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Preface

This book aims to highlight the significance of using sustainable energy to prevent
degradation of the globe. Energy sustainability can be achieved through improved
energy efficiency. Heat pump provides an energy-efficient alternative for heating
and cooling. To this end, we focus on examining sustainable practices in heat pump
system design for sustainable buildings.

This book consists of the following parts:

– To begin, we define sustainable energy and discuss the trend of “think green.” In
designing new HVAC (heating, ventilation, and air-conditioning) system or
renovating existing buildings, the use of sustainable energy is appropriate in
furnishing comfortable indoor temperature and humidity. The first part focuses
on exploring topics of sustainability in heating and cooling.

– We then investigate sustainable practices in mapping out HVAC system. As
temperature and humidity affect indoor air quality, it is desirable to control
indoor air temperature and relative humidity via heating and cooling system. To
this end, we investigate sustainable heat pump equipment. Innovation in heating
and cooling is also covered in this part.

– Green operations are examined to promote sustainable practices in heat pump
operations. Topics in this part include various operating modes, reverse cycle
operations, and heat pump system configuration to meet user requirements.

Hong Kong, PR China Y. H. Venus Lun
S. L. Dennis Tung
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Part I
Principles of Heat Pump



Chapter 1
Think Green

Nomenclature

dI Entropy caused by irreversibility (always positive)
dSsys Total change within system in time dt during process
(δQ)/T Change caused by reversible heat transfer between system and surroundings

at temperature T
δmese Entropy decease caused by mass leaving (exiting)
δmisi Entropy increase caused by mass entering (incoming)

1.1 Renewable Energy as Heat Source

Sustainable energy consists of two main elements. First, energy is consumed at
insignificant rates compared to its supply capacity with manageable environmental
effects. Another element of sustainable energy is that the system serves the exist-
ing needs without compromising future generations. Both sustainable energy and
renewable energy are important topics in energy efficiency. While renewable energy
collects energy from natural resources, sustainable energy can be achieved through
improved energy conservation and efficiency. As shown in Fig. 1.1, the benefits of
using heat pump are not only from the renewable energy source but also from the
generation of sustainable energy.

From the aspect of energy sources, heat pump uses renewable energy (e.g., air) as
sources to provide heating and/or cooling. From the aspect of heat pump applications
in buildings to provide heating and/or cooling, the unit produces sustainable energy
because the same input power for heat pump generates much more useful energy as
compared to traditional heating system (e.g., electric heater or gas boiler). The use of
heat pump technology is gettingmore popular. According to the European Parliament
on the energy performance of buildings, heat pump is defined as “amachine, a device,

© Springer Nature Switzerland AG 2020
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Use renewable enery 
source(s)

Supply 
sustainable 

energy

Fig. 1.1 Renewable energy and sustainable energy

or installation that transfers heat from natural surroundings, e.g., air or water, to
buildings or industrial applications by reversing the natural flow of heat such that it
flows from a lower to a higher temperature” [1]. For reversible heat pump, it moves
heat from buildings to the natural surroundings. Typical heat pump transforms energy
from source to useful energy via refrigeration cycle. For heat generation, air source
heat pump is useful to absorb heat from outside cold air and discharge heat at higher
temperature for space orwater heating.Air source heat pumpcan also cool downair or
water for cooling and rejecting heat to outside air. Heat pump technology enables the
use of renewable aerothermal or hydrothermal heat at a useful temperature level for
the generation of required heating and/or cooling for buildings and other industrial
applications. Using heat pump for heating and cooling is energy efficient as heat
pump technology requires less electrical energy to achieve the same heating and
cooling functions.

Although heat pump transfers renewable energy from natural surroundings, the
generation of useful energy requires auxiliary energy (e.g., electricity). To classify as
sustainable energy, the power input to operate the heat pump should be significantly
lower than the total output capacity. As shown in Fig. 1.2, in addition to renewable
energy as heat source, energy input from electricity or other sources are required for
the refrigeration cycle operations. Depending on climate conditions and level of tech-
nology, the ratio between energy input and energy transfer from renewable source
varies. For instance, the efficiency of aerothermal heat pump drops dramatically in
extreme cold climate. Hence, a minimum efficiency level should be established to

Heat 
Pump 

System

Renewable 
energy sources

Power input

Auxiliary 
equipment 

Output for 
hea ng and 

cooling

Fig. 1.2 Principle of heat pump operations



1.1 Renewable Energy as Heat Source 5

ensure heat pump deserves to be a sustainable energy device. Coefficient of perfor-
mance (COP) is the ratio of useful output in terms of heating and/or cooling capacity
to energy input [2]. The higher the COP, the more the saving in energy consumption.

Heat pump generally operates on an electrically driven compression cycle and
pumps energy from the air in the natural surroundings to useful energy for heat-
ing and cooling. The key factor for heat pump to be important in the development
renewable energy and sustainable energy is the available of abundant and reliable
sources for heating, cooling, and dehumidification. Researches on heat pumps have
been conducted since 1950s. The first commercial heat pump was installed in the
Equitable Building located in Portland of the USA [3]. Commercialized in the early
1950s, the use of heat pump declined in the 1960s due to poor reliability. The oil
crisis and high energy costs in the 1970s led researchers to look into heat pump as
an energy-efficient alternative. Nowadays, heat pumps became popular for heating
and cooling for residential, commercial, and industrial applications.

Heat pump is essential for the development of sustainable energy system. Sus-
tainable energy system is energy-efficient and reliable energy system that effectively
utilizes available resources [4, 5]:

• Energy sustainability can be achieved through improved energy efficiency. The
coefficient of performance (COP) is an indicator of energy efficiency. The COP of
traditional heating system is generally less than 1.0 as losses exist during the energy
generation process. In general, ratio of useful energy generated from heat pump to
its power input is three times higher than traditional heat-generating devices. There
are several factors affecting the COP of heat pump system. Examples include the
temperature of energy source, the temperature of delivery useful heat, the working
medium used, and the components of heat pump system.

• Reliability can be viewed from the aspects of sources to generate energy and system
operations. Heat pump uses renewable energy sources from natural surroundings
or non-natural processed wasted heat. Typical heat pump is air source operated
uses energy source from aerothermal which is reliable as air is free and abundant
to absorb for energy generation to meet heating and cooling demands. From the
perspective of heat pump system operations, reliability has been a key issue since
the first unit installed in 1950s. Today, the heat pump production is moving to
high-efficiency operations with advanced control system and safety protection to
ensure smooth running throughout the life cycle. Current technology allows the
use of heat pumps in severe climatic condition.

Renewable energy is collected from renewable sources, which are naturally
replenished. Renewable energy is important for HVAC (heating, ventilation, and air-
conditioning) operations,which account for approximately one-third of global energy
consumption. Renewable energy resources exist over wide geographical areas. To
mitigate climate change and improve energy efficiency, the promotion of the use
of renewable energy source is essential. The use of renewable energy resource is a
significant opportunity for energy efficiency with rapid technological development.
Heat pump employs technologies using renewable energy as heat source to suit the
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needs for providing heating and cooling for various applications. Heat pump sys-
tems are rapidly becoming more efficient and cheaper, and their share of total energy
consumption is increasing throughout the world.

1.2 Heat Pump and Refrigeration Cycle

Based on the physical characteristics of energy transfer, heat pump uses renewable
energy with power input to generate useful energy via refrigeration cycle. In addition
to refrigerant and refrigerant pipe, key components of a refrigerant system include
compressor, expansion device, evaporator, and condenser. As shown in Fig. 1.3, the
refrigeration cycle generally consists of four stages.

The four stages refrigeration cycle are:

• The first stage is the refrigerant in the form of gas enters the compressor and
superheated after existing the compressor.

• The second stage is the superheated gas goes through the condenser to remove the
heat. The condenser removes heat and condenses the gas into liquid.

• In the next stage, the liquid refrigerant travel through the expansion valve resulting
in a mixture of liquid and gas at lower pressure and lower temperature.

• The cold liquid-gasmixture then goes through the evaporator for completely vapor-
ized in the final stage before returning to the compressor to start the cycle again.

There are different types of refrigerants as working fluids for heat pumps.
Although there is no general rule governing the selection of working fluid in heat
pumps, the criteria are based on the aspects of chemical stability, thermophysical
properties, and safety and environmental factors:

Fig. 1.3 Four-stage
refrigerant cycle



1.2 Heat Pump and Refrigeration Cycle 7

• Chemical stability: The refrigerant should operate stably within the refrigeration
system.

• Thermodynamic properties: Freezing temperature should be well below normal
operating conditions. Critical point and boiling point temperatures should be
appropriate for the application. Reasonable operating pressures should be set to
keep operating costs at minimum level.

• Safety factor: The use of flammable and toxic refrigerants should be limited.
• Environmental factor: The refrigerant should be decomposed quickly with harm-
less substances in the atmosphere, and direct emissions (i.e., leakage) must be kept
at the minimum level.

Heat pump is generally defined as a machine that transfers heat from natural
surroundings to buildings. In refrigeration system, circulating refrigerant facilitates
the heat transfer from one area to another area. Refrigeration cycle is associated
with the first and second laws of thermodynamics [6]. The first law and second law
of thermodynamics are useful to explain the heat pump operations. According to
ASHARE [7], the first law of thermodynamics is called the law of conservation of
energy. For any system, open or closed, there is an energy balance as:

[
Energy in

] − [
Energy out

]
=

[
Net increase of stored energy in system

]

The first law states that energy cannot be created or destroyed but can change
form and location. In the process of heat pump operations, the refrigeration system
absorbs heat from renewable energy source to produce useful higher temperature
heat for space heating and domestic hot water supply. The cycle can produce lower
temperature air or chilled water for space cooling and reject heat outside the building.

According to the theory of thermodynamics, energy must flow from an object at
a higher temperature to an object at a lower temperature. ASHARE [7] describes the
concept of thermodynamics in terms of entropy changes as

dSsys = (δQ)/T + δm isi−δmese + dI (1.1)

By rearranging Eq. (1.1), the equation becomes

δQ = T [(δmese−δm isi) + dSsys − dI ] (1.2)

where
dI is entropy caused by irreversibility (always positive)
dSsysis total change within system in time dt during process
(δQ)/T is change caused by reversible heat transfer between system and surround-

ings at temperature T
δmese entropy decease caused by mass leaving (exiting)
δmisi entropy increase caused by mass entering (incoming).
According to Eq. (1.2), it is essential to have a difference in temperature for heat

transfer. In the refrigeration cycle, there are two sections that can produce a pressure
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Fig. 1.4 PH (pressure-enthalpy) diagram

difference, i.e., condenser (high pressure and high temperature) and evaporator (low
pressure and low temperature). The PH diagram explains the relationship between
pressure and enthalpy of a refrigeration cycle [8].

Figure 1.4 illustrates the PH diagram plotting the pressure and enthalpy of the
refrigeration cycle. The constant high temperature line CD of the PH diagram is
condensing latent heat, and the constant low temperature line FG is the evaporator
latent. The refrigerant system removes heat from evaporator into condenser. When
the cold refrigerant flows through evaporator and the temperature of air surrounding
is higher, the refrigerant absorbs the heat from air to cool the space. The evaporation
of the refrigeration occurs at a constant low pressure, and the condensation of the
refrigeration occurs at a constant high pressure [9].

The four red lines (AB,BE,EF, andFA) explains the operations of the refrigeration
system. The first stage (from A to B) is compressing refrigerant in compressor in the
form of gas enters and superheated. The second stage is de-supering heat (from B to
C) and condensation (from C to D) at constant pressure to subcool region (from D to
E). The next stage (from E to F) is the liquid refrigerant travel through the expansion
valve resulting in a mixture of liquid and gas at lower pressure. The final stage (from
F to A) is evaporation at constant pressure to super heat region. The PH diagram
illustrates the operating principles of heat pump in which heat is moved from a one
place to another place.

Heat pump transfers heat from/to natural renewable energy to useful energy for
heating or cooling to ensure the quality of indoor climate. Renewable natural energy
sources for heat pump can be aerothermal, geothermal, hydrothermal heat, or non-
natural processed wasted heat. A heat pump is a machine that transfers heat from
heat source to heat sink through a refrigeration cycle. Air source heat pump is the
most popular system used in sustainable buildings and industrial applications. This
is a system to absorb heat from outside to inside a building to supply domestic hot
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Fig. 1.5 Air-to-water heat pump

water supply and provide space heating. In hot climate, the reversible operations for
outside heat rejection are possible to provide indoor space cooling.

Figure 1.5 illustrates the principle of air source heat pump. Basic components
used in the refrigeration systems are compressor, expansion valve, refrigerant-to-
water heat exchanger, refrigerant-to-air heat exchanger, and blower. Air-to-water
heat pump absorbs heat from outside cold air to heat water. The heat can be used
for space heating or domestic hot water supply in cold climate. The heat pump can
operate reversely. Therefore, it can also generate chilled water for space cooling
and reject heat to outside in hot climate. With advanced technology, air-to-water
heat pump can be a device to integrate advanced programmable logic controller and
sensors to provide constant indoor temperature solutions for cooling in summer and
heating in winter.

In general, air-to-water heat pump can generate either cooling or heating to gen-
erate chilled water or hot water. With improved technology on precision control,
air-to-water heat pump can also generate constant temperature for special needs. For
instance, air-to-water heat pump provides precision constant temperature control on
aquarium water. Aquarium water temperature is important in the health of fishes. To
keep aquarium water temperature consistent, the products can provide water heating
when the water temperature is below setpoint and water cooling when the water
temperature above the setpoint.

The capability of producing specific outlet water temperature is significantly
enhanced in the past decade. In the early twenty-first century, the maximum outlet
water temperature of heat pump is around 45 °C. Due to technology improvement,
most of the heat pumps nowadays can generate hot water up to 60 °C.With advanced
heat pump technologies, high performance heat pump can produce hot water up to
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90 °C by using environmental refrigerant (e.g., R134a). High temperature heat pump
can potentially replace steam boiler and electric heater with much higher coefficient
of performance (COP). With the application of high temperature heat pump, the
acceleration in energy efficiency can be achieved.

