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a  b  s  t  r  a  c  t

Ventilation  plays  a crucial  role  in promoting  the  comfort  and  health  of  building  occupants.  It is  sometimes
costly  in terms  of energy  consumption,  but can also  be  beneficial  from  an energy  perspective  when  free
cooling  is available.  This  work  is  an  exploratory  analysis  of the  hypothesis  that  simultaneously  optimizing
energy  and  indoor  air quality  (IAQ)  objectives  can  yield  better  results  than  existing  ventilation  control
methods.  A  multiobjective  optimization  framework  was  set up  to determine  optimal  time-resolved  out-
door airflow  and  zone  temperature  setpoints.  Test  cases  were  implemented  in  a modeled  office  building
by  numerical,  simulation-based  optimization  for a core  and  perimeter  zone  and  for typical  weather  days  in
January,  July,  and  October  in Philadelphia.  Results  showed  that conventional  approaches  were dominated
by  the optimized  strategies  in  some  cases.  Most strikingly,  in  the  core  zone  in  January,  mechanical  system
energy  use  was  reduced  by 20–30%  with  nearly  unchanged  or improved  IAQ.  The  optimized  strategies

employed  a low-temperature  morning  flush,  a time-shift  of  some  ventilation  to the  mid  afternoon  when
outdoor  air  did  not  require  as much  heating,  and  a reduction  in  ventilation  in the  evening  when  it was
not  as  effective  at reducing  exposure.  Cases  in  July  and  October  demonstrated  another  benefit:  significant
IAQ  improvements  at low  energy  cost.  The  results  show  that  there  is  significant  room  for  improvement
in  reducing  the  energy  use  associated  with  providing  good  IAQ.
. Introduction

Ventilation introduces outdoor air (OA) into a building to dilute
ndoor-emitted contaminants and protect indoor air quality (IAQ).

ost commercial buildings use mechanical ventilation, with rates
et in advance according to a standard. For example, the ventilation
ate procedure (VRP) of ASHRAE 62.1 specifies a minimum rate Vbz
or a zone with floor area Az (m2) and Pz design occupants as:

bz = RaAz + RpPz (1)

This additive approach includes a per-area component Ra (L/s
2) intended to dilute non-occupant emissions and a per-occupant

omponent Rp (L/s occ) to provide additional dilution of human

ioeffluents [1].

This ventilation air must be conditioned to maintain appropri-
te ranges of indoor temperatures and relative humidity, which
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©  2014  Elsevier  B.V.  All  rights  reserved.

requires energy use by the heating, ventilation, and air condition-
ing (HVAC) system of the building. HVAC end uses are a major part
of energy consumption in commercial buildings, which totaled 18
quadrillion Btu in 2011 alone, accounting for 19% of total US energy
use [2]. Some existing strategies modify the rates described by Eq.
(1) to achieve energy savings. These include demand controlled
ventilation (DCV), which resets the rate based on the actual number
of people present when there are fewer than the Pz design occu-
pants, and air-side economizer control, which introduces more OA
when it can provide free cooling. These two strategies are not mutu-
ally exclusive, and methods have been proposed to combine them
more effectively, for example by better identifying and switching
between the minimum OA and economizing operating regimes [3].

There is no guarantee, however, that the current standard
framework can provide the best IAQ for the least amount of energy.
It relies on two local controllers with uncoordinated objectives: one
sets a minimum OA rate based entirely on a ventilation standard

in conjunction with the design or current zone population, and
another determines if a larger rate would be beneficial purely from
an energy standpoint. Furthermore, what actually matters for occu-
pant health and productivity is the concentration of contaminants

dx.doi.org/10.1016/j.enbuild.2014.02.024
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2014.02.024&domain=pdf
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ndoors over the entire occupied period, not the rate at which
A is introduced at a given moment. An alternative approach is
eveloped here: using indoor pollution concentration metrics over
n entire day to assess IAQ and the optimization of a combined
nergy and IAQ objective to determine the best ventilation strat-
gy. Herein, a ventilation strategy comprises a trajectory of coupled
A flow rates and zone temperature setpoints. This approach has

he potential to identify more flexible control that can take advan-
age of building and weather dynamics. Although applicable to any
uilding, the information gained from the optimizations is partic-
larly useful for existing buildings, where other interventions like
ollutant source control are often not cost-effective.

No one seems to have proposed a similar method for discover-
ng a whole-day, optimized IAQ and energy operational strategy.
n the realm of ventilation, the most similar work has focused on
ptimization in the design phase, including setting static flowrates
ased on some formulation of optimal tradeoffs between energy
nd IAQ (or a proxy), e.g., Ref. [4]. There has been less attention
o optimal control of ventilation over a time horizon. Sherman and

alker have examined dynamic strategies for whole house ven-
ilation in the residential sector, based on a generic contaminant
xposure and information about the operation of local exhaust fans
5]. Their work is based on achieving equivalency to a standard,
ather than optimization of an outcome, and, moreover, the fea-
ures of commercial and residential ventilation are quite different.

