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A B S T R A C T

The control techniques in buildings contribute significantly to thermal comfort and indoor air quality (IAQ). 
However, the gaps are existing for multitarget controls considering both thermal comfort and IAQ. They are: (1) 
both experimental and modeling control studies were conducted for thermal comfort, focusing on temperature 
and humidity. (2) All three (physical, grey-box, black-box) modeling approaches were investigated for tem
perature control. (3) Physical and grey-box modeling approach were adopted for humidity control. (4) physical 
models were developed for VOCs and CO2 control. (5) grey-box and black-box models were lacking for VOCs and 
CO2. (6) Multi-target controls were lacking for temperature, humidity and CO2s. (7) Limited studies are avail
able for multi-target controls for temperature, humidity, and VOCs. (8) Multi-target controls are not available yet 
for temperature, humidity, VOCs, and CO2.

1. Introduction

1.1. Background

The building sector is responsible for 40 % of energy consumption, 
75 % peak power demand, and 22 % of carbon emissions [1]. During the 
past 20 years, building science research has focused more on energy 
consumption. Starting in 2020, building decarbonization has gained 
attentions. For building science research, remaining challenges include 
how to make buildings more energy-efficient and carbon-neutral while 
maintaining the desired indoor air quality (IAQ) and thermal comfort.

Control is an extremely important research topic for buildings. 
Abundant control studies exist for buildings. Control loops can be clas
sified into three groups [2]: supervisory control, local control, and 
rule-based control. Considering the control targets, building control has 
(1) temperature control, (2) humidity control, (3) VOCs control, and (4) 
carbon control respectively [3]. Temperature and humidity control are 
closely related within the context of thermal comfort. The VOCs and 

CO2 controls are in the context of IAQ. A summary for each control 
target can be summarized as: 

1) Temperature Control

Maintaining the desired indoor air temperature is the first control 
target for HVAC systems. Based on ASHRAE Standard 55–2017 [4], the 
recommended temperature range for indoor environment is 67◦F (19.44 
◦C) to 82◦F (27.78 ◦C). The engineering practice is 75.2–78.8◦F (24 –26 
◦C) for a cooling set point and 69.8 – 71.6◦F (21 – 22 ◦C) for a heating set 
point. There are already a rich literature studies available for tempera
ture controls of buildings. A review study [5] concludes that multiple 
types of controls already being used in buildings: PID control [6,7], 
On/Off control [8], MPC control [9–11], adaptive control [12], fuzzy 
logic control [13,14], artificial intelligence control [15,16]. Those 
controls have their own advantages and disadvantages. PID control and 
On/Off controls are the classic control strategies for buildings. 

2) Humidity Control
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The moisture could be adjusted through dehumidification and hu
midification depending on occupant needs. Based on ASHRAE recom
mendations [4], the comfort range of relative humidity is approximately 
40 %–65 %. According to a review study [17], two types of dehumidi
fication control exist: condensate dehumidification (or mechanical 
dehumidification) and desiccant dehumidification. Both technologies 
can be integrated with conventional HVAC systems to modify the supply 
air flow rate and supply air temperature to remove extra moisture. The 
desiccant control and optimization was conducted by a study [18] that 
optimized input parameters that needed to be obtained through an 
optimization approach for the best system efficiency using a genetic 
algorithm. Another recent study [19] developed an innovative 
centrifugal-type humidifier, in which the experimental results showed 
good agreement with modeling results. A novel environmental control 
system focusing on humidity control of aircraft cabins [20] demon
strated modeling and experimental consistency. Their results showed 
that smooth cabin humidity increased to 27.9 % for the cruising state 
and 1 % decrease of fuel penalty from this new system. Another mem
brane humidifier was developed [21]. An innovative vapor compression 
cycle–based dehumidification system integrated with a 
membrane-based heat exchanger was proposed and modeled [22]. 

3) VOCs Control

There are two types of indoor pollutants [23]: particle pollutants and 
gaseous pollutants. Particle pollutants are fine or extra-fine particles 
harmful to indoor occupants. A typical example is PM2.5, which is 
common in outdoor environments, entering indoors through the doors 
or windows. Other sources of particle pollutants are from smoking, 
cooking, the ventilation system, sweeping, or vacuum cleaning. The 
particle pollutants are produced by occupants through three methods 
[24]: respiration, skin, and alimentary actions. Gaseous pollutants are 
chemical molecules or chemical compounds in the air within the indoor 
environment. The dominant gaseous pollutants are CO, CO2, SO2, NOx, 
O3, radon, and volatile organic compounds (VOCs). VOCs are chemical 
compounds with high vapor pressure and low water solubility. Major 
sources of VOCs are human-made chemicals that are used in 
manufacturing paints, pharmaceuticals, and refrigerants. VOCs are 
typically industrial solvents, such as trichloroethylene; fuel oxygenates, 
such as methyl tert-butyl ether; or by-products produced by chlorination 
in water treatment, such as chloroform. VOCs are often components of 
petroleum fuels, hydraulic fluids, paint thinners, and dry-cleaning 
agents. Limited models were found for VOCs under the impacts of out
door airflow and supply airflow within an indoor environment [25,26]. 
One study proposed an analytical control model for the mass transfer of 
VOCs within indoor environment [25]. Another study developed an 
analytical model for the building materials [27]. The majority studies 
focus on VOC absorption, which is based on innovative material 

Nomenclature

Abbreviations
CFD computational fluid dynamics
COP coefficient of performance
HVAC heating, ventilation, and air-conditioning
IAQ indoor air quality
ODE ordinary differential equation
RTU remote terminal unit
TEAM Total Exposure Assessment Methodology
TVOCs total volatile organic compounds
VAV variable air volume
VOC volatile organic compound

Units
◦C degrees Celsius

◦F degrees Fahrenheit
J/(kg⋅K) joules per kilogram-degree Kelvin
kg/s kilograms per second
ppm parts per million
W watts

Variables
Q̇thermal thermal capacity of the zone needed to maintain the set 

point (W)
f schedule of the temperature control loop, within the range 

of [0, 1]
cp specific heat of the system [J/(kg⋅K)]
ṁ supply air flow rate to the zone (kg/s)
Tzone zone temperature (◦C)
Tspt temperature set point (◦C)

Fig. 1. Control dilemma.
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perspective [28,29]. 

