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The  energy  required  to  maintain  comfortable  indoor  environmental  conditions  is  a  significant  percent-
age  (35%)  of  the  overall  energy  consumption  in  office  buildings.  In the  modern-day  realization  of  climate
change  and  global  warming  potential,  the  reduction  of energy  consumption  in  office  buildings  (par-
ticularly  energy  consumed  using  cooling  and  mechanical  ventilation  systems)  and  maintaining  indoor
environmental  conditions,  is  an  essential  design  requirement  particularly  for  buildings  located  in hot,  arid
climates.  The  mixed-mode  ventilation  (MMV)  strategies  have  been  effectively  used  in  the  past  for  saving
energy  as  well  as  maintaining  indoor  air quality  for  the  occupants  by sustaining  adequate  indoor  envi-
ronmental  conditions.  It has been  found  that  mixed-mode  buildings  have  the potential  to  save  40%  HVAC
energy  by  optimizing  window  operation  schedules,  and  up to 75%  by  alternating  natural  and  mechani-
cal  ventilation.  However,  to successfully  optimize  these  strategies,  it is imperative  to understand  what
omputer simulation
odel predictive control strategies

hermal comfort
uildings
AV
AV

factors  affect  the  performance  of mixed-mode  buildings  in  terms  of  energy  savings  and  comfort  of the
occupants.  A  comprehensive  literature  review  was  conducted  covering  the  past  two  decades  (1996–2016)
to analyze  the  use  of  MMV  systems  in  office  buildings.  The  study  provides  the reader  with  an  impression
of  which  practical  objectives  have  been  pursued,  what  progress  has  been  made  in the past  two  decades,
and  what  the  future  challenges  are  for using  MMV systems  in  office  buildings.

Published  by  Elsevier  B.V.
. Introduction

In most of the developed as well as developing countries, the
on-residential buildings account for a substantial percentage of
he overall energy demands [1]. In fact, the energy consumed by
ommercial buildings accounts for over 21% of the total energy con-
umption in the United States, [2], 35% in India [3], 37% in China, and
6% in the United Kingdom [4] making the building sector one of
he largest energy consumers [2]. In the United States, cooling and

echanical ventilation systems in commercial buildings account

or over 30% of the total energy consumption in the buildings, 20%
f the of the total electricity consumed and 40% of peak electricity
emand in the buildings [5]. Also, mechanical ventilation sys-
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378-7788/Published by Elsevier B.V.
tems account for 31% of the energy used by commercial buildings
in India [3]. Air-conditioning and mechanical ventilation systems
were developed by a “rich” culture to avoid hot climates at a cost of
requiring high-grade fossil fuel consumption [3,6]. In hot climates,
air-conditioning is the most used method to maintain the thermal
comfort of the occupants inside the building. This conditioning not
only consumes an enormous amount of energy, which represents
an increased cost associated with the building [7] but also, increases
greenhouse gas emissions [8]. In the modern-day realization of cli-
mate change and global warming potential, the reduction of energy
consumption in buildings and maintaining indoor environmental
conditions is an essential design requirement especially in hot, arid
climates [1]. As a result, researchers, engineers, and designers are
facing new challenges i.e. the reduction in the use of mechanical

air-conditioning systems, while maintaining the thermal comfort
of the occupants in a building.

Natural air ventilation has the potential to provide good air qual-
ity and improve the thermal comfort in hot climates by increasing
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aytime air speed and high night time ventilation rates. Besides,
atural air ventilation provides for the possibility to achieve high
entilation rates for cooling purposes without consuming a sig-
ificant amount of energy [9]. However, in developed countries
uch as the United States, it is impossible to rely solely on nat-
ral ventilation, especially in hot and arid climates. This is a
ritical design aspect of buildings, especially since the expected
atisfaction and thermal comfort of the occupants is a standard
equirement (ASHRAE standard 55-2004) [10]. This standard spec-
fies the thermal conditions in which 80% or more of the occupants

ithin a space of a building will find the environment thermally
cceptable based on the heat balance model of the human body.
his model is influenced by many factors, including environmental
actors (temperature, thermal radiation, humidity, and air speed);
nd personal factors (activity and clothing) [11]. For arid and hot
limate conditions in the United States, the use of only natural ven-
ilation has been proven insufficient to be acceptable in terms of
nside thermal comfort [12]. The combined utilization of both nat-
ral ventilation and mechanical cooling systems in a mixed-mode
ybrid ventilation system [13], is a potential solution to provide
ooling, air ventilation, Indoor Air Quality (IAQ), and thermal com-
ort for the occupants inside the building. However, designers of

ixed-mode buildings face many challenges.
The MMV  strategy is seen as a sustainable way to condition

uildings [14], however, this is a relatively new subject area, and
o far there is no complete guide on how to simulate and/or design
ixed-mode office buildings. It is also important to notice that to

ate there is no comprehensive state-of-the-art literature review
vailable that provides a complete documentation of MMV  strate-
ies, performance, advantages, and disadvantages. This literature
eview contributes to the understanding of various mixed-mode
trategies that have been used in office buildings during the last two
ecades. Furthermore, a comparison of various studies on how to
valuate and improve natural ventilation in mixed-mode buildings
ill provide a comprehensive understanding of the benefits and

