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opment and deployment for improving the energy performance index. However, integrating 
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Preface

Buildings, as a sector, are reported to be responsible for around 40% of total carbon-​related 
emissions and over 33% of final energy usage, globally. Driven by improved standard of 
living, rising population and increased dependency on energy driven services, the energy 
demand from the buildings and construction sector is forecasted to rapidly grow in future. In 
order to meet this increased demand with reduced dependency on emission oriented conven-
tional technologies; adoption of energy efficient and green energy systems are necessary. With 
a focus on sustainable development, there is an increasing interest in commercialization and 
wider implementation of electric vehicles and renewable energy technologies. Developing 
renewable energy systems integrated with building energy systems, possess high potential to 
support energy efficient techniques and energy conservation measures.

Integration of renewable energy with building energy systems facilitate improved energy 
system performance with enhanced efficiencies, utilization of on-​site renewable energy 
resources due to availability of large surface areas within the built environment, decreased 
distribution system losses, and enhances usage of e-​mobility such as electric vehicles. 
Primary objective of the book is to provide an extensive overview of the building energy 
systems and associative renewable energy technologies coupled with integration methodolo-
gies and power electronic components required for interfacing.

Improving the energy performance of a building involves development of energy monitoring 
and control strategies, which in turn, depend, significantly, on building energy models. 
Chapter 1 introduces significant terms for understanding the hygro-​thermal fundamentals of 
the building energy physics. Fundamental mathematical formulation for basic heat and mass 
transfer processes are described in detail. Detailed discussion on various modes of thermal 
energy transfer such as conduction, convection and radiation, in building energy systems is 
also presented. The thermal electrical analogy which will be utilized throughout this book is 
also explained.

A building energy system comprises of the building construction elements, hygro-​thermal 
energy transfer processes or a combination of the physical elements and processes. Chapter 2 
deals with illustration of building energy system model development and techniques to ana-
lyze the developed energy models. Energy transfer equations for a multi-​layered building 
construction element are represented and thermal resistor-​capacitor networks are used to 
represent the element model. A single zonal energy system, integrating all the developed 
element models, as resistor-​capacitor network is then developed. Step response for the 
developed un-​conditioned building energy system model is analyzed in terms of the perform-
ance characteristics.

 



viii  Preface

In Chapter 3, an energy model is developed for a Heating Ventilation and Air-​Conditioning 
(HVAC) system. A simple, all-​seasonal HVAC system is considered for the present study 
incorporating five-​loops of operation viz., airside loop, chilled water loop, refrigeration loop, 
heat rejection loop and control loop. Mathematical formulations are developed for the primary 
components, such as air handling unit (consisting of mixing box, heating coil, humidifier, 
cooling coil and dehumidifier, fan and ductwork) and an air-​conditioned single zonal room, 
of a HVAC system. MATLAB/​Simulink has been used to develop the HVAC system model.

Since past few decades, high voltage dc transmission, flexible ac transmission, custom 
power devices and industrial drives have emerged and been incorporated in utility networks 
and industrial plants. Chapter 4 introduces the primary power electronic interface components 
required for renewable energy integration of building energy systems. Power converters, 
developed with the help of power semiconductor switches, serve to modulate the power 
for the desired load operation without compromising the efficiency. Power switches and 
power converters are becoming more and more compact and more and more efficient. The 
power converters, which can perform ac–​dc, dc–​ac, dc–​dc and ac–​ac power conversion, find 
applications in low power applications such as dc power supply to wind energy conversion 
systems rated in MW capacity.

Chapter 5 discusses the different aspects of grid integration of solar and wind energy. Also, 
the use of battery storage is also discussed. The related statistical data is presented as well. 
Wind and solar energy are available in abundance at different locations and is free of cost. 
In buildings, rooftop solar system can be installed. Similarly, vertical axis wind turbines can 
also be installed in the building premises. This can reduce the energy bills as well as carbon 
emissions from the building sector.

Chapter 6 showcases the significance of Electric Vehicles (EVs) in today’s scenario. The 
electric propulsion system, its working and the components involved are discussed. Charging 
infrastructure is a major component that needs significant consideration for ensuring wider 
acceptance of the EV technology. This chapter covers the different methods of charging an 
electric vehicle battery. Different levels of charging are also included in the discussion along 
with the practical implementation and impact of electric vehicle battery changing on the grid 
operation.

Techno-​economic analysis of electric vehicles is presented in Chapter 7 to demonstrate 
its merits and cost competitiveness over the period of operation. The statistics pertaining 
to the usage of EVs across the globe and India in particular are also stated. The merits and 
challenges for electric vehicles are discussed. A detailed cost comparison of two-​wheeler 
electric vehicles against its internal combustion engine counterpart, in terms of initial and 
operating cost, is presented to show the cost competitiveness of the electric vehicles.
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2  Renewable Energy Integration with Building Energy Systems

Table 1.1 � Nomenclature for significant terms used in hygro-​thermal dynamics modelling

Name Symbol Description Units

Thermal parameters
Heat Q The energy transferred across a system boundary by 

temperature difference.
Joule, J

Heat flow rate Q
-

The rate of transfer of heat. J/​s or watt (W)
Heat flux φ The heat flow rate through a surface. W
Heat flux density q The heat flux per unit area. W/​m2

Heat capacity C The amount of heat energy needed to raise the 
temperature of a substance by 1°C. Also called 
thermal mass or thermal capacitance.

J/​K

Specific heat  
capacity

Cp The amount of heat energy needed to raise the 
temperature of 1kg of material by 1°C.

J/​kg K

Mass flow rate
m The rate of change of mass per unit time. kg/​s

Volume flow rate V The rate of change of volume per unit time. m2/​s
Humidity parameters
Humidity/​mixing 

ratio
W The ratio of water vapour mass to that of dry air 

for moist air:

W
M
M

wat

dry

=                                                 
�

(1.1)

= 0 621945.
x
x

wat

dry

                                   
�

(1.2)

Specific humidity γ The ratio of the mass of water vapour to the total 
mass of the moist air sample:

γ = +( )M M Mw w da/                                � (1.3)
In terms of humidity ratio,
γ = +( )W W/ 1                                          � (1.4)

Absolute humidity 
(water vapour 
density)

dv The ratio of the mass of the water vapour to the 
total volume of the sample:

d M Vv w= /                                               � (1.5)

Density ρ The density of a moist air mixture is the ratio of 
the total mass to total volume:

ρ = +( ) = ( ) +( )M M V v Wda w / /1 1          � (1.6)
where v is the moist air specific volume, m3/​kgda, 

as defined by the equation.
Saturation  

humidity ratio
W t ps ,( ) The humidity ratio of moist air saturated 

with respect to water (or ice) at the same 
temperature t and pressure p.

Relative humidity ϕ The ratio of the actual water vapour partial 
pressure in moist air at the dew-​point pressure 
and temperature to the reference saturation 
water vapour partial pressure at the dry-​bulb 
pressure and temperature:

φ = ( )
= ( ) ( )  ( ) ( )

− −p p

f p t e t f p t e t

wv enh wvs ref P t

dp dp db db

/ |

, / ,

,

   

�

(1.7)
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Name Symbol Description Units

Dew-​point 
temperature

td The temperature of the moist air saturation at 
pressure p, with the same humidity ratio W as 
that of the given sample of moist air. It is defined 
as the solution td(p,W) of the following equation:

W p t Ws d,( ) =                                          � (1.8)

Thermodynamic 
wet-​bulb 
temperature

t* The temperature at which water (liquid or 
solid), by evaporating into moist air at dry-​
bulb temperature t and humidity ratio W, can 
bring air to saturation adiabatically at the same 
temperature t* while total pressure p is constant.

1.2 � ENERGY TRANSFER IN BUILDING ENERGY SYSTEMS

The mathematical formula for basic heat transfer is given as:

	h m h hair12 2 1= −( )� (1.9)

	h m C T Tair p12 2 1= −( )� (1.10)

Figure 1.1 � Mass flow rate through a conditioned building space.

