchical clustering badgdrithm is designedfor iteratively
assigning occupants with zone adjacemcigntation, and HVAC layouieing considered.

This paper is structured as follows: Section 2 introducesdheept of occupancy heterogeneity and
presentghe motivation; Section 3 discusses the con#sdpr conditionally redistributing loads through
occupantreassignment, and presents the objective of this paper; Section 4 describes the iterative
reassignment algorithm based on agglomerative hierarchical clustering and different levels of constrains;
Section 5presentghe case studysedto demonstrate the neea integrating occupancy based control
with occupant reassignmeand the results; Section 6 discusses the limitations and concludes the paper.

2 OCCUPANCY HETEROGENEITY AND RESEARCH MOTIVATION

In general, the importance of occupants in a building’'s HVAC heating/cooling energy consumption can
be broken down into two categories: Occupancyaibuilding(presence and number of occuisamnd
occupant etions in a buildinglfow occupantbehavé (Hoes et al. 2009vu 201Q Yu et al. 2011 Santin

2011) Occupancy results in heat gam @cupantscontinuously generate heat due to their metabolisms
and activities. Occupancy &@soassociated with the use of other building systems such as lightidg
appliances such as computers, which radiate and add heat to the envir@uoepéncy also detemnes

active heating/cooling periodand thermal conditiondVhen the space is occupied, an HVAC system
usually rurs to maintain static and desirable thermal conditions. Occupants’ actions also impact HVAC
loads, for examplanteractions with building elens, such as blinds, windows, and doors. Since
occupancy (presence and number of occupants in a zone) acts as the basis for occupaanections
determines the actual demands for HVAC heatiogiing (Andersen et al. 2009; Tabak and de Vries
2010; Masoso and Grobler 20Q1@his study focuses only on the occupancy related HVAC energy
efficiency. Specifically, occupancy is defined as tirsequenced occupancy changes to represent how
occupants occupy a space, including occupeggenceind number, as defined in the introduction.
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Occupancy based controperatesHVAC setpoins based on actual occupancy. Motivated by the
significance of inefficiencies ienergy consumption, a range of studres/e been undertaken to optimize
HVAC setpointcontrols based oreattime occupancy(Ericksonet al 2011;Dong and Andrews 2009;
Ghahramanet al. 2014,Oldewurtelet al 2012. The basic principle is that energy efficiency could be
improved by not fully running HVAC systems in vacant zoffesvani etal. 2012; Gao and Whitehouse
2009;Yang et al. 2013). Instead, zone temperatures were allowed to float within a certaifAgargel
et al. 2010) Therefore, for a single room, if occupancy based contramgemented, the nominal
demands are approximately equal to actual demands except for the difference causefielgyehe
system startupand reconditioningHowever,a mechanical zone may consistrabre tharone room. A
the zone level, realime occyancy is determined by aggregating the occupancy statie®oms in that
zone. Wherany room in theone is occupied, active conditioning is requii@dthat room, and thivads
of the zonaare the sum of loads in all rooms of that zdResearchers have found that roarhduildings
may have different or in someases inverse retime occupancies as re@tkhe occupanciesare
heterogeneous inature(Wang et al. 2005; Page et al. 2008; Goldstein et al. 20h@ conclusionhas
been proven true in multiple test begdidahdavi 2009;Wang et al. 2011Duarteet al. 2013) Simply
aggregating disparateattime occupancies might create an inaccurate representation of how eaét zone
occupied and may fail to reduce the effective loads thte zone level ad building level because the
reduction of loads from one room is compromised by the additional requirement of other rooms and zones
(Yang and BeceriGerber 2014a)ln other words, the heterogeneity @ezcupancy may lead to the
heterogeneous distribution of effective loads, and redyceenergy efficiencyFurther adjacent zones
are sometimesserved by the same supply air and there exist heat transfer and balamzp zzmes.
Therefore, the long-term occupancy shouldittegratedto the occupancy based control in order to
reduce the loadeesultirg from heterogeneouattime occupancy athe zone level as well as at the
building level.