imitations of using operable windows in mixed-mode buildings
Table 1). To date, there are no regulatory standards for the opera-
ion or control strategies of mixed-mode buildings. Furthermore, no
rotocol exists stating the degree of personal or automated control
hat occupants of the mixed-mode buildings should have. More-
ver, the prediction of the performance of these buildings using
imulation tools is very sensitive to many design parameters [15].
or instance, Johnson [16] conducted various studies to model three
xisting naturally ventilated buildings and compared the simulated
esults with field monitoring data. The results of this study showed
everal deficiencies of the simulation tools to predict the actual per-
ormance of the building. In another study conducted by Coakley
t al. [17] simulation tools were used to compare measured perfor-
ance to the simulated performance of buildings. The results of the

tudy showed a discrepancy between measured and simulated per-
ormance. The authors concluded that detailed simulation tools are
imited, and it is not possible to accurately predict actual building
erformance with available software. This literature review evalu-
ted more than ninety research studies and included an in-depth
nalysis of forty-five articles and reports collected from interna-
ionally recognized journals; relevant conference proceedings; as
ell as selected university theses and study reports that were col-

ected through search engines including ScienceDirect, IEEE Xplore,
nd Google Scholar. The primary objective of this manuscript was
o document, critically analyze, and compare research studies con-
ucted in the past 20 years to demonstrate the efficiency as well
s the possible limitations of using the hybrid ventilation strategy

nown as “mixed-ventilation system” in office buildings. Moreover,
he review also provided information regarding current challenges
hat designers, as well as researchers, are facing to optimize the
ings 127 (2016) 1008–1018 1009

energy utilization in office buildings while maintaining IAQ and
indoor thermal comfort.

The paper is organized as follows: section 2 describes in detail
the design characteristics of hybrid ventilation systems, giving
emphasis to MMV  system; section 3 provides an in-depth evalua-
tion of the past research studies that investigate natural ventilation
strategies and their effects on mixed-mode buildings; section 4
describes different mechanical systems used in mixed-mode build-
ings and provides a review of various studies that compared these
systems in terms of energy efficiency, and occupant thermal com-
fort. Additionally, in this section, efforts to improve the efficiency
of mixed-mode mechanical systems are described by analyzing
the natural and mechanical ventilation systems used in mixed-
mode buildings; section 5 elaborates the limitations of previous
research work, presents an overview of the future challenges, and
suggestions for potential future work to increase energy efficiency
in mixed-mode commercial buildings while maintaining indoor
thermal comfort for the occupants.

2. Hybrid ventilation systems

As defined by Wouters et al. [18], a hybrid ventilation system
can be described as a ventilation system that provides a com-
fortable internal environment (IAQ and thermal comfort) using
both natural ventilation and mechanical systems at different times
of the day and/or season of the year. The primary distinction
between conventional ventilation systems and hybrid systems
resides in the fact that the second is an intelligent system that
can manually or automatically shift from natural ventilation to
mechanical ventilation mode for reducing energy consumption in
addition to maintaining acceptable indoor environment thermal
conditions. Although many research studies have demonstrated
positive results by using hybrid ventilation systems in office build-
ings [11,12,14,18–23], occupants of these buildings may  still expect
variations from the predicted thermal comfort levels. Furthermore,
designers are required to understand that a different design philos-
ophy is required as compared to merely mechanically ventilated
buildings since the early design stages to reduce the energy con-
sumption in MMV  buildings [19]. In the past, researchers and
engineers have explored an innovative hybrid ventilation approach
known as MMV  system as a way to combine natural ventilation
from manually or automatically operable windows and mechanical
systems that include air distribution and air conditioning equip-
ment.

Due to increased concerns for enhancing energy efficiency and
the necessity to pursue more passive strategies for thermal comfort,
new alternative design strategies discourage the use of mechani-
cal cooling systems in situations when natural air can be utilized.
However, past research studies have demonstrated that the use
of solely natural ventilation leads to the discomfort of the occu-
pants of such buildings especially in extreme weather conditions
[24]. For this reason, the use of a type of hybrid ventilation sys-
tem known as “mixed-mode” has been evaluated and extensively
used in recent years. The MMV  system refers to a hybrid ventila-
tion approach to space conditioning employing the combination of
natural ventilation from manually or automatically controlled win-
dows and mechanical air conditioning that provide air distribution
and a form of cooling when necessary [25]. Some other kinds of ven-
tilation modes used in MMV  systems may be ventilation assisted by
low-power fans and passive inlet vents [13,22,27]. The primary goal
of MMV  buildings is to maximize the building’s internal thermal

comfort avoiding the unnecessary use of energy from year-round
mechanical air conditioning [28].

The Center for the Built Environment (CBE) at The University of
California developed a summary report to describe and understand
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Table  1
Major research developments (2000–2016) that describe the implementation and effectiveness of MMV  systems.

Item Reference Objectives Method Climate zone Significant findings

Mixed-mode
description and
effectiveness

Ring 2000 [29] Brager
et al. [5]

Defined characteristics of
mix-mode buildings.