Table 1.1 � (continued)
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The governing mathematical formulae can be deduced as:

	 m h q q m ha bs w a1 2+ + = 	 (1.11)

and

	  m h q m h m ha bs w w a1 2+ + ∑( ) = 	 (1.12)

Also:
∀∀ Adiabatic mixing

	  m h m h m ha w w a1 2+ = 	 (1.13)

Dividing by hw throughout:

	  m
h
h

m m
h
ha

w
w a

w

1 2+ = 	 (1.14)

	  m H m m Ha w a1 2+ = 	 (1.15)

Therefore:

	 h h
H H

h
H

hw
2 1

2 1

−
−

=
∆
∆

= 	 (1.16)

Also:

	  m H m m Ha w a1 2+ ∑ = 	 (1.17)

	q h m m h hbs w w a+ ∑ = −( )  2 1 	 (1.18)

or

	∑ = −( ) m m H Hw a 2 1 	 (1.19)

Here:

	 h h
H H

h
H

q h m
m

bs w w

w

2 1

2 1

−
−

=
∆
∆

=
+ ∑
∑





	 (1.20)

1.2.1 � Modes of thermal energy transfer in building  
energy systems

Thermal energy in the form of heat is transferred from a high-​temperature region to a lower  
temperature region. This energy transfer takes place in three modes: conduction, convection  

 

 

 

 

 

 

 

 

 

 

 



Fundamentals of energy transfer  5

and radiation. Conduction is the transfer of energy from the more energetic particles of a  
substance to the adjacent less energetic ones as a result of the interaction between particles.  
Convection is the transfer of energy between a solid surface and the adjacent fluid that is in  
motion and involves the combined effects of conduction and fluid motion. Radiation is the  
transfer of energy due to the emission of electromagnetic waves (or photons). The laws of  
thermodynamics (Table 1.2) play a significant role in defining the fundamentals of building  
energy transfer principles.

Thermal energy transfer can be computed as:

	
Heat energy

mass specific heat
Total thermal mass

Temper
  

=
×

× aature difference( )� (1.21)

In a building energy system, a zone has a physical boundary that is the walls and surfaces 
of the zone, and the only thing that flows into and out of the zone (and interacts with the 
environment) is heat flow. Every room (/zone) is its own system, and the only input and 
outputs from the system that interact with the environment are heat flows, which is how the 
environment exerts its influence on the system. So the whole idea of modelling the building 
comes from defining two things: first, the boundaries of the zone, which is called the enve-
lope of a zone or a building envelope; and second, the in and outflows of these boundaries. If 
we can mathematically describe these two things then we can design a good model of a zone 
and predict its temperature.

There are different types of heat gains, one of which is called sensible gain or sensible 
cooling. This refers to anything that can directly influence the zone air temperature because 
we can immediately sense it. Another is latent gain or latent cooling, which refers to anything 
that indirectly gives discomfort, such as a change in humidity.

In the room of a building, heat flows through all possible surfaces such as walls, windows, 
doors, roof and floor. The air inside the room also exchanges heat with every surface through a 
convection process. There are also internal heat gains that are generated through metabolic activ-
ities, and computers and lights generating heat. All of these accumulated processes are responsible 

Table 1.2 � Laws of thermodynamics

Law Statement Mathematical depiction

Zeroth If two bodies are in thermal equilibrium with a third body, they are 
also in thermal equilibrium with each other.

If TA =​ TB and TB =​ TC, 
then TC =​ TA

First Energy can neither be created nor destroyed, it can only be  
converted (or transformed) from one form to another, and the 
total energy remains constant.

E E Ein out= −

Second It is impossible for a heat engine to produce a network in a 
complete cycle if it exchanges heat only with bodies at a single 
fixed temperature. (Kelvin Planck)

It is impossible to construct a device operating in a cycle that can 
transfer heat from a colder body to warmer without consuming 
any work. (Clausius)

∆ = ∫S
dq
T
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for the generation of these energy or heat flows and occur through processes of different heat 
transfer based on heat through surfaces or walls, or heat flow through zone air or gas.

1.3 � THERMAL ENERGY TRANSFER THROUGH A BUILDING 
CONSTRUCTION ELEMENT (WALL/​SLAB)

Consider a wall, as shown in Figure 1.2, depicting, primarily, conduction heat transfer through 
an external wall (wall subjected to outdoor environment).

Figure 1.2 � A building construction element (multi-​layered wall/​slab).

Consider:

T T1 2>

Then:

	q kA
l

T T12 1 2= −( )	 (1.22)

=
−







T T
l
kA

1 2 	 (1.23)

Conductive thermal resistance:

	R l
kAcond = 	 (1.24)
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Figure 1.3 � Conductive thermal resistance (Rcond).

In Figure 1.2, on the surfaces of each side of the wall, there exists convective heat 
exchange with the surrounding air and radiant heat exchanges with surfaces other than 
those which are exposed. For a roof or an external wall, the radiant heat exchange at the 
external side consists of absorbed solar radiation, which includes both diffuse and direct 
radiation. Theoretically, the convection mode of heat transfer can be represented as shown 
in Figure 1.4.

Figure 1.4 � Convective heat transfer through a surface plane.

Convective heat is defined, mathematically, as:

	q h A T Tconv c sur= −( )∞ 	 (1.25)

=
−







T T

h A

sur

c

∞

1
	 (1.26)

Convective thermal resistance:

	R
h Aconv
c

=
1 	 (1.27)

∀∀, ,T Tsur∞ >
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	q h A T Tconv c sur= −( )∞ 	 (1.28)

Theoretically, a radiative mode of heat transfer can be represented as shown in Figure 1.5.

Figure 1.5 � Radiative heat transfer through a surface plane.

Combined radiation and convective heat are defined mathematically as:

	q q qrad
cov

rad conv= + 	 (1.29)

= +( ) −( )A h h T Tsur rad conv sur ∞ 	 (1.30)

The heat transfer equation for a homogeneous material can be derived by considering the 
following assumptions:

	• The rate of heat transfer across each boundary surface of an elemental control volume 
within the material that would arise corresponding to the temperature gradient that 
exists at the surface.

	• Internal heat sources or sinks are present inside the control volume.
	• The change in internal energy of the material in the control volume is reflected by the 

change in temperature of the material.

Applying the assumptions, we get the following equation:

	ρc T
t

k T q
∂
∂

− ∇ ∇ − =∙ · 0	 (1.31)

To analyze heat transfer through walls and slabs in buildings, the above equation is further 
simplified by considering the following assumptions:

1.	 The heat transfer is only in one direction, that is, across the thickness of a wall or a 
slab, and it will be modelled in that one direction only. The heat transfer in the other 
two directions is neglected.

2.	 The heat transfer in the material is isotropic.
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3.	 Material properties such as thermal conductivity, density and specific heat are inde-
pendent of temperature.

4.	 No internal heat source or sink is present inside the material.

The governing equation can then be simplified to:

	∂
∂

=
∂
∂

T
t

T
x

α
2

2
	 (1.32)

where = k c/ ρ ; α =​ thermal diffusivity of the material.
k =​ thermal conductivity of the material
ρ =​ density of the material
c =​ specific heat of the material

1.4 � THERMAL ENERGY TRANSFER THROUGH A BUILDING 
CONSTRUCTION ELEMENT (WINDOW)

For transparent building construction elements such as windows, when incident solar radi-
ation falls on the window glass, some part of the incident solar radiation is transmitted 
through the window glass pane inside the indoor space, and the remaining part is reflected 
from the surface of the window glass pane. Some of the energy from the transmitted solar 
radiation will be absorbed by the window glass, as a result of which the temperature of the 
glass increases. Due to this increase in glass temperature, the heat will flow in both the indoor 
and the outdoor directions. First, by conduction within the glass, and then by convection and 
radiation at both sides and surfaces of the glass pane.

Apart from the external walls and roofs, windows and skylights are the key components 
of a building envelope, through which heat transfer takes place between the indoor space and 
outdoor space. Window glass is generally much thinner and more transparent as compared 
to the external walls, and therefore, solar radiation penetration occurs easily in windows. In 
fact, it dominates the heat gain or loss of a heated or air-​conditioned space in the building.

The heat transfer processes that take place in a window glass pane include:

1.1	 Reflection, absorption and transmission of direct and diffused solar radiation.
1.2	 Conduction and convection of the absorbed solar radiation with the ambient air.
1.3	 Conduction and convection due to a temperature difference between indoor space and 

outdoor space.
1.4	 Radiant heat exchange with the internal surfaces of other fabric elements and with 

lighting, appliances and other heat sources or sinks in the room.