4) Carbon Control

Carbon control is to maintain the zone CO2 emissions below certain 
levels. For carbon control, there is two approaches: direct carbon cap
ture (DAC) and passive carbon reduction. The DAC is using chemical or 
physical processes to extract CO2 directly, which was systematically 
reviewed in this study [30]. The DAC is not within the scope of this 
study. The passive carbon reduction is to dilute the CO2 emissions 
through ventilation technologies, such as demand control ventilation 
[31–34]. Two major methods can reduce zone CO2 concentration: out
door air ventilation or CO2 filtering. The outdoor air has a relatively 
constant CO2 concentration around 400 ppm. Outdoor air ventilation 
consumes a lot of energy, especially in cooling or heating seasons. A 
majority of studies of building CO2 filtering are experimental ap
proaches using sorbent materials [35]. There are studies capturing zone 
carbon through ventilation strategies [36–38].

1.2. Motivation and research objective

However, those control studies are only focusing on individual 
control itself. Temperature and humidity control are focusing on ther
mal comfort of buildings. VOCs and carbon controls are focusing on the 
IAQ of buildings. Underlying thermal comfort and IAQ controls, there 
are four major (control/decision) variables within the building context: 
supply air flowrate, supply air temperature, outdoor airflow rate, 
filtering materials. Fig. 1 demonstrates the relationships of control 
variables and control targets for those four types of controls. For 
example, the ventilation increase can lead to better IAQ but more energy 
consumption. Humidity control is relying on lower supply air temper
ature which leads to higher cooling energy. A study investigated temple 
buildings [39] (e.g., churches and mosques) for energy consumption, 
IAQ, and thermal comfort and concluded that limited studies have 
investigated the correlation of energy, thermal comfort, and IAQ. 
Another study [40] showed natural ventilation and mechanical venti
lation are better than air conditioning for lower energy consumption 
with improved thermal comfort. Multi-target controls are important 
considering thermal comfort, indoor air quality, energy consumption, 
and carbon reductions simultaneously. There is a gap in balancing the 
demands of the four targets. To the best of the authors’ knowledge, 

limited studies investigated multi-target controls, including tempera
ture, humidity, carbon, and VOCs, simultaneously. This review study 
aims to identify the research gaps for multitarget control for buildings.

The remaining sections of this review study are organized in three 
parts. Section 2 discusses single-target controls for temperature, hu
midity, CO2, and VOCs. Section 3 discusses multi-target control studies 
in buildings. Section 4 presents the conclusions with research gaps for 
multitarget controls in buildings.

2. Single target controls

2.1. Temperature control

From modeling perspective, the temperature control can leverage 
the robustness of physical models, black-box model, and grey-box 
models.

2.1.1. Physical model
There are already many studies focusing on physical model controls 

[33,41–43]. This study proposed a simplified physical model using 
model predictive controls for building temperature [44]. Similarly, 
another study [45] predict the zone average temperature in heating 
mode using reduced-order physical models. Because of the nonlinear 
relationships in building thermal states, another study developed a 
linear physical model for building [46]. The details of those controls are 
not necessary to be given here. The basic principle of temperature 
control is to remove (cooling) or add (heating) equal amount of thermal 
energy to the indoor environment by using building mechanical systems 
to meet the temperature set points.

2.1.2. Black-box model
The black-box model for temperature control basically uses machine 

learning algorithms to calculate the zone temperature. A large body of 
literature already exists using machine learning to control building 
temperature [16]. The dominant machine learning type is reinforcement 
learning. This study [47] reviewed the reinforcement learnings in 
buildings and evaluated the challenges of reinforcement learnings. One 
study [48] investigated the zone temperature predictions using grey-box 
models compared with that of black-box models. The conclusion was the 
machine learning model works better than grey-box models with smaller 
accuracy. Another study used machine learning to predict the cooling 

Fig. 2. A Grey-box model for buildings [53].
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demands in office buildings [46]. A latest study pointed out the prom
ising of machine learning controls in buildings [49]. The strengths of 
machine learning controls are: (1) scalable and suitable for different 
buildings. (2) does not rely on the physics of buildings. The major 
drawbacks of machine learning controls are: (1) is relying on large 
amount data. (2) bad data leads to bad predictions for controls.

2.1.3. Grey-box model
For building temperature control, grey-box models are also used 

substantially whenever needed. There are two types of grey-box models 
[10,50,51]: forward-approach and data-driven approach. The forward 
approach uses assumptions to simplify detailed physical models into 
simplified models, which are solved by using traditional white-box 
techniques (for example, discretization). The data-driven approach 
uses data-driven techniques to obtain the parameter values. Based on a 
published review study [52], the majority of literature studies applied 
the data-driven approach [53,54]. The diagram of black-box model is 
shown in Fig. 2.