There has been substantial work on other problems in the
ptimal control of commercial buildings and their HVAC sys-
ems. Two recent reviews provide good summaries [6–8]. Related
pplication areas include single-timestep controller-coordination
roblems [9], precooling and nighttime ventilation control [10],
nd active and passive thermal storage [11]. Like this work, most
revious studies were conducted in simulated environments. Most
ere also based on optimizing an objective that was a weighted

ombination of individual objectives like energy use and com-
ort [12]; at least one included an instantaneous IAQ constraint
r objective [13]. Many optimization routines have been tried and
nvestigated, including standard nonlinear methods like sequential
uadratic programming [12] and quasi-Newton algorithms [11],
arious direct search methods, dynamic programming [14], rein-
orcement learning [15], and stochastic techniques like genetic
lgorithm [13,16] and particle swarm optimization (PSO) [17]. For
any applications, initial work involving these computationally

emanding optimizations eventually led to the development of
ear-optimal control strategies or simplified rules that could be

mplemented [18–20]. We  hope that solutions to the optimal ven-
ilation strategy problem will follow a similar course.

The present work represents a first step, which is to assess the
ossible benefits of optimized HVAC control strategies that take

nto account both energy and IAQ goals. To this end, we formed an
AQ objective whose role is simply to scale concentration metrics
o they are comparable to energy costs. We  then applied the multi-
bjective optimization approach to a simulated case study: a small
ffice building in Philadelphia. Two zones were considered inde-
endently, on representative days in January, July, and October.
e analyzed the transient optimized strategies to identify useful

rends in different seasons and spaces. We  also used the most effi-
ient tradeoff curves between IAQ and energy use to assess the
utcomes of conventional ventilation strategies.

. Methods

.1. Optimization problem
The formulation of the finite horizon optimal control problem
s well known. There are four classes of variables: system states
x), control variables (u), exogenous variables or disturbances (w),
Buildings 75 (2014) 272–280 273

and observed outputs (y). The problem has three fundamental ele-
ments: a model that describes the propagation of the states over
time and how they are observed, constraints that are imposed by
physics or users, and an objective or cost function. (The term “cost”
is always used in the context of optimization; it does not refer to
monetary value.) In the discrete time formulation, the objective is
a function of the outputs, states, control, and exogenous variables
at all timesteps 0, . . .,  N in the planning horizon:

J(y0, . . .,  yN, x0, . . .,  xN, u0, . . .,  uN−1, w0, . . .,  wN−1)

= J(YN, XN, UN, WN) = J(UN, WN, x0) (2)

The optimization problem is to find the control trajectory
UN = {u0, u1, . . .,  uN−1} that minimizes Eq. (2) (in deterministic prob-
lems) or its expected value (in stochastic problems), subject to the
dynamics imposed by the model and to any additional constraints.
The second equality in Eq. (2) is true because the trajectories XN

and YN are fully specified by the initial state x0 and the state model
of the dynamics and observations.

To optimize with respect to two  goals, the objective can be
formed as a linear combination:

J(UN, WN, x0) = J1(UN, WN, x0) + cJ2(UN, WN, x0) (3)

If c is fixed, both objectives can be mapped to a one-dimensional
cost space and there is a unique solution. Such an ideal problem
would result if one had reliable information about all costs and
benefits of ventilation, including health and productivity outcomes
of IAQ. However, when costs cannot be established with certainty,
as is the case currently with IAQ-related objectives, c parameterizes
the family of optimal values known as the Pareto frontier or curve.

2.2. Energy and IAQ cost functions

In this study, the first term in Eq. (3) was  selected to be a measure
of the HVAC site energy cost:

J1(UN, WN, x0) = 365

∑N
k=1Ek,fan

A
+  365

∑N
k=1Ek,cool

A

+ 365

∑N
k=1Ek,heat

A
(4)

where the three numerators are, respectively, the total energy con-
sumed on site during the modeled day by the fan, the cooling coil,
and the heating coil. The denominator is the floor area served by
the system. The objective was  formulated with the standard annual
energy use intensity (EUI) metric in mind to make it interpretable.
The sum can be thought of as the extrapolated energy use inten-
sity (EEUI): the amount of energy per floor area that would be used
if every day of the year were exactly the same as the one in the
optimization problem.