Humans spend more than 90% of their time in buildings, and the buildings themselves are 
designed to provide a comfortable indoor environment for occupants. Human-​building 
interactions, such as the usage of lighting and air conditioning, consume around one quarter 
to half of the total amount of commercial building energy. Office workers arrive and leave 
the workspace regularly according to schedules. Therefore, to reduce the energy consumption 
caused by human-​building interaction while maintaining its occupants’ comfort, it is neces-
sary to utilize occupancy information. The occupancy schedules used to optimize building 
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operations are conservative on energy savings. Larger savings with stable comfort satisfac-
tion can be further achieved through learning and prediction of office occupancy.

1.5 � THERMAL-​ELECTRICAL ANALOGY

The study and analytical investigation of physical behaviour for mechanical, electrical,  
thermal and optical systems is time-​consuming due to the complex mathematical formulae  
involved in the design problem. Analogues are used to represent complex systems and use  
simpler systems as a means of investigating the behaviour of the other system. Steady state  
and transient heat transfer problems are represented for modelling and simulation using  
electrical circuits due to their ease in assembly and instrumentation. Modelling using the  
electrical analogy involves mapping construction properties and climate data into electrical  
component values and interpreting electrical modelling results in terms of building proper-
ties, energy and climate. The relationship between thermal and electrical parameters for  
modelling a thermo-​electrical circuit is represented in Table 1.3.

Table 1.3 � Thermal-​electrical analogy

Thermal Electrical

Parameter Symbol S.I. unit Parameter Symbol S.I. unit

Temperature T, θ °C, K Voltage V Volt
Time t S Time t S
Heat-​flow rate ∂

∂
q
t

W Current i A

Heat capacity ρ J/​(kg-​°C),
J/​(kg-​K)

Capacitance C °C/​m3

Conductivity k W/​(m-​K),
W/​(m-​°C)

Conductivity 1/​R Mho

Length l, x m Length l, x M
Temperature gradient ∂

∂
T
x

,∂
∂
θ
x

°C/​m, K/​m Voltage gradient ∂
∂
V
x

Volt/​m

Rate of temperature rise ∂
∂
T
t
,∂
∂
θ
t

°C/​s, K/​s Rate of voltage rise ∂
∂
V
t

Volt/​s

A typical 3R2C model for a building construction element is shown in Figure 1.6.

Figure 1.6 � RC-​network model describing thermal energy transfer.
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Ordinary differential equations (ODEs) for a 3R2C network of a second-​order multi-​
layered building element is given as equation (1.33) to equation  (1.36).

	C
d T

dt

T T

R

T T

R
x out x x y

1
1 2

( )
=

−( )
−

−( )







 	 (1.33)

	=>
( )

=
−( )

−
−( )









d T

dt C

T T

R

T T

R
x out x x y1

1 1 2

	 (1.34)

and

	C
d T

dt

T T

R

T T

R
Q

y x y y BS
HVAC2

2 3

( )
=

−( )
−

−( )
+









 	 (1.35)

	=>
( )

=
−( )

−
−( )

+










d T

dt C

T T

R

T T

R
Q

y x y y BS
HVAC

1

2 2 3

	 (1.36)

where

Tx =​ Nodal temperature representing the effective outer surface of multi-​layered 
building element under study, °C

Ty =​ Nodal temperature representing the effective inner surface of multi-​layered 
building element under study, °C

Tout =​ Outdoor or external air temperature, °C
TBS =​ Building space air temperature, °C
QHVAC =​ HVAC plant heat rate, W
R1 =​ x Rth1 ×
R2 =​ x Rth2 ×
R3 =​ x Rth3 ×
C1 =​ y Cth1 ×
C2 =​ y Cth2 ×
Rth =​ Total thermal resistance of multi-​layered building element, m2 °C/​W
Cth =​ Total thermal capacitance of multi-​layered building element, J/​m2 °C

Equation (1.34) and equation  (1.36) are re-​written in matrix form as equation (1.37).

	

T

T

x R x R yC x y R C

x y R

x

y

th th th th th

•

•















=
− +









1 1 1 1

1

1 2 1 2 1

2 2 tth th th th th

x

y

C x R x R y C

T

T
− +

































+
1 1 1

2 3 2

.....

1
0 0

0
1 1

1 1

2 3 2

x y R C

y C x y R C

T

Q

T

th th

th th th

out

hvac

BS

































	

(1.37)
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1.6 � NUMERICAL EXAMPLES

Example Consider a single zonal room of 10m × 10m made up of a building 
element of 10″ thickness and thermal conductivity of 0.75 w/​m-​K. The 
outdoor and indoor surface temperatures of the room are maintained at 
30°C and 20°C, respectively. Determine the rate of heat transfer from the 
room through the construction element.

Solution
Geometrically representing the room as a cuboid (10m ×10m, 6m height):

Area:

Asur = × + × + ×2 10 10 10 6 10 6( )

= 440 2m

q
kA
l

T Twall
sur

out in= −( )

=
×

×
0 75 440

0 254
10

.
.

=​ 16.5 KW

Example Consider a single-​layered construction element made of bricks. The 
thickness of the 5m × 6m element is 30cm. If the outdoor and indoor 
surface temperatures of the element are maintained at 30°C and 20°C, 
respectively, determine the rate of thermal energy transfer through the 
construction element (thermal conductivity, k =​ 0.79 w/​m°C).

Solution

y z x= = =6 5 30m m cm; ;

T T kout in= ° = ° = °30 20 0 79C; C w/m C; .

Figure 1.7 � Temperature profile for single layered construction element.
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Assuming heat rate along the x-​axis (thickness):

q kA
dT
dxx = −

q kA
T T

x
out in= −

−
−





30 0

Cross-​sectional area:

A m= × = × =x y 5 6 30 2

Temperature gradient:

∆ = −T T Tout in

= ° − °
= °

30 20C C
10 C

Therefore:

q kA
T
xx = −

∆
∆

= − × ×0 79 30
10
30

100

.

= 790 790W J s≈ /
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2.1 � INTRODUCTION

In a building, the system responsible for the energy consumption is the building energy 
system. This system can be anything such as machinery or any physical system, or a process 
or combination of them. The development of a building energy system model enables a better 
understanding of the energy transfer processes occurring within the building under study. 
This, in turn, helps the building designers/​energy managers/​analysts/​auditors make decisions 
in a much more informed way, thereby enhancing effectiveness.

The output of a building energy system model can be categorized as: HVAC, lighting 
and other load designs; and energy performance and cost analysis. Load designing includes 
building space heating and cooling loads, volumetric ventilation needs, and equipment cap-
acities, and so on. A building space’s air-​conditioning load is calculated by estimating the 
amount of thermal (heating/​cooling) energy required for a particular building space under 
study. Ventilation needs are evaluated based on the number of air changes per hour and volu-
metric air flow requirements of a particular building space under study.

Energy performance and cost analysis is performed by estimating the energy usage within 
a simulation time period and the associative costs incurred. Based on the performance ana-
lysis, several energy efficient options can be compared, and avoidable carbon emissions 
can be calculated. Cost analysis also helps in performing a techno-​economic analysis of the 
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building energy system under study. Based on the load design and performance analysis, con-
trol strategies can be developed to improve the buildings’ energy performance, maximizing 
the occupants’ comfort in terms of indoor air-​quality, visual, acoustic, and thermal comfort, 
and also safety. This has gained crucial importance in post-​pandemic times as building HVAC 
designers and passive building developers look for strategies that can reduce the chances of 
virus transmission within a conditioned and unconditioned building space.

The most significant aspect of enhancing the performance of a building is developing a 
good building energy model. The modeller may decide on the simulation software package 
to be used depending upon the nature of the output of the building energy model. Two or 
more different softwares can be adopted depending upon the scale of the modelling project. 
A developed building energy model’s performance should then be analyzed for stability and 
controllability before developing and testing the energy control strategies. This will help 
avoid the undesirable circumstance of attaining instability due to variations in any modelling 
parameter’s behavior.

2.2 � BUILDING SPACE/​ZONE SYSTEM DESCRIPTION

Consider a building space consisting of the envelope of a room on the middle floor of a 
multistorey building. The space comprises an external wall, internal partition walls, window, 
ceiling, and floor. The air of the building space is conditioned using an HVAC system, which 
provides cooling or heating to the room by circulating air between the air handling unit and the 
room. The heat and mass transfer processes that take place in such a building space include:

	• Conduction heat transfer through the room envelope, including the external walls, 
internal partition walls, window, ceiling, and floor.