2.2. Humidity control

There are two categories of humidification control models: humidi
fication and dehumidification. Humidification is relatively easy. Nor
mally, a humidifier would be used to increase the zone humidity levels. 
Dehumidification is more complicated, which is to remove extra mois
ture in the zone. A study discovered that the humidity increase can cause 
a virus survival decrease [55]; the study used a modeling study on 
CONTAM for the influenza virus, which is a common flu virus. The 
findings were that (1) an increase of moisture indoors leads to a decrease 
of influenza survival by 17.5 %–31.6 % when using a portable humidi
fier and (2) by distributing the water vapor through the zone, the rela
tive humidity increases by 3 %–12 % above the baseline, and the 
associated virus survival rate decreases by 7.8 %–13.9 %. A diagram of 
humidity control is shown in Fig. 3.

2.2.1. Humidification models

(a) White-box models

The white-box model starts from the first principles for mass balance 

and energy balance. A humidification model was proposed for a general 
purpose humidifier [56], which presented the energy balance model and 
mass balance model in Eqs. (2) and (3): 

Ch
dTh

dt
= fsaCpa(Tsi − Th) + αh(To − Th) (1) 

Vh
dWh

dt
= fsa(Wsi − Wh) +

h(t)
ρa

(2) 

A desiccant wheel is traditionally used for dehumidification pur
poses. It is also suitable for humidification. Humidification uses the 
reverse process compared with a desiccant wheel dehumidifier system. 
The humidifier system absorbs the moisture from outside air and de
livers the moisture to the supply air system for the building. A recent 
study proposed a desiccant wheel humidifier system [57], which was 
validated through experiments in real buildings.

The energy and water mass conservation in the desiccant material 
and adsorbed water is given as Eqs. (4) and (5): 

(fDcpD + fDcadWD)
∂TD

∂t
= (cpv(Ta − TD)+Qads)hm(X − XW)P

+ hT(Ta − TD)P (4) 

∂WD

∂t
=

hm(X − Xω)P
fD

(5) 

The energy, water mass, and dry air mass conservation in the air 
stream are given by Eqs. (6–8): 

∂Ta

∂t
= − vʹ∂Ta

∂z
−

hT(Ta − TD)P
CpaρaA

−
hm(X − XW)PTaCpv

CpaρaA
(6) 

∂X
∂t

= − v́
∂X
∂z

−
Phm

ρaA
(X − XW) (7) 

∂ρa

∂t
= −

∂(ρavʹ)
∂z

(8) 

For a membrane-based humidifier, a simplified model was proposed 
for fuel cells. The model [58] was based on the heat and mass transfer 
following the ε-Number of Transfer Units methodology, requiring 
mathematical iterations. Furthermore, the study validated the dehu
midifier model through experiments [59], which showed good 

Fig. 3. Humidity control categories.
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agreement between modeling and measurement results. The equations 
are shown in (9) and (10)

εL = 1 − e

[

e− NTU0.78
L RL − 1

NTU− 0.22
L

RL

]

(9) 

ωdo = ωdi − εL

(
ṁcp

)

min(
ṁcp

)

d

(ωdi − ωwi) (10) 

(b) Grey-box models

Similarly, another study proposed a membrane humidifier model 
based on first principles [60] for fuel cell control using a grey-box 
approach. The steady-state and dynamic predictions were validated 
with experimental measurements. The saturation pressure of control 
volume is given in Eq. (11): 

log10
(
P1,sat

)
= (− 1.69e − 10)

(
T4

1,out

)
+ (3.85e − 7)

(
T3

1,out

)

− (3.39e − 4)
(

T2
1,out

)
+ 0.143T1,out − 20.92 (11) 

The relative humidity is given in Eq. (12): 

RH1 =
P1,v

P1,sat
(12) 

(c) Black-box models

To the best of the authors’ knowledge, published articles were not 
found about using a black-box model for humidification.

2.2.2. Dehumidification models
There are two types of dehumidification: mechanical and desiccant. 

1) mechanical dehumidification

Mechanical dehumidification is also called condensate dehumidifi
cation [61]. It works by decreasing cooling coil surface temperature 
below the dew point of air, which causes the water vapor inside the air to 
condense and accumulate on the cooling coil surface. The water vapor 
accumulates and becomes liquid to be removed. This method is usually 
composed of a compressor, condenser coil, and evaporator coil, with 
refrigerants cycling around the system, following the vapor compression 
cycle. Another recent study [62] proposed a 3D numerical model for the 
indirect evaporative cooler incorporated with air dehumidification. The 
modeling prediction had very good agreement with experimental data. 

Another recent study [19] developed an innovative centrifugal-type 
humidifier, in which the experimental results showed good agreement 
with modeling results. A novel environmental control system focusing 
on humidity control of aircraft cabins [20] demonstrated modeling and 
experimental consistency. Their results showed that smooth cabin hu
midity increased to 27.9 % for the cruising state and 1 % decrease of fuel 
penalty from this new system. Another membrane humidifier was 
developed [21]. An innovative vapor compression cycle–based dehu
midification system integrated with a membrane-based heat exchanger 
was proposed and modeled [22]. 