In addition to renewable heat source, there are several benefits to use refrigeration
system-based high temperature heat pump. Advantages of using high temperature
heat pump to replace boiler include:

• High energy efficiency,
• Easy for maintenance,
• Low cost to operate,
• Lower CO2 emission due to lesser electricity consumption,
• No combustion of explosive gases,
• No fuel gas pipe connection,
• No fuel tank required for fuel storage.

While aerothermal heat pump system uses outdoor air to keep indoor warm in
winter, hydrothermal heat is also an important source of energy for heat pump to
generate useful energy for heating and cooling in sustainable buildings. Using air
source heat pump and water source heat pump are environmentally friendly as both
air and water are renewable energy. Heat recovery water-to-water heat pump is one
of the most energy-efficient devices with the capability to produce both chilled water
for cooling and hot water to heating. In such case, the heat pump uses evaporator
to produce cold water for cooling and condenser to produce hot water for heating
simultaneously. Operations of water source heat pump are similar to air source heat
pump except that the heat source is water instead of air.

Figure 1.6 illustrates the principle of water source heat pump. Basic compo-
nents used in the refrigeration systems are expansion valve, compressor, and two

Fig. 1.6 Water-to-water heat pump
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refrigerant-to-water heat exchangers (one for hot water and one for chilled water).
Water source heat pump systems have become a popular choice for sustainable build-
ings. Commercial water-to-water heat pump systems are popular because they can
supply heating and cooling simultaneously. It can bring comfortable indoor condi-
tion to meet different requirements. There are two major types of water source heat
pump systems: i.e., closed-loop and open-loop systems. The most commonly used
one is a standard closed-loop system where the loop piping runs inside the building
and connects the two heat exchangers to supply hot water for heating and chilled
water for cooling.

1.3 Economic Growth and Environmental Quality

According to Brundtland [10], sustainable is defined as “development that meets
the needs of the present without compromising the ability of future generations to
meet their own needs.” There are three mutually dependent areas of sustainabil-
ity: i.e., economy, environment, and society. These three areas are interrelated. For
instance, economic growth requires natural resources and produces emissions which
negatively affect both environment and social well-beings. Historically, researches
on the relationship between economic growth and environmental degradation gen-
erally agreed that “communities grow with environment declines.” Conventional
economics focuses on economic growth and efficient allocation of resources. With
increased concern on the co-exist of economic production and environmental quality,
it is essential to promote the sustainability studies on community growing without
incurring corresponding negative impact on environmental quality. Sustainability
studies examine different ways to minimize resource needed for the production and
consumption.

Environmental protection represents the fundamental condition of sustainable
development of economy. The aim of environmental protection is to maintain be
ecological balance for the present and future generations [11]. Concern on environ-
ment degrade is accelerated as economies grow due to overexploitation of globe’s
resources. Environmental deteriorate and economic development are closely asso-
ciated [12]. According to Arrow et al. [13], the relation between economic growth
with industrial development and level of environmental degradation has an initial
positive relationship up to a turning point. After the post-industrial stage, the level
of environmental degradation is negatively associated with economic growth.

Figure 1.7 illustrates the relationship between economic growth and environmen-
tal quality. There are four stages in the level of environmental degradation:

• Stage 1: The first stage is pre-industrial economies. Increased pollution can be
an acceptable side effect of economic development at an early stage of economic
development. Hence, economic development is positively associated with envi-
ronmental degradation.
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Fig. 1.7 Stages of environmental degradation and economic development

• Stage 2: The second stage is industrial economies. When the economic develop-
ment is up to this point, the GDP per capita reaches an acceptable level reaching
a turning point to aware of the environmental quality.

• Stage 3: The next stage is post-industrial economies. In this stage, the community
is concern about the environmental quality. The relationship between economic
development and level of environmental degradation changes from positive rela-
tionship to negative relationship.

• Stage 4: This stage is mature economies with service based. When an economy
has attained a higher living standard and more affordable to allocate resources to
improve environmental quality, tolerance on environmental degradation reduces.

While conventional economics deals with efficient allocation of resources and
economic growth, ecological economies focuses on sustainable development with
balance between environmental quality and economic production [14]. In advanced
economy, sustainability studies have become a main theme. One key focus of sus-
tainability studies is the improvements in technological efficiency and innovation
to enable a complete decoupling of economic growth from environmental degra-
dation. There are conflicting views on the effectiveness of technological efficiency
and innovation. On the one hand, efficiency experts propose that resources used for
development can be significantly reduced for continued economic growth with the
use of resources sustainably. On the other hand, several studies conclude that the use
of materials and energy are increased with economic growth.

Nevertheless, the natural environment is being degraded due to overconsumption
on resources [15]. Green is related to the natural capability of the plant to recover.
The globe can still be green provided that environmental degrade that does not go
beyond the recovering capability. Green energy is generated from renewable sources.
Energy sustainability involves not only from the energy source but also the way it is
consumed. Energy consumption patterns can be very different throughout the world.
Heating requirements are high in northern climates as the ambient air temperature
is negative in winter. On the other hand, cooling requirements are high in regions
close to the equators. To care for our globe, the effective use of our energy should be
promoted. Energy sustainability should also be promoted through improved energy
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efficiency. Sustainable energy system can be defined as a cost-efficient, reliable, and
environmentally friendly energy system that effectively utilizes natural resources
[16]. In addition to cost-efficiency and reliability, environmental impact is a concern
in providing heating and cooling for sustainable buildings.

1.4 Green Building

Sustainability in buildings is an important issue because providing heating and cool-
ing for indoor comfort consumes energy.Moreover, it is essential to keep good indoor
air quality (IAQ) to provide comfort environment. According to US Environmental
Protection Agency (EPA), IAQ refers to “the air quality within and around buildings
and structures, especially as it relates to the health and comfort of building occu-
pants.” To maintain indoor air quality, both space temperature and humidity must be
controlled. Other IAQ elements such as air flow quantity and quality are also impor-
tant to examine. The energy consumption in buildings is growing and is expected to
grow further. The share of heating and cooling in total building energy usage varies
between 18 and 73% [17] depending on the heating/cooling requirements and effi-
ciency level of system design. Buildings consume energymainly in space heating and
cooling as well as water heating. In average, building energy consumption account
for one-third of overall energy consumption [18].

Recently, the concept of green building (or called sustainable buildings) attracts
attention from various perspectives. According to Hong Kong Green Building Coun-
cil (HKGBC), “green building is a practice of reducing the environmental impact of
buildings and enhancing the health and well-being of building occupants.” Energy
efficiency and renewable energy are core components of green building. Green build-
ings consume less energy and produce less waste [19]. More and more public and
private buildings commit to sustainable built environment and adopt such measure
as energy saving and waste reduction. Green buildings generally involve the several
key areas, i.e., life-cycle planning, indoor air quality, and efficient use of energy. In
the case of HVAC (heating, ventilation, and air-conditioning) system aiming at pro-
viding thermal comfort and good indoor air quality, the life-cycle planning including
selection, installation, and operations of HVAC equipment with high coefficient of
performance (COP).

Different definitions of green building exist. According to the Environmental Pro-
tection Agency (EPA) of USA, green building is defined as “the practice of creating
structures and using processes that are environmentally responsible and resource-
efficient throughout a building’s life cycle from sitting to design, construction, oper-
ation, maintenance, renovation, and deconstruction.” In general, green buildings are
designed to reduce the overall negative impact on environment by using energy,
water, and other resources efficiently. In addition to social and environmental ben-
efits, green buildings also contribute to economic benefits. Such economic benefits
include reduce operating cost, improve occupant productivity, optimize life cycle of
equipment, and shape markets for green products and services.
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Buildings are responsible for a huge share of energy, electricity, and water con-
sumption across the globe. The building sector has the greatest potential to deliver
significant cuts in energy consumptions. The goal of green building or sustain-
able building practices is to reduce the negative environmental impact of buildings
throughout the life cycle. The concept of sustainable development can be traced to
the era of energy crisis in the 1970s [20]. Started in the USA, the promotion of
green building aims at promoting energy efficiency and environmentally friendly
construction practices. Green building brings an array of practices to reduce the neg-
ative impacts of buildings on the environment. The practices and technologies in
green buildings are constantly revolving to meet increasingly demand on environ-
mental quality. Fundamental principles of green buildings include energy efficiency,
water efficiency, materials efficiency, indoor environmental quality enhancement,
operations and maintenance optimization, and waste reduction.

The essence of green building is an optimization most of the principles in the life
cycle of sustainable buildings [21]. Life-cycle assessment (LCA) aims to assess a
full range of impacts associated with all stages from design and build, to use and
maintenance of sustainable buildings. As shown in Fig. 1.8, there are several key
elements in green buildings practices:

• Energy efficiency: Green buildings include efficiency means to generate energy
for heating and cooling and measures to reduce energy consumption. Onsite gen-
eration of renewable energy through air or water as heat source by using heat pump
system can significantly reduce the negative environmental impact of buildings.

Lifecycle 
assessment

Design & built

Energy efficiency

Water efficiency

Indoor 
environmental 

quality

Operations 

Maintenance 
optimization 

Waste reduction 

Fig. 1.8 Life-cycle assessment of green building
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• Water efficiency: Reducing water consumption and protecting water quality are
important. It is desirable to install effective heat pump system with high tem-
perature outlet water to enhance water efficiency and prevent such diseases as
Legionnaire completely.

• Indoor environmental quality: The key element of indoor environmental quality
is to provide comfort in terms of thermal and humidity quality. Using heat pump
system for heating, cooling and dehumidification can control indoor climate to
provide comfortable thermal and humidity levels for occupants.

• Operations and maintenance optimization: High quality green buildings should be
operated responsibly andmaintained properly. Proper operations andmaintenance
(O&M) are important to retain the green criteria.

• Waste reduction: Green building should seek effective ways to reduce waste of
energy and water during the operations. For example, waste heat should be recycle
for heating.

Green building uses less resources, reduces wastes, and maximizes occupant
health and well-being of the globe. There are various organizations promote sustain-
ability in building design, construction, and operations. Furthermore, green building
assessment systems also available to provide third-party verification of green build-
ings. Examples include Leadership in Energy and Environment Design (LEED) from
the US Green Building Council and Building Environmental Assessment Method
(BEAM) in Hong Kong. The aims are to provide standards to evaluate existing and
new buildings for environment improvement across the life cycle of the buildings.
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Chapter 2
Sustainable Energy

Nomenclature

Seasonal energy efficiency ratio

SEER Seasonal energy efficiency ratio
Q Reference annual cooling demand
QE Annual electricity consumption

Subscript

c Cooling
h Heating

Nomenclature: Fanger’s comfort equation

Ici Thermal resistance of clothing
M Rate of metabolic rate production
Pw Water vapor pressure
tmrt Mean radiant temperature
ta Air temperature
V a Relative air velocity
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Nomenclature: Heating and Cooling Capacity

Cp Specific heat at constant pressure, expressed in joules per kilogram and
kelvin

Ebal Energy balance
Ein Energy into a system
Eout Energy out of a system
ṁ Mass flow rate
QC Cooling capacity, expressed in watts
QH Heating capacity, expressed in watts
QHR Heat recovery capacity, express in watts
q Volume flow rate, expressed in cubic meters per second
r Density, expressed in kilograms per cubic meter
�t Difference between inlet and outlet temperatures

Nomenclature: Coefficient of Performance (COP)

COPC COP of cooling
COPH COP of heating
COPHC COP of heating and cooling
Qcd Capacity of condenser (for heating)
Qev Capacity of evaporator (for cooling)
Qhrc Capacity of heat recovery of condenser (for heating)
W input Total input power
h1 Enthalpy in front of the compressor
h2 Enthalpy behind the compressor
h3 Enthalpy at the injection valve

2.1 Heating and Cooling Load

Heating and cooling account for the biggest energy consumption in European cities
[1]. According to the framework of the Smart Cities andCommunities Initiative of the
European Union, cities are expected to develop innovative measures to substantially
reduce greenhouse gas emission through improvement in energy efficiency. The
first Smart Cities call was launched in 2012 to support demonstration of innovative
solutions for heating and cooling for buildings. The heating and cooling strategy aims
at deploying energy renewable source through improvement in energy efficiency.

The degree of efficiency of a heat pump is evaluated by its coefficient of perfor-
mance (COP). COP of a heat pump is the ratio of its capacity to its power input.
According to British Standard [2], heat pump is defined as “encased assembly or
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assemblies designed as a unit, using a vapor compression cycle driven by an electric
compressor to provide delivery of heat.”Heat pump can havemeans for cooling, heat-
ing, circulating, cleaning, and dehumidifying the air. Outputs of heat pump include
cooling capacity, heating capacity, and heat recovery capacity.

When sizing a heat pump, it is essential to determine the required cooling and
heating capacity. Heating and cooling load calculations depend on such factors as
building location, indoor/outdoor design conditions, orientation, and building con-
struction [3]. Loading components consists of heating load and cooling load:

• The peak heating load refers to the amount of heat lost to the outdoor environment
at design conditions to maintain occupant comfort. The total estimated heat loss is
the sum of the sensible heat loss through conduction, infiltration, and ventilation
loads.

• The peak cooling loads refer to the amount of heat gained from the outdoor envi-
ronment at design conditions to maintain occupant comfort. Cooling loads include
both sensible and latent heat gains from conduction, infiltration, ventilation, and
radiation.

Some safety factors are applied in calculating the heating and cooling loads. Safety
factors include building components and ductwork conditions. Building components
refers to the heat gain/loss through windows, walls, and roof. Ductwork conditions
refer to the insulation and tightness levels of air ducts. Sizing heat pumps begins
by determining the heating and cooling loads. In designing a heat pump system,
heat source and heat sink are important to examine. According to [4], heat source is
defined as the place from which heat is taken and heat sink is defined as the place
from which heat is transferred and then delivered.

To design a heat pump system, it is important to have the “right sizing” based on
accurate heating and cooling loading calculation. Adjustments include safety factors
and other considerations are usually included in overall system design. Combining
several adjustments may compound the inaccuracy of the results. The results of load-
ing calculation affect the equipment selection and the duct/pipe design. An oversized
system increases installation costs, wastes energy, and involves higher overall oper-
ating costs. The load refers to the amount of heating/cooling energy required to keep
the building comfortable. There are three types of loads, i.e., design load, extreme
load, and part load:

• Design load: The design cooling load is how much sensible heat and latent heat
need to be removed at the summer design levels. The design heating load is how
much heating need to be provided at the winter design levels.