	• Solar radiation heat gain through window.
	• Movement of the outdoor air and air from nearby rooms.
	• Dissipation of heat and moisture inside the room, from the occupants, equipment, 

lighting, etc.
	• Cooling or heating and dehumidification or humidification from the HVAC system.

A single zonal building energy system model is developed by considering the following 
assumptions for the energy modelling of multilayered construction elements:

1.	 Thermal energy balance is considered along the direction in which the thickness of 
the construction element is infinitesimally large, i.e., along the x direction. Thermal 
energy flow along y-​ and z-​directions are negligible, and thus ignored.

2.	 All the imaginary internal planes parallel to the surfaces of the construction element are 
isothermal. This approximation neglects surface temperature gradients and edge effects.

3.	 Thermal energy transfer within the material is isotropic in nature.
4.	 The thermo-​physical properties of the material such as density, specific heat, and 

thermal conductivity are constants and independent of temperature changes.
5.	 There is only the transfer of thermal energy, and no source or sink is present within 

the construction element.

The benefits of one-​dimensional heat transfer offsets the inaccuracies introduced into the 
results by the isothermal approximation. Applying such assumptions, i.e., Δx → 0 and Δ t → 0,  
the energy transfer equation is represented as equation (2.1) (see equation 1.32, Chapter 1).
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	ρC T
t

k
T
x

∂
∂

=
∂
∂

2

2

	 (2.1)

	=>
∂
∂

=
∂
∂

T
t

T
x

α
2

2

	 (2.2)

where

α =​ Thermal diffusivity of the material, (m2/​s)

α
ρ

=
k
C

k =​ Thermal conductivity of the material of building element, (W/​m-​°C)
A =​ Cross sectional area of building element, (m2)
TBCE =​ Temperature of the building element, (°C)
X =​ Thickness of building element, (m).

Integrating and rearranging equation (2.2), the heat transfer rate through a multilayered 
building element, ( Qcond BCE, ), is given as equation (2.3).

	Q kA
T T

Lcond BCE BCE
j j

, = −
− −1 	 (2.3)

where

ABCE =​ Cross-​sectional area of the building element, (m2)
Tj =​ Temperature at node, j, (°C)
Tj-​1 =​ Temperature at node, j-​1, (°C)
L =​ Thickness of the building element, (m)

2.3 � BUILDING CONSTRUCTION ELEMENT MODEL

A typical 3R2C model for a building construction element was discussed in Chapter 1. Now, 
a detailed representation of a construction element for a building space under study will be 
developed as a 3R2C (RC-​network) model (Figure 1.6). Primarily, a building construction 
element is a composite of many layers. The thermal resistance of the construction element 
can be bifurcated, conceptually, by dividing the layers of the construction element into three 
parts. Each part will then possess an associative thermal resistance value with each resistor 
being a fraction of the total thermal resistance of that particular construction element. The 
thermal energy storage capacity of a multilayered construction element is represented as a 
thermal capacitance. A number of thermal capacitors can be employed to represent a building 
construction element, each capacitor being a fraction of the total thermal capacitance of that 
particular construction element.

Figure 2.1 shows the 3R2C thermal network model of a room in which there are two 
external walls, two internal walls, a glass window, a ceiling, and a floor. These are represented 
with there corresponding thermal resistance and thermal capacitance. Tout, Qihg, QHVAC and TBS 
are the inputs of the model.
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Figure 2.1 � 3R2C thermal network model of a room.
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Tw,o and Tw,i are the outer surface and inner surface nodal temperature of external wall 1 in 
°C. By using these two nodal points, one can derive the ordinary differential equation for the 
3R2C network of external wall 1. The energy balance equations for each node are developed 
as follows.

Energy balance equation for external wall 1
At node Tw o,

	
dT

dt
A
C

T T

R

T T

R
w o w

w

out w o

w

w o w i

w

, , , ,=
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−
−
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
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At node Tw i, :
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where

Tw,o =​ Outer surface nodal temperature of external wall 1, °C
Tw,i =​ Inner surface nodal temperature of external wall 1, °C
Tout =​ Outdoor air temperature, °C
Tbs =​ Building space air temperature, °C
QHVAC =​ HVAC plant heat rate, W
Qihg =​ Internal heat gain from occupant, light, and equipment in the building, W
Aw1 =​ Area of external wall -​ 1, m2

Rw1
=​ x1 1×Rth w,

Rw2
=​ x2 1×Rth w,

Rw3
=​ x3 1×Rth w,

Cw1
=​ y1 1×Cth w,

Cw2
=​ y2 1×Cth w,

Rth,w1 =​ Total thermal resistance of external wall -​ 1, m2 °C/​W
Cth,w1 =​ Total thermal capacitance of external wall -​ 1, J/​m2 °C

The energy balance equation for external wall 1 is shown in equation (2.4) and equation (2.5).
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Energy balance equation for external wall 2
At node Tw o2, :
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At node Tw i2,
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where

Tw2,o =​ Outer surface nodal temperature of external wall 2, °C
Tw2,i =​ Inner surface nodal temperature of external wall 2, °C
Aw2 =​ Area of external wall -​ 2, m2

Rw21
=​ x1 2×Rth w,

Rw22
=​ x2 2× Rth w,

Rw23
=​ x3 2×Rth w,

Cw21
=​ y1 2×Cth w,

Cw22
=​ y2 2×Cth w,

Rth,w2 =​ Total thermal resistance of external wall -​ 2, m2 °C/​W
Cth,w2 =​ Total thermal capacitance of external wall -​ 2, J/​m2 °C

Energy balance equation for glass window
At node Tg:
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where

Tg =​ Surface nodal temperature of window, °C
Ag =​ Area of glass window, m2

Rg1 =​ x1 ×Rth g,

Rg2 =​ x2 ×Rth g,

Cg =​ Cth,g

Rth,g =​ Total thermal resistance of glass window, m2 °C/​W,
Cth,g =​ Total thermal capacitance of glass window, J/​m2 °C.

Energy balance equation for ceiling
At node Tc o, :
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At node Tc i, :
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where

Tc,o =​ Outer surface nodal temperature of ceiling, °C
Tc,i =​ Inner surface nodal temperature of ceiling, °C
Ac =​ Area of ceiling, m2

Rc1 =​ x1 ×Rth c,

Rc2 =​ x2 ×Rth c,

Rc3 =​ x3 ×Rth c,

Cc1 =​ y1 ×Cth c,

Cc2 =​ y2 ×Cth c,
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Rth,c =​ Total thermal resistance of ceiling, m2 °C/​W
Cth,c =​ Total thermal capacitance of ceiling, J/​m2 °C

Energy balance equation for partition wall 1
At node TP o, :
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At node TP i, :
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where

Tp,o =​ Outer surface nodal temperature of partition wall 1, °C
Tp,i =​ Inner surface nodal temperature of partition wall 1, °C
Tbs1 =​ Building space air temperature 1, °C
Ap =​ Area of partition wall -​ 1, m2

Rp1
=​ x1 1×Rth p,

Rp2
=​ x2 1×Rth p,

Rp3
=​ x3 1×Rth p,

Cp1
=​ y1 1×Cth p,

Cp2
=​ y2 1×Cth p,

Rth,p1 =​ Total thermal resistance of partition wall -​ 1, m2 °C/​W
Cth,p1 =​ Total thermal capacitance of partition wall -​ 1, J/​m2 °C

Energy balance equation for partition wall 2
At node TP o2, :

dT

dt
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At node TP i2, :
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(2.21)

where

Tp2,o =​ Outer surface nodal temperature of partition wall 2, °C
Tp2,i =​ Inner surface nodal temperature of partition wall 2, °C
Tbs1 =​ Building space air temperature 1, °C
Ap2 =​ Area of partition wall -​ 2, m2

Rp21
=​ x1 2×Rth p,

Rp22
=​ x2 2×Rth p,

Rp23
=​ x3 2×Rth p,

Cp21
=​ y1 2×Cth p,

Cp22
=​ y2 2×Cth p,

Rth,p2 =​ Total thermal resistance of partition wall -​ 2, m2 °C/​W
Cth,p2 =​ Total thermal capacitance of partition wall -​ 2, J/​m2 °C

Energy balance equation for floor
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At node TF i, :
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where

TF,o =​ Outer surface nodal temperature of floor, °C
TF,i =​ Inner surface nodal temperature of floor, °C
Tbs1 =​ Building space air temperature 1, °C
AF =​ Area of floor, m2