2) Desiccant dehumidification

During the past 20 years, many efforts have been toward developing 
and researching desiccant dehumidification. Desiccant dehumidifica
tion uses desiccant materials (liquid or solid desiccants) to absorb 
moisture from the air. It was discovered in the 1930s by Hausen [63]. 
Desiccants chemical materials that can absorb the moisture contained in 
the air and then release under heating [64,65]. For desiccant materials, 
the driving potential for moisture absorption or release depends on the 
vapor pressure difference between the desiccant surface and surround
ing air. The moisture transfers from the air to the desiccant material if 
the desiccant vapor pressure is lower than that of air. When the desic
cant vapor pressure reaches that of air, dehumidification reaches equi
librium, or the moisture removal process stops. The desiccant materials 
remove moisture through chemical absorption and physical adsorption 
processes, and they are reusable. The typical way to reuse the material is 
through regeneration processes to extract the moisture from the desic
cant materials. For solid desiccant dehumidification, regeneration oc
curs using a regeneration heat exchanger to blow hot and dry air 
through the desiccant materials to take away the moisture. For liquid 
desiccant dehumidification, the desiccants are regenerated through 
heating in a regenerator. For desiccant dehumidification, the regener
ation is one of the key components to push out the moisture from the 
desiccant materials [66]. A study investigated three types of regenera
tion: solar radiation, microwave, and a combination of the two. For 
moisture removal, results showed the combination approach could yield 
3.77 times higher regeneration than the solar radiation approach and 
1.05 times higher regeneration than the microware approach. Another 
study proposed to use a solar thermal collector for the regeneration 
component for liquid desiccant dehumidification [67]. A solar-assisted 
liquid desiccant dehumidification system was proposed and modeled 
for greenhouse moisture controls in the Simulink [68]. Results showed 
that this type of system is capable of controlling the moisture effectively. 
The hybrid desiccant dehumidification is even more energy-efficient if 
integrated with a renewable source for the regeneration component.

One study reviewed humidity control technologies in buildings [17] 

Fig. 4. Solid desiccant dehumidification diagram.
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and concluded that the liquid desiccant dehumidification was superior 
to the solid desiccant dehumidification. A system diagram for solid 
desiccant dehumidification is shown in Fig. 4. A system diagram for 
liquid desiccant dehumidification is shown in Fig. 5. 

(a) White-box model

Solid desiccant–based dehumidification is an energy-efficient system 
that handles the latent load separately from the total thermal load. Such 
systems work by an adsorption process of the water molecules in the 
outdoor air onto the surface of the solid desiccant material. Among of 
different configurations, a rotary desiccant wheel is the most commonly 
employed design for solid desiccant dehumidifiers.

The main components of desiccant include the matrix, clapboard, 
wheel case, air heater, driven motor, and other elements [69]. The 
matrix usually contains supporting material and desiccant material. The 
desiccant wheel is driven by an engine and moves at a given rotary 
velocity. It consists of a large number of channels, whose walls are 
constituted by supporting material and coated or impregnated with 
desiccant material. The cross section of the wheel is divided into the 
process air side and regeneration air side by the clapboard. Water vapor 
is adsorbed by the desiccant when moist air is passing through the 
process air side. When the hot air, which is heated up by the heater, 
flows through the regeneration side, water is desorbed from the desic
cant. The desiccant material is then regenerated. The airflow can be 
either in a counterflow or concurrent arrangement. The reduction of 
moisture in the process air occurs at the price of the energy consumed to 
heat the regeneration air. Notably, the wheel is usually installed with 
thermal insulation and air-proof material. Thus, the energy and mass 
exchange between the wheel and environment is neglected in most 
cases. The main materials used as support are paper, aluminum, syn
thetic fibers, or plastic, and common absorbents are silica gel and acti
vated alumina [70].

The white-box model applied the partial differential equations to 
describe the mass transfer and heat transfer process. It is dynamic, 
considering the change in time and space. The model is often based on 
water (vapor) or air mass and energy balance for both air flows (i.e., 
process and regeneration air flows) and the solid desiccant materials in 
the wheel. Important assumptions should be made, and auxiliary re
lations should be provided to close the governing equations.

Because of the complexity and nonlinearity of coupled heat and mass 
transfer models, only a few works obtained analytical solutions using a 
lot of simplification and specifications [71]. Thus, numerical methods 
have been applied to solve the partial differential governing equations. 
The finite difference method [72] and finite volume method [73] were 
mostly adopted. Those equations in the literature were often solved 
through discretization of time and space variables using the Euler 
method [70] (e.g., Euler forward method). An iterative procedure is also 
required because of the periodic nature of system, as well as the 
nonlinear and coupled model equations [74], although the explicit 
scheme (which does not need the iteration process) is often recom
mended [69]. 

(b) Grey-box model

Another candidate model is the regression-based model, which could 
be much simpler and potentially more suitable for control purposes as 
long as enough historic, measured data are available to train and vali
date the model(s). In general, the performance depends on process and 
regeneration air temperature, humidity, and velocity, as well as the 
revolution speed. Existing performance curves that exist in building 
simulation tools (like EnergyPlus) were also used in some research 
works [75–77]. Those performance curves used for the desiccant wheel 
and direct expansion coil were generated using the manufacturer’s 
publicly available sizing software. 

(c) Black-box model

Because of the complexity of the desiccant dehumidification system, 
the high-fidelity model is usually time-consuming and mathematically 
driven. One study [78] used multilayer artificial neural network models 
for desiccant dehumidification. Their results show reasonable R2 with a 
value of 0.9251–0.9660.

2.3. Carbon control

Carbon capture for zone CO2 is an effective technology with two 
benefits: reducing zone CO2 concentration and reducing the CO2 
releasing to the atmosphere that causes a global warming effect. Very 
limited studies focus on carbon capture in indoor environments through 

Fig. 5. Liquid desiccant dehumidification diagram.
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RTU systems [36–38,79,80]. The controls of CO2 are described with 
details in those studies [36–38]. The indoor CO2 concentration is usually 
higher than that of the outdoors. The major sources of indoor CO2 
include occupant breathing, gas burning from occupant behaviors (e.g. 
cooking), and chemical release from indoor materials. Extra CO2 can 
cause occupants to have headaches or nausea. The major approach of 
controlling indoor CO2 is through ventilation or filtering. With carbon 
capture as emerging research, the optimal CO2 concentration could also 
be achieved by using advanced filtering. The CO2 control strategy dia
gram is shown in Fig. 6. The diagram of a carbon control in building is 
shown in Fig. 7.