For this work, we  developed a simple IAQ cost function to
demonstrate the approach. It should be stressed that more work
needs to be done to determine the best form of this objective based
on current information about health, productivity, or comfort end-
points. Herein, the IAQ cost is best regarded as a computational
tool utilized in the optimization. It was  based on concentration
metrics for two contaminants: carbon dioxide (CO2) and total
volatile organic compounds (TVOC), which is the sum of individ-
ual volatile organics. As a very general rule, CO2 is an indicator
of air quality related to contaminants emitted by occupants, and
TVOC is an indicator of air quality related to contaminants emitted

by building materials and furnishings. Using contaminants in these
two categories is consistent with the current Standard 62.1-2010
VRP philosophy, wherein the per-person ventilation component Rp

is required to address occupant-generated contaminants like CO2
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Fig. 2. Transformations for CO2 and TVOC metric values to implement thresholds
and  scale to equivalent energy units.

Table 1
Summary of parameters to transform metrics into equivalent kW h/m2 and combine
them into a scalar cost.

mtr, j C(j)
thr

n � (j) �mtr

Mean CO2 800 ppm 1.3 0.00316 0.75
Peak CO2 800 ppm 1.3 0.00316 0.25

3

ig. 1. Testbed schedule values. HVAC, HVAC opt, No setback, and Occ are described in
ections 2.3 and 2.4. IAQ is the period when contaminant concentrations contributed
o  the mean and peak IAQ metrics.

nd the per-area component Ra is required to address building-
mitted contaminants like VOCs. Neither indicator is perfect by any
eans, but together they are likely to give a good qualitative picture

f IAQ due to indoor-generated pollutants in most mechanically
entilated commercial buildings.

Two metrics were included for each contaminant, the daytime
ean and peak concentrations, where “daytime” was  defined as

:00 a.m.–6:00 p.m. This period is depicted as “IAQ” in Fig. 1. There
ere thus four IAQ-related quantities: mean CO2, peak CO2, mean

VOC, and peak TVOC. Each was processed with a transformation
f the form:

(j)
mtr = � (j)

(
max

(
C(j)

mtr, C(j)
thr

)
− C(j)

thr

)n

(5)

where �(j)
mtr is the transformed value of the metric mtr for the con-

aminant j, C(j)
mtr is the untransformed concentration-based metric,

(j)
thr

is a compound-specific lower threshold value below which no
enalty is imposed, � (j) is a compound-specific scaling constant,
nd n > 1 is an exponent.

The most important parameters in Eq. (5) are the threshold
alues. The CO2 threshold was 800 ppm. This relatively low thresh-
ld was selected in part because a recent study demonstrated
ignificantly worse occupant mental function and performance
t 1000 ppm CO2 than at 600 ppm, suggesting that CO2 may  be

 primary pollutant [21]. For comparison, 1100 ppm is a typi-
al DCV maximum CO2 concentration setpoint, and levels of up
o about 2500 ppm result from following the ventilation rates in
SHRAE 62.1-2010 for some spaces with high occupant densities

1]. The TVOC threshold was 500 �g/m3. There are no official stan-
ards or guidelines for chronic low-level TVOC exposure in the
nited States. The German Federal Environment Agency recom-
ended exposure tiers in 2007; the selected threshold is half the

000 �g/m3 point that divides their Level 2 (no “relevant health-
elated concerns”) and their Level 3 (“some objections and distinct
ealth issues”) [22]. Given the thresholds, the scaling constants
ere defined so that a metric value of 1500 �g/m3 for TVOC or

500 ppm for CO2 would correspond to a transformed value of
5.8 kW h/m2 (5.0 k Btu/ft2) equivalent. The exponent n was cho-
en to preserve differentiability but still yield a reasonably linear
ransformation. Fig. 2 depicts the resulting IAQ cost function trans-
ormations.

Finally, the four transformed metrics were combined into a sin-
le objective with a weighted sum:

2(UN, WN, x0) =
∑

�mtr�(j)
mtr (6)
j,mtr

We selected weights of 0.25 for the peak metrics and 0.75
or the mean metrics. The intent was to place primary emphasis
n exposure, which scales with the mean concentration, while
Mean TVOC 500 �g/m 1.3 0.00199 0.75
Peak TVOC 500 �g/m3 1.3 0.00199 0.25

imposing some penalty on solutions with high peaks. The param-
eters selected for use in Eqs. (5) and (6) are summarized in Table 1.

2.3. Building model

The building dynamical model was implemented in EnergyPlus,
a validated, physics-based platform with a large support com-
munity, predefined models, and detailed weather data [23]. The
simulation testbed was a 511 m2 post-1980 vintage office building
in Philadelphia, with four perimeter zones and one core zone each
served by a packaged constant air volume (CAV) air handling unit
(AHU) with a gas-fired heating coil and a direct expansion cool-
ing coil. The building was based on a US Department of Energy
Commercial Reference Building Model [24,25]; a detailed building
description with assumptions and data sources can be found in the
references.

