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Section 1

Introduction to HVAC



Heating Ventilation and Air Conditioning (HVAC)
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Laws of Thermodynamics

What is thermodynamics?

Classical thermodynamics... is the
only physical theory of universal
content which | am convinced... will

The branch of physical science that deals with the
relations between heat and other forms of energy.

never be overthrown.

Albert Cinstein

Thermodynamics
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First Law of Thermodynamics

There is a state function E,

called ‘energy’, whose
differential equals the

First Law of Thermodynamics: work exchanged withth
. surroundings during
Law of Conservation of Energy an adiabatic process

Energy cannot be created or
destroyed, only converted from
one form to another.

Rudolf Clausius
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Second Law of Thermodynamics

Heat naturally flows from a hotter to colder body

If the opposite is desired, external work is e

inevitab |\/ requ ired whose sole result is the
transfer of heat from a body

of lower temperature to a

body of higher temperature.
Hot Hot

S oim
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Vapour-Compression Cycle

. Compressor pushes out the
Compressor sucks in the gas, as, resulting in high pressure
resulting in low pressure and gas, g 8
and temperature.

temperature.
Compressor
Evaporator Condenser
(Cold) (Hot)

&)

Because the gas is hotter than the
surroundings, heat is rejected and
the gas condenses into a liguid.

@ )

Because the liquid is colder than the
surroundings, heat is absorbed and the
liquid evaporates to become a gas.

Expansion Valve

The liquid flows through the valve to a low
pressure and temperature state.
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ODP and GWP of Refrigerants

1930s 1950s
CFCs HCFCs
(R-12) (R-22)
Chlorine Less Chlorine
Single Bond Single Bond
High ODP
Highest GWP

1990s

HFCs
(R-134a)

No Chlorine
Single Bond

No ODP

?

TODAY

HFOs and

HFO Blends
(R-1234yf, 1234ze,
R-449A, 513A, efc.)
No Chlorine
Double Bond

No ODP
Very Low GWP
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Section 2

Cooling System Major Components



Types of Air-Conditioning Systems

Broadly, there are 2 types of AC systems— direct-expansion (DX) and chilled-water systems

Refrigerant

Refrigerant

Chilled water

A\

AHU / FCU

Direct-expansion (DX) System Chilled-water System
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Unitary System (DX)

All components of the vapour-compression system are contained in a
‘unit’.

outside air

« Low-cost and ease of installation condenser

COMpressor

 Noisier than split systems due to close proximity exhaust -

to cooled space

INSIDE

« Commonly used for temporary facilities such as
at construction sites

humid air
cool dry air

moisture

from air
evaporator

Condenser Evaporator
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Chilled-Water Systems

Cooling of air is achieved by heat transfer
from air to chilled-water

Chiller
\

Evaporator ‘chills’ the circulating medium,

) Refrigerant
l.e. water &

A lower evaporator temp. is required as
compared to DX systems

Chilled water

Commonly used for medium to large spaces

. : . CHWR temp =
The va pour-compression system is contained 13.2°C (54 °F) AHU / FCU CHWS temp =

in a unit known as the ‘chiller’ Fan 6.7°C (44 °F)

The condenser can be cooled by air or water

CHWS = Chilled Water Supply
CHWR = Chilled Water Return
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Air-cooled Chiller

When the condenser is cooled by air, the chiller is
commonly referred as an air-cooled chiller Chiller W

Fan

arm air
i
yndense

Refrigerant

CHWR temp =
6.7°C (54 °F) ~Z

CHWS temp =
6.7°C (44 °F)

Condenser
,_.,f"- . . .
7 coils inside

AHU / FCU
21 (C——

F
Chilled water
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Water-cooled Chiller

If the condenser is cooled by water, the chiller is

referred as a water-cooled chiller

CWS = Condenser Water Supply
CWR = Condenser Water Return

Cooling towe

Condenser/ .. ™

CHWR temp =
6.7°C(54°F) ™

Qist air
CWR Temp
= 35°C (95 °F)

CWS Temp
=29.4°C (85 °F)

) WB t =26°C (79 °F
Chiller emp (79°F)

\

Condenser water

Refrigerant

~—

CHWS temp =
6.7°C (44 °F)

AHU / FCU

Chilled water 2N Clli<alllD
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Chilled water and Condenser water pump