3 REDISTRIBUTION CONSTRAINTS AND RESEARCH OBJECTIVE

Occupancy profile, representing the long-term occupancya iypicalweekday/weekend presence
probability as a function of time for a specific space. If there is more than one room in a zone, the
occupancy profile for @t zoneis formulated by comparing the occupancy probabilities among all rooms
in that zone aeach time point, and bghoosingthe highesprobability as the occupancy probability for
that zone. In this papgethe occupancy profile is used as the measure to quantifietbeogeneity level of
reaktime occupancyand to group similar occupaies for energy efficiencyThere might be more than
one profile representing one room (ejprofiles for different days ofthe week) and there might be
changes in a profile. Heever, onsidering reassignment is a divaee activity, all availableoccupancy
information should be usdd generate occupancy profiles, and it is assumed thatampancy profile
from a certain period of time could be representative in terms of clustering occupancy and regrouping
occupancyassociated load#f a spacenasmore than one profile, the one representorghe majority of
time is selected.In authors’ previous work, m ARMA (AutoRegressive-Movinghveragg-based
algorithm was develogeand validated to model personalized occupancy profiles by analyzing the
ambient environment and previous occupancy informatibang and BecerikGerber 2014b). This
algorithm is applied in this paper to prepare occupancy profiles for reassigning occlgrahts
redistributing effective loads.

In the authorspreviousresearchload redistribution was alssiudiedby reassigning occupanased
on profile similarites at the zone level (Yang and Bece@lerber 2014a). It has been demonstrated that
5.4% of energy efficiency was improved by reducing the effective loadsipared to simply
implementing occupancy based contrimidicating thatthe difference between nominal demands and
actual demands has decreased. However, there is still room for further impre/eénoaat redistribution
could beintegrated withan occupancy based contrahdextended fronthe zone level to the building
level and with the following three factorsding taken into consideration: (1) HVAC layout. Office
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buildings are commonly served by centrally controlled HVAC systems, and there might be more than one
set of secondary HVAC system (e.gir handling unit). The HVAC layout determines the zones with
shared supply airZones under the same secondary HVAC systehould have similar occupancy
profiles. @) Zone adjacency: adjacent zones share boundaries and there are load exchanges#irough h
transfer and balance among the zondsenthere is temperature differendéthe adjacent zones have
distinct schedules for heating/cooling, unnecessary energy might be consumethdumab circulation

(3) Orientation: mnes with the same orietittn usually have similar boundary conditions aare
impaced similarly by theoutsideenvironment. Unlikehe zones on the perimeter, the zones in the core
without outside surfaceare called corerientation in this paper. Putting similar occupancy profiles onto
the same orientatiomndmovingrelatively lowoccupancy profiles (with small presence probabilities)
theperimeters of a buildingould reduce the loads from heat gain/loss through a buddingelope and
further improve the energy efficiency.

Generally, load redistribution by reassigning occup@tan easy and effective way to elevate the
effects ofan occupancy based HVAC control to further improve energy efficieftys process is
conditional, depending on the hierarchical constraints of occupassignment Different levels of
constraints should beonsideredn sequence, after the highesel constraintdeing satisfied, the lower
level constraintsare to be includedIf there is a conflit between the two sets of constraints, primary
constraints are given the prioritfPrimary constraints for occupamtassignment couldhave several
differentrules such as physical requirements, organizatidingts, room functionalities and occupant
preferencesSecondary constraint requérgimilar occupancy profilet beassigned to the same zorses
that the occupants of a zoneould have similar presence patternsheTthird constraint is similar
occupancy profiles are to laessignedo theconnected zones including adjacent zones, zones with same
orientations and zones undke same secondary HVAC system.