Report N/A Described features of
mix-mode buildings including
reqd. plan depth, thermal mass,
ventilation rates, control of the
indoor conditions, windows
control and occupants control

Barlow and Fiala [30] Studied the thermal
sensations, assessment of
lighting and air movement,
perceptions of comfort, and
reactions of occupants

On-site surveys Oceanic climate The building occupants voted
positively for active adaptive
opportunities

Spindler and Norford
[26,27]

Developed building thermal
predictions from data- driven
thermal model

Computer simulations Humid  continental Developed means of ranking
and choosing among a set of
cooling strategies for
maintaining occupied-period
temperatures within a
specified range and minimizing
fan energy use.

Deuble and de Dear
[31]

Investigated how MMV  affects
the occupant comfort in office
buildings

On-site measurements
and surveys

Moderate sub-tropical MMV  strategies ensure
comfortable conditions for the
occupants

The Center for the Built
Environment (CBE)
[28].

Developed a summary report
to describe and understand the
operational control strategies
for mixed-mode buildings.

Summary report Classification of mixed-mode
buildings in terms of their
operation strategies.

Honnekeri et al. [32] Captured the “right-now’
opinion of the indoor
environmental quality such as
thermal and humidity
sensation, air movement and
comfort of the occupants.

On-site observations
and
Surveys

Hot  and dry Occupants, in mixed-mode
buildings, prefer to have air
movement in their personal
space and that 80% of the
occupants of the building were
satisfied with the temperature
of the building at all times.

Alessi  et al. [33] Conducted a study to
understand the
thermoregulatory behavior
in a mixed-mode environment

On-site measurements,
observations, and
surveys

Oceanic climate The results showed that
occupants feel comfortable in
the mixed-mode space of the
building in autumn and spring
with a high level of
acceptability of the thermal
environment throughout the
year.

Luo et al. [34] Examined occupants’ thermal
comfort responses in
mixed-mode buildings

On-site measurements subtropical climate The findings provided support
for a more flexible applicability
of  the adaptive comfort model
in the real world.

De  Vecchi et al. [35] Studied the connection
between prior exposure to
air-conditioning spaces and its
implications for occupants’
overall thermal comfort in
mixed-mode buildings.

On-site measurements
and questionnaires

Subtropical climate Occupants’ history of prior
exposure to air conditioning
influenced their overall
thermal comfort and cooling
preferences. However, there is
a  significant potential to
implement temperature
fluctuations indoors especially
when designing and operating
mixed-mode buildings in
warm climates.

Manu et al. [3] Conducted field surveys in 16
buildings to capture the
“right-here-right-now”

On-site observations
and
Surveys

5 different climate
zones

Occupants felt “neutral” in
their environment suggesting
that people can effectively
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thermal comfort opinion of
occupants

he operational control strategies for mixed-mode buildings [28].
he report provides details of the standard classification of mix-
ode buildings in terms of their operation strategies that define
hether the natural ventilation and mechanical cooling are oper-

ting in the same or different areas, and/or at different times of
he day or season. According to the report, mix-mode ventilation
ystems in buildings can be classified as follows: (1) concurrent

same space, same time) mixed-mode design system that is a type
f mixed-mode operation system where the mechanical cooling
nd natural ventilation can operate in the same space at the same
ime. The Heating, Ventilating, and Air Conditioning (HVAC) system
adapt to possible higher indoor
temperatures in mixed-mode
buildings.

is used only as an additional ventilation tool in case the occupants
do not feel entirely satisfied with the ventilation and/or thermal
conditions of the building from the exposure to natural air from the
open windows are not satisfactory; (2) change-over (same space,
different times) mixed mode design system which is a type of
mixed-mode operation system where the building interchanges
mode of cooling and ventilation between natural ventilation from

operable windows and mechanical cooling from HVAC on a sea-
sonal or everyday basis, as necessary. This system requires an
automation system to determine what mode should be used at any
time of the day based on the outdoor temperature and occupancy.
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Fig. 1. Types

hese automation systems alert the occupants of the building to
pen or close the windows, or the mechanical air-conditioning sys-
em depending on the operating system required at any time of the
ay; (3) zoned (different spaces, same time) mixed mode design
ystem which is a type of mixed mode system where the mechani-
al cooling and natural ventilation operate in different areas of the
uilding at the same time. Fig. 1 shows the classification process
or MMV  buildings based on the use of operable windows and/or

echanically assisted ventilation (Fig. 1).
MMV  buildings require the use of automatic controls or occu-

ant controlled strategies for the system to properly function. The
trategies that propose schedules to open windows are based on
ultiple factors such as occupancy of the building [36–38], outside

emperatures [39,40], and the necessity to improve indoor air qual-
ty inside the building [41,42]. These natural ventilation strategies,
ogether with schedules for the mechanical systems, must be cor-
ectly designed with the goal to assure thermal comfort, air quality,
nd reduction in the mechanical cooling energy consumption in
ixed-mode buildings.

. Natural ventilation control strategies in mixed-mode
uildings

One of the main design characteristics that are currently the
ocus of research in MMV  building is the behavior of the occupants
f the building in using manual or automatic windows for natural
entilation controls. In fact, numerous studies have been conducted
o predict the occupant behavior in the buildings to design the most
ppropriate windows characteristics and provide thermal comfort
or most of the occupants of the building along with saving energy
s well as maintaining indoor air quality.