2.3.1. Zone CO2 model without carbon capture
The ordinary differential equation (ODE) for the zone CO2 concen

tration is given in Eq. (13): 

Vzone
dCzone

dt
= Qoa(Czone − Coa) − G(t) (13) 

Solving Eq. (13) results in the CO2 concentration in Eq. (14): 

Czone = Coa +
G(t)
Qoa

+

[

Czone(0) − Coa −
G(t)
Qoa

]

e

(
Qoa

Vzone

)

t
(14) 

2.3.2. Zone CO2 model with carbon capture
The ODE equation for carbon capture is given in Eq. (15): 

Vzone
dCzone

dt
= Qoa(Czone − Coa) − G(t) − Qoa

1 − f
f

A (15) 

Solving Eq. (15) gives Eq. (16): 

Czone = (Coa − A) +
G(t)
Qoa

+
A
f
+

[

Czone(0) − (Coa − A) −
G(t)
Qoa

−
A
f

]

e

(
Qoa

Vzone

)

t

(16) 

2.4. VOC control

VOCs can be chemical compounds released from building materials 
[81]. VOCs can endanger occupant health through multiple levels, 
including headache; irritations of the eyes, nose, and throat; dry cough; 
dizziness and nausea; and tiredness. VOCs can be bad for respiration 
systems, blood vessel systems, and nerve systems. Similar to CO2 con
trol, the ventilation system and filtering are the major technologies used 
to control VOCs. A diagram of VOCs is shown in Fig. 8. There are three 
types of VOCs: volatile organic compounds (VOCs), Semi-Volatile 
Organic Compounds (SVOCS), and very-volatile organic compounds 
(VVOCs). The total- Volatile Organic Compounds (TVOCs) are the 
combination of the three types of VOCs.

Limited models were found for VOCs under the impacts of outdoor 
airflow and supply airflow within an indoor environment [25,26]. Thus, 
the VOCs models integrated with filter control are developed in the 
following equations. The VOCs are assumed to be uniformly distributed 
inside the zone. VOCs include a variety of chemicals, some of which may 
have short- and long-term adverse health effects. Concentrations of 
many VOCs are consistently higher indoors (up to 10 times higher) than 
outdoors. VOCs are emitted by a wide array of products, numbering in 
the thousands. Examples include paints and lacquers, paint strippers, 
cleaning supplies, pesticides, building materials and furnishings, office 
equipment such as copiers and printers, correction fluids and carbonless 
copy paper, graphics and craft materials such as glues and adhesives, 
permanent markers, and photographic solutions.

Organic chemicals are widely used as ingredients in household 
products. Paints, varnishes, and wax all contain organic solvents, as do 
many cleaning, disinfecting, cosmetic, degreasing, and hobby products. 
Fuels are made up of organic chemicals. All of these products can release 
organic compounds while being used and, to some degree, when they 

Fig. 6. CO2 control.

Fig. 7. Carbon control (OA=outdoor air, SA=supply air, RA=return air, 
DA=discharge air, FA=filtering air).
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are stored.
One study proposed an analytical control model for the mass transfer 

of VOCs within indoor environment [25]. A latest study [82] is using 
adsorption-based air filter to remove VOCs from room air system using 
experiments and a model was developed to predict the service life of 
filters. Another study developed an analytical model for the building 
materials [27]. The majority studies focus on VOC absorption, which is a 
material perspective [28,29].

2.4.1. VOCs model with outdoor air
The ODE equation for the zone VOCs concentration is given by Eq. 

(17): 

Vz
dCz

dt
= Qoa(Cz − Coa) − G(t) (17) 

The analytical solution is given as Eq. (18): 

Cz = Coa +
G(t)
Qoa

+

[

Cz(0) − Coa −
G(t)
Qoa

]

e

(
Qoa
Vz

)

t
(18) 

2.4.2. VOCs model with filtering
The ODE equation for VOC capture is given by Eq. (19): 

Vz
dCz

dt
= Qoa(Cz − Coa) − G(t) − Qoa

1 − f
f

A (19) 

The analytical solution is given as Eq. (20): 

Cz = (Coa − A) +
G(t)
Qoa

+
A
f
+

[

Cz(0) − (Coa − A) −
G(t)
Qoa

−
A
f

]

e

(
Qoa
Vz

)

t
(20) 

3. Multi-target controls

3.1. Temperature + Humidity control

Temperature and humidity control are usually coupled together to 
control the indoor air temperature and relative humidity. The coupling 
depends on the system characteristics. One study proposed a compre
hensive air-conditioning system including fresh water generation, 
dehumidification, humidification, and cooling [83]. Their modeling 
results and experimental measurements agree well. One of the 

conclusions was that the power savings increase with increasing supply 
air temperature and decreasing outdoor air wet bulb temperature, as 
well as increasing fresh air ratio. Traditionally, the mechanical dehu
midification is used for dehumidification purposes for air-conditioned 
zones. However, it is not energy-efficient when compared with desic
cant dehumidification systems. A majority of the literature studies have 
focused on desiccant dehumidification systems.