RF1
=​ x1 ×Rth F,

RF2
=​ x Rth F2 × ,

RF3
=​ x Rth F3 × ,

CF1
=​ y Cth F1 × ,

CF2
=​ y Cth F2 × ,

Rth,F =​ Total thermal resistance of partition wall -​ 2, m2 °C/​W
Cth,F =​ Total thermal capacitance of partition wall -​ 2, J/​m2 °C

Energy balance equation for building space air
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(2.24)

where

ρa =​ Density of indoor air, kg m-​3

V =​ Internal room volume, m3
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ca =​ Specific heat capacity of air, J/​(kg-​°C)
Cz =​ Thermal capacitance of the zone, J/​C

For modelling the total heat transfer for a single zonal room, we have to determine the 
various moisture sources effect on the moisture content in the air of the room. The source 
of the moisture are certain processes or equipment that produce moisture, such as cooking, 
foodstuffs, liquid water exposed to the air, etc. Other sources for moisture are occupants, and 
moisture from the outside air carried in the room through ventilation or infiltration. Unlike 
sensible heat gain, the latent heat gain of a room will instantaneously become a cooling load 
component. Therefore, we need to calculate the mass balance equation of a room or zone for 
the proper modelling of the heat transfer model of a single zonal room.

The mass balance equation for the zone is given by:

	V dW
dt

f W W
P tbs

sa sa bs
a

= −( ) +
( )

ρ
	 (2.25)

where

V =​ Volume of the zone, m3

Wbs =​ Humidity ratio of the building space, (dry air) kg/​kg
Wsa =​ Humidity ratio of the supply, (dry air) kg/​kg
P(t) =​ Evaporation rate of the occupants, kg/​h

2.4 � STATE SPACE APPROACH FOR REPRESENTING A BUILDING 
ENERGY SYSTEM MODEL

In this model, QHVAC is the heat gain, which is supplied to the zone from the HVAC system 
in such a way that it gives the desired temperature in the room and also gives comfort to 
the occupant. Differential equations for building construction element and space can be 
represented in state space form as shown below.

	X AX BU= + 	 (2.26)
	Y CX DU= + 	 (2.27)

where state vector (X) represents the state variables, which represent the room construction 
element temperatures, input vector (U) represents the input to the system, and the output 
of the system is the inner building space temperature (Tbs) and the building space humidity 
ratio (Wbs).

With the help of energy balance equations, we can represent the 3R2C thermal network 
model in the state space equation and output equations as follows.
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The evaluated A, B, C, and D matrices are as follows.
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2.5 � DYNAMIC RESPONSE FOR THE DEVELOPED CONSTRUCTION 
ELEMENT AND BUILDING SPACE MODEL

The transient response characteristics of a system is specified by the following:

1.	 Delay time, td: The time required for the response to reach half the final value the 
very first time.

2.	 Rise time tr: The time required for the response to rise from 10% to 90%, 5% to 95%, 
or 0% to 100% of its final value.

3.	 Peak time, tP: The time required for the response to reach the first peak of the 
overshoot.

4.	 Maximum overshoot, Mp: The maximum peak value of the response if different 
from unity. If the final steady state value of the response differs from unity, then use 
the maximum percent overshoot, which is defined as:

Maximumpercentovershoot %=
( ) − ( )

( ) ×
c t c

c
P ∞

∞
100

5.	 Settling time, ts: The time taken for the response of the system to reach and settle to 
the limits of the tolerance band (either 2% or 5%).

2.5.1  Step response for the external walls

Figure 2.2 to Figure 2.4 show the step response of external wall 1 and external wall 2 when 
only one input (step input) is given to the system at a time and the remaining two are input 
as zero.
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Figure 2.2 � Step response of external wall 1 and external wall 2, when input is Tout.
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Figure 2.3 � Step response of external wall 1 and external wall 2, when input is QHVAC.
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Figure 2.4 � Step response of external wall 1 and external wall 2, when input is TBS.
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The rise time, settling time, and peak value for all three conditions are shown in Table 2.1.

2.5.2  Step response for the partition walls

Figure 2.5 to Figure 2.7 show the step response of partition wall 1 and partition wall 2 when 
only one input (step input) is given to the system at a time and the remaining two are input as 
zero. The rise time, settling time, and peak value for all three conditions are shown in Table 2.2.
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Figure 2.5 � Step response of partition wall 1 and partition wall 2, when input is Tout.

Table 2.1 � Performance characteristics of external wall 1 and external wall 2

Characteristics G1(s) G2(s) G3(s)

Rise time (sec) 23000 59800 59800
Settling time (sec) 125000 108000 108000
Peak value 0.89 0.257 7.41 x 109

Table 2.2 � Performance characteristics of partition wall 1 and partition wall 2

Characteristics G1(s) G2(s) G3(s)

Rise time (sec) 28200 353000 353000
Settling time (sec) 280000 629000 629000
Peak value 0.892 0.528 4.9 x 1010
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Figure 2.6 � Step response of partition wall 1 and partition wall 2, when input is QHVAC.
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Figure 2.7 � Step response of partition wall 1 and partition wall 2, when input is TBS.
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2.5.3  Step response for ceiling and roof

Figure 2.8 to Figure 2.10 show the step response of the ceiling and roof when only one input 
(step input) is given to the system at a time and the remaining two are input as zero.
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Figure 2.8 � Step response of ceiling and roof, when input is Tout.
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Figure 2.9 � Step response of ceiling and roof, when input is QHVAC.
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Figure 2.10 � Step response of ceiling and roof, when input is TBS.

The rise time, settling time, and peak value for all three conditions are shown in Table 2.3.

2.5.4  Step response for the building space

In MATLAB, the unit step input was given for the state space model of a 3R2C thermal 
network model of a room, and the following results were found. Figure 2.11 shows the step 
response of the inside room temperature (TBS) when the step outdoor temperature (Tout) as 
input (1) is given to the model and the remaining two inputs are zero. Figure 2.11 also shows 
that the inside room temperature rises in approximately 3470 seconds and settles at a final 
value of 0.541 with an approximate settling time of 8300 seconds.

Table 2.3 � Performance characteristics of ceiling and roof

Characteristics G1(s) G2(s) G3(s)

Rise time (sec) 19600 598000 598000
Settling time (sec) 63500 108000 108000
Peak value 0.905 0.0257 7.41 x 109
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Figure 2.11 � Step response of building space air temperature at input (1).

Figure 2.12 shows the step response of the inside room temperature (TBS) when the step 
HVAC heat gain (QHVAC) as input (2) is given to the model and the remaining two inputs are 
zero. The indoor room temperature rises in approximately 5960 seconds and settles at a final 
value of 0.312 with an approximate settling time of 1270 seconds.
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Figure 2.12 � Step response of building space air temperature at input (2).
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Figure 2.13 � Step response of building space air temperature at input (3).

Figure 2.13 shows the step response of the inside room temperature (TBS) when the step 
building space air temperature 1 (TBS1, i.e., the temperature of the adjacent room) as input 
(3) is given to the model and the remaining two inputs are zero. The indoor room temperature 
rises in approximately 4520 seconds and settles at a final value of 0.476 with an approximate 
settling time of 1120 seconds. The simulation result shows that the rise time is very high 
when the step input is given to the model, and in Figure 2.11, when the input as a step outdoor 
temperature is given to the model, the settling time is severely high.
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3.1 � INTRODUCTION

The heating, ventilation, and air conditioning (HVAC) system has a large impact on a 
building’s total energy consumption. It consumes 40% to 60% of the total electricity of a 
commercial building. In an HVAC system, the most energy is consumed by the compressors, 
which is 61% of the total energy consumption of the HVAC. The second-​highest energy is 
consumed by the air handling unit (AHU), which represents 13% of the total energy con-
sumption of the HVAC (Harish & Kumar, 2016). The chilled water pumps and condenser 
water pumps consume 11% and 7%, respectively, and the fan coil unit and cooling towers 
consume up to 5% and 3%, respectively, of the total energy consumption of the HVAC, as 
shown in Figure 3.1.

The primary goal of any HVAC system is to ensure the comfort of the occupants. Air 
quality is an essential consideration for maintaining the occupants’ productivity, comfort, 
and health and should not be underestimated. At a very intuitive level, an HVAC system has 
five loops:
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1.	 Airside loop
2.	 Chilled water loop
3.	 Refrigeration loop
4.	 Heat rejection loop
5.	 Control loop

These loops can be used to define any HVAC system virtually, but it is not necessary for 
every HVAC to use these five loops.