The model was modified in the following ways for this project:
The fractional occupancy schedule was  altered slightly (trun-

cated in the very early morning and late evening) so that the
building was not occupied during any periods when the HVAC sys-
tem was  off. It is depicted as “Occ” in Fig. 1.

The unpressurized or nighttime infiltration rates were reduced.
Constant values of 0.35 h−1 in the perimeter zones and 0.1 h−1 in
the core zone were used, yielding a building total infiltration rate
of about 0.28 h−1, which is consistent with past estimates and field
measurements [26]. The infiltration rate during the day was  half the
nighttime unpressurized value (not one quarter as in the Reference
Building model).

Contaminant processes were modeled, according to the dif-
ferential equation for a well-mixed zone of air: dC/dt = S −
(Vbz/V + �inf)(C − Cout), where S is the contaminant emission source,
V is the volume of the zone (m3), �inf is the infiltration air exchange
rate (h−1), and Cout is the outdoor concentration. For CO2, S varied
with time because it was  emitted by occupants. The CO2 emission
rate per occupant was  0.31 L/min, a typical value for office work-
ers, and the outdoor CO2 concentration was steady at 400 ppm.
For TVOC, S was constant, representing emissions from building

materials and furnishings and neglecting VOC emissions from occu-
pants or secondary reactions with ozone on building surfaces. It
was 350 �g/m3 h on a volume-normalized basis, which was  the
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5th percentile in a recent statistical analysis of emissions across
he office sector [27] where TVOC represented the sum of 43 indi-
idual VOCs. The outdoor TVOC concentration was  69 �g/m3, the
edian from the same analysis. For TVOC, this model also neglected

osses due to gas-phase reactions as well as any sorption effects.
The simulation timestep was reduced from 10 to 5 min  for

reater accuracy.

.4. Optimization approach

The optimization engine was GenOpt, developed at Lawrence
erkeley National Laboratory, and the optimization algorithm was
he included implementation of Hooke and Jeeves’ generalized
attern search (GPS) [28]. Such a direct search method is appro-
riate for simulation-based optimization where objective function
erivatives are unavailable or excessively noisy [29]. Furthermore,

n this implementation, the convergence tolerance of the simula-
ion engine is taken into account by means of an adaptive precision
arameter [30].

To test the supervisory approach, batch optimizations were con-
ucted on three representative days: a cold winter heating day
January 10), a hot summer cooling day (July 26), and a mild fall
ay near the balance point (October 26), all selected for represen-
ativeness from the typical meteorological year (TMY3) data for the
E Philadelphia airport. The time horizon was 1 day, implemented
yclically (the simulations were actually run for 3 days with identi-
al weather, and only the outputs from the third day were used) to
revent the possibility of discovering a control trajectory that per-
ormed better on 1 day at the expense of yielding worse results the
ext. Also, optimizations were separately conducted for the core
one and one of the perimeter zones (the south zone), and only con-
rols for the zone under investigation were altered. Each day/zone
ombination is called a case.

For each case, the exogenous variable sequence WN in Eq.
2) represented fixed parameters, and the objective was a deter-

inistic function of the control variables. These were the zone
emperature setpoints and OA ventilation rates between 6 a.m. and
0 p.m. In Fig. 1, this time period is the combined area of “HVAC”
nd “HVAC opt.” The control timestep was 15 min, a length used
n a similar project [16], leading to a total of 128 variables in the
ptimization. One limitation was that the system fan always had to
perate starting at 6 a.m., even if a later starting time might have
erformed better. (Attempts to use a hybrid PSO and GPS algorithm
ith binary fan on/off variables proved intractable.) A crucial step

n getting the optimizations to converge was selecting good initial
uesses. An approach that proved successful was using the actual
one temperatures and ventilation rates obtained from an initial
imulation with standard economizer and DCV control, augmented
y a fixed morning flush of ventilation air prior to occupancy.

The problem constraints were implemented primarily through
ard box constraints on the input variables. The OA fractions, which
efine the tradeoff between the ventilation rate and recirculation
ir rate and thus the amount of ventilation air delivered, had to
e between 0 and 1. The zone temperature setpoints had to be
etween 15 and 28 ◦C from 6 a.m. to 7 a.m. They had to be between
1 and 24 ◦C from 7 a.m. to 10 p.m. (“No setback” in Fig. 1). There
as also a steep penalty added to the objective for any setpoint-not-
et  hours to assure that the zone temperature actually achieved

he setpoint. During the times not considered in the optimization,
rom 10 p.m. to 6 a.m., the temperature was allowed to float in the
eadband defined by the nighttime setback setpoints, and the OA
raction was zero.
In order to establish the Pareto curve, optimizations were con-
ucted for five values of c in the multiobjective cost of Eq. (3):
, 0.5, 1, 2, and 5. In addition to these five optimized strategies
or each case, two baseline control strategies were defined for
Buildings 75 (2014) 272–280 275

comparison. The first (B1) was a standard strategy that used fixed
minimum ventilation rates calculated according to the ASHRAE
62.1-2010 VRP. The second (B2) represented an “advanced” com-
mercial OA strategy combining a differential enthalpy economizer
and occupancy-tracking DCV, using ASHRAE 62-2001 rates. In both
of these baselines, the HVAC system operated from 7 a.m. to 10 p.m.
(“HVAC” in Fig. 1). All baselines had the same setback periods and
temperature constraints as the optimizations.