The objective of this paper is to propose a framework to conditionally redistribute loads at the
building level by reassigning occupants ammlegrate an occupancy based control with occupant
reassignmentTo test whether energy efficiencgould be furtherimproved compared to simply
implementingan occupancy based HVAC control, simulation of a case study building is perfoltned.
important to note that these investigations do not aim to prangepecific reassignmeisblution for a
specific building but instead they are used to demonstrateetdpf integrating reatime occupancy and
longterm occupancy for HVAC energy efficiencyhe main contributiors include thancreaseof our
understandingibout the impaobf heterogeneous characteristics of occupamcyhe difference between
nominal demands and actual demands for heating and ca@hgtion ofloadsthrough the exploratin
of load redistributiorby conditionally reassigning occupanésdpotential forbetterinformed decision
making for occupancy based HVAC control.

4 BUILDING LEVEL LOAD REDISTRIBUTION

A hierarchical clustering algorithm is designed to cluster occupprafiles based on their similarities
while considering the connectivity between clustéhfiles that belong to a small cluster also belting
biggerclustes. Occupancy profiles arderivedfrom reattime occupancy with irregular occupancy being
eliminated.It has been demonstrated by the authioasrealtime occupancygould be estimated by using

the observable ambient factpsuch as C@concentration, temperature and light levgéfang et al.

2013) The underlying assumption is that occupancy regularly influences the ambient environment. Thus,
there exists a relationship betwematupancy anthe changes in the ambient factors. Bathematically

or statistically modeling this relationship through supervised learning, future ambient data could be
analyzed to output corresponding occupancy. This ambient sensing based modeling outperforms current
methods of modeling occupancsuch asobservations, surveys, sheetrm measurements or reaahe

end use monitoringasthese methods are not practical due to the intrusion they cause to buildings and
their occupants, and they do not satisfy the requirements for detailed occupancy driveati@ppl
because othe lack of precision and consistency and verification in auditing. Usingimealbccupancy
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to generate anccupancy profile i® mining process to find the mathematical or statispedtlernsof
occupancy, andmay require further mtprocessing ofraw profiling results It is because actual
occupancy has time continujtwhich could be undermined by the outliers in the ground truth and
impacts ofirregular occupancylin addition, conditioning effects of heating/cooling are not spontaneous
and it take some time to reactine desired temperature. Therefore, occupancy préfiteddVAC energy
efficiency should be represented on a time-window basis. A logic operation is ddsighisdpaper for
updating an occupangyofile. Spedfically, slidingwindowsare definedo segment the profilebytime
windows with overlapsThe averaged presence probability within each window is then used as the feature
for this window to form a new feature vector (updated profile) for similarityyaisal his logic operation
could also reduce the dimensionadkature vector, which improves the computational efficiency and the
reliability to compare the similarity among occupancy profiles.

The clustering process starts by assigning each updateile pofan individual cluster, each
containing only oneprofile. The Minkowski distance is used calculate the similarity between two
profiles, as it is used as a general function to measure distance in clustering.

Minkowski distanced;; = 1/ (Xj— [Xix — xjx|")

In which, d;; is the distance betweemofile i and profile j n is the vector dimension, depending on
the length and overlap of tlséiding window;x;,, is the averagegrobability of windowk for theprofile i,
andx; is the averagegrobability of window kfor the profilej. r is selected as 2 in this paper thus the
Minkowski distance becomes Euclidean distance. The distance between two clusters is defined as the
average of all distances between any iotaster profile pairs. A pairs are searched to find the closest
pair of clusters and they are medgato a single cluster~ollowing this procedurethere is one cluster
less Then thedistances between the new cluster and each of the old claseecemputed.These
agglomerative hierarchical clustering steps are repeated until all profiles are clustered into a single cluster.
Based on théierarchicalklustering, an iterative reassignment algorithm is then desigremimplete
the conditional rassignmentdependingn the hierarchical constraints @fcupanteassignmen(Figure
1). First, all of the profiles are assigned into initial clusters based omrihgary constraints. This step
varies case by case and there might be more thapromary constraint to be osidered. For different
initial clusters, theoccupantreassignments conducted independently. Within each initial cluster, the
agglomerative clustering is then ustd merge two clusters onat a time according to their profile
similarities. Initially, the first two profiles to be merged are randomly assigned to one zone. If the new
cluster contains the cluster merged in the previous step, the subseaiiéed areassigned to the same
zonesof the existing profiles or connected zones depending on whether the zone capacity has been
reachedand how the third constraints (zone adjacency, orientation, and HVAC layout) define the
divisions of connected zones. Otherwise they assigned to the zones containing the profiles that are
relatively most similar to the subsequgmbfiles. As long as two clusters are merged to one cluster,
profiles within one zone are adjusted to ensure the profiles on the zone boundaries are similar to the
profiles on he boundaries ahe connected zones. Finallgll profilesaremerged to a single cluster and
one trial of reassignment is then completed. Since the initial assignment point is randomly selected, the
entire process described abovetésated with differat initial assignment points until the ratio between
inter-zone distance and innegone zone reaches the maximum.
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Figurel: lterative algorithm for hierarchical clustering and occupeatsignment