End Suction Centrifugal Pumps Horizontally Split Case Centrifugal Pumps
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Section 3

Cooling Load and Efficiency



Pressure- Enthalpy (P-h) Dlagram

P- nmagram for R134a refngeram
constant
temp line

4 hiPa

InPa

2hdPa

Wiy,
Liquid + vapor

state
(b0|||ng occurs)

ThiPa

Pressure

a00kPa

saturated
liquid line

200kPa

saturated
vapour line

100kPa

G0kPa
0

[ quality (% of gas) ] Specific Enthalpy (kJ/kg)
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P-h Diagram for Vapo
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P-h Diagram for Vapour-Compression Cycle

The cooling capacity is the heat absorbed by the refrigerant at the evaporator.

The cooling capacity is given by: Qevap = m(hy — hy) (kW)

The compressor work is the useful work done on the refrigerant to increase its enthalpy.

The compressor work is given by: Weomp = m(hy —hy) (kW)

The heat rejected at the condenser is the heat removed from the refrigerant at the condenser.

The condenser heat rejection is given by: Qcona = m(h, —hsy) (KW)
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Cycle Heat Balance

P-hdiagram for R134a refigerant
4MPa

From the P-h diagram, it can be g g : T
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Coefficient of Performance (COP)

A measure of ‘heat moving’ effectiveness of the AC system
The higher the COP, the more efficient is the AC in moving heat

Note that COP can be greater than 1, but itdoes not mean that the efficiency is
more than 100%

The COP of an AC system is defined as:

COP = Qevap

I/Vcomp

where  Qgyqp = cooling load (W)
W comp = Work done by compressor (W)
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Degree of Su perheat & Subcool

150 200 25
Specific Enthalpy (kl/kg)
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Building Cooling Load Calculation

MakeUp Tank 1

Fan1
28.0 Hz

Fan2 !
28.3 Hz [

Power

| 28.37 °c
aokw || L2237 C Open

32.14 °C Open

Fan1
28.9 Hz
Fan2
28.3 Hz
Power
4.0 kW

zzzzz

| 28.48 °Cc Open

32.19 °C Open

Fan1
28.5 Hz
Fan2
27.7 Hz

Power
3.0 kw

| 28.29 °Cc Open

32.17 °C Open

L
CWS CWR

MakeUp Tank 2 CWS CWR

72.3L/s

32.529 °C
TC1330093

28.618 °C

R

TC13300109

i

CWR

CWR Cws
" wa Weather Station Chilled Water System [ m ATB Control

Expansion Tank —

CHWR

Dry Bulb Temp Chiller Power 157.00 kW Chiller Efficiency 0.55 kKW/RT CHWS

31.90 °C 33.11 °C CT Power 11.00 kW CT Efficiency 0.04 KW/RT Y e

RH CHW Pump 14.00 kW CHW Pump 0.05 kW/RT 6.775 °C 15.0 L/s
61.68 % CW Pump 10.00 kW CW Pump 0.04 KW/RT -

’ ° System Power  192.00 kW System 0.674 kKW /RT Bl DR Wing2
Wet Bulb Heat Gain 284.73 RT  Sys Total Thermal 329.36 RT 29.6 Psi | 24.0 Psi
26.85 °C Heat Reject 336.74 RT Heat Balance -2.189 % 1323 er R

ciws | 3.0 %
o= " - 1 -
22.2 Psi 32.64°C 72.8L/s \I'-"\'— 39.1 L/s 6.72 °C 55.6 Psi " B West Wing 2
= - - i . = - t
el d N rcross
6.782 °C 23.3 L/s
83.3 % 0.54 kW/RT
40.9 Hz10.0 kW 14.0 kW 45.6 Hz . 4@& R
il CHWP 01 46.7 psi | 25-6 Psi
22.g Psi 29.::4 °C o.t:n__L L/s Psi 146.9 RT | Bypass Vaive
: fq . 2.4 %
. = - = | - 1 "
21.6Psi 29.26°C |[HIBSE O0.0RT 0.0 kW [BI§EE 20.12 °C 55.1 Psi| , West Wing 1
' .0 % 0.00 kW/RT C
R 0.7 Hz 0.0 kW 00 % L 0.0 kW 0.7 Hz tllz8.6 L/s oP1
CWP 02 CHWES ) 27.8 Psi
W
22.0Psi 29.43°C 0.0L/s 0.0 L/s 13.06 °C 54.9 Psi ' -
= e = , o - 4 g1 | 53.8Psi | Syeessvae
™ O 7 === — —; ' 0.1 %
21.9Psi 29.34°C IS8 0.0RT 0.0kw [EIB8E 17.68 °C 54.9 Psi E A Chiler Plant Room
0.0 % 0.00 kW/RT s -
1.0 Hz 0.0 kW 0.0 kW 0.4 Hz 1 cﬁs 6.769 °C TC13300105