3. Results and discussion

3.1. Transient characteristics

The optimized strategies differed from the conventional ones
in the most useful and informative ways in January and October.
Figs. 3 and 4 show the ventilation, TVOC concentration, coil energy,
and in one case CO2 concentration for selected cases of most inter-
est. Each plot includes three optimized strategies and the two
baselines, and where present, vertical lines indicate the IAQ metric
period. For ventilation, air changes per hour (ACH, h−1) are shown
to facilitate normalized comparisons. We  do not include plots of
CO2, fan energy, or zone temperature setpoints because they are
not noteworthy. Optimized strategies’ CO2 trajectories were not
as varied as the TVOC ones, and were generally similar in form
to those resulting from B2. Fan energy was  essentially constant
with this CAV system and fixed schedule (save the additional first
hour of operation in all optimized strategies). The zone tempera-
ture setpoints were in fact important for reducing energy use, but
changes in them were subtle and often only for a small portion of
the day.

The January core zone optimized strategies were characterized
by three broad trends (Fig. 3). First was a pre-occupancy ventila-
tion flush in the morning. The flush drove down elevated overnight
TVOC concentrations (Fig. 3b), reducing both peak and mean TVOC
levels during the day. Remarkably, the flush resulted in very little
additional heating because it was  coupled with a low zone temper-
ature setpoint, about 15 ◦C. This effect can be observed by the low
coil gas use between 6 a.m. and 7 a.m. in Fig. 3c.

The second trend was that ventilation was reduced after the
flush, as the zone required sensible heating to be brought up from
its nighttime setback to its daytime occupied temperature. (The
zone temperature remained at the minimum, 21 ◦C, for the rest
of the day.) One consequence was  reduced heating loads in the
mid-morning, clearly visible between 8 a.m. and noon in Fig. 3c.
Over the morning, ventilation increased, as OA became less costly
or even unnecessary to heat, due to warmer outdoor temperatures
and the buildup of lagged internal heat gains. This time-shifting
of ventilation to later in the day was, as might be expected, great-
est with c = 1. Under that strategy, it resulted in noon CO2 levels
of around 1000 ppm, or about 100 ppm higher than under either
baseline strategy. With c = 5, there was less mid-morning reduction,
which kept the CO2 concentration nearly identical to the baselines.
For c = 5, there was also a second morning OA flush from about 7:30
a.m. to 8:30 a.m. Taken together, the optimized results suggest that
in the winter there is significant value to some ventilation time-
shifting, and also to staggering the periods of greatest ventilation
and greatest sensible heating.

The third trend was  that the optimized strategies reduced ven-
tilation late in the afternoon and the evening. Indeed, no optimized
strategy, including c = 5, found ventilating the building at high
rates in the evening to be a useful operation. Ventilation at that

time of day simply was  not very effective at reducing mean and
peak metrics, and ventilating less at that time saved significant
heating energy. Only B1, with a fixed ventilation rate, required
heating in the evening, which means that that entire heating load
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ig. 3. January results in the core zone (top row) and perimeter zone (bottom row). T
as  consumption.

s attributable to ventilation. It is worth noting that, of the three
rends described in January in the core zone, the third was quite
imilar to occupant-tracking DCV, but the first two were very dif-
erent from both baseline strategies.

January perimeter zone results differed from those in the core
rimarily because of the much more meaningful infiltration in the
erimeter. Infiltration reduced the primacy of ventilation as a dilu-
ion mechanism and also limited the nighttime buildup of VOCs
Fig. 3e). Because of this, the results in the perimeter exhibited even

ore aggressive time-shifting and an earlier reduction in ventila-
ion in the afternoon. These changes, respectively, greatly reduced
he morning and evening heating needs (Fig. 3g). The differences
etween the perimeter and the core are very clear from a compari-
on of Fig. 3a and d. Unlike in the core, the afternoon OA curtailment
ccurred much earlier in the day than under occupant-tracking
CV (B2). Nor did the optimized strategies in the perimeter include
ery significant pre-occupancy morning flushes. Only the strategy
ith c = 5 had anything like one, and this occurred most vigorously
uring 15 min  before the IAQ metric period began at 8 a.m. Essen-
ially, OA was only provided in large amounts in the middle of the
ay when it was thermally useful to prevent overheating in this

outh-facing zone.