In the airside loop, in order to maintain the dry bulb temperature and the humidity level 
of the conditioned space, heat and moisture must be added or removed at the same rate as 
it leaves or enters the conditioned space. The supply air is cooled and dehumidified by a 
cooling coil and then sent to the space. It should be cold enough to absorb the extra sensible 
heat from the space and dry enough to absorb the extra moisture.

The second coil is the chilled water loop, as the cooling coil is used to cool and dehumidify 
the supply air. The fluid flowing through the cooling coil is the refrigerant agent and can be 
cold water or a liquid refrigerant. A system that uses water as the flowing liquid in the coil is 
known as a chilled water loop. Heat flows from a higher temperature region to a lower tem-
perature region. Therefore, the heat will be transferred from the air to the fluid flowing in the 
cooling coil, which is much colder than the air.

The third loop is the refrigeration loop, where heat is transferred from the water to the 
refrigerant, the liquid refrigerant boils, and the vapours of the refrigerant are heated more 
(superheated) inside the evaporator before being delivered to the compressor.

The fourth loop is the heat rejection loop. In a water-​cooled condenser, the cooled water 
flows inside the tubes and the refrigerant vapours pass through the coils and transfer the 
heat from the refrigerant vapours to the water that flows in the condenser coil. When a 

Fan Coil Unit
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Air Handling Unit
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Cooling Tower
3%

Compressor
61%

Chilled Water Pump
11%

Condensor Water 
Pump
7%

Figure 3.1 � Energy consumption in an HVAC system.
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water-​cooled condenser is used, the heat exchanger is normally either a fluid cooler or 
cooling tower.

The last loop is the control loop, which controls the components of the HVAC system so 
that it can operate efficiently and save energy while maintaining human comfort.

HVAC systems generate heat. The air system takes this heat and passes it to the water system, 
which passes it to the refrigeration system. The refrigeration system takes the heat and passes 
it to the cooling tower, which ultimately gives it to the environment. This process is the goal of 
any HVAC system. There are many types of HVAC systems, but we are going to mostly focus 
on the forced air HVAC system. The forced air comes from the fact that we are literally pushing 
cool air/​hot air into the room during summer/​winter time. In the HVAC system model, the 
major components are the AHU and an air-​conditioned single zonal room. The AHU consists 
of a mixing box, heating coil, humidifier, cooling coil and dehumidifier, fan, and ductwork.

3.2 � DEVELOPMENT OF THE DYNAMIC MODEL OF AN HVAC 
SYSTEM

3.2.1  HVAC system description

In the HVAC system model, the major components are the air handling unit (AHU) and an 
air-​conditioned single zonal room. The AHU consists of a mixing box, heating coil, humidifier, 
cooling coil and dehumidifier, fan, and ductwork, as shown in Figure 3.2. During winter season 
operation, the heating system model will come into play. The heating system model consists of 
a mixing box, heating coil, humidifier, fan, ductwork, and air-​conditioned single zonal room.

Figure 3.2 � Schematic diagram of an HVAC system.
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During winter season operation, cold and dry air enters the AHU from the outside. The 
thermostat will sense the temperature in the single zonal room and send the signal to the 
controller, which uses the error signal to control the input temperature of the water that flows 
through the heating coil. Finally, the air passes through the humidifier, which generates 
vapour to control the humidity ratio in the air that is supplied to the single zonal room.

We assume that both the temperature of the air that is returned from the single zonal room 
through the ducts and the zone temperature is the same. This can be represented as:

	Q m c T THVAC sa a sa bs= −( )	 (3.1)

m fsa sa a= ρ

where

msa =​ Mass flow rate of the supply air, kg/​s
fsa =​ Volume flow rate of the supply air, m3/​s
Áa

=​ Density of air, kg/​m3

Tsa =​ Supply air temperature, °C
Tbs =​ Building space temperature, °C

From the above equation, we can see that there are only two control inputs, mass flow rate 
( )msa  and supply temperature ( )Tsa , for controlling the zone temperature. And in this model 
of HVAC system, we assume the mass flow rate ( )msa  is constant and we will control the 
supply temperature ( )Tsa .

Figure 3.3 shows the block diagram of the building energy model with an HVAC system, in 
which the output of the building energy model is the building space temperature (Tbs) and the 
humidity ratio of the zone (Wbs). The sensor will measure the temperature and humidity in the 
building space and send it to the summing block. The error between the reference tempera-
ture and the reference humidity ratio is given as the input to the PID controller block. Then 
PID controller block will send the control signal to the HVAC system in such a way that it 
will control the temperature and humidity ratio inside the building space as per the reference.

Figure 3.3 � Block diagram of a building energy model with an HVAC system.
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3.2.1.1  Heating coil model

The heating coil in an HVAC system is a water-​to-​air heat exchanger that provides conditioned 
air to the zone for ventilation purposes. For modelling the heating coil model, the following 
assumptions are made:

1.	 The mass flow rate of the water inside the coil is constant.
2.	 The coil material is highly conductive such that its thermal resistance is considered 

to be negligible.

In the heating coil model, the heated water is supplied to the inlet of the coil at tempera-
ture Twi and the temperature of the water at the outlet of the coil isTwo, which is assumed to 
be constant.

The energy balance equation between hot water and cold air can be written as:

	C dT
dt

f c T T UA T T f c T Tahu
ao

sw w w wi wo ahu o ao sa a a m ao= −( ) + ( ) −( ) + −(ρ ρ ))	 (3.2)

where

Cahu =​ Overall thermal capacitance of the air handling unit, kJ/​°C
fsa =​ Volume flow rate of water, m3/​s
fsw =​ Volume flow rate of the supply air, m3/​s
(UA)ahu =​ Overall transmittance area factor of the air handling unit, kJ/​s°C
Tao =​ Temperature of the air out from the coil, °C
ρa =​ Density of air, kg/​m3

ρw =​ Density of water, kg/​m3

cw =​ Specific heat capacity of water, J/​(kg-​°C)
Twi =​ Supply water temperature, °C
Two =​ Return water temperature, °C
Tm =​ Temperature of the air out from the mixing box, °C

The mass balance equation of a heating coil is given by:

	V dW
dt

f W Wahu
ao

sa sa ao= −( )	 (3.3)

where

Vahu =​ Volume of the air handling unit, m3

Wao =​ Humidity ratio of the air out from the coil, (dry air) kg/​kg
Wsa =​ Humidity ratio of the supply, (dry air) kg/​kg
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Figure 3.4 � Simulink diagram of a heating coil model.

3.2.1.2  Humidifier model

Humidification is a mass transfer process of water vapours in the atmospheric air.
Due to this process, the quantity of water vapours increases in the mixture. There will be an 

undesirable effect on the human body when the moisture content inside the zone is extremely 
low. Therefore, controlling the moisture content inside the zone is important for air condi-
tioning and occupant comfort.

The energy balance equation for the humidifier model can be written as:

	C dT
dt

f c T T UA T Th
h

sa a si h h o h= −( ) + ( ) −( )	 (3.4)

where

Ch
=​ Overall thermal capacitance of the humidifier, kJ/​°C

fsa =​ Volume flow rate of the supply air, m3/​s

UA
h( ) =​ Overall transmittance area factor of the humidifier, kJ/​s°C

Th =​ Temperature of the supply air after passing humidifier, °C
Tsi =​ Temperature of the supply air (to the humidifier), °C
To =​ Outdoor temperature, °C
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The mass balance equation for the humidifier model is given by:

	V dW
dt

f W W
h t

h
h

sa si h
a

= −( ) +
( )

ρ
	 (3.5)

where

Vh =​ Volume of the humidifier, m3

Wh =​ Humidity ratio of the supply air out of the humidifier, (dry air) kg/​kg
Wsi =​ Humidity ratio of the supply to the humidifier, (dry air) kg/​kg

h t( ) =​ Rate of moisture air produced in the humidifier

Figure 3.5 � Simulink diagram of a humidifier model.

3.2.1.3  Fan model

The fan of an HVAC system is represented by the first-​order differential equation. It is 
assumed that the air temperature changes have a negligible effect on the physical properties 
of the air. There is no effect on the humidity ratio because no mass transfer takes place.