.1. Impact of window operation on MMV  building performance

The mode of operation of windows has a substantial impact
n the indoor environment and overall cooling/ventilation energy
onsumption in MMV  buildings [43]. Many studies over the past
wo decades have been dedicated to investigating what is the
mpact of windows operation variations in MMV  buildings. Wang
nd Chen [44] studied the effects of the window opening area on
he electricity saving potential of MMV  buildings using CAV cool-
ng systems along with natural ventilation from operable windows.
uring the research, a building with a floor area of 600 sq. meters
nd with a total of 18 sq. meters of window area was simulated

sing the EnergyPlus software [45] under two different scenarios:
1) building without thermal mass, and (2) building with 200 mil-
imeters of concrete to provide thermal mass for the exterior walls
nd floor slab. Furthermore, these simulations considered: (1) fully
V  systems.

open window area; (2) half-open window area; and (3) one-quarter
open window area. These simulations were performed under three
different climates i.e. hot and dry, marine, and warm and humid.
The results showed that one-quarter of open window area is opti-
mum to provide the maximum energy savings (62.77%–71.8%) in
marine climates for buildings with or without thermal mass. In hot
and dry climates the optimum window opening area to provide
maximum energy savings is half open for buildings without ther-
mal  mass (24.65%) and fully open for buildings with thermal mass
(47.9%). Finally, in warm and humid climates the optimum window
opening area to provide maximum energy savings (10.5%–19.7%)
is half open for buildings with or without thermal mass in MMV
buildings.

Most recently, Wand and Greenberg [43] investigated the
impact of window operation on the building performance for differ-
ent types of ventilation systems including natural ventilation, MMV
(change-over and concurrent), and conventional VAV systems in
an office building designed to comply with ASHRAE 90.1. In the
changeover MMV  strategy, whenever a window in a perimeter zone
of the building was opened, the VAV system would turn off. For the
concurrent MMV  strategy, natural ventilation from open windows
was taken as the priority source to provide cooling for the perimeter
zones of the building, and a mechanical VAV system provided sup-
plemental cooling when natural ventilation alone was  not enough
to meet cooling set points. For the study, the EnergyPlus software
[45] was utilized to simulate building and window operation for
three different climates (i.e. humid continental, humid subtropical
and Mediterranean mild climate). The results demonstrated that
natural ventilation provides the largest saving potential but at a
cost of higher unmet hours of thermal comfort for the occupants
of the buildings. Fig. 2 shows the results of maximum energy sav-
ings achieved by optimizing the window operation in mixed-mode
buildings located in different climate zones in studies conducted
by Wang and Chen [44] and Wand and Greenberg [43].

3.2. Control strategies

3.2.1. Manual control: advantages and challenges
Windows are the primary control by which the occupants can

maintain their indoor environment in MMV  buildings [46]. In mix-
mode ventilation buildings, the occupants are usually responsible
for controlling their indoor environment according to their pref-
erences and the ventilation/cooling requirements of the building.
Brager et al. [47] investigated how “occupant operable windows”

affect the indoor thermal environment and occupant comfort
in an MMV  building. The results indicated that occupants in a
mixed-mode building experienced surprisingly similar thermal
conditions; independent of the proximity and degree of personal
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Fig. 2. Maximum energy saving potential obtained b

ontrol they had over the operable windows. However, it was  also
bserved that occupants with higher levels of control of the oper-
ble windows were much closer to the comfortable temperatures
ased on their preferences. The access to operating the windows
hemselves resulted in a higher degree of control over their own
nvironment.

Borgeson and Brager [48] also found that occupants with access
o operate the windows themselves are much closer to person-
lly comfortable temperatures. The researchers enlisted factors
hat affect the occupant behavior including (1) occupancy pat-
erns of the building; (2) different behaviors and/or clothing levels,
epending on the season; and (3) the social dynamics factors
hich influence the window control behavior. In fact, the social
ynamics factors can be classified as one of the major factors that
ffect the opening/closing of the operable windows. According to
he researchers, anyone who has ever worked in a shared office
pace, knows about the varying personal criteria regarding most
ppropriate thermal conditions in the working area, the forms of
ocial etiquette (polite conducts) that affect the occupant behav-
or regarding the opening and closing of the operable windows,
nd most importantly, the unspoken assumption of leadership,
eaning that a “leader” person decides when to open or close

he windows based on his/her personal preferences. Consequently,
ven when the thermal comfort inside the building may  not be sat-
sfactory for many of the occupants, the person who has the control
o decide whether to open or close the windows will do it based
n his/her thermal inclinations. For instance, Belleri et al. [15],
onducted a study to determine the factors that mostly affect nat-
ral ventilation in buildings. These parameters included, in order
f significance, the occupant behavior model, wind-speed profile,
nternal heat gains (electrical and lighting), envelope conductiv-
ty, and wind pressure coefficients. From the results of the study,
he researchers concluded that in a shared office environment, the
rediction of occupant behavior has to improve in order to be
ble more accurately model and predict the performance of nat-
ral ventilation in mixed-mode buildings. In a similar study, Wei
t al. [49] conducted a longitudinal monitoring study to capture
ccupants’ window operation in a mixed-mode building in Beijing,
hina. According to the research results, outdoor air temperature,

ndoor air temperature, time of the day, the presence of people, the
revious state of the windows, and outside air pollution are the fac-
ors that mostly affect how occupants operate manual windows in

MV buildings. This study infers that investigating occupant win-
ow opening behavior in different locations provides valuable and

ritical information that can be used for later model development
nd building performance simulation.
mizing window operation in mixed-mode buildings.