The July core zone optimized strategies were less novel, and did
ot improve much on the economizer-with-DCV baseline B2. The
eason was that, though it was a hot day, it was cool enough to

ig. 4. October results in the core zone: ventilation ACH, TVOC concentration, and CO2 co
ecause  it is directly under those of the optimized strategies.
lumns are: ventilation air changes per hour (ACH), TVOC concentration, and heating

economize with an integrated economizer until about 8:15 a.m.
This allowed B2 to save energy, and, as a positive but unintentional
consequence, drive down TVOC concentrations. In both the core
and perimeter zones, the optimized strategies did bring in OA ear-
lier, at 6 a.m., which reduced the zone temperature to the maximum
daytime setpoint of 24 ◦C an hour earlier than the baselines did,
and was  the only difference in optimized and baseline tempera-
ture setpoint trajectories. The optimized strategies also continued
to bring in large amounts of OA until about 9 a.m., slightly later
than the economizing of B2, since doing so improved IAQ at only a
marginal energy cost. However, the IAQ impact of the longer morn-
ing flush was  not large, since TVOC concentrations were also low
by about 8 a.m. under B2. The other interesting feature of the opti-
mized strategies in the summer, especially those with low values of
c, was relatively low ventilation rates during much of the day, inter-
spersed with short periods of higher ventilation. This pattern was
especially true for c = 1. It appears that, under these conditions, such
a punctuated approach of delivering OA may  be an energy-effective
method of providing dilution. It does not seem that this strategy is
entirely an artifact of the optimization process, since smoothing the
ventilation rate with a moving average or a median filter reduced

energy performance.

July perimeter zone results exhibited lower TVOC concentrations
than in the core, especially during the early morning, as a result of
the higher infiltration rate. In the winter, this meant that a morning

ncentration. For much of the day in all three plots, the curve for B2 is difficult to see
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Table  2
Mean and peak CO2 and TVOC values for the six cases for two baselines (B1 and B2) and four optimized (opt) strategies, rounded to the nearest multiple of 10. Bolded
strategies are discussed in the text.

Case/strategy Mean CO2

(ppm)
Peak CO2

(ppm)
Mean TVOC
(�g/m3)

Peak TVOC
(�g/m3)

January, Core zone
B1 830 930 880 1630
B2  840 890 990 2380
Opt  c = 0 950 1070 1320 2050
Opt  c = 1 940 1060 1160 1600
Opt  c = 2 920 1020 990 1200
Opt  c = 5 850 920 750 800

January, Perimeter zone
B1 760 830 600 780
B2  750 800 620 1000
Opt  c = 0 850 1020 920 1330
Opt  c = 1 840 1010 890 1300
Opt  c = 2 820 1000 840 1230
Opt  c = 5 790 990 690 860

July,  Core zone
B1 830 920 870 1650
B2  800 890 560 700
Opt  c = 0 1500 2390 1420 2520
Opt  c = 1 820 990 580 800
Opt  c = 2 790 890 550 690
Opt  c = 5 760 830 500 580

July,  Perimeter zone
B1 760 840 610 800
B2  740 810 490 600
Opt  c = 0 1200 1660 1050 1630
Opt  c = 1 820 1000 590 830
Opt  c = 2 780 890 530 680
Opt  c = 5 760 840 500 590

October, Core zone
B1 820 920 880 1660
B2  560 690 530 2190
Opt  c = 0 570 730 490 1520
Opt  c = 1 560 710 350 750
Opt  c = 2 560 710 330 640
Opt  c = 5 560 710 310 570

October, Perimeter zone
B1 760 830 610 810
B2  580 720 410 1020
Opt  c = 0 610 820 430 890
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Opt  c = 1 590 760 

Opt  c = 2 590 750 

Opt  c = 5 590 750 

ush was justified in the core zone for its IAQ benefits, but not in
he perimeter. In the summer, however, very high OA rates in the

orning were beneficial from a pure energy perspective in both
ones, and both zones had low TVOC concentrations by about 8
.m. In July, the optimized strategies also did not reduce venti-
ation significantly earlier in the afternoon in the perimeter than
he core, as they did in the winter. In short, although the July
ighttime perimeter and core zone TVOC profiles were differ-
nt, their profiles during the daytime were quite similar in terms
f ventilation rates, cooling loads, and especially contaminant
oncentrations.