3.1.1. Temperature control with desiccant dehumidification
A field study [84] concluded that desiccant dehumidification is su

perior to conventional condensing or mechanical dehumidification in 
Hong Kong through a retrofit analysis. The reasons are that (1) desiccant 
dehumidification can run independently with an HVAC system, which 
can handle part of the sensible and latent heat loads; and (2) desiccant 
dehumidification can achieve up to 4.9 % and 7.7 % of annual energy 
savings for an office and a hotel, respectively, compared with conven
tional condensing/mechanical dehumidification, which usually requires 
over-cooling and reheating. Because of the energy waste from tradi
tional dehumidification, another study decoupled the traditional cooling 
and dehumidification through a combination of dry-cooling and a 
dedicated outdoor air ventilation system. Results show energy savings of 
54 % compared with a traditional constant volume air system accom
panied by reheat. A recent review study [85] pointed out that both the 
solid desiccant and liquid desiccant can integrate with evaporative 
cooling systems to form a hybrid cooling system. This hybrid system has 
very good potential to replace the conventional vapor compression cycle 
cooling system. The hybrid system has many benefits: it is quiet and 
consumes much less energy. The evaporative cooling could be direct 
evaporative cooling or indirect evaporative cooling. An earlier study 
reviewed the liquid desiccant system [86] integrated with evaporative 
cooling. Liquid desiccant has a benefit in that it has extremely high 
effectiveness for dehumidification and has highly efficient utilization of 
low-grade heat. The study also mentioned that the hybrid system is 
superior to conventional air-conditioning systems. Other earlier studies 
[87,88] show that the hybrid cooling system could save energy by 20 %– 
30 % by comparing the hybrid system with the traditional vapor 
cycle–based cooling system in actual building operations.

Integrating with air source heat pumps, a desiccant system can be 
also used for space heating [89]. A hybrid heating system was proposed 
to integrate heat pumps and liquid desiccant dehumidification [90]. 
Some of the greatest benefits were that (a) part of the heat pump 

Fig. 8. TVOC sources in buildings.
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condenser heating will be used for regeneration for the dehumidification 
and (b) the heat pump evaporator cooling is used for cooling the liquid 
desiccant entering the dehumidifier.

A study investigated the effects of dehumidification on the radiant 
floor cooling system in residential buildings through a simulation 
analysis [91]. Four different dehumidification systems were investi
gated: isothermal dehumidifier, integrated dehumidifier with 
air-conditioner, cooling coil by using low-temperature water, and a 
mechanical ventilation system with air-cooling and dehumidification. 
Results show that dehumidification could handle part of the cooling load 
to the conditioned zone, which can reduce the energy consumption of a 
radiant floor cooling system.

An earlier study investigated the humidifier effects on thermal 
comfort using a proportional control, which controls the relative hu
midity in the range of 40 %–50 %, in Brittany or southern England [92]. 
A mass balance model was proposed for the simulation study (TRNSYS), 
which was validated by experiments. Their findings were that percent
age of mean vote (PMV) is not significantly affected by the humidifier.

A recent study developed a fan coil unit with a humidifier integrated 
in cold climate regions [93]. Traditionally, a humidifier could decrease 
the zone air temperature. Their experimental results showed that the 
humidifier could be heated to maintain the zone air temperature.

Another study [94] showed that a modified liquid desiccant indi
rect/direct evaporative cooling outdoor air system could consume 42 % 
less primary energy during heating operation, based on the simulation in 
TRNSYS.

One study showed that the two-stage hybrid cooling system [95] that 
integrates desiccant dehumidification with cascade evaporative cooling 
could achieve 16.15 % energy savings compared with a single-stage 
evaporative cooling system.

3.1.2. Temperature control with membrane dehumidification
As an emerging technology, membrane dehumidification has 

attracted attention. A study [96] proposed an integrated frost-free air 
source heat pump, which integrates the membrane-based desiccant 
humidifier, dehumidifier, and regenerators. This method leads to an 
increase in coefficient of performance (COP) and is frost-free, compared 
with traditional air source heat pumps. A recent study [97] proposed a 
model for the vacuum membrane–based dehumidification integrated 
into variable air volume (VAV) systems through a discretized manner. 
Compared with traditional VAV system, the results show 8.2 % lower 
primary energy consumption, 7.7 % more energy on dehumidification 
and cooling, and 2.5 times more fan energy owing to the pressure drop of 
the membrane component. Another study [98] proposed a thermody
namic analysis for membrane-based liquid desiccant dehumidification 
integrated with evaporative cooling.

3.2. VOC and CO2 control

VOCs and CO2 are both chemical gases that can endanger occupants. 
The major control approach is through ventilation or using air filters. 
Ventilation can take away VOCs and CO2 to the outside environment. 
Typical HVAC systems include a dedicated outdoor air system [99], 
displacement ventilation system, personalized ventilation system, and 
under-floor air distribution system. Air filters can absorb or adsorb the 
VOCs and CO2 and lock them into the filter materials. A study [100] 
conclude that humans need around 10,000 L of air through the lungs 
every day to get 420 L of oxygen to survive and maintain basic functions. 
The study showed that the filter was the most effective solution in 
helping to increase IAQ.

The control models for VOC and CO2 are limited. One study inves
tigated various indoor air pollutant emission models [101]. However, 
the control-oriented models were not thoroughly developed.

3.3. Ventilation

An earlier study demonstrated that natural ventilation could be used 
to control zone CO2 concentration [37]. This study proposed a simple 
demand control ventilation strategy [36] to control the zone CO2 con
centration to be within a given set point. Simulation results showed that 
this demand control can help save 34 % of energy related to ventilation 
air. Furthermore, it can save 26 % of energy for a fully occupied 
building. Similarly, another study demonstrated the effectiveness of the 
demand control ventilation for zone CO2 concentration control [38].

Later, improved demand control ventilation algorithms were pro
posed [31,32] for multizone HVAC systems. However, they were not 
robust enough to be implemented into the real HVAC controller. The 
most recent study [33] aims to make the demand control ventilation 
(DCV) algorithm suitable in a real controller, in which the memory is 
usually small because of hardware cost constraints. In real buildings, 
especially the multi-zone buildings, the ventilation is complicated 
because different zones require different amounts of ventilation air. The 
is the biggest challenge for demand control ventilation in practical 
building operations.

3.3.1. Air filtering
A thorough study of removing VOCs through photocatalytic methods 

was conducted, which the models of the VOC removals proposed [102,
103]. Their model and experimental results show good agreement.