CHWP 03§

12.967 °C TC1330054

TC1320056
14.181 °C

TC1330099
12.069 °C

25.9 Psil}

CHWR

What are the

“header”
parameters?

Building
Management
System (BMS)
Chiller Plant
Schematic
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Chiller load

There is a common measurement unit used in the industry for HVAC

Units of Cooling
1 x Refrigerant Ton (RT) = 12000 x BTU/hr = 3.517 kW

A ton is the amount of heat removed by an air conditioning system that would melt 1 ton of ice in 24 hours. It is the
one of the most commonly used unit to represent cooling load.

BTU — British Thermal Unit
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Evaporator Load (Chiller load) Calculation

Heat gained at evaporator (chiller load) = Heat rejected by the chilled water

anin = m X ¢, X ATevap

=m X ¢y X (Tecywr — Tecaws) (kW)

N/

From sensors - ~
For water:
m = mass flow rate of chilled water in kg/s kg/s=1/s  since
c,, = specific heat capacity for water in kJ /kgK 1 litre of water =1 kg
ATeyap = Difference in temperature in °C C = 4.19 k/keK

N

www.ecobiru.com



Condenser Load Calculation

Heat rejected at condenser = Heat absorbed by the condenser water

Qreject =m X ¢y X AT¢ona
=mX ¢y X (Tewr — Tews) (kW)

N T

From sensors
m = mass flow rate of condenser water in kg/s

c, = specific heat capacity for water in kJ/kgK
AT.,nq = Difference in temperature in °C

-

For water:
kg/s =1/s

1 litre of water = 1 kg

C,= 4.19 ki/kgkK

N

~

since
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Heat Balance Equation

Heat rejected at condenser = Heat gained at evaporator + Compressor power input

Heat balance equation:
Qreject — anin + Win

Compressor power input is taken from the power meter or chiller panel.

www.ecobiru.com



Section 4

Chiller Efficiency and Selection



Chiller load and efficiency

To determine the performance of a chiller, we can either compare the COP value or the kW/RT value.

Cooling capacity (kW
COP = g capacity (kW)

Mew Technolegy  High-efficiancy Gmfarltinrnb'd' Chiller Chiller Plants with

Input power (kW) AlVarisble Speed  Oplimized  Code Based  py_ Correctable Design or
Chiller Plants Chiller Plants  Chiller Plants Cperational Problems

FAIR

Output/Input -> amount of cooling

provided with 1 kW of input
kWiton 05 06 07 08 09 10 11 1.2

. .. C.O.P. (7.0) (5.9) (5.0) (44) (3.9) (3.5) (3.2) (2.9)
Bigger value = more efficient

AVERAGE ANNUAL CHILLER PLANT EFFICIENCY IN KW/TON (C.O.F)
(Input energy includes chillers, condenser pumps and tower fans)

. . . Input power (kW) Sased on electric 1 centrituaal chilier plants in comf [
Chlller efflClency - X Wmmﬁ(&.ﬁmmuﬂmmﬂmmmﬁmwmmmn
Coollng load (Rton) eooling towers sized for 85F (20.4C) maximim emtering condenser water temperatire.
Local Climate adjustmennt for North American climates is ++~ 0.05 kWi¥on
= 3.517/COP

Input/Output -> amount of power required to
provide 1 RT of cooling

Smaller value = more efficient
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FER and SEER

Energy Efficiency Ratio

Used to evaluate the efficiency of cooling systems

Efficiency of cooling system operates under specific
conditions, typically at peak load

: . BTU
Cooling Capacity \——

Power Input (W)

Calculated under standardized conditions:
»Outdoor temperature of 95°F (35°C)
»Indoor temperature of 80°F (26.7°C)
»50% relative humidity

COP =

EER

3.41214
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IPLV and NPLV

IPLV (Integrated Part Load Value)

IPLV is a metric used to evaluate the efficiency of cooling systems, particularly chillers, under various

part-load conditions.