The October core zone optimized strategies were also similar to
2. Indeed, for most of the day all three shown optimized strategies
iscovered the economizer OA control exactly (Fig. 4a), demon-
trating the near-optimality of economizing under mild weather
onditions, when IAQ and energy objectives are not in conflict.
owever, there was one important difference from B2: the opti-
ized strategies provided significant OA from about 6 a.m. to 9

.m., before traditional economizing was activated. Economizing is
ypically only used when a zone would otherwise be warmer than
he cooling setpoint (24 ◦C in this case). The optimized strategies,

n the other hand, set the zone temperature setpoints near the
eating setpoint (21 ◦C). Given a somewhat chilly morning temper-
ture (10 ◦C at 6 a.m.) and low internal gains early in the morning,
his setpoint trajectory allowed a much higher ventilation rate with
380 660
370 610
350 550

almost no energy penalty. The greater ventilation was quite use-
ful in driving down the morning TVOC concentration, as is evident
by comparing B2 and the optimized strategies between 8 a.m. and
noon (Fig. 4b). Because B2 and the optimized strategies used neg-
ligible coil energy in October, the CO2 profiles are shown in Fig. 4c.
They demonstrate that even when the optimized strategies and B2
had different TVOC outcomes, their CO2 profiles were similar—in
this case, identical.

October perimeter results were, once again, similar to the cor-
responding core results with the differences caused by greater
perimeter infiltration. In particular, although the perimeter opti-
mized strategies also reduced the zone temperature setpoints and
brought in OA early in the morning, the TVOC concentrations were
not as high and so the reductions were not as dramatic.

3.2. Objective values and Pareto frontiers

The IAQ metrics that resulted from these transient profiles are
shown in Table 2. These metric values will be considered along-
side the energy results by means of Pareto curves (Fig. 5), which
plot the IAQ objective of the four IAQ metrics combined accord-

ing to Eq. (6) versus the energy objective of the extrapolated EUI
calculated by Eq. (4). These curves graphically depict the tradeoffs
between IAQ and energy. Each c value leads to a point on the curve
that represents a different optimal tradeoff between the objectives.
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ig. 5. Pareto curves for the six modeled cases. In July, the points for B2 are difficult
 = 5.

eading from upper left to lower right, the c values in the plots are
, 0.5, 1, 2, and 5. The two baseline strategies are also plotted. An
perational strategy is suboptimal or dominated if it leads to an
bjective pair (J1, J2) to the right of the Pareto frontier. In theory,
ny pair (J1, J2) to the left of the curve is impossible. (In Fig. 5e, B2
s actually slightly to the left, due to the additional hour of fan run-
ime required of the optimized strategies but not of the baselines.)
gain, unlike the energy objective, the IAQ cost is not a real quan-

ity with obvious physical or economic meanings, and should be
nterpreted by noting the individual metric values in Table 2. In the
ollowing discussion, all percent changes are relative to B1 unless
therwise noted.

In January, we found the most striking results. In the core zone,
1 was far from optimal (Fig. 5a). Its large IAQ objective value
as due primarily to the high peak TVOC that resulted from the
ighttime buildup. Using the strategy of economizing-with-DCV
B2) saved 29% of HVAC site energy but significantly degraded IAQ
y further increasing the TVOC values. In contrast, the optimized
trategy with c = 2 saved 43% of HVAC site energy and left the IAQ
bjective essentially unchanged. Its morning flush and ventilation
ime-shifting allowed the CO2 metrics and mean TVOC to rise some-
hat, but greatly decreased peak TVOC. A different tradeoff point
as provided by the optimized strategy with c = 5, which left the
O2 metric values unchanged, reduced mean TVOC, halved peak
VOC, and still reduced energy use by 22%.

In January in the perimeter zone, both baselines had better IAQ
ecause of infiltration. They also used much more energy than in the
ore, also in part due to infiltration (Fig. 5b). Unlike in the core zone,
sing DCV in the perimeter did not degrade IAQ significantly, but it
lso saved less energy with a 17% reduction. The optimized strategy
ith c = 2, however, reduced HVAC energy consumption by 46%. It
id increase all IAQ metric values, but the increases still left the IAQ
bjective better than that of, for example, the core zone in January
nder the baselines. Furthermore, the optimized strategy with c = 5
hanged the IAQ metrics relatively little even as it resulted in 37%

nergy savings. Thinking about this conversely, one might say that,
ompared to the optimized strategy with c = 5, both of the baseline
trategies unintentionally paid very high incremental energy costs
or relatively small IAQ improvements.
 because they overlap the Pareto curves; they are at the bottom, near the labels for

In July, the IAQ metric values under B1 were the same, up to
simulation precision, as for the same zones in January. In the July
cases, however, B2 used both the economizer and DCV compo-
nents of its control logic, using the former in the morning and the
latter in the afternoon. In both zones, this control only led to 4%
HVAC site energy savings. The economizing had the ancillary but
more important effect of reducing TVOC levels and, especially in
the core, significantly improving the IAQ objective (Fig. 5c). Because
introducing large amounts of OA in the morning was favorable from
a pure energy standpoint, the optimized strategies had little room
to improve. The tradeoffs ranged from saving about 11% of energy
and providing worse IAQ than B2 (with c = 0.5) to providing essen-
tially identical results to B2 (with c = 2 in the core and c = 5 in the
perimeter).