3.2.1.4  Mixing box model

In the mixing box model, the recirculated air from the zone and the outdoor air are mixed 
together. The air supplied to the heating coil/​cooling coil is comprised of a fraction of the 
returned air from the zone along with the outdoor air.

 

 

 

 



46  Renewable Energy Integration with Building Energy Systems

The energy balance equation for the mixing box model is given by:

m c T m c T m c Tr a r a out m a m+ =0

m m mr out m+ =

	T m T m T
m mm
r r out

r out

=
+
+

0 	 (3.6)

where

Tm =​ Temperature of the air out of the mixing box, °C
mr =​ Mass flow rate of the recalculated air, kg/​s
mout =​ Mass flow rate of the outdoor air, kg/​s
Tout =​ Outdoor temperature, °C

The mass balance equation for the mixing box model is given by:

	W mW m W
m mm

r r out out

r out

=
+
+

	 (3.7)

where

Wm =​ Humidity ratio of air out of the mixing box, (dry air) kg/​kg
Wr =​ Humidity ratio of the recirculated air, (dry air) kg/​kg
Wout =​ Outdoor humidity ratio, (dry air) kg/​kg

Tin
Add

–
+

Integrator

1
s

1

Win
2

Tout
1

1

Gain1
Wout

2

Figure 3.6 � Simulink diagram of a fan model.
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Figure 3.7 � Simulink diagram of a mixing box model.

3.2.1.5  Duct model

The duct unit is represented by the transient model. The energy balance equation for the duct 
is given by:

	
dT

dt

h h m c

hM C
T Td i a a

i d d
in d

,
,

0 0
0=

+( )
−( )	 (3.8)

where

Td ,0 =​ Temperature of the air outside the duct, °C

Tin =​ Temperature of the air in the duct, °C
hi =​ Heat transfer coefficient inside the duct, W/​m2 °C
ma =​ Mass flow rate of the supplied air, kg/​s
h0 =​ Heat transfer coefficient in the ambient, W/​m2 °C
Md =​ Mass of the duct model, kg/​m
Cd =​ Specific heat of the duct model, kJ/​kg °C

There is no effect on the humidity ratio.
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Figure 3.8 � Simulink diagram of a duct model.

3.2.1.6  Sensor model

In this model, sensors are used to measure the inside building space temperature and humidity 
ratio and give a feedback signal to the controller in order to enhance the performance of the 
system. For simplicity, the sensor is considered as a first-​order differential equation.
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Figure 3.9 � Simulink diagram of a sensor model.
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3.3 � BUILDING ENERGY SYSTEM MODEL ANALYSIS AND 
EVALUATION

The dynamic energy transfer equations involved in the development of a building energy 
system model are time and space dependent. For analyzing the energy transfer processes, a 
test case is used, as shown in Figure 3.10.

Figure 3.10 � Building space with multilayered building construction elements (A, B, C, D).

Simulations are performed for a complete building space whose building construction  
elements are those as given in Tables 3.1 and 3.2.

Table 3.1 � Thermophysical properties of the materials making up the building walls

Building  
element Wall layers Thickness (m)

Thermal 
conductivity  
(W/​m °C)

Density 
(kg/​m3)

Specific heat 
capacity  
(J/​kg °C)

Outdoor wall Insulation 0.12 0.04 30 840
Air gap 0.05 0.56 1 1000
Brick 0.10 0.60 1500 840

Adjacent wall (1) Brick 0.122 0.84 800 1700
Insulation 0.05 0.03 1764 30
Concrete block 0.112 0.510 1000 1400
Plaster 0.013 0.160 1000 600

Adjacent wall (2) Aluminium 0.003 0.160 896 2800
Air gap 0.100 –​ 1025 1.20
Insulation 0.075 0.035 1000 30
Cast concrete 0.185 1.130 1000 2000
Plaster 0.013 0.160 1000 600

Roof and floor Carpet 0.009 0.060 2500 160
Screed 0.065 0.410 840 1200
Concrete 0.125 1.130 1000 2000

Lobby wall Plaster 0.013 0.160 1000 600
Concrete block 0.122 0.510 1000 1400
Plaster 0.013 0.160 1000 600
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The numerical values of the building energy system model elements, such as building  
space, HVAC, and lighting system, are given in Table 3.2.

Table 3.2 � Numerical values of the building energy system model parameters

Building energy  
system model Parameter values

Building space/​zonal characteristics
Building envelope Volume (m3) 500

Outdoor wall area (m2) 60
Outdoor wall thermal resistance (m2 °C/​W) 3.2560
Outdoor wall thermal capacitance (J/​m2 °C) 129074
Adjacent wall area (m2) 40
Adjacent wall thermal resistance (m2 °C/​W) 2.1128
Adjacent wall thermal capacitance (J/​m2 °C) 333166
Roof/​floor area (m2) 120
Roof/​floor thermal resistance (m2 °C /​W) 0.4192
Roof/​floor thermal capacitance (J/​m2 °C) 319120
Lobby wall area (m2) 35
Lobby wall thermal resistance (m2 °C/​W) 0.4017
Lobby wall thermal capacitance (J/​m2 °C) 170772

Window Window area (m2) 16
Window U-​value (W/​m2 °C) 2.8
Glass/​glazing area (m2) 8
Glass transmitivity 75%
Ground reflectance 25%

Occupancy schedule
Daily operating hours 8
Start hours 10.00
Weekly operating days 6

HVAC system
Ventilation Reference air changes per hour (h-​1) 0.6
Control valve Designed mass flow rate (kg/​s) 0.252
Heat exchanger Heat transfer coefficient (W/​m2 °C) 32.2

Thermal capacitance of fluid and material (J/​°C) 68300
Lighting
Type of luminaire Pendant fluorescent 2440 mm type lamps

Number of lamps 8
Wattage of each lamp (W) 8
Special allowance factor (FSA) 0.85
Lighting use factor (Fuse) 1

The different layers of the multilayered building construction element are shown in 
Figure 3.11.

x1, x2, x3: the thickness of the layers (m)
A1, A2, A3, A4: the cross-​sectional areas of the layers (m2)
Tins, Tconc, Tb: the temperature of the insulation node, concrete, and brick, respectively (°C)
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Tins

Tconc

Tb
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Figure 3.11 � Multilayered building construction element parameters.

For the building space under study, the energy balance equation is given as equation (3.9).
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Following similar principles, the energy balance equations for the other layers of the building 
construction elements making up the building space are deduced as equation (3.10) to 
equation (3.12).
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Equation (3.9) to equation (3.12) is simplified in matrix form as equation (3.13) and 
equation (3.14).
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Also, the net heat rate ( QBS) in the building space due to the HVAC system ( QHVAC) and causal 
factors ( Qcasual ) such as occupancy, furniture, electronic equipment, etc., is given as equation 
(3.15).

	  Q Q QBS HVAC causal= + 	 (3.15)

Parameters (ω1, ω2, ω3, and ω4) used in equation (3.13) are defined as equation (3.16) to 
equation (3.19).
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	ω4
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Equations (3.13) and (3.14) are represented in state-​space form as equation (3.20).

	
T AT BU
T CT DUo p

= +
= +/

	 (3.20)

where

T =​ State vector
U =​ Vector of inputs to the state-​space model
To/​p =​ Output vector of the state-​space model
A, B, C, and D =​ Coefficient matrices

The transfer function for the developed state-​space model is given as equation (3.21).

	G s sI A B D( ) = −( ) +−
C

1 	 (3.21)

where

S =​ Laplace transform variable
G(s) =​ System transfer function

The sI A−  term in equation (3.21) is the characteristic polynomial of G(s), and the 
eigenvalues of A are the identical poles of G(s). The transformation of a state-​space model 
into a transfer function enables one to describe a dynamic relationship between the inputs or 
excitations and the outputs or responses of the system under study. The Laplace transform-
ation is applied on input-​output differential equations with a condition that all initial values 
are zero or changing infinitesimally.

The state-​space model developed using equation (3.21) does not take into consideration the 
effect of windows or glazing area within a building space. Assuming that one-​third (33%) of 
the inner space area is exposed to opaque elements, the developed building energy system is 
analyzed using equations (3.14) and (3.15). The effect of the windowpanes surrounding the 
glass is neglected as the windowpanes and frames do not account for appreciable heat transfer 
within a building space. For computing building space air temperature, the energy balance 
equation for the building energy system model under study is given as equation (3.22).