3.2.2. MPC signals
An acceptable degree of thermal comfort can be achieved with

the use of natural ventilation from manually operated windows
in mixed-mode buildings [47]. However, in buildings where office
spaces are occupied by a large number of people, it is actually hard
to expect a uniform behavior of all the occupants. Past research
studies suggest that users need to be better educated about their
building’s environmental control systems and, on the other side,
the designers and managers need to understand the type of users
that are going to occupy the building to provide better and ade-
quate designs [50,39,51]. The problem is that human behavior is not
always predictable with simple probabilistic functions and, there-
fore, it is expected that some people, in MMV  buildings, will not
manage their windows very actively or regularly [48]. This is one
of the main reasons why  in recent years, the use of signals notifying
occupants when to open or close the windows has become a popu-
lar option in the mix-mode ventilation buildings [52]. Fig. 3 shows
a set of representative signals interface types commonly used in
MMV  buildings.

These signals are controlled by model predictive control (MPC)
strategies. A model predictive control is a computer control algo-
rithm utilized to predict the future response of a system. MPC
attempts to optimize the behavior of any system by computing a
sequence of future manipulated variable adjustments [54]. Many
studies were conducted on MPC  that demonstrated their effec-
tiveness in reducing the energy consumption while maintaining
indoor thermal comfort inside the building [55–60]. However,
MPC  strategies in buildings are focused on low-level, local loop
controls. May-Ostendorp et al. [61] explored different MPC  tech-
niques for optimizing control sequences for window operation in a
mixed-mode small ventilation office building in Boulder, Colorado
(semi-arid climate) through simulation using EnergyPlus software
[45]. The goal was to minimize the energy consumption, energy
cost, and CO2 emissions by manipulating operable window controls
and providing window opening schedules based on the require-
ment at specific times of the day. The results of the study showed
that by using the MPC  algorithm, the small office building could
have the ability to save up to 40% of cooling energy through near-
optimal night cooling strategies. However, results from research
studies that were conducted considering actual human behavior
show that occupants in MMV  buildings do not always behave as
expected under simulated conditions and, for that reason, energy
savings may  not be as noticeable as the energy savings predicted
from computer simulations. This was demonstrated in a study con-

ducted by the Center for the Built Environment at the University of
California, Berkley [62,48,61,52]. During the study, an MPC  algo-
rithm was  developed to notify the occupants to “open” or “close”
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Fig. 3. Signal Interface Types* [53] *(top) unlabeled open/close indicator light

he windows based on factors such as outdoor temperature, indoor
emperature limits, CO2, humidity, and wind speed. The study was
ntended to assess how “open” and “close” windows signals essen-
ially affect the behavior of the users in MMV  buildings. Results
rom the study (which included interviews with users, site visits,
nd surveys in 16 United States case studies) showed that signals
lay a minor role in user behavior. In general, signals are usually
isregarded because most of the building occupants tend not to
ay attention to their windows unless they are not comfortable
ith the thermal environment. On the other hand, in areas with

 pronounced swing in seasons, where the temperature may  vary
hroughout the day, the occupants will tend to ignore the lights if
hey are required to open and close the windows more than one or
wo times a day [41,42].

.2.3. Automatically controlled windows
Considering the difficulty in predicting human behavior and

aking into account that designers state that “if you’re serious
bout natural ventilation, you can’t leave it up to the occupants
62]”, a better solution is needed in order to optimize energy sav-
ngs in MMV  buildings without decreasing thermal comfort of the
ccupants. Automatically controlled windows are now being con-
idered the most plausible solution to deal with the uncertainty of
uman behaviors. Recent research has been focused mainly on the
evelopment of MPC  strategies to “instruct” automated systems
o function as required [63,64,65]. For instance, Tanner and Henze
66] developed a methodology to optimize building automatic con-
rolled window openings in mixed-mode buildings incorporating
he simple stochastic models of occupant presence developed by
age et al., 2008 [67]. The results building simulation models,
sing EnergyPlus [45], indicate that stochastic optimization leads
o a more conservative performance of mixed-mode buildings,
aving only half of the energy when compared with determin-
stic optimal controls. These results indicated that deterministic

ehavior of occupants overpredicts the energy saving potential of
ixed-mode buildings. The results of this research implying that

euristic strategies over-estimate the saving potential of mixed-
ode buildings were validated by the investigation developed by
dle) labeled open/close indicator lights, (bottom) on/off lighted open signals.

Hu and Karava [68] who presented a control-oriented modeling
approach for multi-zoned buildings with mixed-mode cooling. A
deterministic model-predictive control algorithm was developed
using an optimization method to decide and instruct motorized
windows to open or close as required. The five-month simula-
tion study showed that mixed-mode cooling strategies reduce
the energy consumption of the building by 40.7% using heuristic
decisions. In contrast, using the developed predictive control strat-
egy only 31.0% of energy consumption was  reduced. The heuristic
approach showed that total exceedance hours of operative temper-
ature (a descriptive of thermal comfort [69]) are 90% higher from
the desired range as compared to the predictive strategy. Further-
more, use of predictive controller resulted in 5% less total window
opening hours. The research conducted by Hu and Karava [68] fol-
lowed a new pattern in which not only the energy consumption
was the primary design aspect of a mixed-mode building but also
the differences in individual thermal comfort were considered. The
results indicated that research efforts should target the develop-
ment of MPC  strategies taking into account the uncertainty due to
the weather forecast and occupant behavior [68].