3.3.2. Other
One study showed that ionization can help remove VOCs [104]. A 

review study [105] showed that liquid desiccant [106–111] and solid 
desiccant [112,113] can help remove VOCs.

3.4. Humidity, VOC, and CO2 control

One study investigated the transient pattern of VOC removal under 
the effect of a humidifier and outdoor air ventilation by using a FLUENT 
simulation [114]. Results show that (1) lower humidity can improve air 
cleaner performance, and higher humidity leads to degraded air cleaner 
performance; and (2) ventilation can reduce the VOC quickly. A study 
[115] proposed that a system composed of a dedicated outdoor air 
system and membrane dehumidifier could achieve 57 %–89 % energy 
savings compared with a conventional dedicated outdoor air system. 
Another study systematically reviewed the liquid desiccant dehumidi
fication on the IAQ [105].

3.5. Temperature, humidity and VOC control

Studies show the effects of temperature, humidity, and VOCs. A 
recent study [116] shows that humidification has strong effects on 
temperature and VOC concentrations within buildings through an 
experiment approach in an enclosed chamber. Humidification was 
implemented through an ultrasonic humidifier, which has two effects: 
(1) increasing humidity and reducing the zone temperature simulta
neously and (2) removing TVOCs.

A combined system with desiccant dehumidification, chilled ceiling, 
and displacement ventilation was modelled for the overall performance 
in a hot and humid climate [117]. The study aimed to find the best IAQ 
and thermal comfort with minimum energy consumption for the system. 
The results showed that such a system could use 8.2 % less energy 
compared with traditional HVAC.

3.6. Temperature, humidity, VOC and CO2 control

Based on literature research, no published research was found for 
multitarget control for temperature + humidity + VOC + CO2. No 
literature was found for temperature + VOC + CO2, either. This research 
gap leads to concurrent optimization of indoor air quality and energy 
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Table 1 
Summary for multitarget building control.

Control target Model 
method

Control 
algorithm

Optimization HVAC unit Experiment or simulation (control 
benefits)

Reference

Temperature and 
humidity

Physical Proportional No Cooling and heating Both (644 hours of comfort improvement) [92]

Temperature and 
humidity

Grey-box Rule-based No Cooling and heating Both (4.9 % and 7.7 % energy savings from 
desiccant dehumidification)

[84]

Temperature and 
humidity

Physical Rule-based No Cooling Simulation (upto 70 % of power savings) [83]

Temperature and 
humidity

Physical Rule-based No Cooling Both (cooling capacity increased by 30 % 
in [87] and 44.5 % in [88])

[87,88]

Temperature and 
humidity

Physical Rule-based No Heat pump Both (COP increased by 18 % for air- 
system, and 35 % for water system)

[90]

Temperature and 
humidity

Physical On/off No Radiant floor Simulation (quantitative comparison not 
given)

[91]

Temperature and 
Humidity

Physical On/off No Humidifier and cooling and heating Both (quantitative comparison not given) [92]

Heating and 
humidification

n/a On/off No Humidifier and heating coil Experiment (average humidity ratio was 
increased by 5.7 g/kg)

[93]

Heating and 
humidification

Physical On/off No Humidifier and heating coil Simulation (42 % less energy consumption 
identified)

[94]

Temperature and 
humidity

Physical Rule-based No Dehumidification and cooling Simulation (16.15 % energy reduction and 
26.93 % water reduction)

[95]

Temperature and 
humidity

Physical Rule-based No Heat pump, membrane humidification 
and dehumidification system

Simulation (64.3 % higher COP) [96]

Humidity Physical n/a no Membrane dehumidification Simulation (8.2 % less energy 
consumption)

[97]

Temperature and 
humidity

Physical n/a no Membrane liquid desiccant 
dehumidification, and evaporator cooling

Simulation (not available) [98]

Temperature and 
humidity

Physical 
(CFD)

n/a no Dehumidification, and evaporator 
cooling

Simulation (not available) [62]

Humidity n/a n/a no Humidifier Experiment (COP=5.85) [19]
Temperature and 

humidity
Physical Rule-based yes Humidifier Both (27.1 % humidity increase) [20]

Humidity Physical 
(CFD)

n/a no Membrane humidifier Both (quantitative metrics not provided) [21]

Humidity Physical n/a no Mechanical dehumidification Simulation (33 % energy savings) [22]
Humidity Grey-box Rule-based yes Liquid desiccant dehumidification Simulation (quantitative metrics not 

provided)
[18]

Temperature and 
humidity

Physical no no Solar desiccant and air-conditioning Simulation (higher COP) [64,65]

Temperature and 
humidity

n/a n/a n/a Solar desiccant and air-conditioning Experiment (over 2 % efficiency 
improvement)

[66]

Humidity Physical n/a n/a Liquid desiccant dehumidification Simulation (power saving 55.65 %) [67]
Humidity Physical n/a n/a Liquid desiccant dehumidification Simulation(quantitative metrics not 

provided)
[68]

Humidity Black-box n/a n/a Solid desiccant dehumidification Simulation(quantitative metrics not 
provided)

[118]

Humidity Physical n/a n/a Solid desiccant dehumidification Simulation (reducing the latent heat load 
by 58.2 %–69.3 %.)