• Extreme load: Extreme load refers to the heating and cooling loads at extreme
weather conditions. As extreme temperatures occur for about 1% of the time on
average, this load carries limited weight when calculating the size of heat pump
and does not have a measurable impact on the overall performance of a heat pump
system.

• Part load: For most of the time, the outdoor temperatures will be higher than the
design temperature in winter and lower than the design temperature in summer.
Hence, the heat pump system usually operates under part-load conditions.
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Fig. 2.1 Balance point temperature and heating equipment utilization

The balance point temperature is an important concept in sizing heat pump for
heating. According to Li and Chen [5], the balance point temperature is defined as
“the value of the outdoor temperature, where, for a specified indoor condition, the
total heat loss is equal to indoor heat gains.” Hence, the balance point temperature is
at which the heat gains from heat sinks are equal to the heat losses. The balance point
temperature is the base temperature to calculate heating load and energy demand to
heat a building.

The balance point temperature is a key parameter for heat pump system design.
The heat pump supplies 100% of the heat at or above the balance point temperature.
The supplemental heat is used when the outdoor temperature is below the balance
point temperature. Figure 2.1 illustrates the relationship between the balance point
temperature and the utilization of equipment. The balance point temperature and the
size of heat pump are negatively correlated. The lower the balance point temperature
(for heating), the bigger the size of the heat pump. Hence, if the setting of the balance
point temperature is too low, an oversized heat pump system exists. For temperatures
below the balance point, supplemental heat is needed.

Seasonal fluctuation exists as demand for heating is high in winter while demand
for cooling is high in summer. The seasonal efficiency of the system can be rated
by the seasonal energy efficiency ratio (SEER). According to EN 14825 [6], the
SEERh equals reference annual heating demand (Qh) divided by the annual electricity
consumption on heating (QEh):

SEERh = Qh/QEh (2.1)

On the other hand, the SEERc equals reference annual cooling demand (Qc)
divided by the annual electricity consumption on cooling (QEc):

SEERc = Qc/QEc (2.2)
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2.2 Thermal Comfort

The demand for heating and cooling is driven by provision of indoor thermal comfort
for occupants. However, there is no absolute standard for thermal comfort. According
to ANSI/ASHARE Standard 55 [7], thermal comfort is defined as “the condition of
mind that express satisfaction with the thermal environment.” As defined by Hensen
[8], thermal comfort is “condition ofmindwhich express satisfactionwith the thermal
environment.” There are different opinions on thermal comfort as satisfaction to the
environment is a complex subjective response. There are different factors affecting
thermal comfort. These factors are generally classified as physical variables and
personal variables:

• Four physical variables include air temperature, air velocity, relative humidity, and
mean radiant temperature.

• Two personal variables include clothing insulation and activity level (i.e.,
metabolic rate).

Based on these six variables, Fanger’s comfort equation is the most commonly
adopted equation to examine thermal comfort [9]. Fanger’s [10] comfort equations
formulate comfort as a function of several variables:

f (M, Ici, Va, tmrt, ta, Pw) = 0 (2.3)

where M is rate of metabolic rate production,
Ici is thermal resistance of clothing.
V a is relative air velocity.
ta is air temperature.
tmrt is mean radiant temperature.
Pw is water vapor pressure.

There are two different approaches for the definition of thermal comfort [11]:
relational approach and adaptive approach. Relational approach (e.g., Fanger’s com-
fort equation) uses empirical data for model development while adaptive approach
uses field studies to investigate the acceptability of thermal environment. Thermal
comfort standard is also established for design, operations, and evaluation of build-
ings [12]. There are existing standards for thermal comfort (e.g., ASHARE 55) and
indoor environmental criteria (e.g., EN 15251). ASHARE 55 is a thermal com-
fort standard specifying the combinations of factors affecting thermally comfortable
environmental conditions of occupants of green buildings, and EN 15251 aims to
examine parameters for design and assessment of energy performance of building
addressing thermal environment and indoor air quality.

Developing codes and standards are important for thermal comfort and indoor
air quality. Energy conservation and adaptation to climate change is also desirable
to include in building codes and standards [13]. Hence, there are various studies on
the association between thermal comfort and energy efficiency. Studies on energy
saving for thermal comfort include Mui and Chan [14] investigated the association
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Fig. 2.2 Enabling smart air-conditioning by sensor technologies

between indoor comfort temperature and outdoor air temperature, and Schiavon and
Melikov [15] examined the saving of cooling energy by elevated air flow to offset
the impact of increased air temperature on thermal comfort.

To monitor energy consumption, power meter for measuring energy usage is inte-
grated with control system to monitor energy consumption. Indoor air quality (IAQ)
affects human comfort. Recently, sensors are commonly utilized to provide infor-
mation to control air temperature, humidity, air velocity, and radiant temperature.
Other devices are also available to monitor IAQ. Examples include chemical sensors
to detect CO2 and volatile organic compounds (VOCs), electronic nose (e-nose) to
detect gas emission, and particles counter to measure the number of particles (i.e.,
PM2.5 level). To perform smart control on capacity management to meet human
comfort and save energy, detection technology using sensor is an important input
[16]. As shown in Fig. 2.2, sensor technologies enable the use of various sensors and
detectors to achieve smart operations of thermal comfort and IAO systems.

2.3 Heating and Cooling Capacity

Load is demand for energy (in kWh). It refers to the amount of heating or cooling
building needs while capacity refers to the amount of heating or cooling a heat pump
provides. Load calculation and capacity calculation are equally important in studying
heat pump. Capacity is a measurable physical quantity that characterizes the air side
and water side flow rate. According to EN14511-3:2013 [17], cooling capacity (Qc),
heating capacity (QH), and heat recovery capacity (QHR) for steady-state operations
(with no phase change) can be determined using the following equations:

QC = q × r × Cp × �t (2.4)
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QH = q × r × Cp × �t (2.5)

QHR = q × r × Cp × �t (2.6)

Notes: The mass flow rate (ṁ) can be determined directly instead of the term (q
× r) where q is the volume flow rate expressed in m3/s and r is the density expressed
in kg/m3.

When phase change is involved, the enthalpy change (�h) can be directly mea-
sured instead of the term (Cp ×�t) whereCp is specific heat and�t is the difference
between inlet and out temperature.

In water chilling and water heating, capacity is the product of the water mass
flow rate (ṁ) and specific heat (Cp) and the temperature difference between entering
and leaving the heat exchanger. Capacity can be measured in gross capacity and
net capacity [18]. In a water-to-water heat pump, net heating/cooling capacity can
be defined as the capacity of the standard heating/cooling condenser/evaporator is
available for useful heating/cooling of the thermal load.

The calculation of heating capacity (QH) is based on the water temperature, water
flow rate, and water properties at the entering and leaving conditions. It is calculated
using only the sensible heat transfer:

QH = ṁ × Cp × �t (2.7)

In the case of net recovery heating capacity (QHR), the calculation is based on
below equation:

QHR = ṁ × Cp × �t (2.8)

Net cooling capacity (QC): The capacity of the evaporator available for cooling
of the thermal load external to the water chilling package. It is calculated using only
the sensible heat transfer,

QC = ṁ × Cp × �t (2.9)

The following steps are generally used for capacity calculation:

– Know the capacity formula, i.e., ṁ × Cp × �t ,
– Find the difference in temperature (i.e., �t),
– Identify the appropriate measuring units, and
– Know the specific heat (i.e., Cp) refers to the energy needed, i.e., the specific heat
of water is 4.18 kJ/kg while the specific heat of air is 1.01 kJ/kg.

The capacity of the heat pump is the mass flow rate (ṁ) × specific heat (Cp) ×
temperature change (�t). Examples of capacity calculation of water-to-water heat
pump and air-to-water heat pump are shown in Tables 2.1 and 2.2, respectively.
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Table 2.1 Parameters of water-to-water heat pump

Chilled water inlet temperature (°C) 12

Chilled water outlet temperature (°C) 7

Water flow rate (l/s) 5.67

Cooling capacity 118.5 kW i.e., 5.67 × 4.18 × (12 − 7)

Hot water inlet temperature (°C) 60

Hot water outlet temperature (°C) 65

Water flow rate (l/s) 9.91

Heat capacity 207.1 kW, 9.91 × 4.18 × (65 − 60)

Table 2.2 Parameters of air-to-water heat pump

Hot water inlet temperature (°C) 60

Hot water outlet temperature (°C) 65

Water flow rate (l/s) 9.32

Heat capacity 194.8 kW, 9.32 × 4.18 × (65 − 60)

In evaluating the heating and cooling capacity, energy balance is also important to
examine. An energy balance (Ebal) evaluates all the measured energy flow into and
out of a control volume. Energy into the system (Ein) refers to gross cooling capacity
generated from evaporator plus power (i.e., total compressor work and auxiliary
devices transferring energy into the refrigerant). Energy out of the system (Eout)
refers to gross capacity from condenser (including heating and heat recovery). In
case there is a nonzero difference between energy flow in and energy flow out, the
system is not at steady state.

According to AHRI 550/590 (2015 [18]), general energy equation is expressed
as a percentage:

Ebal = [Ein − Eout]/avg(Ein, Eout) × 100% (2.10)

Ebal = 2[(Ein − Eout)/(Ein + Eout)]× 100% (2.11)

where Ebal is energy balance, Ein is energy into a system, and Eout is energy out of a
system.

2.4 Capacity Control

ASHARE [19] defines the COP as the benefit of the cycle divided by the required
energy input to operate the cycle:
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COP = [
Useful refrigerating effect

]
/
[
Net energy supplied from external sources

]

Total input power refers to the combined power input of all components of the heat
pump. Heat pump uses a vapor compression cycle driven by an electric compressor to
provide heating, cooling, dehumidifying, circulating, and cleaning air.Heat pumpcan
serve as air conditioner to satisfy the thermal comfort requirements of occupants.
Heat pump can provide water heating and air processing. Source of power input
of heat pump is electricity which driven compressor and fan for circulating air.
The compressor is the component at the heart of a refrigerant circuit in the vapor
compression cycle. Heat pumps generally use compressors including rotary vane,
scroll, or screw compressors.

Rotary vane compressors consist of a cylindrical casing with a rotor and two
openings, one suction and one discharge. It can apply in a wider range of applications
up to 50 kW. Key features of rotary compressors include:

• Low cost and compact dimensions,
• Good choice for low capacity,
• Lower noise, and
• High efficiency on average.

Scroll compressor: Scroll compressor uses two scrolls, one fixed and the other
moving, coupled to the motor. A scroll compressor uses two interleaving scrolls to
pump, compress, or pressurize fluids (i.e., liquids and gases). Scroll compressors are
widely used in heat pump applications with capacity ranges from 2 kW to more than
50 kW. Key features of scroll compressors include:

• smaller dimensions and lower weight,
• high efficiency at the design compression ratio, but efficiency decreases at different
working conditions,

• low noise operations, and
• reduced vibrations.

Screw compressor: Screw compressors are based on a mechanism made up of
two intermeshing rotors. The fluids (i.e., gases) are drawn in through the inlet port
to fill the volume between two lobes when the rotors revolve. Screw compressors
originally were made with symmetrical rotor cavity profiles. Modern versions use
asymmetrical rotors in which convex lobes (male rotor) mesh with concave cavities
(female rotor). Key features of screw compressors include:

• Use in larger industrial applications,
• Requirement of high-precision control techniques,
• Require lubrication, and
• Provide step or continuous modulation of capacity.

The operating condition of the heat pump system differs greatly throughout the
year. The demand for heating and cooling also varies from time to time. Heat pump
with constant speed compressors can provide indoor comfort for occupants during
the peak load period. During the off-peak period, the full load operation is not only
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incurring high energy consumption, but also reducing the thermal comfort. The func-
tion of capacity control is generally available for large heat pump. Large heat pump
uses screw compressor that can control capacity with either continuous or step mod-
ulation. With improved heat pump technology, small-sized heat pump system can
also operate variable speed to control operating capacity [20]. The availability of
variable speed control of compressor is a useful method to regulate the capacity of
heat pump for energy saving [21].

2.5 Coefficient of Performance

There are different measurements for efficiency ratings. Coefficient of performance
(COP) is the most popular indicator for energy system. Another common measure-
ment includes energy-efficient ratio (EER). EER refers to the heat pump’s British
thermal units (BTU) rating over its wattage. For example, the rating of a 10,000-BTU
unit consuming 1200 W energy power is 8.3 (10,000 BTU/1200 W). The higher the
rating, the more efficient the air heat pump unit is. However, a higher rating is usually
accompanied by a higher price.

According to AHRI 550/590 [18], coefficient of performance (COP) is ratio of
output capacity to the total input power at any given set of rating condition. For vapor
compression system, the net energy supplied is usually in the form of work (W input)
in total input power. Hence, COP is

COP = Q/Winput (2.12)

COP can be classified into cooling coefficient of performance (COPC) and heating
coefficient of performance (COPH). In addition, there are simultaneous cooling and
heating operations which consists of simultaneous heating and cooling coefficient of
performance (COPHC) and heat recovery coefficient of performance (COPHR).