4. Mechanical cooling systems in mixed-mode buildings

The evaluation of the performance of various mechanical cooling
systems used in MMV  buildings is an important factor to consider
during early stages of building design. Most commonly used cool-
ing systems in MMV  buildings are: (1) static cooling systems that
includes panel based radiant heating and/or cooling and slab heat-
ing and/or cooling; (2) distributed air conditioning systems that
include Fan Coil Units (FCUs) and Heat Pump units (HPs) and; (3)
central air conditioning systems that include Constant Air Vol-
ume  (CAV) and Variable Air Volume (VAV) systems (Brager et al.

[5]). Various research studies have been conducted in the past two
decades to compare the performance of these cooling systems using
a mixed-mode strategy based on climate locations as well as build-
ing designs.
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.1. Radiant cooling systems

There exist many possible cooling strategies and/or equipment
sed in mixed-mode buildings. One of the most popular is hydronic
adiant cooling via chilled slabs, walls, or strategically placed panels
hich have proven to be favorable due to their energy performance

nd occupant satisfaction (Borgerson, 2010 [70]). Ezzeldin et al. [71]
onducted a systematic evaluation of the performance of various
ixed-mode cooling strategies for office buildings with different

evels of internal heat gain and using weather data from four cities
hat were representative of arid climates. They developed computer
imulations (using the EnergyPlus software [45]) of a single pro-
otypical office building that included high exposed thermal mass,
ood shading, and opening windows. In each case, satisfactory com-
ort conditions and minimum ventilation rates were verified. For
he study, the active cooling system used as baseline scenario was
he typical VAV air conditioning system only. The results of the
tudy showed that by simply alternating the VAV system with nat-
ral ventilation, by the opening of windows, energy savings of more
han 40% can be produced when compared to using only active
AV cooling. Additionally, the results showed that higher savings

56%–64%) could be achieved when night ventilation was part of the
AV mixed-mode system in the office building. During the study,

he results of the investigation showed that radiant slab cooling
lternated with natural ventilation is the most efficient method of
MV  attaining up to 67% of energy savings as compared to office

uildings using only the active VAV cooling system.
Borgeson et al. [72] developed computer simulations of the

irsch Center at DeAnza College in Cupertino California to char-
cterize the energy performance of the mixed-mode building
peration in 16 different California state climates using the
nergyPlus software [45]. The researchers compared the energy
erformance of mixed-mode buildings with the radiant cooling
ystem to mechanically ventilated buildings using only the VAV
ooling system. The results of the study showed that, on average,
or all the 16 different climate locations energy savings of up to
5% can be achieved with a radiant cooling system that operates
nly overnight as compared to buildings utilizing the VAV cool-
ng system. Furthermore, they found that buildings modeled with

editerranean climates using mixed-mode radiant cooling sys-
em (operating overnight and supplemented with a cooling chiller
nsuring that the slab temperature set point was reached every
ight) outperformed in energy savings (by 8%) those buildings using
nly an active VAV cooling system. Borgeson and Brager [73] also
oncluded that for buildings modeled in the mild (Mediterranean)
limates of California, natural ventilation alone is sufficient for
aintaining the comfort of the occupants of the building. However,

sing natural ventilation only, the comfort of the occupants could
ot be assured in buildings simulated in hotter and dry climates.
herefore, a supplement mechanical cooling system is required.
he simulation results demonstrated that buildings modeled in
editerranean climates using a mixed-mode radiant cooling sys-

em operating overnight outperformed in energy savings (64%)
uildings using VAV cooling systems (Fig. 4).

.2. Distributed air conditioning systems using fan coil units
FCUs) and heat pump units (HPs)

Rowe [74] conducted on-site monitoring and computer sim-
lations to study the energy consumption, occupancy, and
emperature status of twenty-five offices in the Wilkinson Build-
ng at the University of Sydney, Australia. These offices used a MMV

ystem with a supplementary reverse cycle cooling/heating system
aving an occupant controlled fan coil unit in each room. The sim-
lation results showed that the energy consumption of the office
paces, using the MMV  strategy, is less than a quarter (75% energy
ings 127 (2016) 1008–1018

savings) when compared to the expected energy consumption of
the same areas using mechanical air-conditioning only. Addition-
ally, the on-site monitoring of the mean temperatures of occupied
offices was  found to have a linear association with outdoor tem-
peratures until the outdoor daily minimum reached about 17 ◦C
corresponding to a mean indoor temperature of about 25 ◦C. Finally,
occupant surveys showed that perceptions of air quality and ther-
mal  comfort improved considerably since the MMV  system was
implemented, leading to an improved performance of the employ-
ees in these offices.