5 REDISTRIBUTION AND RESULTS

The case studyuilding for validating the iterative reassignment algoritienthe Ralph & Goldy Lewis

Hall (RGL), a typical office building on the University of Southern California (USC) campus near
downtown Los Angeles, California. The RGL is a thséey building with a footprint of 3,735 fiwith

89 mechanically conditione@oms that have spaces of varying sizes and functions. Most of the rooms in
the building are enclosed single occupancy offices; other rooms are classrooms, conference rooms, and
audtoriums. The building is equipped with state-of-tre-BEMS (Building Energy Management
System)and central HVAC system with air handling units (AHU) serving a total of 64 variable air
volume (VAV) boxes and 3 fan-coil units (FCU). A VAV box is resporesior regulating the ventilation

in the thermal zone with conditioned air, and reheating the air with hot water suppliecbbijtaleeif the
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zone needs heating instead of cooling. The conditioned air is supplied\t@&seby air handler units
(AHUs) usng fans and ductwork. There are two AHUs in the building, each servicing one side of the
building with similar sizes of service areasccording to the thermal properties of different surface
boundary conditions, there is less significant heat transfer through floors compared to the walls
Therefore, load redistributions at different flsarereassumed to be independent and only the third floor

of the test bed building wassed to represent the building level load redistribution. The 16 zones on the
third floor consist of 28 rooms andere monitored by 28 wireless sensor units, each of which includes a
number of ambient sensors such as temperature sensor asérS0r for modeling reélme occupancy

(Figure 2).
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Figure 2 Zones and rooms on the thitddr of the case studuilding.

To simplify the reassignment process, in this paper, the primary constrains were only set for physical
requirementsncluding room size and zone capacity. Specifically, an occupant could be assigned to a
room no larger or smaller than 20% of the size of his/her original room, and the number of occupants in
each zone cannot change before or after the reassignment. The selection of specific constraints does not
influence theway of reassigning occupardaad can be further extended to include otfmrstraintssuch
as space functionalities, occupant preferencasd so on.The secondary constraint placssnilar
occupancy profiles in the samenes. Sincéhe HVAC loads at tk zone level are the sum of loads in all
rooms of that zone, redistributing the loads may unify the periods of effective loads and improve energy
efficiency. The ARMAbasedalgorithm (inYang and BeceridGerber2014b)wasusedto calculate the
presence probability at each time point for thraahths (from January to April 2013). Since the sampling
rate for the realime occupancy model wa3 minutes, the original occupancy profile w480
dimensional (Figure 3)The logic operation wasletermined to segment the 480 dimensions by a 30-
minute time window with 1%ninute overlap and the period from 6:30 AM to 9:30 PM (HVAGhonr
mode time) was chosen to form a 60-dimensional vector. Each number in the vecthe \a&sraged
presence probability for the corresponding 30-minute time window (Figure 3