Uses standard conditions defined by AHRI (Air-Conditioning, Heating, and Refrigeration Institute) and

assumes typical operating scenarios

It reflects how well a system performs when it is not operating at full capacity, which is more
representative of typical usage patterns in many applications.

IPLV Calculation:

12% of the time at 25% load (D in the equation)
45% of the time at 50% load (C in the equation)
42% of the time at 75% load (B in the equation)
1% of the time at 100% load (A in the equation)

IPLV = 0.01A + 0.42B + 0.45C + 0.12D

NPLV (Non-Standard Part Load Value)

Similar to IPLV (Integrated Part Load Value),
but uses non-standard conditions specific
to the installation or operational
requirements

Considers efficiency at multiple part-load
points: 100%, 75%, 50%, and 25%, but uses

customized weighting factors or conditipns
WWw.eCcoDIru.com



Measurement Full Name Unit

COP Coefficient of Performance Dimensionless

kW/ton Kilowatts per Ton kW/ton
SEER Seasonal Energy Efficiency Ratio
EER Energy Efficiency Ratio BTU/Wh
HSPF Heating Seasonal Performance Factor
IPLV Integrated Part Load Value Depends
NPLV Non-Standard Part Load Value Depends

HVAC Efficiencies Summary




Cooling Load Profile

Time (hrs) Cooling Load Activity

0800 - 1700 100 % full load Working hours, with high heat gain from external
conditions

1800 - 2200 50 % part load Off-office hours, but some staff work overtime (OT)

2300 - 0700 20 % part load Minimum OT staff, cooling still required for servers

Cooling load

A

100

cQ
o

n
o

(% Full Load)
(@)
o

N
o

o
I

|
|
12 16 20 24

Time of day (hrs)
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Section 5

Building Management System Controls



Air Distribution Systems

For a central AC system providing cool air to several spaces, an air distribution system

is required

The main “driver” of the cooled air is

1. Air Handling Unit (AHU)
2. Fan Coil Unit (FCU)

Air Loop

AHUs/FCUs

Space
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AHU vs FCU major differences

FCUs are located in the ceiling of the occupied
space(s) that they serve.

AHUs are located in AHU room separate from or 1.
outside the occupied space that they serve.

Since the chilled water coil (ie. AHU) is located outside 2.
the occupied space to be cooled, the space is cooled
by the cold air produced outside the space.

In an all-water system, the chilled water coil (ie. FCU)
is located within the space to be cooled, so the space
is cooled by the cold air produced within the space.

Maintenance of FCUs may only be carried out at
possible risk of interfering with the tenant’s business
or operations.

Maintenance of AHU can thus be carried out without 3.
interfering with the tenant’s business or operations.

A single AHU can serve a reasonably large zone, so a 4. Several FCUs may be required to serve the same size

larger fan operated at a lower speed can be provided, of zone, so multiple fans operating at various speeds

resulting in lower sound power level. may result in higher sound power level.

Fan noise can be largely confined to the AHU room. 5. Fan noise in occupied space may be significant,
especially at MED & HI speed.

Intake of outdoor air at AHU can be achieved so long 6. A separate outdoor air intake system is usually

as the AHU room has at least 1 external wall for fixed
louvres.

required to distribute OA to the multiple FCUs serving
the zone(s).
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Controls in Air Handling Systems

There are 4 main control loops in a typical AHU. They are:

Space temperature control
Static pressure control

CO2 control

Supply Air temperature control

Sensor

Actuator
Output device

Desired
Set Point
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Controls in the Chiller plant

There are three basic configuration of chilled-water piping in a chiller plant. They are
1. Constant primary flow

2. Constant primary/Variable secondary flow

3. Variable primary flow
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Contro

Control method

Modulating Chilled
water flow

Modulating Bypass
valve

Start/Stop of
additional chiller

s in the Chi
— Building Cooling

Considering the constant primary/variable secondary piping configuration under a decreasing load condition

Field devices involved

Chilled water flow rate
VSD control of CHWP
DP Sensor

DP sensor
Bypass valve

CHWS temp
Start/Stop command

ler plant
oad variation

Control process

Cooling load low -> AHU chilled water valve throttle
close -> Chilled water DP increases above set point ->
VSD reduces secondary pump speed -> chilled water
flow rate and DP decreases

If DP is still higher than set point despite operating at
minimum speed (30Hz) -> bypass valve throttle open ->
DP and CHWR temperature reduces

If DP is still higher than set point despite bypass valve is
100% open and Delta T is low -> One chiller and pump
switched off
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Controls in the Chiller plant
— Condenser water loop

There are a few different control methods in the condenser water loop depending on
the chiller plant design.