Cooling coefficient of performance (COPC) is a ratio of net cooling capacity to
the total input power at any given set of rating conditions:

COPC = Qev/Winput (2.13)

Figure 2.3 illustrates a heat pump with DX cooling coil (evaporator) for cooling.
For a 10 hp (horsepower) heat pump:

– Cooling capacity (Qev) is 33 kW
– Total input power (W input) includes compressor input power (8.1 kW) and fan
motor input power (2.2 kW)

COPC = 33 kW/(8.1 kW+ 2.2 kW) = 3.2



2.5 Coefficient of Performance 27

Fig. 2.3 Heat pump for space cooling

Heating coefficient of performance (COPH) is a ratio of net heating capacity to
the total input power at any given set of rating conditions:

COPH = Qcd/Winput (2.14)

Figure 2.4 illustrates an air-to-water heat pump with hot water heat exchanger for
water heating. For a 10 hp (horsepower) heat pump:

– Heating capacity (Qcd) is 27.8 kW
– Total input power (W input) includes compressor input power (4.85 kW) and fan
motor input power (0.8 kW)

COPH = 27.8 kW/(4.85 kW+ 0.8 kW) = 4.92

Simultaneous heating and cooling coefficient of performance (COPHC) is applied
when the heat pump is generating both heating and cooling during operations. COPHC
is a ratio of net heating capacity plus the net cooling capacity to the total input power
at any given set of rating conditions:

COPHC = (Qcd + Qev)/Winput (2.15)

Figure 2.5 illustrates a water-to-water heat pump to generate both chilled water
and hot water simultaneous. For a 10 hp (horsepower) heat pump:
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Fig. 2.4 Air-to-water heat pump for water heating

Fig. 2.5 Water-to-water heat pump generating both chilled water and hot water
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– Heating capacity (Qcd) is 30.4 kW.
– Cooling capacity (Qev) is 20.1 kW.
– Total input power (W input) is compressor input power (10.3 kW).

COPHC = 30.4 kW+ 20.1 kW/10.3 kW = 4.9

Heat recovery coefficient of performance (COPHR) applies to heat pump units
that are operating in a manner that use either all or only a portion of heat generated
during cooling operations for space or water heating. COPHR is a ratio of net recovery
heating capacity plus the net cooling capacity to the total input power at any given
set of rating conditions:

COPHR = (Qev + Qhrc)/Winput (2.16)

Figure 2.6 illustrates a heat pump with cooling coil for cooling and generate
recovery heat to reheating coil for space heating and hot water heat exchanger for
water heating. For a 10 hp (horsepower) heat pump:

– Cooling capacity (Qev) is 33 kW
– Recovery heating capacity for space and water heating (Qhrc) is 41
– Total input power (W input) includes compressor input power (8.1 kW) and fan
motor input power (2.2 KW)

COPHR = (33 kW+ 41 kW)/(8.1 kW+ 2.2 kW) = 7.18

Fig. 2.6 Heat pump with DX cooling coil, reheating coil and hot water heat exchanger



30 2 Sustainable Energy

COP is generally the ratio of energy output to power input. There are many
different categories of heat pump operations, including single function and multiple
functions. Above equations illustrate various ways to calculate COP of heat pump
with examples. There are serval factors to be considered in evaluating the COP:

• For single function heat pump for cooling or heating, the COP of cooling is gen-
erally lower than heating.

• When using heat pumps for cooling, it is possible to provide dehumidification
function at the same time by cooling the temperature below dew point. Latent heat
can be generated and recovered for space and/or water heating.

• As heat pumps transfer energy from renewable sources, it is desirable to use the
heat pumps to provide heating and cooling simultaneously.

• The COP of heat pump used to heat water is better when the outlet hot water
temperature is lower. For high temperature heat pumps with outlet temperature
above 60 °C, the COP is lower and correction factors should be added when
comparing their performance with low temperature heat pumps.

• If fans are included, energy consumption on fan motor power is included. Fans can
be used for ventilation to enhance the overall air quality or provide free cooling
when the outdoor ambient condition is suitable.

Bonin [22] presented a method based on the property of refrigerant to calculate
the coefficient of performance. Instead of using the ratio of output capacity to total
power input, theCOPPH is calculated according to the PH (i.e., pressure and enthalpy)
diagram for each refrigerant:

COPPH = (h2 − h3)/(h2 − h1) (2.17)

Figure 2.7 illustrates the PH diagram of a refrigerant. The ideal cycle is described
with the following phases:

• Compress the refrigerant by the compressor (from point 1 to point 2).

Fig. 2.7 PH diagram of a refrigerant
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• Transfer the condensation heat to the condenser (from point 2 to point 3).
• Decompress the refrigerant without the release of energy (from point 3 to point
4).

• Take up the vaporization heat from the environment in the evaporator (from point
4 to point 1).

Based on above equation, the coefficient of performance is calculated as follows:

COPPH = (h2 − h3)/(h2 − h1)

= (460 kJ/kg− 330 kJ/kg)/(460 kJ/kg− 420 kJ/kg)

= 130 kJ/kg/40 kJ/kg

= 3.25

There are different ways to determine COP of heat pumps. Nevertheless, the most
commonly used method is to calculate the output-to-input ratio (i.e., output capacity
to total power input). Although COP is an energy efficiency indicator to illustrate the
efficiency of a heat pump, there are many variables to affect the COP. Such variables
include outdoor operating condition, inlet and outlet air/water temperature, equip-
ment configuration integrated with ventilation, or other air quality control system.
When using COP as an indicator to compare the performance of heat pumps, it is
essential to have standard rating condition.

Key factors affectingCOPof heat pump include outdoor air temperature and outlet
water temperature. In case of heat generation, the increase in evaporating temperature
shall increase total heat output, thus leading to a higher COP. Hence, the COP of heat
pump is lower when operating in lower ambient temperature [23]. It indicates that
seasonal difference and regional difference exist. From the seasonal perspective, the
COP of heat pump is lower in winter. From the regional perspective, the COP of heat
pump is lower in cold region. Figure 2.8 illustrates the relationship between COP

Fig. 2.8 Relationship between COP and temperature
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and hot water outlet temperature. When the outlet hot water temperature increases
from 35 to 60 °C, the COP reduces. The higher the hot water outlet temperature, the
lower the COP of heat pump. Assume all other things being equal; the COP of heat
pump is negatively associated with outlet water temperature.
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Chapter 3
Sustainability in Heating and Cooling

Nomenclature

C Energy consumption (kWh)
D Thermal demand (kWh)
η Efficiency
SC Specific consumption (kWh/m3)
V Volume (m3)

Subscript

A Air
AT Air transport
CG Cool generation
HG Heat generation
W Water
WT Water transport

3.1 Sustainable Initiative

Due to the widely use of heating and cooling system for indoor thermal comfort,
the share of energy for heating and cooling in total energy consumption increases
gradually. It is essential to promote sustainability in heating and cooling to use
energy-efficient system for heating and cooling in residential, commercial, and
industrial buildings. Becasue of economic benefits resulting from high coefficient
of performance (COP), heat pump systems become desirable devices for heating and
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Fig. 3.1 Key elements of
sustainable energy
development
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cooling purposes [1]. Heat pump technology enables the use of air, water, or other
renewable energy sources to generate required heating and/or cooling with elec-
trical power input. The COP is a key indicator for energy efficiency. The COP and
energy efficiency are associated positively. Sustainable energy development involves
three major areas, i.e., energy saving on demand side, efficiency improvement, and
replacement of energy sources by various source of renewable energy [2].

In designing heat pump system for indoor comfort, it is desirable to integrate
the concepts of sustainable energy development (as shown in Fig. 3.1). Using
advanced heat pump technologies, the areas of sustainable energy development can
be addressed:

• Demand for energy: The system design should reduce the demand for energy
whenever possible. The technique of free cooling is an example for energy saving.
Free cooling is an economicalmethod to use door air as a free cooling source.When
the ambient air temperature reaches a certain temperature level, the ventilation
system increases the fresh air flow rate through the free cooling system, which
reduces the power consumption.

• Energy efficiency: In heat pump system design, energy improvement can be done
in various ways. Researchers are working hard on efficiency improvement. Key
area is fully utilizing the energy to avoid heat rejection and reduce waste heat.
Examples include use heat pump to generate both cooling and heating simulta-
neously for space cooling and water heating or use recovery heat from air cool-
ing/dehumidification for space reheat and water heating.

• Greenhouse emission: Greenhouse gas absorbs and emits radiant energy within
the thermal infrared range causing greenhouse effect by trapping heat and making
the planet warmer. Key sources of greenhouse gas include burning fossil fuels and
using gas boiler heating. Heat pumps offer a promising opportunity to help achieve
deep decarbonization of building sector. Using heat pump can expect emission
reductions over its life of between 50 and 70% compared to conventional gas
alternatives [3].

Sustainable energy can be achieved through improved energy efficiency with high
COP. According to UN’s Brundtland Commission (term in 1987), sustainability is
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defined as “meeting the needs of the present without compromising the ability of
future generations to meet their own needs.” Sustainable energy concerns about
finding efficient and renewable source of energy to meet the needs of present and
future generations. Sustainable energy is not only naturally replenished, but also
causes no harm to the environment. In the case of using heat pump for cooling
and heating with high COP, heat pump technology enables the use of renewable
aerothermal or hydrothermal as source to generate heat and/or cool energy at a
useful temperature level to comfort buildings.

3.2 Building Performance

Using heat pump to generate heating and cooling is energy efficient as heat pump
technology allows the use of renewable energy as heat source and requires less input
power to perform the functions of heating and cooling. Buildings in general consume
more than one-third of global total energy, and therefore, there is a strive to achieve
higher energy efficiency in buildings. For instance, there are studies on energy saving
on temperature set point. Results suggest that raising setpoint temperature (SPT)
contributes to reduction in energy consumption.

According to Yang et al. [4], the following studies conducted on change of SPT
in office buildings:

Researcher(s) Measure Results

Chow and Lam [5] Raise SPT from 21.5 to
25.5 °C in summer

Cooling energy reduced by
25%

Zmeureanu and Doramajian
[6]

Raise SPT from 24.6 to
25.2 °C from 9:00 to 15:00
and up to 27 °C from 15:00 to
18:00

Chilled water consumption
reduced by 34–40%

Sekhar [7] Raise SPT from 23 to 26 °C Cooling energy reduced by
13%

Nicol and Roaf [8] Change from 26 °C SPT to
variable indoor design
temperature (TC = 17 +
0.38TO)a

Energy saving of 20–25%

Mui and Chan [9] Change SPT from 24 °C to
adaptive comfort temperature
(TC = 18.303 + 0.158TO)a

Total percentage of energy
saving is about 7%

Roussac [10] Static (raise SPT 1 °C higher)
and dynamic (adjust SPT in
response to ambient
conditions)

Electricity consumption
reduced by 6% (static) and
6.3% (dynamic)

awhere TC is comfort temperature and TO is outdoor temperature
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Fig. 3.2 Three dimensions
of building performance
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Although energy efficiency is the priority for green buildings, there are other key
components to examine. As shown in Fig. 3.2, building performance consists of three
dimensions, i.e., health, comfort, and efficiency [11]:

• Efficiency: Building performance often associated with energy efficiency. In gen-
eral, building performance makes up of positive and negative effects on perfor-
mance. Negative effects involve discomforts or health risks. Airtight building leads
to lower energy consumption and makes for higher energy efficiency. However,
insufficient ventilation results in excessive carbon dioxide and accumulation of
pollutants.

• Health: Building also brings out health challenges including obesity and asthma,
leading to sick building syndromewith common disease caused improper designed
and ventilated buildings. On the other hand, building can promote health positively
by improving indoor air quality, providing better lighting, and selecting environ-
mental materials.

• Comfort: From the perspective of building performance, components of com-
fort include thermal comfort and visual comfort. Factors affecting thermal comfort
are air temperature, air humidity, and air flow. On the other hand, visual comfort
consists of lighting, outside view, and exterior shading.

Building performance involves not only energy efficiency but also indoor
environmental quality. A holistic approach comprising “energy efficiency—
thermal comfort—indoor air quality” is essential to examine building perfor-
mance [12]. Indoor environmental quality extends indoor air quality (IAQ),
indoor thermal comfort, visual comfort, and other factors (e.g., acoustical qual-
ity) affecting the quality of indoor environmental. As shown in Fig. 3.3, it is
essential to use an integrated approach to take measures during the design,
installation, and operations stages to ensure the quality of indoor environment.
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Fig. 3.3 Integrated approach
of indoor environmental
quality assurance
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• Measures during design stage include:

– Use effective ventilation system,
– Provide enough fresh air,
– Apply negative/positive pressure appropriately, and
– Use efficient air filter.

• Measures during installation stage include:

– Supply and install equipment according to the specification,
– Keep equipment/materials packed and stored appropriately,
– Cover duct opening, and
– Perform effective housekeeping.

• Measures during operations stage include:

– Keep air vents clear,
– Report any leaking immediately,
– Perform proper maintenance and conduct repairing when needed, and
– Dispose all wastes appropriately.

3.3 Sustainability Challenges

The energy performance is a key concern for sustainable development. According to
the European Commission, heating and cooling in buildings account for almost half
of the energy consumption in the regions of European Union (EU). In response to the
sustainability challenges, the EU has issued the 2030 climate and energy framework
with the following targets for 2030: (1) at least 30% share for renewable energy and
(2) at least 30% improvement in energy efficiency

EU also provides several suggestions for energy saving:

• Reduction in the energy consumed by heating and cooling in buildings can be
achieved through the adoption of advanced materials in renovating buildings to
prevent heat losses and heat gains.

• Energy consumption can be reduced by providing better data for analysis and
advanced control system for the management of energy use.
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• Energy can be saved by upgrading heating and cooling equipment to the most
efficient level.

• Renewable heating and cooling technologies can cut the use of fossil fuels. In
industry, energy for heating and cooling can be saved with energy-efficient tech-
nologies.

In addition, recent studies on heat pump technology indicate that there are ways
for further improvement in heat pump technologies [13]. Examples include: (1) phase
change by cooling air down to dew point in heat exchanger for dehumidification and
(2) recover latent heat from dew point dehumidification process for space and water
heating. The EU [14] also published “Best Available Technologies for the heating
and cooling market in the European Union.” Heat pump is identified as one of the
technologies for heating and cooling.Due to the capability of producing useful energy
with higher energy efficiency, EU selected heat pump as best available technologies
for heating and cooling for the following applications:

• Heat pump for district heating and cooling
• Heat pump for industry
• Heat pump for service and residential buildings
• Heat pump for heating and cooling in agriculture.

There is a study on “Heat Roadmap Europe” to examine the use of heat pumps
in district heating and cooling systems [15]. The energy efficiency of heat pump is
much higher than electric heater. The heat pump system is incorporatingwaste or free
energy for transformation to higher temperature. The advantage is higher efficiency.
However, there are several parameters affecting the performance of the heat pump
systems. Important parameters include the type of heat pump and the selection of
components, and the designed temperature.