An alternative mechanical system commonly used in mixed-
mode buildings is the ground source heat pump (GSHP). For
example, Ji et al. [4] developed computer simulations to evalu-
ate and compare the energy savings of an MMV  building against
a building using mechanical cooling from chilled ceilings cooled
from ground source heat pumps located in the sub-tropical cli-
mate of south China. The building was  designed as a changeover
mixed-mode building with traditional mechanical cooling/heating
ventilation system during hot summer and cold winter periods,
respectively. According to the simulation results, the poten-
tial energy savings for MMV  system as compared to traditional
mechanical ventilation are about 30–35%. Another study was con-
ducted by Ward et al. [75] that compared the energy efficiency of
buildings with heat pump systems against mixed-mode buildings.
During this research, an office building with no thermal mass was
modeled using computer software for eight different Australian
climate zones. Three different base models were developed as fol-
lows: (1) a standard case where the building was cooled using
heat pumps and conditions were maintained at 22 ◦C and under
12 g/kg of humidity ratio; (2) a mixed-mode standard case where
the building was cooled with heat pumps and fans but higher actual
space temperatures were permitted and (3) a naturally ventilated
case where increased air-flow rates, natural ventilation and an
expanded (adaptive) comfort range from a 21 to 26 ◦C (perceived)
were permitted. The results showed that the mixed-mode strategy
in buildings with moderate climates could save up to 42% of energy
during the month of January (summer). In tropical climates, the
energy savings were not as pronounced as in moderate climates;
however, the modeled MMV  strategies could lead to a 14% of energy
savings (Fig. 5).

4.3. Central air conditioning systems- constant air volume (CAV)
and variable air volume (VAV) systems

Ezzeldin et al. [76] conducted a study to evaluate and critically
compare the performance of office buildings located in arid cli-
mates using a mixed-mode hybrid ventilation system as compared
to an active VAV system. A series of computer simulations, using the
EnergyPlus software [45], were developed to model a prototypical
office building. These office models were simulated under a fully
air-conditioned (VAV) mode, as well as hybrid (natural ventilation
and VAV) and an entirely passive mode (only natural ventilation).
The computer simulation results showed that by using the mixed-
mode hybrid ventilation controls, more than 60% of energy could be
saved as compared to the same conventional office building designs
that were air-conditioned by VAV only.

Menassa et al. [77] conducted an on-site experimental test in
the Wisconsin Institute for Discovery to track the performance
of MMV  strategies (i.e. energy savings, thermal comfort, and IAQ)
when compared to buildings in a fully air-conditioned (VAV) mode
in humid continental climates. The design of the Wisconsin Insti-
tute for Discovery allows for natural ventilation to be adopted in

the open zones by automatically closing the air terminal valves
supplying these zones when conditions are favorable. This study
found that by implementing MMV  strategies, a substantial amount
of energy can be saved as compared to traditional mechanical cool-
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Fig. 4. Average energy savings of mixed-mode buildings using radiant cooling as compared to VAV systems.

Fig. 5. Average energy savings of mixed-mode buildings as compared to mechanically cooled buildings using heat pumps.
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Fig. 6. Average energy savings of mixed-mode buildi

ng (Fig. 6). The test results showed that by utilizing cross-flow
entilation from operating windows and opening the atria louvers
n the building can provide the most energy savings (57%).

A study that compared mixed-mode buildings against build-
ngs with traditional CAV systems was conducted by Wang and
hen [44]. They investigated the cooling energy performance of
ypical office buildings located in five different United States
ities/climates with either a full mechanical CAV cooling system
r a MMV  system consisting of natural ventilation and an active
AV mechanical cooling system. The investigation was conducted
hrough computer simulations using the EnergyPlus software [45].
he study was  focused on demonstrating the impact of climate and
everal other important building envelope factors, such as thermal
ass, insulation, and window opening area on the overall perfor-
ance of mixed-mode buildings. The results showed that MMV
trategies offer energy savings for the buildings in all climate zones
ncluding hot and humid climates zones (Fig. 7).
mpared to fully VAV mechanically cooled buildings.

5. Limitations, challenges and recommendations for future
work

Based on the comprehensive literature review conducted it can
be safely concluded that a gap exists between predicted perfor-
mance and actual performance of MMV  buildings. The efficiency
of MMV  buildings depends on many factors such as building
design, window operation, and individual occupant controls and
the available tools are not sophisticated enough to model buildings
considering all these factors simultaneously. Following are some
of the limitations and challenges found through the analysis of the
past and ongoing research studies related to the MMV  buildings:

5.1. Limitations
Past studies have demonstrated that the presence and behavior
of the occupants has a substantial impact on the thermal com-
fort, air quality, and reduction in the mechanical cooling energy
consumption for MMV  buildings. The problem is that the human
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Fig. 7. Comparison of energy savings for different cli

ehavior cannot be predicted (i.e. it is not deterministic) and, there-
ore, there is not a perfect way to model human behavior or to
nfluence human activities in mixed-mode buildings to date. Exist-
ng simulation tools found in the literature have not reached the
tage where occupant behavior, in MMV  buildings, can be accu-
ately simulated. Furthermore, it was determined that current
esearch efforts are focusing on developing strategies to optimize
atural ventilation in mixed-mode buildings through the imple-
entation of automatically controlled windows using computer

ontrol algorithms that work based on occupancy, outside tem-
erature and/or internal loads, instead of considering the actual
ccupant behavior in the buildings.

L1. Through the comprehensive literature review, it was  found
hat less attention has been given in the past to studying the energy
avings potential of MMV  buildings due to building design factors.

L2. Simulation capabilities are still limited, and many assump-
ions or model simplifications are required in order to obtain the
nergy savings or performance in MMV  buildings [78].