	

ρ ρa bs
bs

HVAC casual bs a bs ventC V
dT
dt

Q Q V C T T
p a p a_ _

...= + − −( ) −  

1
11

2

0 67

1
1

2

1

1

h
x
k

A T T

h
x
k

A T

i ins

ins bs ins

i

rr

ins r

ins r

+
−( ) −

+

. ...

,

,

, bbs ins r

win bs out

T

k A T T

−( )

− −( )

,

.0 33 1

	 (3.22)

 

 

 

 



54  Renewable Energy Integration with Building Energy Systems

To account for windows, equations (3.10) to (3.12) are modified as equations (3.23) to (3.25).
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The building energy system model developed so far has a roof with zero thermal mass. In 
the governing equations for the building energy system model (equation (3.23) to equation 
(3.25)), the effect of the mass of the roof on the building space temperature is neglected. 
However, this is not the case in practice. In order to address such a gap, an imperfectly 
insulated roof on one side of the thermodynamic control volume under study (i.e., the 
building space volume) with a mass of ρconcVroof_​conc is embedded into the building energy 
system model. The roof is a single-​layer building construction element made of concrete 
with the same thermophysical properties as used for equation (3.23) to  equation (3.25), and 
the outer side is exposed to the outdoor environment. The energy transfer equation for the 
roof is given as equation (3.26).
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In the case of the multi-​storey modelling of buildings, where the roof of a particular building 
space under study is not exposed to the outside environment but to a building space of a 
different zone, then Tout in equation (3.26) is replaced by the surface temperature of the roof 
(other side) to which the building space air is exposed.
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3.4 � DYNAMIC RESPONSE FOR THE DEVELOPED BUILDING 
ENERGY SYSTEM MODEL

Building energy system models developed in the form of state-​space (equation 3.20 and 
3.21) are simulated in MATLAB/​Simulink with step input excitations. A step function, u(t), 
is represented as shown in Figure 3.12.

Figure 3.12 � Step excitation/​input to the building energy system model.

A step input function is defined as equation (3.27).
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The numerical values of the parameters driving the building energy system model are 
taken from ASHRAE (2018) and Harish & Kumar (2016) and are presented in Table 3.2. A, 
B, C, and D matrices of the building energy state-​space model are given as equations (3.28) 
to (3.31).
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	C[ ] = [ ]1 0 0 0 	 (3.30)

	D[ ] = [ ]0 	 (3.31)

Using equation (3.21), the system transfer function for the building energy system model 
is given as equation (3.32) to equation (3.34).
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The step responses for the system transfer functions of equation (3.32) to equation (3.34) are 
given in Figure 3.13 to Figure 3.15.
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Figure 3.13 � Response of the building energy system model for step excitation of heat rate of an  
HVAC system.
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Figure 3.14 � Response of the building energy system model for step excitation of outdoor air 
temperature.
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Figure 3.15 � Response of the building energy system model for step excitation of air temperature 
ventilated into the building space.

Building energy system model performance analysis is carried out by specifying the  
response characteristics of settling time and rise time, etc. The performance characteristics  
for the building energy system is given in Table 3.3.

Table 3.3 � Performance characteristics of the system responses

Characteristics G1(s) G2(s) G3(s)

Rise time 228.37 hours 230.87 hours 228.37 hours
Settling time 401.03 hours 417.47 hours 401.03 hours
Settling minimum 0.0364 °C 0.3937 °C 0.5256 °C
Settling maximum 0.0401 °C 0.4360 °C 0.5809 °C
Peak value 0.0411 °C 0.4360 °C 0.5809 °C
Peak time 768.17 hours 768.17 hours 768.17 hours

The building energy system model under study is excited with step excitations of outdoor 
air temperature, (Tout), ventilated air temperature, (Tvent), and HVAC plant heat rate, ( Q), and 
the level of HVAC heat rate or heating power is analyzed for different scenarios by varying 
the excitation values as shown in Table 3.4.

Table 3.4 � Performance analysis by varying excitation values for different scenarios

Scenario Tout (°C) Tvent (°C) TBS (°C) Q
-
(W/​s)

I 0 0 20 505
II 0 17 9.7 0
III 0 17 20 255
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In order to maintain the building space air temperature, (TBS), at 20 °C, 505 W of HVAC 
power is required under zero outdoor and ventilated air temperature values. When there is 
no HVAC power, the building space temperature is 9.7 °C with a ventilated air temperature 
of 17 °C and zero outdoor temperature. Under zero outdoor temperature conditions, 255W 
of HVAC power is required to maintain the building space air temperature and ventilated air 
temperature at 20 °C and 17 °C, respectively. The HVAC plant heat rate, ( Q), is calculated 
using energy balance equations as given in equations (3.35) and (3.36).

	Q UA T T V C T T Wbs out bs bs p bs bs vent= ( ) × −( ) + ⋅ ⋅ ⋅ −( )∑ 2 ρ _ 	 (3.35)

and

	 UA
A

h
x
k

x
k

x
k hi ins conc b o

2
2

1 2 11 1
( ) =

+ + + +
∑ 	 (3.36)

Assuming that no share of the building space load from the lighting system is directly 
absorbed in the return airstream without becoming the building space’s cooling load, the 
instantaneous building space load due to the lighting system is calculated as equation (3.37).

	Q WLight = × × × =8 8 1 0 85 54 4. . 	 (3.37)

where

qLight =​ 8W
N =​ 8
Fuse =​ 1
FSA =​ 0.85

The controllable and uncontrollable parameters driving the building energy system (BES) 
model are shown in Figure 3.16.

1) QHVAC

CONTROLLABLE

BES model
2) Qcausal

3) Tbs

4) RHbs

1) RHout

-> Building space
-> HVAC plant
-> Occupancy

Building space air
temperature (°C)

Building space air
humidity (%)

UN-
CONTROLLABLE

2) Tout

3) Vwind

4) Hsolar_rad

Figure 3.16 � Building energy system model structure with inputs, operational parameters, and outputs.
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In spaces with movable louvres and blinds, solar radiation (Hsolar_​rad) is regarded as a par-
tially controllable energy input to the building energy system model. However, in the present 
study, the influence of Hsolar_​rad is significant and the building energy system model under 
study is composed of windows that can be opened or closed, enabling full or no entrance of 
solar radiation through the glazing area. The uncontrollable parameters driving the building 
energy system model under study are shown in Figure 3.17 to Figure 3.20.
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Figure 3.17 � Outdoor air temperature (°C).
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Figure 3.18 � Averaged global horizontal solar radiation (Wh /​m2) [176, 177].
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Figure 3.19 � Outdoor relative humidity (%).
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Figure 3.20 � Outdoor wind speed (m/​s) [176, 177].

A PID controller in an HVAC system is used to control the flow rate of the conditioned 
air into the building space and also to track the desired building space air temperature. In the 
present study, the thermostat’s set point temperature has been set to 16.5 °C. This is a manual 
setting defined by occupants. The heat emitted to the building space by the HVAC system 
designed to supply a maximum flow rate of 0.15 kg/​s at a temperature of 17.8 °C is shown 
in Figure 3.21.
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Figure 3.21 � Heat emission from the HVAC plant to the building space (W).

The heat emitted to the building space from the HVAC plant varies between negative and 
positive values. Positive values indicate that the HVAC plant is heating the building space 
(heating mode) and negative values indicate cooling mode. This is varied in accordance 
with the outdoor conditions and the pre-​defined thermostat set point temperature. A building 
energy system model is simulated for a one-​month period and the variations in building space 
air temperature are shown in Figure 3.22.

The building space air temperature value regulates about a large difference. This is a pecu-
liar property of a PID controller driven HVAC system. AI-​tuned PID controllers are used 
nowadays for better regulation of building space air temperature. The current study focuses 
on the development of control strategies for optimal energy control and occupants’ comfort 
management in buildings. These strategies can be applied to any building irrespective of its 
functionality and the type of HVAC control being used. The building space relative humidity 
for a one-​month simulation is shown in Figure 3.23.

35

30

25

20

15

10

5

0 2 4 6 8

Time (seconds)

10 12 14 16 18

0

–5

× 105

B
ui

ld
in

g 
sp

ac
e 

ai
r 

te
m

pe
ra

tu
re

 (
°C

)

Figure 3.22 � Building space air temperature (°C).
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Figure 3.23 � Building space relative humidity (%).
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