Furthermore, the ambient conditions play a significant role in heat pump perfor-
mance. According to a study conducted by Zhang et al. [16], the COP varies across
the seasons. Figure 3.4 illustrates the positive relationship between COP and ambient
temperature. The COP of heat pump is 4.817 at TO = 25 °C where TO is outdoor
ambient temperature. The COP decreases when TO reduced. COP in winter is 2.61

Fig. 3.4 Relationship
between COP and ambient
conditions

COPwinter
2.61

COP at 25 °C 
4.817

COPsummer
5.66
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(at TO = 0 °C). On the other hand, the COP increases when TO raised. COP in
summer is 5.66 (at TO = 35 °C).

To enhance the overall energy efficiency of heat pump system, following strategies
can be adopted:

• Variable speed drives for fans and compressors: Compressor and fan capacities
can be reduced to save energy by using variable speed drives to control their speed.
Operating at varying loads by using variable speed, both peak and off-peak energy
costs can be obtained.

• Dedicated outdoor air system: The dedicated outdoor air system uses a separate
air handler to process the fresh air from outdoor instead of directly delivering to
indoor space. It is particularly effective in buildings with multiple spaces with
different ventilation requirements. It allows the separation of the latent load from
the sensible load to provide accurate humidity control and save energy.

• Supply air system control: Free cooling can be used for supply airwhen the outdoor
ambient condition is suitable for thermal comfort. Free cooling is an economical
method of using external air as supply air.

• Demand control ventilation: Demand control ventilation is an adjustment on ven-
tilation equipment based on the occupant demand. This is a modulation method to
regulate the fresh air flow rate according to data from sensors or time schedules.

3.4 Efficiency of HVAC Subsystem

In the framework of the EU’s Smart Cities Initiative, cities are expected to develop
innovative measures to substantially reduce energy consumption and greenhouse
gas emissions through improvement on energy efficiency. Energy efficiency indica-
tor become hot topic to explore in the building services industry. Heat pump systems
provide an alternative solution to recover heat from different sources for usage in
various green building applications. Some recent research efforts have improved
the energy efficiency of heat pump remarkably. Furthermore, the cutting-edge com-
pressor technology provides potential to reduce energy consumptions of heat pump
systems by as high as 80% [17]. Using heat pumps in HVAC systems can improve
overall energy efficiency substantially. Heat pumps in HVAC system perform the
functions of ventilation, cooling, and heating through air transport via air ducts and
water transport via water pipes. Ventilation can also be done through air transport. As
shown in Fig. 3.5, HVAC (heating, ventilation, and air-conditioning) systems include
four subsystems to provide heating, cooling, and ventilation services. The four sub-
systems are heat generation, cool generation, air transport, and water transport.

Accurate forecasting of energy consumption in a building is an important tool to
achieve the objectives of reducing energy demand and improving energy efficiency
[18]. To examine the energy efficiency indicator, Lombard et al. [19] propose four
equations to determine the energy efficiency of the four subsystems:
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Fig. 3.5 Subsystems and services of HVAC

The efficiency (η) of cool generation (CG) is defined as the ratio of the sum of
thermal energy demands (D) on cool generators (cool generation real demand) to the
energy consumption (C) of cool generation and heat rejection equipment:

ηCG = DCG/CCG (3.1)

The efficient (η) of heat generation (HG) is defined as the ratio of the sum of
thermal energy demands (D) on heat generators (heat generation real demand) to the
sum of their energy consumption (C):

ηHG = DHG/CHG (3.2)

The efficiency of water transport (WT) can be enhanced by minimizing the distri-
bution losses (both thermal energy and fluid leakage) and reducing the energy use of
pumps and accessories. Hence, the specific consumption (SC) in terms of energy use
per unit of water volume (VW) is the best indicator to examine transport efficiency.

SCWT = CWT/VW
[
in kWh/m3

]
(3.3)

Similarly, the energy efficiency indicator for air transport (AT) is the specific
consumption (SC), energy consumption of fan motor per unit of air volume (VA).

SCAT = CAT/VA
[
kWh/m3

]
(3.4)

The energy consumption (C) of the four systems may be obtained by summing
up the four subsystems:

C = [DHG/ηHG + DCG/ηCG]+ [SCAT × VA]+ [SCWT × VW] (3.5)

The energy consumption (C) is a key energy efficiency indicator. The lower the
value of C, the higher the energy efficiency. There are several advantages of using
the subsystem approach to evaluate energy efficiency:

• It clearly separates the energy use for generation (cooling and heating) from trans-
portation (air and water)
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• It differentiates cool generation and heat generation
• It provides rich information about system performance for further evaluation and
identifies ways for further improvement.

3.5 Generation of Cooling and Heating

Traditional systems use separate equipment for heat generation and cool generation.
Examples are chiller to generate chilledwater for cooling, boiler to generate hotwater
heating, and electric heater for space heating.With advanced heat pump technology, it
is possible to apply heat pump for system optimization [20]. Heat pump systems offer
economical alternatives of recovering heat from air and/or water for use in various
applications [17]. As shown in Fig. 3.6, water-to-water heat pumps and air-to-water
heat pumps are alternatives for cool generation and heat generation. When both
demand for chilled water and demand for hot water exist, water-to-water heat pump
is desirable to use evaporator to generate chilled water for cooling and condenser
to generate hot water for heating. To cope with seasonal fluctuation in demand for
cooling and heating, air-to-water heat pump can be applied to generate chilled water
for cooling in summer or hot water for heating in winter.

There are options to select when using the heat pump systems. Although types of
heat pumps can be classified by several parameters, the most commonly used clas-
sification is based on the heat source and distribution means. As shown in Fig. 3.7,
the basic types of heat pumps are air-to-water heat pump, water-to-water heat pump,
and air-to-air heat pump. Air-to-air heat pump uses air as the source for heat absorp-
tion or heat rejection and air is utilized to distribute useful energy via heating coil or
cooling coil. Air-to-water heat pump uses air as the source for heat absorption or heat
rejection and water is utilized to distribute useful energy via water heat exchanger.
Water to air heat pump uses water system as the source for heat absorption or heat
rejection and air is utilized to distribute useful energy via heating coil or cooling coil.
Water-to-water heat pump uses water system as the source for heat absorption or heat
rejection and water is utilized to distribute useful energy via water heat exchanger.

Cool Genera on & Heat Genera on

TradiƟonal System

Separate equipment for 
heaƟng and cooling 

Heat Pump System

Water to water heat 
pump Air to water heat pump 

Fig. 3.6 Options to provide cooling and heating
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Fig. 3.7 Types of heat pumps

3.6 Water Source Heat Pump

The main difference between the types of heat pump is the sources and the means
of distribution or dispose. Heat source of water source heat pump is water. Water-
to-water heat pump is the most energy-efficient HVAC system. Water-to-water heat
pump is capable to provide both cooling and heating providing the most benefit of
delivering useful energy.Water source heat pump systems can provide indoor comfort
climate in a wide range of building types. Thewater source heat pump recover energy
through a system of pipes. Heat pumps are connected to a common water loop for
heat reject and heat absorb.

Typical benefits of using the water-to-water heat pump systems include cost-
effective, low noise operations, reliable performance, and energy recovery. As the
water-to water-heat pump generates both heating and cooling, balance of energy in
both hot side and cold side is an issue. As shown in Fig. 3.8, the water-to-water heat
pump consists of a source side water-to-refrigerant heat exchanger (i.e., evaporator)
and a load side refrigerant-to-water (condenser) heat exchanger.

In water-to-water heat pump operations, refrigerant-to-water heat exchangers are
connected to hot water for heat generation and chilled water for cool generation.
Figure 3.9 illustrates the water-to-water heat pump connects with both hot water
pipes and chilled water pipes. The source side is typically connected to chilled water
system for cool generation and the load side connected to the hot water system for
heat generation. Two pairs of water pipes are connected. The first pair is hot water
in and hot water out for heating and the second pair is chilled water in and chilled
water out for cooling.

The water-to-water heat pump consists of two heat exchangers (i.e., evaporator
and condenser). The evaporator generates chilled water which connected to chilled
water system. On the other hand, the condenser generates hot water which connected
to hot water system. As hot water is for mainly domestic use (e.g., bathing, food
preparation, washing clothes, and dished), the type of heat exchanger is usually
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Fig. 3.8 Source side and load side of water-to-water heat pump

Fig. 3.9 Water-to-water heat
pump with two water heat
exchangers

double wall. Figure 3.10 illustrates a typical application of water-to-water heat pump
system. Chilled water inlet temperature is 13 °C and outlet temperature is 8 °C with
temperature difference of 5 °C (i.e., �t = 5). The outlet temperature of hot water
can be varied depending on the system design. Typical hot water inlet temperature
is 60 °C and outlet temperature is 65 °C with temperature difference of 5 °C (i.e.,
�t = 5). A water-to water-heat exchanger can be added to connect to the hot water
storage tank.
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Fig. 3.10 Application of water-to water-heat pump

3.7 Air Source Heat Pump

Air source heat pump is an option to provide heating and cooling for buildings. Air
source heat pump absorbs heat from outside air and discharged the heat at higher
temperature to air or water. In general, there are two main types of air source heat
pumps. The first type is air-to-air heat pump absorbing heat from outside air and
transferring the heat directly to indoor space via fan system. The air-to-air heat
pump can operate reversely by rejecting heat to outside air to cool indoor air via fan
system. The other type is air-to-water heat pump to connect the cooling and heating
system. The heat pump can reject heat to outside air to generate chilled water for
cooling in summer and absorb heat from outside air to generate hot water for heating
in winter.

Figure 3.11 illustrates a typical air-to-water heat pumpwith one pair ofwater pipes
for inlet water and outlet water. The air side heat source can perform heat rejection
for cooling generation and heat absorption for heating generation. Depending on the
configuration, there are several operating modes for air-to-water heat pumps:

• Cooling only to generate chilled water
• Heating only to generate hot water
• Reverse cycle option to generate chilled water for cooling in summer and generate
hot water for heating in winter.

The operations of air source heat pump can perform heat recovery. Heat recovery
generally refers to waste heat recovery and utilization. For instance, cooling coil of
the heat pump can cool air to below dew point for dehumidification and generate
latent heat. The latent heat recovered from coiling coil can be recovered as heat
source for space reheat or water heating.

Heat pump operations with heat recovery function can be an example of adoption
of the principle of 3R, i.e., reduce, reuse, and recycle [21]:
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Fig. 3.11 Air-to-water heat pump

• Reduce: The first step is to prevent the generation of waste by reducing at source.
The use of heat pump can significantly reduce electricity use.

• Reuse: The waste heat should be recovered and reused. In heat pump operations,
latent heat generated from cooling coil can be recovered and utilized for space
reheat or water heating.

• Recycle: Recycling is taking a product at the end of its useful life and turning it
into a usable product. The heat pump system is a useful recycle process to transfer
energy from return air stream to supply air steam.

In general, heat pumps operations use a smaller amount of electricity than tradi-
tional heating and cooling system. Standard air source heat pump can extract useful
heat at any temperature above absolute zero.Advanced air source heat pumpdesigned
specially for very cold climate which can extract useful heat from low ambient air
temperature [22]. Air source has become popular due to several factors. First, air
source heat pumps use air as primary air sources. Next, air source heat pump can
provide cooling in summer and heating in winter. Besides, it is not necessary to
provide fuel storage. Furthermore, it is easy to install as most of the air source heat
pumps are packaged units.

However, there are limitations in using heat pumps. The efficiency of heat pumps
drops as outdoor temperature falls. Supplementary or backup heat may be required
to provide indoor comfort when the outdoor temperature is extremely low. Besides,
heat pump system may temporarily switch to reverse operation to defrost the coils.
It is essential to take it into account when sizing the heat pump system. Furthermore,
heat pumps system takes longer time to respond to the change in demand. It may not
fully meet the quick response demand for indoor comfort. All these factors need to
be considered when designing the heat pump system.
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Part II
Heating and Cooling



Chapter 4
Air Handling Unit

Nomenclature

F Flow rate
H Humidity
O Output
T Temperature

Subscript

cc Cooling coil
ea Exhaust air
fa Fresh air
hc Heating coil
ma Mixing air
ra Return air
oa Outdoor air
sa Supply air

4.1 AHU and Indoor Air Quality

Ventilation of buildings is accomplished by circulating fresh air fromoutdoor through
the building and exhausting indoor air. Ventilation is important in indoor air quality.
Researchers also conduct studies to examine the association between ventilation
and health of occupants [1]. There are various standards to determine acceptable
ventilation flow rate. Examples include l/s per person, air change per hour (ACH), or
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CO2 concentration level in ppm (parts per million). Ventilation requirement in terms
of fresh air flow rate is directly related to energy consumption. Hence, it is essential
to optimize the fresh air flow rate and energy consumption.

Increased ventilation can improve indoor air quality which negatively affects
sick building syndrome (SBS) symptoms. Fanger [2] proposed principles of HVAC
operations:

• There is a strong economic incentive to enhance ventilation and improve air quality
as better air quality results in higher productivity.

• The most effective way to improve indoor air quality is to avoid indoor air pollu-
tion through ventilation. Other means (e.g., air filter) can also be implemented to
enhance indoor air quality.

• Maintain a moderately indoor air temperature and humidity decrease the required
level of ventilation.

• The concept of “personalize air” should be applied by a providing small amount
of clean air to serve at zone where it is consumed.

• Customized individual thermal control should be provided to meet personal dif-
ferences in thermal preference.

While thermal comfort and ventilation are important, the increase in energy cost
due to higher ventilation requirements need to address. Energy is required to pro-
cess fresh air intakes from outdoor. There are numerous studies on the relationship
between indoor temperature and energy savings for air handling. Examples include
Kuisak and Li [3] recommended to minimize cooling outputs to reduce energy con-
sumption and Fong et al. [4] investigated supply air temperature setpoint optimization
for energy saving. Air handling unit (AHU) is one of the most important equipments
in HVAC (heating, ventilation, and air-conditioning) particularly in large-scale build-
ings for providing both heating and cooling for multiple zones. There are two com-
mon types of AHU systems, i.e., constant air volume system (CAV) and variable air
volume system (VAV). The CAV system supplies constant air flow to a conditioned
zone under all conditions. The VAV system modulates the air flow rate according to
the variation of building loads. In the VAV system, the supply fan is equipped with a
variable frequency drive (VFD) to adjust air flow when the load condition changes.