[119]

Humidity Physical n/a n/a Solid desiccant dehumidification Simulation (30 % energy savings) [120]
Humidity Physical n/a n/a Liquid desiccant dehumidification Simulation(quantitative metrics not 

provided)
[121]

Humidity Physical n/a n/a Liquid desiccant dehumidification Simulation (3.19 %-10.57 % of energy 
efficiency)

[122]

Temperature and 
humidity

Physical n/a n/a Liquid desiccant dehumidification and 
Air-conditioning

Simulation(quantitative metrics not 
provided)

[123]

Humidity Physical n/a n/a Liquid desiccant dehumidification Simulation(quantitative metrics not 
provided)

[124]

Humidity Physical n/a n/a Liquid desiccant dehumidification Simulation (12 % efficiency increase) [125]
Temperature and 

humidity
Physical n/a n/a Liquid desiccant dehumidification and 

air-conditioning
Simulation (17.4 % energy reductions and 
41 % of COP increase)

[126]

Humidity n/a n/a n/a Liquid desiccant dehumidification Experiment (desiccant reduction reached 
upto 73.94 %)

[127]

Humidity Physical n/a n/a Liquid desiccant dehumidification Simulation (simulation agrees well with 
experimental data)

[128]

Humidity Grey-box n/a n/a Liquid desiccant dehumidification Simulation (model verified by 
measurement data)

[129]

Humidity physical Rule-based yes Liquid desiccant dehumidification Simulation (12.49 % energy savings) [130]
Humidity Physical n/a n/a Membrane dehumidification Simulation (COP increase by 30.23 %) [131]
Humidity Physical 

(CFD)
n/a n/a Membrane humidification Simulation (model verified by 

measurement data)
[132]

VOC/CO2 Physical n/a n/a Air filter Simulation (filtering efficiency increased 
by 8.1 %)

[100]

VOC Physical n/a n/a Cleaner Simulation(model verified by 
measurement data)

[102,
103]

(continued on next page)
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efficiency in buildings. More research efforts are expected in the cross- 
section of indoor air quality and energy efficiency.

3.7. Summary of control studies

Based on the literature review of building controls, an intermediate 
summary is organized in Table 1. Physical and grey-box models were the 
dominant modeling approach for temperature and humidity controls. 
Rule-based controls were being used mostly to evaluate the hardware 
performance. Optimizations are seldom used in these controls. Both 
simulations and experiments were being conducted for the control 
benefits. However, simulations cases are more than experimental cases. 
This might because experiments need more resources.

A simulation framework handling indoor air quality and energy ef
ficiency is shown in Fig. 9.

4. Conclusions

This study reviewed the multitarget controls for building thermal 
comfort and indoor air quality. Four targets are investigated for build
ings: temperature, humidity, CO2, and VOCs. Published literatures exist 
for each of the four categories respectively. For a combination of mul
tiple targets, especially the decarbonization (CO2) integration, more 
research efforts are still needed.

The major findings are summarized in the following list: 

(1) For temperature and dehumidification control, a large body of 
research publications have used modeling (white-box, grey-box, 
and black-box) and experimental approaches. For humidifica
tion control, numerous investigations used white-box and grey- 
box models, except black-box models. However, for VOC and 
CO2 control, experiments are the dominant approach while the 
models used a white-box approach, except grey-box or black-box.

(2) The desiccant dehumidification is still going on with innovative 
and energy-efficient materials. The research on mechanical 
dehumidification is relatively established. 
a. Desiccant dehumidification is usually independent with main 

cooling/heating systems. More research studies were con
ducted on solid desiccant dehumidification systems in the past 
10 years. Liquid desiccant dehumidification is still under 
active research. It is more complicated than solid desiccant 
dehumidification. Solid desiccant dehumidification is simpler 
than a liquid desiccant dehumidification system. A liquid 
desiccant dehumidification system is more promising and 
received more attention compared with solid desiccant 
dehumidification.

b. Desiccant dehumidification is more energy-efficient than a 
conventional mechanical dehumidification system. 

Table 1 (continued )

Control target Model 
method 

Control 
algorithm 

Optimization HVAC unit Experiment or simulation (control 
benefits) 

Reference

VOC n/a n/a n/a Ionizer Experiment (just experiment) [104]
VOC Physical n/a n/a Humidifier, ventilation Simulation(quantitative metrics not 

provided)
[114]

Humidity Physical n/a n/a Membrane dehumidifier Simulation(model verified by 
measurement data)

[115]

Temperature, 
humidity, and VOC

Physical n/a n/a Humidifier Simulation(model verified by 
measurement data)

[116]

Temperature, 
humidity, and VOC

Physical n/a n/a Desiccant dehumidification and 
ventilation

Simulation(model verified by 
measurement data)

[117]

Virus n/a n/a n/a Humidifier Experiment(just experiment) [55]

CFD: computational fluid dynamics

Fig. 9. Proposed simulation framework.
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Researchers question what the technoeconomic benefit is for 
the desiccant dehumidification (e.g., payback) compared with 
traditional dehumidification. No studies are available to 
quantify how much energy is saved by comparing desiccant 
dehumidification system and mechanical dehumidification. 
The lack of research is a remaining gap for desiccant dehu
midification system performance under different climate 
zones and building characteristics (e.g., school, office). 
Desiccant system can be integrated into the main cooling and 
heating system. It still a challenge to integrate systems for 
different air-conditioning and heating systems.

c. Liquid desiccant dehumidification integrated with evapo
rating cooling as a hybrid cooling system has become a new 
trend for research and development.

(3) Limited studies for VOC and CO2 control are available through air 
filtering and ventilation. There are more studies needed for 
advanced controls in this thread.

(4) No study has investigated the simultaneous control of three tar
gets (temperature+VOC+CO2), or four targets 
(temperature+humidity+VOC+CO2).

Above studies reveal the simulation frameworks incorporating the 
indoor air quality and energy efficiency are still missing. Current tech
nologies are focusing either on indoor air quality, or energy efficiency 
respectively. Integrating them together is a new field neglected. From 
the perspective of practical implementation of multi-target controls, it 
seems there is a need to develop such control products, including control 
panels and control algorithms. Furthermore, the field tests before de
ployments are also worth investing.
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