*  6:30 AM-9:30 PM

*  30-min Time Window
15-min Overlap
60-dimensional space

10:00 12:00

Presence Probability

04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20.00

Figure 3: Original occupancy profile armbic operations applied to form an updated occupancy profile
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The third constrain requidehe occupancy profiles in the connected zones to be similar. Considering
the zone adjacency, zone orientatidworth, South, East, West, and there is no Core Zone in this
building), and HVAC AHU coveragéFigure 2) the third floor of tested buildingwasdivided into six
connected zones (Figurg 4
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Figure 4: Connected zones of third floor determined bytting constraints

Matlab was used to implement the hierarchical clustering acdupantreassignmentor the 28
occupancy profiles. The fihaccupanreassignment plan ghown in Figureb.
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Figure 5. Occupantreassignment plaased on iterative reassignment algoritinumbes in red
representhe profile number before the reassignment and numbéykie represent the profile number
afterthe reassignment

In order to investigate thenergy implicationst the building levelan occupancy based contrais
simulatedbefore and afteoccupantreassignmentind the corresponding energy consumptions were
compared with a baselireontrol. The baselineis the control used in the buildingnd itassumes all
thermal zones in the building to be always occupied under the on-hour(6186&AM - 9:30 PM on
workdays, and 7:08M - 9:30PM on weekends), and a constant temperature set point (R98K) is
maintainedOccupancy based control requigesetpoinbeing programmed to float to a setbadken the
zone is unoccupied (e.g., during lunch breaks, etc.), and intermittently go back to sdupioigpthe
occupied periodsinder the orfrour mode. Additionally, the period of on-hour model should be updated
with the startup time beingas close as possible to the time the space is first occupied, and the stop time
beingsoon after the time the space becomes unocctipigtie day.So that the uniformity of terminal
start time/stop time schedules and synchronizaifantermittent conditioningould be botlconsidered.
First, lmased on occupancy profiles, the terminal control start schedulsetdsom aggregated room
occupancy profiles as the first time when the presence probability of any room hexsitive (above 0)
in a zone, and the stop schedwigsthe last time when the presence probability of all rooms befame
that zone. Second, during the on-hour mode occupied mode wasnforced or the zones with at least
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one room being occupied, where a constant temperature set point (2963€) was maintained. If a
zone stays vacant for a minimum of 15 minutes, a vacant masliggered where the temperature set
point wasset back to 78F @K) until it became occupied agakor both baseline control and occupancy
based control, wting the ofthour period, no cooling or heating services wasvided. Only minimum
airflow wasmaintained to satisfy the ASHRAE complian&SHRAE 2010).

Energyplusvasusedas the simulation program simulatethe energy implications of theccupancy
based control andccupantreassignment as it could providgrict heat balance and a simultaneous
solution for LSPE (load, system, plant, econon{i¢ang and BecerikGerber 2014c). A total of 12
months from January to April 2013, and from March to November 2014 efergenbecause of the
availability of actual occupancy dat@ndweresimulatedthrough a welkalibrated energy model (Yang
and BecerikGerber 201h First, the baselinecontrol was simulated for benchmarlg, then the
occupancy based control before and after occupsagsignment were simulated. The heating/cooling
energy consumptions for the threseenarioswere comparedThe energy reduction percentages of
occupancy based control before and after occugassignment compared to thaseline control were
shown in Figure 6

® Occupancy based Control m B Occupancy based Control + Occupancy Reassignment

ST T T T T T T T T T T T =

Jan 2013 Feb 2013 Mar 2013 Apr 2013 Apr 2014 May 2014 Jun 2014 Jul 2014 Aug 2014 Sep 2014 Oct 2014 Nov 2014
Month

— — — — — (3]
(= S R = I =
L

(=T S C

Energy Reduction Percentage
Compared to Baseline Control (%)

Figure 6: Simulation results for the energy implication$ occupancy based control and occupant
reassignment