4.2 Key Components of AHU

AHU operations not only significantly impact supply air temperature and humidity
levels, but also the energy consumed for heating, cooling, and ventilation. AHUoper-
ations greatly affect building energy use, thermal comfort, and health of occupants.
In addition, to control building ventilation intake, AHUs connect primary heating
and cooling plants with building zones [5]. To perform ventilation functions, various
dampers are provided to connect to air ducts including return air duct, exhaust air
duct, fresh air duct, and supply air duct [6].
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Fig. 4.1 AHU operations

Themain categories of heat pump systems are water–water, water–air, and air–air.
Air distribution system is usually used in the system as air temperature and humidity
are controlled by supply air to the conditioned spaces [7].AHUaims to remove energy
from or add energy to airstreams before supplying to conditioned spaces [8]. AHU
also distributes processed air to various conditioned spaces in a zone or zones. Key
components of AHU include fans, heating/cooling coils, and dampers. DX (direct-
expansion) AHU includes refrigerant circuits with components of compressor and
expansion valve. Figure 4.1 illustrates the AHU operations with ventilation system
with the return air flow in the AHU, part of the returned air exhaust to outdoor
and certain amount of fresh air flow into the system. The mixed air is then passed
through the air filter. Processed air is then supplied to indoor air after passing through
the heating and cooling coils perform the heating to provide occupants with indoor
thermal comfort.

In addition to air distribution, the key function ofAHU is air-conditioning. The two
main types of central air-conditioning systems are water type and direct expansion
(DX) type of central air-conditioning plant. Inwater type, the air-conditioning system
is integrated with chilled water and hot water system. In DX type, the air is cooled or
heateddirectly by the refrigerant in the cooling coil andheating coil of theAHU.Since
the air is cooled/heated directly by the refrigerant, the cooling/heating efficiency of
DX plant is higher for small and medium plant. For large plant, chilled water system
has higher efficiency.

There are threemain categories of heat pump systems, i.e., water–water, water–air,
and air–air. In HVAC system, air temperature and humidity are controlled by sup-
ply air to the conditioned spaces [7]. AHU aims to provide cooling or heating to
airstreams before supplying to conditioned spaces [8]. AHU also distributes pro-
cessed air to various conditioned spaces in a zone or zones. Key components of
AHU include fans, heating/cooling coils, and dampers.
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4.3 Operating Modes

AHUgenerally includes heating coil and cooling coil for heating and cooling in order
to keep indoor room temperature at the pre-setpoint for thermal comfort. AHU also
performs the function of ventilation to delivery supply air to indoor room to ensure
air quality. There are various AHU operating modes. The four typical modes are
DX (direct expansion) heating, economizer cooling, DX cooling, and DX cooling
with ventilation [9]. Figure 4.2 illustrates the air distribution system of AHU. When
return air flow from indoor room to the AHU, a certain among of air is exhaust to
outdoor. Then fresh air from outdoor is mixed with the returned air. The mixed air
passes through air filter. The air is then processed via cooling/dehumidification coil
and heating coil before supply to the indoor room.

Mode 1: DX heating consists of the operations of heating coil and supply air. In
DXheatingmode, the heating coil is controlled tomaintain the supply air temperature
at the setpoint. The output of heating coil (Ohc) is the function of mixing air (ma)
temperature (T ) and flow rate (F) of supply air (sa):

Ohc = f (Tma, Fsa) (4.1)

Mode 2: Economizer cooling is desirable when the outdoor air is comfortable for
free cooling. This is free cooling because economizer cooling uses 100% outdoor air
to meeting the indoor cooling requirement. In the operations of economizer cooling,
both heating coil and cooling coil are not operated. In this operating mode, the
economizer system adjusts the outdoor damper and return air damper to modulate
air flow to match cooling capacity against cooling load requirement.

Mode 3: DX cooling consists of the operations of cooling coil and supply air. In
DXcoolingmode, the cooling coil is controlled tomaintain the supply air temperature
at the setpoint. The output of cooling coil (Occ) is the function of mixing air (ma)
temperature (T ), humidity (H) of return air (ra), and flow rate (F) of supply air (sa):

Occ = f (Tma, Fsa, Hra) (4.2)

Fig. 4.2 AHU ventilation system
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Mode 4: DX cooling with ventilation (fresh air intake and exhaust air discharge)
consists of the operations of cooling coil and supply air. In DX cooling mode, the
cooling coil is controlled to maintain the supply air temperature at the setpoint. At
the same time, the fresh air damper is controlled to provide the amount of outdoor
air at the pre-set fresh flow rate. The exhaust air is discharged via exhaust air duct
to maintain air flow balance. The output of cooling coil (Occ) is the function of
temperature (T ) mixing air (ma), flow rate (F) of supply air (sa), and humidity (H)
of return air (ra) and outdoor air (oa):

Occ(with fresh air intake) = f (Tma, Fsa, Hra, Hoa) (4.3)

In controlling the indoor humidity level, there are various methods for dehu-
midification. The most common method in heat pump system is dew point cooling
which removes moisture from air by cooling the air temperature below the dew point.
During the cooling and dehumidification process, the dry bulb temperature, the wet
bulb temperature, and the dew point temperature of air reduce. The sensible heat and
the latent heat of the air also reduce to lower the enthalpy of the air.

4.4 Cooling and Heat Rejection

The functions of AHU include air mixing, air filtering, heating, cooling, dehumidi-
fication, or humidification. Air supply to a building is also performed by AHU. The
ventilation system includes the operations of supply air (sa), return air (ra), exhaust
air (ea), and fresh air (fa). The system starts with supply air delivery.

The supply air (sa) flow rate (F) is:

Fsa = Fra−Fea + Ffa (4.4)

As shown in Fig. 4.3, dampers are used to regulate the flow of fresh air (fa) and
exhaust air (ea) in and out of the AHU. The air manipulation of AHU is through
return air (ra) as inlet and supply air (sa) as outlet. The mixed air (i.e., ra − ea +
fa) is filtered via air filter and perform cooling or heating before distributing to the
indoor space.

The coiling coil of AHU performs dehumidification by cooling the air down to
the dew point. The latent heat generated from the dehumidification can be recovered
for air reheat. Excess heat is rejected via remote condenser. Remote condensers
can perform heat rejection by top discharge or side discharge depending on the
configuration. Figure 4.4 illustrates the two common types of remote condensers.
Remote condenser connects with the AHU via refrigerant pipes (i.e., liquid pipe and
suction pipe).

The remote heat exchanger can act as remote condenser to perform heat rejection
to outdoor air or remote evaporator for heat absorption from outdoor air. In vapor
compression cycle, remote condenser is generally used for rejecting excess heat
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Fig. 4.3 Air dampers of AHU

Fig. 4.4 Remote heat exchanger

generated. The total heat of rejection of remote condenser is the sum of the cooling
capacity of the compressor(s) and the power input to the compressor(s). The power
consumption of the remote heat exchanger is fan power. The higher the ambient
temperature, the higher the temperature of air-cooled condenser. High condenser
temperature decreases cooling capacity of the refrigeration cycle. These two effects
decrease the performance of the air-conditioning system as increasing the condenser
temperature increases the pressure ratio across the compressor(s) leading to higher
power consumption [10].



4.5 Dehumidification 57

4.5 Dehumidification

HVAC systems, which included space cooling and dehumidification, space heating,
and ventilation, account for nearly 40% of the total energy consumption in commer-
cial building sector [11]. When designing, installing, and operating a HVAC system,
it is essential to use an integrated approach to ensure all stages of operations are
considered to maximize heat recovery and minimize heat rejection.

Figure 4.5 illustrates a heat pump as AHU system. Air distribution includes return
air from indoor, exhaust air to outdoor, and fresh air from outdoor. Air filter is
provided to purify air before supply the mixing air to cooling/heating coils and
processed air to indoor room. DX cooling coil and reheat coil are installed to provide
cooling and dehumidification. In the process of dehumidification with heat pump,
the cooling coil acts as the evaporator and the heating coil acts as a condenser. The
pre-processed air first flows through the cooling coil where it is dehumidified below
dew point, then the air flows through a heating coil where it is heated up to the
set point of supply air [12].

In using the DX cooling coil for dehumidification, latent heat is recovered from
cooling and dehumidification for DX heating coil to provide space reheat. When
the heat generated from the dehumidification is larger than that required to heat
the supply air [13], heat rejection device is necessary to reject the surplus heat. To
minimize the heat rejection, a hot water coil can be installed to utilize the recovered
heat for water heating for domestic use.

In addition to using DX cooling coil for dehumidification, desiccant dehumidi-
fication is another common method. Desiccant materials attract moisture from air.
Desiccant air-conditioning system can be classified into two categories: (1) solid
desiccant system which consists of fixed bed type and rotary wheel type and (2) liq-
uid desiccant system. The first patent on rotary desiccant air-conditioning cycle was
introduced in the 1950s [14]. Studies on rotary desiccant were conducted since the

Fig. 4.5 Heat pump as AHU
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1960s [15–17]. The rotary desiccant air-conditioning system, with the advantages of
less subject to corrosion and can work continuously, has been widely used.

The operating principle of rotary desiccant dehumidifier consists of process air
side and regeneration air side. The process air is dried by the desiccant, and the
regeneration air is humidified at the same time. According to La [18], there are
different type of system configurations for the operations of desiccant rotary wheel
including ventilation cycle and recirculation cycle:

• Ventilation cycle [14] with process air side from ambient air to supply air, and
regeneration air side from return air to exhaust air.

• Recirculation cycle [19] with process air side from return air to supply air, and
regeneration air side from ambient air to exhaust air.

Figure 4.6 illustrates an example of the inlet and outlet of process air and regen-
eration air of desiccant rotary wheel. In the process air side, the return air passes

Fig. 4.6 Operations of rotary desiccant dehumidifier
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Fig. 4.7 Hybrid AHU integrated desiccant rotor

through air filter and process air fan, air is then dried by the desiccant rotor due to the
absorption effect of the desiccant material. Air filter is including in the process air
side to ensure air is clean before supply to the indoor room. In the regeneration air
side, the ambient air passes through the air filter, electric heater, and desiccant rotor,
the moist air is then exhausted to the outdoor. Air filter is included in the regeneration
air side system to ensure outdoor air is clean before passing through the desiccant
rotary wheel.

There aremany investigations on hybrid desiccant air-conditioning system includ-
ing integration of rotary desiccant dehumidification with AHU [20]. Figure 4.7 illus-
trates an AHU system with desiccant rotor. The mixed air is first dehumidified by the
rotary desiccant dehumidification system to the required humidity level. The chilled
water coil for sensible cooling and the hot water coil for sensible heating are installed
in the AHU. This hybrid system can be applied to buildings with requirement on very
low humidity level. There are several advantages of using the hybrid system. First,
the absorption capacity of desiccant is high with the capability to perform dehumid-
ification to a very low humidity level. Another advantage of the hybrid system is
to use high COP equipment for sensible heating and cooling. Separate equipment
to treat the latent load and the sensible load can increase the overall COP when the
required relative humidity level is lower than 40%.

In addition to dehumidification, the hybrid AHU provides the function of air
handling. As shown in Fig. 4.8, the AHU with dampers to connect fresh air (fa),
exhaust air (ea), and return air (ra). After the air mixing and handling, the processed
supply air (sa) is disturbed to the indoor. There are two stages of air handing. Stage
1 aims to handle latent load to remove moisture and stage 2 aims to handle sensible
load to supply air at set point temperature.
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Fig. 4.8 Schematic of air flow and water pipe connection

4.6 Case Study—Cold Vault

The AHU is designed for cooling and dehumidification system in the cold vault of a
heritage conservation and resource center. The design procedure includes calculation
of cooling loads and selection of equipment type of the AHU. The design indoor air
temperature is 4 ± 1 °C and the relative humidity is 35 ± 5%. Table 4.1 shows the
cooling load calculation includes zone (i.e., envelope, lighting, and occupant) and
ventilation loads. The zone and ventilation load can be further categorized as sensible
load and latent load.

The design of the cooling and dehumidification system is based on the load cal-
culation. Since the indoor design air temperature and humidity are set at a relatively
low level, the sensible load and latent load are handled separately. An independent
coil (cooling coil 3 with cooling capacity of 60.03 kW) is used for zone sensible
cooling. The use of two independent systems for indoor air handling is more energy
efficient.

Figure 4.9 provides a schematic of the cooling and dehumidification system for
the cold vault. The two independent systems are:

– Zone sensible cooling: An independent air circulation system (i.e., return air from
cold vault and supply air to cold vault) is used for sensible cooling. Cooling coil
3 is used for zone sensible cooling.

– Cooling and dehumidification system: The outdoor air passes through cooling coil
1 for preliminary cooling and dehumidification. Then desiccant rotor 1 handles
the rest of the moisture. The indoor air returns to desiccant rotor 2 and mixing with
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Table 4.1 Cooling load calculation

Envelope Dimension U-value
(W/m2/k)

Indoor
temp.
(°C)

Outdoor/Adjacent
space temp. (°C)

Total
load
(kW)

Width
(m)

Height
(m)

External
wall

15 5.4 2.9 4 35 7.28

Internal
wall

49 5.4 2.9 4 35 23.79

Ceiling 240 m2 2.9 4 22 12.53

Floor 240 m2 2.9 4 22 12.53

Item Area Lighting power density (W/m2) Total load (kW)

Lighting 240 m2 15 3.60

Item Nos. of occupants Human sensible
load (W)

Human latent load
(W)

Total load (kW)

Human 4 75 55 0.52

Item Fresh air
flow
(m3/s)

Indoor
temp.
(°C)

Indoor
RH (%)

Outdoor
temp.
(°C)

Indoor
RH (%)

Sensible
load
(kW)

Latent
load
(kW)

Ventilation 0.04 4 35 35 80 1.52 3.39

Zone load Ventilation load

Sensible load (kW) Latent load (kW) Sensible load (kW) Latent load (kW)

60.03 0.22 1.52 3.39

Cooling
coil 1

Cooling
coil 2

Cooling
coil 3

Desiccant
rotor 1

Desiccant
rotor 2

Outdoor
air

The cold vault

A B C D

E

F

Air temp.: 4±1oC
RH: 35±5%
Sensible load: 60.03 kW
Latent load: 0.22 kW

Fig. 4.9 Schematic of cooling and dehumidification system
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the processed air from desiccant rotor 1. The mixed air passes through cooling coil
2 for cooling and then supply to the indoor cold vault.