The fundamental difference between July and January was that
in January the constraining factor was the TVOC concentration at
the very beginning of the occupied period, which could be reduced
with a low-cost flush prior to occupancy. In July, the constrain-
ing factor was the TVOC concentration for the entire afternoon,
a situation no dynamic strategy effectively addressed. (The only
exception might be the punctuated ventilation witnessed with the
lower c values, if that effect is confirmed.) In short, the Pareto
curve was steep—signifying large IAQ degradation for small energy
savings—and the baselines were already close to it.

In October, the weather was mild and economizing was favorable
nearly the entire day. Moving from B1 to B2 did save 27% of energy
in the core and 20% in the perimeter, but the absolute savings were
essentially negligible (Fig. 5e and f). Perhaps more importantly, it
also reduced every IAQ metric value except peak TVOC, which it
increased because of its DCV control. The optimized strategies, on
the other hand, found that providing more OA from about 6 a.m. to 9
a.m. had more IAQ benefit than energy cost. For example, compared
with B2, the optimized strategy with c = 1 saved less energy (17%
in the core and 10% in the perimeter) but dramatically lowered the
TVOC metric values, reducing peak TVOC by more than 300 �g/m3
in the perimeter and 1400 �g/m3 in the core. In this case, the Pareto
curve was also steep, but here since neither baseline was at the
good-IAQ end of it, there were large IAQ improvements available
for small energy costs.
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.3. Optimization novelty and approach

These benefits and effects can be attributed to four compo-
ents of the approach taken here. They are worth distinguishing
xplicitly, because they influenced the results in different ways.
ptimization based on both energy and IAQ metrics over the day was

he most crucial and novel part of the approach. It was more flexi-
le than either a constant ventilation rate or classical control with a
onstant concentration setpoint. This flexibility allowed exploita-
ion of dynamic effects, like providing more OA to the core zone
arly in the morning in January and October. The availability of
erfect information also accounted for a significant portion of the
enefits by enabling more situation-specific control, like introduc-

ng less ventilation in the perimeter zone because of its greater
nfiltration rate. This outcome suggests that there could be a great
eal of value to gathering better IAQ information and acting intelli-
ently on it. The Pareto framework was useful for exploring tradeoffs,
ut it cannot indicate what c value should be used. The particu-

ar energy and IAQ objective functions were simple choices for this
xploratory study, but further work is needed to develop objec-
ives based on real costs and the best available information about
ontaminant health, productivity, and comfort impacts. The IAQ
bjective can easily be modified in the future without altering the
verall approach.

. Conclusions

In January, significant energy savings, from 20% to 45% of HVAC
ite energy depending on desired tradeoff, were possible. Savings
esulted from dynamic strategies such as: a strong flush of ventila-
ion air combined with low zone temperature setpoint early in the

orning oftentimes prior to occupancy, but only when a nighttime
ontaminant buildup made this beneficial; a time-shift of occupied-
orning ventilation to mid-day, when OA was less costly or free to

ondition; a reduction in ventilation late in the afternoon when
igher rates would require heating but not be effective at improv-

ng IAQ metrics; and a balance of concerns in the perimeter that
raded a slight reduction in IAQ for a large savings in energy.

In July and October, energy could be saved compared to fixed
entilation, but not compared to a combination of existing strate-
ies, namely integrated economizing and DCV. One important
mplication is that these off-the-shelf technologies are near-
ptimal at many times of the year, if they can be implemented
orrectly. However, these technologies could be improved upon
n October, when significant IAQ benefits at almost no energy cost

ere achieved by bringing in more OA earlier in the morning. The
esults so far clearly demonstrate that, under some conditions,
he conventional ventilation methods are suboptimal and that
he potential benefits of adaptive strategies are large. Knowledge
ained from these multiobjective optimizations can help formulate
one-, time-of-day-, and season-specific control rules to comple-
ent economizer and DCV operation. For example, prescribing a
orning OA flush in a core zone but not a perimeter zone would

apture a portion of the benefits observed in January. Simple rules
ould also be developed to alter ventilation rates based on the
mount of infiltration, similar to rules that have been proposed for
esidences [31].

Determining these and other recommendations will require
xtending this work by considering other climate zones and
eather data, building and system types, objective functions, opti-
ization methods, and models. Exploring the impact of occupant

OC emissions and higher concentrations of outdoor contaminants
hould also be priorities. As we move forward, thinking about IAQ
nd energy goals at the same time provides a framework for these
nvestigations.

[
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