It can be seen from the results that HVAC energgsumption hadeensignificantly reduced by
implementing both occupancy based control and occupant reassignroempa@cy based control could
save more energy during théinter recess anthe summer(Jan 2013, MayAug 2014, respectively
while the occupanteassignmentvas more effective infall semester (Sep Nov 2014) and spring
semestersHeb — April 2013, April 2014, respectively for improving energy efficiency. In general,
occupantreassignment could almost double the effects of occupancy based control by eldating t
uniformity of terminal start time/stop time schedules and synchronization of intermittent conditlbning
wasdemonstrated that the integration of occupancy based control and ocagsasignment could unify
the nominal demands with actual demaedgecially for the months when cooling is dominamtLos
Angeles May — Sep 2013 The results also shotlatloads are impacted by the occupancy heterogeneity
and occupantreassignments influence the load redistributioflse proposed iterative reassignment
algorithm reducedinnecessary loads and imprdudVAC energy efficiencyby 18.9% compared to the
baseline control currently uséwd the building, by 9.6% compared to simply applying occupancy based
control, and by 4.2% compared to thene level occupamnteassignmen{Yang and BeceriGerber
2014a). he occupancy profiles were formulated using the occupancy data inl20d@ver, there was
no significant difference of energy savings between the simulation results ofJa0:3April 2013)and
the results of 2014ar — Nov 2014), the assumption that occupancy profile from a certain period of time
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could be representative enough in terms of clustering occupancy and regrouping ocespaaicyed
loads,could be trudor this case studyit couldalsobe comluded thabccupancy heterogeneiiy terms

of load representatiostays constant over time and this characteristics is effective to group and reassign
occupants for leveragingccupancy based HVAC control.

6 CONCLUSIONS

This paper presentead framework to conditionally redistribute loads at the building level by reassigning
occupantsn order to elevateéhe effects of occupancy based control, amdulatel anoffice building
with actual occupancy information as a case stadyalidation Snce HVAC loads at the terminal level
are the sum of loads in all rooms of a zone, redistributing the loads could unify the periods of effective
loads and improve energy efficiency. In addition, similar occupancy profiles could be gathered together in
the zonesthat areadjacentthat have thesame orientation avat are underthe samesecondary HVAC
systens to further reduce the totébads at the building leveAs load redistribution througleccupant
reassignment is a cotidinal and hierarchical processiegdefinedrequirement constraints (e.g., room
size) and capacity constraints (e.g., number or rooms within a zonexaresiglered An agglomerate
hierarchical clustering based algorithmas designedfor iteratively assigning occupancy with zone
adjacency,orientation,and HVAC layout being considered.t lwas demonstratedhat heterogeneous
distribution of loads, resulting from heterogeneous occupancy, leads to HVAC energy ineffiiemcy.
resultsalso demonstratedhat effective loads at theuilding level were significantly reducebly up to
18.9% These reductions are fromme uniformity of terminal start time/stop time schedules and
synchronization of intermittent conditioningpmpared to the baselinentrol currently usedn the
building. Up to 9.86 of energy consumption could be savedmpared tosimply implementing
occupancy based HVAC controlt was demonstratedhat the proposed load redistribution framework
could outperform zone level reassignment to unify the nominal demands wigl demands, reduce the
unnecessary energy transfand improve energy efficiendyy additional 4.2%.tlis important to note
that these investigations do not aim to provide specific reassigmolations for a specific building but
instead they are used to demonstrattee need of integrating reatime occupancy and lorngrm
occupancy for HVAC energy efficiencyhe maincontribution of this papés to increaseur knowledge
about theimpactsof heterogeneous characteristics of occupameythe difference between nominal
demands and actual demands for heating and cooling, and to legde¢hrough the exploration of load
redistributionby conditionally reassigning occupantsr enablingbetterinformed decision making for
occupancy based HVAC controls.

However, there arelimitations and they are outlined herer future explorations. Thenergy
consequences of integratimgcupancy based control and occupeedssignmentvere consideredto
effectively representhe energy implications of occupancy heterogeneity, which reqdindber
validation through conductingther reassignmesitsimply based on primary constrains and random
assignmerst In addition, only the room aresasanalyzed as the primary constraimtthis paper, when
more primary constraints are added, there might not beaaiiable solution for reassignment. Finally,
the agglomerative hierarchical clustering process should be further optitoizeduce the time and
computational complexity for occupant reassignment.
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