Figure 4.10 and Table 4.2 show the air handling process and the air conditions at
different points:

– The outdoor air goes through cooling coil 1 to remove a part of moisture load and
cooling load in the outdoor air (i.e., from outdoor air to point A).

A

B 

Outdoor air

E 

F C D B

Fig. 4.10 Air conditions at different points in psychrometric chart
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Table 4.2 Summary of air conditions at different points and cooling coil load

Air handling
points

Outdoor air A B F E C D

Dry bulb
temp. (°C)

35 11 27.29 4.72 4 7.38 4

Relative
humidity
(%)

80 100 7.85 33.31 40.1 28.13 35

Moisture
content (kg
water)/(kg
dry air)

0.02946 0.00831 0.00178 0.00178 0.00204 0.00178 0.00178

Enthalpy
(kJ/kg dry
air)

110.767 32.001 32.001 9.151 9.151 11.895 8.498

Volumetric
flow rate
(m3/s)

0.04 0.04 0.04 0.3 0.3 0.34 0.34

Cooling load for coil 1 (A → B) (kW) 3.61

Cooling load for coil 2 (C → D) (kW) 1.31

– Due to the limited moisture removal capacity of cooling coil, the dew point tem-
perature of air point A is 11 °C.

– After cooling coil 1, the moisture content in the air is still above the required level.
The restmoisture needs to be handled by desiccant rotor 1. Through desiccant rotor
1, the moisture content in the air is lower to indoor air design moisture content
(i.e., from point A to point B), and the enthalpy between point A and point B is
the same.

– The desiccant rotor 2 is used to remove occupant latent load in the cold vault (i.e.,
from point E to point F). Therefore, the moisture content in the air after desiccant
rotor 2 is equal to indoor air design moisture content, and the enthalpy between
point E and point F is at the same level.

– Through the dehumidification system, the processed air from outdoor air (point
B) is mixed with return air (point F) and becomes the air mixture (point C).

– By the two desiccant rotors, latent load is turned into sensible cooling load, which
is handled by cooling coil 2 (from point C to point D).

– Thus, the air temperature of the air (point D) is lower to 4 °C which meets indoor
air design temperature.
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Chapter 5
Total Energy Heat Pump

Nomenclature

A Area
COP Coefficient of performance
Cp Specific heat
dp Total pressure
Ė Energy rate
h1 Specific enthalpy at stage 1
h2 Specific enthalpy at stage 2
h3 Specific enthalpy at stage 3
h4 Specific enthalpy at stage 4
�h (h2−h1) Enthalpy difference stage 2 and stage 1
HR Heat rejection
ṁ Mass flow rate
η Efficiency
q Air volume delivered
Q Output capacity
Q̇ Heat transfer rate
U Overall heat transfer coefficient
W Power input (W)
Ẇ Power
Ẇi Compression indicated power

Subscript

comp Compressor
cond Condenser
dest Destroy (or destruction)
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fan Fan
eva Evaporator
ht Heat exchanger
in Inlet (or input)
out Outlet (or output)
r Refrigerant
w Water

5.1 Heat Rejection and Heat Absorption

The application of heat pump system in buildings has gained popularity and is a
competitive solution compared with traditional heating and cooling systems [1].
Heat pump generates heat by transporting heat from cool outdoors into indoors for
heating. Despite the name, heat pumps do a lot more than heating. Heat pump can be
air-conditioning units that generating cooling in summer to provide thermal comfort
for occupants. In addition to generate air cooling and air heating, heat pumps can
provide chilled water for chiller and hot water for water systems. Heat pump can also
perform dehumidification and integrated with various HVAC (heating, ventilation,
and air-conditioning) equipments. Classification of heat pump generally based on
heat source and delivery means [2]. Air-to-air heat pump uses air as both the heat
source and the delivery mean to building. Air-to-water heat pump utilizes air as heat
source to generate chilled water for cooling or heat water for heating.

Air source heat pump system is the most commonly installed heat pumps.
Recently, the advanced technology has improved the performance of heat pump and
makes air source heat pump viable for colder regions. However, an auxiliary heat-
ing system may be needed as backup if outdoor ambient temperatures drop below
the design capacity level. Air source backup heating can utilize low cost equipment
including electric heating or gas furnace. Air source heat pump consists of two parts,
i.e., an air handler and a heat pump (with compressor, expansion valve, evaporator
and condenser). A refrigerant circulates between evaporator and consender through
piping to absorb and release heat as it moves back and forth.

Extensive works have been conducted in testing an array of new refrigerant mix-
tures to improve energy efficiency and operations of heat pump [3]. Examples include
Comakli et al. [4] examined R404A, Liu et al. [5] investigated R407C, and Han et al.
[6] studied R410A. According to Chen [7] found that compressors use R410A runs
cooler. It means that heat pump systems use R410A consumes less energy with the
same level of output which comparing with other refrigerant. R410A also absorbs
and releases heat more efficiently with potential to reduce heat exchange size.

Heat pump is a large device moving heat from one place to another. In heating
mode, air source heat pump absorbs heat from the outdoor and releases heating in
forms of hot air and/or hot water to provide indoor thermal comfort. As shown in
Fig. 5.1, air coil of air-to-water heat pump performs heat absorption and generates
hot water for heating to provide indoor comfort climate.
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Fig. 5.1 Air-to-water heat
pump for heating

In cooing mode, air source heat pump rejects heat to the outdoor and releases
cooling to provide indoor thermal comfort. As shown in Fig. 5.2, air coil of air-to-
water heat pump performs heat rejection when the air-to-water heat pump generating
chilled water for cooling. Air source heat pumps can perform cooling function by
generating chilled water to provide comfortable indoor environment. Waste heat
from cooling system is rejected via air coil. Waste heat can be recovered in some
heat pump systems for space heating or water heating.

Heat rejection (HR) is the total amount of heat energy (Q) transferred from the
cool side to the hot side, plus the power input of compressor (W comp) of the system.
The calculation of the capacity of the air-cooled condenser is based on the total heat
of rejection of the refrigeration system:

HR = Q +Wcomp (5.1)

5.2 Power Input and Performance

Key components of air source heat pump consist of compressor, expansion valve,
fan, evaporator, and condenser. In the operations of air-to-water heat pump, the
heat source is air. To operate the heat pump for heat generation or cool generation,
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Fig. 5.2 Air-to-water heat
pump for cooling

power input (W ) is required for compressor (comp) and fan (fan). The total power
consumption of air-to-water heat pump is:

W = Wcomp +Wfan (5.2)

According to Lu et al. [8], the efficiency of fan (ηfan) is beaded on total pressure
(dp), air volume delivered by fan (qfan), and power used by fan (W fan):

ηfan = dp× qfan/Wfan (5.3)

Wfan = dp× qfan/ηfan (5.4)

In heatingmode, heat pumpwater heating systemsgenerate hotwater for space and
water heatingwith highCOP.While air water heat pump uses air as heat source, water
source heat pump uses water as heat source. The heat pump absorbs heat at lower
temperature and transfers it via heat exchanger at higher temperature. The energy con-
sumed to drive the heat pump system is relatively small proportion (approximately
30%) of the transferred energy [9]. Water source heat pumps can utilize closed-loop
pipes and heat exchangers for heat exchange. This process removes or absorbs heat
for heating or cooling. The difference between water-to-water heat pump and air-to-
water heat pump is that the heat source is water instead of air. Figure 5.3 illustrates
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Fig. 5.3 Water-to-water heat pump

a water-to-water heat pump to provide both cooling and heating. The chilled water
heat exchanger generates chilled water for cooling and the hot water heat exchanger
generates hot water for heating at the same time.

Heat exchanger is a key component of heat pump. The number of transfer unit
(NTU) model is one of the main methods of modeling a heat exchanger. The NTU
model approach is developed from thewater-cooled condenser and can be transferred
to other heat exchangers including intercooler, economizers, and evaporator using
their configuration and properties of working fluids (i.e., air, refrigerant, and water).

The NTU model is a useful method to calculate heat transfer rate of water (w)
heat exchanger (ht). According to Bertsch and Groll [10], the variables to determine
the NTU are the overall heat transfer coefficient (U), area of heat exchanger (A),
specific heat capacity (Cp), and mass flow rate (ṁ):

NTUht = U Aht/Cpwṁw (5.5)

While NTU is useful to examine heat exchanger, there are other studies focus
on the investigation of overall performance. To examine the overall coefficient of
performance (COP) of the heat pump, Hajidavalloo and Eghtedari [11] developed
the following equations to examine the overall performance based on output (W ) and
power input (Q):



70 5 Total Energy Heat Pump

COP = Q/W (5.6)

5.3 Energy and Exergy

Energy and Exergy are fundamental to determine the quantity and quality of the
system performance. The first law of thermodynamics states that energy cannot be
created nor destroyed but it can be change from one form to anohter form. Energy
analysis illustrates the energy balance at inlet and outlet of the system. However,
energy analysis does not examine wastes due to thermodynamics losesses. To deal
with system inefficiencies, exergy analysis examines the qualities of energies flow
througy the system. Based on the second law of thermodyamics, exergy analysis
aims to identify energy loss to examine system degradation. Energy analysis and
exergy analysis are important in investigating vapor compression refrigeration sys-
tem. Energy analysis aims to examine heat flow, capacity, and power consumption.
Exergy is a measure of the maximum useful work that can be done by a system
interacting with ambient at constant pressure and constant temperature. Exergy anal-
ysis is essential when conducting energy analysis [12]. According to Hepbasil and
Kalinci [13], the mass balance equation of a heat pump system can be expressed as
mass flow (ṁ) on input (in) and mass flow (ṁ) of output (out):

∑
ṁ in = ṁout (5.7)

The energy (Ė) and exergy (ĖX) balance can be expressed at the total energy
inputs equal to the total energy outputs and total exergy inputs equal to the total
exergy outputs, respectively,

∑
Ėin =

∑
Ėout (5.8)

∑
Ė X in =

∑
Ė Xout (5.9)

The refrigerant cycle conducts a heat transfer process from a low temperature
source to a higher temperature source [14]. As shown in Fig. 5.4, the process consists
of four stages:

• Stage 1: The refrigerant fluid enters the compressor as saturated steam, as a result
of mechanical compression process; the compressor increases the temperature and
pressure of the refrigerant as superheated gas.

• Stage 2: Thefluid enters the condenser to exchange heat and reduce the temperature
of the fluid. The fluid becomes saturated liquid properties at the exit of condenser.

• Stage 3: The refrigerant passes through the expansion valve to lower its pressure
through the steady-state process in which the enthalpy level remains constant.
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Fig. 5.4 Vapor compression
refrigeration system

• Stage 4: The fluid enters the evaporator to extract heat from the cooled space and
repeat the cycle.

The heat transfer rate of the evaporator (Q̇eva) and the condenser (Q̇cond) is based
on the mass flow rate (ṁ) and the difference of specific enthalpy (h) between the
inlet and outlet, and can be expressed the following equations, respectively:

Q̇eva = ṁ(h1 − h4) (5.10)

Q̇cond = ṁ(h3 − h2) (5.11)

According to Li et al. [15], the compression indicated power (Ẇi) is the product
of total input electrical power to compressor (W comp) and efficiency of compressor
(ηcomp) in terms of enthalpy change (�h = h2 − h1) of the refrigerant (r) from the
inlet (i.e., stage 1) and outlet (stage 2) of the compressor is:

Ẇi = Wcomp × ηcomp = ṁr�h (5.12)

5.4 Combine Air Source and Water Source Heat Pump

With advanced technology, heat pump is capable to provide many functions. The
basic functions of heat pump are heating and cooling. There are different types
of heat pump systems available to perform heating and cooling for indoor thermal
comfort.Heat pumps for fundamental heating and cooling can be grouped into several
categories [16]:

– Heating only heat pump providing space heating and/orwater heating via hot water
system

– Cooling only heat pump providing space cooling via chilled water system
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Fig. 5.5 Air-to-water heat pump heating operations

– Heating and cooling heat pump providing both heating and cooling at the same
time.

Figure 5.5 illustrates the refrigeration system of heat pump with heating only
operationswith the components of compressor, expansion valve, refrigerant-to-water
heat exchanger, refrigerant-to-air heat exchanger, and a blower. Air-to-water heat
pump absorbs heat from outside cold air to generate hot water. Water pipes are
connected to the heat pump to transport hot water to the hot water system. Hot water
can be used for various commercial and industrial applications. Heat pump system
can also operate reversely to generate chilled water for space cooling and reject heat
to outside. As shown in Fig. 5.6, air-to-water heat pump air source heat pump rejects
heat to the outdoor and generates cooling in forms of chilled water to provide indoor
thermal comfort.

While air-to-water heat pumpuses outdoor air as heat source to generate heating or
cooling, water-to-water heat pump is important to generate both heating and cooling
simultaneously for sustainable buildings. Using air-to-water heat pump and water-
to-water heat pump is environmentally friendly as both air and water are renewable
energy. Figure 5.7 illustrates the refrigeration cycle of water-to-water heat pumpwith
two heat exchangers to supply chilled water and hot water, respectively.