Consider the cooling tower fan speed control

Control method Field devices involved Control process
o e CWStompsenr O\t e st pot-
PRIy » VSD for cooling tower fans 8

temperature speed
Using approach

& aPp CWS temp sensor :
temperature Approach temperature increases

 Ambient wet bulb temp

between.CWS temp | VSD for cooling tower fans
and ambient wet

bulb temperature

above set point -> VSD increases
cooling tower fan speed
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Chiller Sequencing

At any stage where the condition is not met, the sequence is aborted and the
next chiller set will be commanded to start

Condenser - Cooling '
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Chiller Staging

How to determine when to start or stop a chiller?

Different strategies are used for by different buildings

3 common methods are:
1. Based on building cooling load calculation
2. Based on chilled water Return temperature

3. Based on chilled water Flow rate

Whichever method is used, the first chiller is always started by time schedule.

The start/stop of subsequent chillers will be based on 1 of the 3 methods.
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Section 6

Building HVAC Maintenance and Troubleshooting for
Facility Management



Common Air side issues

How to resolve?

Design problem:
* Relocation of sensors or equipment

Settings problem:
* Reset the settings on site or via BMS

Equipment problem:

e Calibrate or replace the faulty equipment
e Offset the sensor readings via BMS
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Condenser water heat transfer

Automatic Tube Cleaning System (ATCS)

* Periodic manual cleaning of chiller’s
condenser requires equipment shut down,
and expensive maintenance staff time.

e Automatic tube cleaning system are available
commercially that can consistently “clean” the
tubes surface and prevent scale from forming.

 Two common types of ATCS:

> Ball

» Brush

Ball Type

Brush Type
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40

Temperatura{"C)
on = iR = i

0

hr“*ﬂ_.hh_.-._ﬂ,_._“_,_r._rh“q'-"_'lfm T T
a0 100 150 200 240 300 350 400 450
Hours

Low Delta T
Syndrome

Low Delta T syndrome is a
common issue in chilled water
systems

The temperature difference
(Delta T) between the chilled
water supply and the return
water is lower than the design
specifications.

This condition can significantly
reduce the efficiency and
effectiveness of the chilled
water system.
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Cooling Tower
Maintenance

Regular Inspection
Water Treatment
Cleaning and Disinfection
Check and Maintain Fans
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Section /

HVAC Optimisation strategies



Energy Savings in Air Handling Systems

To reduce energy consumption of the AHU fan:
1. Reduce power consumption of the fan
2. Reduce running hours

Energy = Power X Time

Energy

lamod

y -

Time
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Chiller plant Optimization

» The main bulk of energy is
consumed by the chillers.

» Any modification to the
parameters of chillers will have a
drastic effect on the energy
consumption.

Energy consumption distribution
for a typical building
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Optimization Strategies — Pump/Fan Systems

Although the chiller is the main energy consumer in an HVAC system, there are
other components that consume substantial energy:

Chilled-water pumps
Condenser water pumps
Cooling towers
AHU/FCU fans

As compared to a compressor, a pump or fan require much less energy to operate.
However, due a large number of them, the energy consumption can be significant.
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Working Principle of Absorption Cycle

In principle, the absorption cycle makes use of a liquid to absorb the refrigerant and
a pump to change the pressure of the refrigerant.

Liquid-refrigerant
mixture

__Absorptionloop // _____________

Absorber | iquid . | Régenerator

' | absorbs Heat input Refrlgerant

7| refrigerant >b0|Ied‘off

' | gas from liquid |
> > Evaporator i N‘ \\ I . Condenser

Absorber liquid

Refrigerant
Expansion valve

Absorption Cycle
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Artificial Intelligence in HVAC

Optimized settings
to set point
£y : Main

+
\‘:r”'_ controller

HVAC System Control parameters

Ventilation

u Temperature

Humidity

Edge
Database controller Variables

(Al acceleration)

Occupancy
Feedback from sensors Weather
Energy tariffs

Miscellaneous other
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