MPC is an emerging tool in the building industry, and therefore,
urrent MPC  technology uses simplified models to obtain building
esponses [79]. Its implementation and analysis are significantly
nhibited due to the lack of commercially or publicly available soft-

are tools [80].
The current simulation strategies focus on the performance of

MV  buildings based on the outside temperature, inside tempera-
ure, wind patterns, insolation, time of the day, and assume “ideal”
erfect indoor conditions but do not consider the expected thermal
omfort of human occupants. Studies have demonstrated that each
erson is different and, therefore, they have different perceptions
f thermal comfort [52,55,56].

.2. Challenges

C1. The ability to model occupant behavior in simulation soft-
are, especially for automating the window operation in MMV

uildings is a primary challenge [70,81].
It is necessary to optimize control strategies for operable win-

ows in natural and MMV  buildings in order to optimize the times
nd duration of the opening of the windows avoiding overcooling,
r loss of cooling/heating energy due to natural or MMV  [43]. Fur-
hermore, with the current problem of pollution in big cities, it is
mportant to optimize the maximum amount of time that windows
an be opened without affecting the IAQ in MMV  buildings.

It is necessary that occupants of MMV  buildings be aware of and
ducated about the fact that there are different occupant behaviors
nd expectations in MMV  buildings. In fact, according to Masoso

nd Grobler [82] changing the occupants behavior in buildings has
ore saving potential and benefits at a lower cost as compared

o implementing technological improvements. It is important to
ecognize and instruct people that the comfort of occupants in
 in the United States using mixed-mode CAV system.

mixed-mode buildings is empowered with the ability of these occu-
pants to interact with their environment. Current research [83] is
focusing on engaging people with their building environment to
have a user-centered approach and to increase energy savings in
buildings. Some other researchers are also focusing on finding out
how peer network affect the energy saving potential in buildings
[84].

5.3. Future work recommendations

Numerous studies have been conducted model the occupant
behavior in various types of buildings. For instance, some stud-
ies have used the statistical analyses method to model occupant
presence and behavior in buildings [86]. This method uses the
probability of the behavior of occupants in buildings based on out-
side environmental factors, indoor environment, electricity use,
or time series where all somehow influence occupant behavior.
Another method used in other studies in order to capture and
model the occupant behavior in buildings is data mining [88,89].
This method, as the name implies, mines the energy usage data
to capture and model occupant behavior patterns. The stochastic
modeling approach has also been used in various studies [90–93].
Building occupants in any building behave in a random way, and
therefore, stochastic modeling is an effective method to model and
estimate occupancy status and energy consumption. It is recom-
mended conduct research and to develop the capability to include
occupant behavior or occupancy via any of the previously men-
tioned methods can enhance the potential of energy simulation
tools to improve the accuracy between simulated and actual energy
consumption in MMV  buildings.

It is recommended to research on the sensitivity of performance
of MMV  buildings to wind speed and direction. It is needed to
understand the critical differences between the weather station
and site-specific wind data [81] in order to properly design the area
of operable windows in MMV  buildings. Furthermore, it is required
to conduct research on how current wind pollution affects the IAQ
in MMV  buildings.

R1. It is recommended to develop commercial MPC technology
to optimize energy savings that will lead to the confidence and
credibility of savings in MMV  buildings.

It is recommended to research and develop control systems that
can accommodate individual occupant thermal comfort preference,
and based on these preferences the control system could make
consistent adjustments to meet individual needs in different zones
inside an MMV  building [94].
It is recommended to improve designs of MMV  systems by
including the collection of data from field studies (to gather actual
thermal conditions, ventilation levels, indoor air quality, etc.) in real
MMV  buildings. Extensive publication of case studies of existing
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MV  buildings can help in developing specific design and perfor-
ance standards for MMV  buildings [95].

. Conclusions

In the United States, India, China and The United Kingdom an
verage of 35% of the total energy consumption is used by commer-
ial office buildings. Moreover, a significant amount of this energy
s used to maintain comfortable indoor environmental conditions.

 comprehensive state-of-the-art literature review was conducted
o study the potential use of a hybrid ventilation system in office
uildings. The objective of this literature review was  to learn, eval-
ate, and compare research studies that have been conducted in the
ast two decades related to MMV  systems. The study of more than
inety research publications showed that the presence of occu-
ants and their behavior have a significant impact on the thermal
omfort, air quality, and energy consumption for MMV  buildings.
he study also observed that to date, MMV  simulation tools are
imited and have not reached the level where occupant behavior
an be realistically simulated. Moreover, the study found that more
ophisticated algorithms are needed to avoid current model simpli-
cations for the design of mixed-mode buildings. Future research
fforts should focus on improving the energy saving potential of
MV  systems through the optimization of the building internal

nd external layout, by accounting for different wind speed and
irections, and by making use of the appropriate shading, glaz-

ng, insulation, and faç ade designs to reach maximum utilization of
atural ventilation and to minimize the use of mechanical cooling
nergy. Future research studies should also include the collection
f sufficient data to completely characterize which of the MMV
trategies and/or mechanical HVAC systems are ideal for differ-
nt climatic conditions and to help improve the efficiency of these
ooling systems. Lastly, it is imperative to educate building users
n the expected behavior and thermal conditions of mixed-mode
uildings to reach a higher level of the energy savings.
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