Water-to-water heat pump is a heat recovery system to generate both chilled water
and hot water concurrently. The refrigerant of refrigent-to-water heat exchanger at
chilled water (as evaporator) side absorbs heat energy to provide chilled water for
cooling and the system heat energy is recovered by the heat exchanger at hot water
side (as heat recovery condenser) to provide hot water for heating. However, the
water to water may not be applied to systems that do not have balanced demand
for cooling and heating. Furthermore, there is seasonal fluctuation in demand for
cooling and heating fluctuates. Although the heat pump has evolved to become a
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Fig. 5.6 Air-to-water heat pump cooling operations

Fig. 5.7 Water-to-water heat pump

mature technology over the past decade, it is not applied as widely because of the
constraint in heat pump usage [16].

With the recent heat pump technology, total energy heat pump is available to serve
chilled water and hot water plant and is capable to produce chilled water and hot
water to meet fluctuating cooling and heating demand. Wang et al. [17] investigated
the coupled heat hump system to couple air source heat pump and water source heat
pump together for cold region. The usage of the novel total energy heat pump is
enhanced with application in both winter and summer. The total energy heat pump is
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Fig. 5.8 Total energy heat pump providing both cooling and heating

a combination of air source and water source heat pump. As shown in Fig. 5.8, total
energy heat pump is capable to produce chilled water and hot water to serve both the
cooling and heating demand simultaneously for the air-conditioning system and hot
water system. Typical total energy heat pump is designed to cool chilled water with
�t = 5 (from inlet water at 12 °C to outlet water at 7 °C). Depending on the demand
requirements, the total energy heat pump is capable of heat hot water up to 90 °C.

The total energy heat pump consists of various operating modes to meet the
demand for heating and cooling:

• Heatingmode to produce hot water when there is no demand for cooling. As shown
in Fig. 5.9, air coil is served as evaporator to absorb heat from ambient and transfer
to hot water heat exchanger via refrigerant cycle.

• Cooling mode to produce chilled water when there is no demand for heating. As
shown in Fig. 5.10, air coil is served as condenser to reject heat to ambient and
transfer to chilled water heat exchanger via refrigerant cycle.

• Water-to-water heat pumpmode to provide both hot water and chilled water simul-
taneously according to the demand for heating and cooling. This is themost energy
efficiency mode to fully utilize all recovery heat.

Heat pump technology is the only known process that recirculates environmental
and waste heat back into a heat process to provide energy efficient in heating and
cooling [18]. In the operations of heat pump system, energy balance is important.
According to Li [15], the simple mass balance equation can be expressed in the rate
form as:

ṁ in = ṁout (5.12)
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Fig. 5.9 Total energy heat pump operating heating mode

Fig. 5.10 Total energy heat pump operating cooling mode
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where
ṁ in is the mass flow rate of inlet (input)
ṁout is the mass flow rate out outlet (output).
The energy balance equation can be expressed as:

Q̇cond = Q̇eva + Win (5.13)

where
Q̇cond is heat transfer rate of condenser
Q̇eav is heat transfer rate of evaporator
Ẇin is indicated power of compressor.
Equation 5.13 is the energy balance equation illustrating that the heat transfer

rate of condenser is proportional to the heat transfer rate of evaporator. Multiple
refrigerant circuits can be utilized to manage the imbalance of demand for cooling
and heating:

• High cooling and low heating demand: The energy absorbed from chilled water
side is partially recovered by the heat exchanger and transfer to hot water side. At
the same time, the surplus hat energy is rejected to the outdoor via the condenser.

• Low cooling and high heating demand: The energy absorbed from chilled water
side is fully recovered by the heat exchanger and transfer to hot water side. At the
same time, the air heat exchanger absorbs heat energy from outdoor air to provide
an extra heat source to meet the heat load.

5.5 Case Study—Hotel

The system is targeted to supply chilled water in summer and hot water in winter for
the PAU to serve the corridors of 16 floors of the hotel, and hot water for all guest
rooms.Thedemand canbefluctuated as the demandof hotwater is high duringwinter,
and demand of chilled water is huge during summer. Under such circumstance, the
advantages of using total energy heat pump include:

• Maximize saving when using heating and cooling mode to produce hot water and
chilled water simultaneously,

• Flexible in operations to shift one or more circuits from heat recovery water-to-
water operations to cooling only mode in summer or heating only mode in winter,

• Enable shifting between operating mode automatically via built-in control system,
and

• Save initial investment cost to install total energy heat pump instead of air-to-water
and water-to-water heat pump separately.

It is essential to determine the demand of cooling and heating for the total energy
heat pump system in the initial stage. The loading calculation is listed as follows:
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• Cooling load calculation: Chilled water loading for PAU (primary air handling
unit) is 48 kW per unit. Cooling load of fully opened fan coil is 6 kW per unit.
With the operations of 2 units of PAU and 16 units of fan coil, the total cooling
load is 192 kW (i.e., 48 kW × 2 + 6 kW × 16).

• Heating load calculation:

– Total heating loading for each PAU is 44 kW per unit. With the operations of 2
units of PAU, the heating load for the 2 units of PAU is 88 kW.

– The calculation of hot water heating capacity is based on 90% of 336 rooms
with 1.5 guests per room (GPR). Other assumptions: water consumption per
guest (Q) = 80 L; diversity (DF) = 0.8; city water temp (CWT) = 15 °C; hot
water temp (HWT) = 65 °C; shower outlet temp (SWT) = 40 °C; peak hour
consumption is 20% of total water consumption:
Total water consumption (Qt) =
336 × 90% × GPR × Q × DF = 29,030 L

Hot water consumption (Qch) =
Qt × (SWT − CWT)/(HWT − CWT) = 14,515 L

Energy required in kW =
[Qch × 4.18 × (HWT − CWT)] × 0.2/3600 = 169 kW

• The total demand load is:

Cooling load: 48 kW × 2 + 6 kW × 16 = 192 kW
Heating load: 44 kW × 2 + 169 kW = 213 kW.

The system design is 1 unit on-duty and 1 unit for standby. The total energy heat
pump is a combination of air source heat pump and water source heat pump. The
heat pump is capable to produce chilled water and hot water to meet the cooling and
heating demand simultaneously. The operations can also be shifted to an air-cooled
chiller unit and a hot water heat pump. The total energy heat pump is designed to
cool chilled water from 12 to 7 °C and to heat hot water up to 65 °C simultaneously.
Each unit consists of two circuits which can be operated independently. The capacity
of each unit is:

Operating mode Capacity (kW) Power input
(kW)

Chilled water
(inlet/outlet)

Hot water
(inlet/outlet)

HA: Heating
only
(air-to-water)

250 116 N/A 60 °C/65 °C

CA: Cooling
only
(air-to-water)

213 77 12 °C/7 °C N/A

WW: Heating
(water-to-water)

267 106 12 °C/7 °C 60 °C/65 °C

WW: Cooling
(water-to-water)

161
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The heat pump system can operate under various operating modes. Operating
modes of the total energy heat pump include:

• Heating mode: The heat pump operates as air source heat pump to provide hot
water when there is no demand for cooling.

• Heat recovery mode: The heat pump operates as water-to-water heat pump to
provide chilled water and uncontrolled hot water simultaneously

• Cooling mode: The heat pump operates as air-cooled package chilled when there
is no demand for heating

• High cooling and low heating mode: The energy absorbed from chilled water side
is partially recovered by the heat exchanger and transfers to hot water side; the
surplus heat energy is rejected to the ambient air via air condenser.

• Low cooling and high heating mode: The energy absorbed from chilled water side
is fully recovered by the heat exchanger and transfers to hot water side, and at the
same time, the air heat exchanger absorbs heat energy from outdoor air to provide
extra heat energy to meet the total heat load.
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Chapter 6
Innovation in Heat and Cooling

Nomenclature

h Enthalpy
ṁ Mass flow rate
ρ Density
D Demand for energy (heating/cooling)
Q Volume flow rate
w Humidity ratio

Subscript

c Cooling (total)
h Heating
l Latent cooling
ls Latent and sensible cooling
tot Total

6.1 Efficiency Improvement

The rapid growth of energy consumption in built environment leading to the devel-
opment of energy efficiency strategies. The application of heat pump system seems
to be a competitive solution to improve energy efficiency. Key components of heat
pump are compressors and heat exchangers. The design of heat pump, with vapor
compression refrigeration system, is to satisfy the maximum load. However, the sys-
tem works at part load for most of its life [1]. Studies to explore the improvement
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Fig. 6.1 Heat pump PAU unit

of refrigeration compressor show that the compressor speed variation is one of the
most efficient techniques as capacity control methods in full-load and part-load con-
ditions [2]. Another useful method is step-control to regulate the output capacity of
compressors. The use of variable speed compressor or step-control system is useful
to reduce the energy consumption because the heat pump system operates at its part
load most of the time.

The cooling load and heating load vary during seasonal fluctuation. The HVAC
system handles constant indoor airflow volume with variable inlet temperature and
humidity level depending on outdoor weather condition [3]. The design and sizing
of primary air handing unit (PAU) depend on user’s requirement. Variable-speed
compressors with inverter are useful for capacity control. Figure 6.1 illustrates a
PAU for data center with precision control on temperature and humidity level. PAU
is air handling unit that handles fresh air from outside air. Hence, the temperature
and humidity level of inlet air varies according to the outside ambient air.

The heat pump PAU is an innovative heat pump with multiple-stages operations.
The stages of air handling include:

– Pre-filter: Washable metal mesh filter to create a baffling effect when the outside
air passing through to provide better filtration of airborne particulates.

– Bag filter: Bag filter (or pocket filter) with significantly higher dust holding capac-
ity is used as second filter stage to provide complete filtration solutions to protect
the AHU and provide clean air to occupants.

– Chilled water coil: After air filtration, ambient air passes through chilled water
coil for sensible cooling.

– DX cooling coil: The processed air then passes through the DX cooling coil to
cool down to dew point for dehumidification up to required humidity level.

– DX Reheating coil: Latent heat generated from DX cooling coil is recovered for
reheating air up to required temperature level.
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– Water-cooled condenser: Excess heat from dehumidification is rejected via water
cooled condenser.

– Electric heater: Electric heat as backup when the heat generated from the DX
reheating coil is insufficient to heat-up temperature to required temperature level.

– Humidifier: When outside humidity level is below required setpoint, humidifier
provides humidification function.

The design of the heat pump system aims to minimize energy consumption and
maximize indoor air quality. Precision control system is implemented to ensure con-
stant temperature and constant humidity level. The innovative heat pump system
includes improvements in new features to create value for efficiency operations:

– Air filtration: The system provides both washable pre-filter and high-efficiency
bag filter for air clean. The fresh air passes through air filters before air handling
to keep the equipment and air clean.

– Chilled water for cooling: The chilled water coil is utilized to provide sensible
cooling for fresh air. The PAU aims to handle fresh air without inflow of return
air to the PAU. Chilled water is capable to provide sensible cooling for fresh air
when there is no demand for dehumidification.

– DX cooling coil and heating coil: The dehumidification of the fresh air is handled
by the DX cooling coil by cooling the air down to dew point. The latent heat is
recovered for the reheat coil to reheat the air up to the setpoint. The heat recovery
system uses waste heat for air reheat. The system performs heat rejection to the
chilled water cooler when excess heat is recovered. When there is huge demand
for cooling and the capacity of the chilled water coil is inadequate to cope with
the demand, the DX cooling can provide both latent cooling and sensible cooling.

– Heating: When there is demand for dehumidification, the DX cooling coil of
the heat pump system is capable to generate latent heat. The latent heat can be
recovered to providewaste heat for theDX reheat coil for air heating.When there is
no demand for dehumidification, the system operates reverse cycle to absorb heat
from the chilled water cooler to generate heat for space heating. Electric heater
serves as a backup equipment for space heating.

– Humidity control: Humidity control consists of dehumidification and humidifica-
tion. The DX system is capable to provide dehumidification to reduce the humidity
level. When the humidity level of ambient is too low, the humidifier of the heat
pump system can perform the humidification function.

The heat pump consists of innovative element to handle fresh air from out-
door. Innovation is the process of translating invention into product that creates
value for users. Innovation involves deliberate application of initiative in deriving
greater value. It also includes production process by which new ideas are generated
and converted into useful product. Furthermore, the innovative product must be repli-
cable at an economical cost and must satisfy a specific need. The heat pump PAU
unit is an innovative product aims at efficiency improvement.

First, the variable speed heat pump system uses variable speed fan and compres-
sor operations with greater energy-saving potentials [4–6]. Refrigeration capacity
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control of variable speed system can continuously match the compressor refriger-
ation capacity to the load. The capacity and COP of the heat pump system can be
enhanced by using variable speed compressor [7]. Compressor operating power can
also be obtained by power meter (or current/voltage transducer) to monitor the power
consumption [8].

Second, the heat pump uses multiple heat exchangers including chilled water coil,
DX cooling coil, and DX reheating coil. The chilled water coil is added for sensible
cooling in addition to DX coil to optimize the energy consumption [9]. When there
is demand for dehumidification, the DX cooling coil operates to cool the air below
dew point. Latent heat generated is recovered for air reheat. Excess latent heat is
rejected to chilled water cooler. When there is no demand for dehumidification and
no latent heat can be generated, the heat pump system shall absorb heat from the
chilled water cooler to generate heat via the DX reheating coil.

Finally, the system aims to provide an energy efficiency constant temperature and
humidity control. The system requires a control system to regulate the operations of
compressor, fan, and other components. An integrated direct digital control (DDC)
provides an approach to improve the energy efficiency [10]. DDC is the use of
digital device in conjunction with sensors an actuator to provide system control.
DDC is a combination of both hardware and software. The controller is pro-
grammable controller with program features include operating schedules, set-
points, control logic, timers, and alarms. The DDC consists of analog and digital
inputs/outputs. Digital inputs/outputs are dry contacts from a control device to start
and stop equipment. Analog inputs/outputs are a voltage or current measurement
from a variable sensor (temperature, humidity, velocity, or pressure) sensing device.

6.2 Heat Recovery System

A direct expansion (DX) coil heat pump system can provide either heating with heat
absorption via remote condenser or cooling with heat rejection via remote condenser.
An DX-based dehumidification system with additional coil is useful to improve the
indoor thermal comfort [11]. The system performs cooling and dehumidification to
cool the air down to the dew point [12]. A DX air dehumidification system is an
efficient way for air handling in hot and humid regions [13].

Figure 6.2 illustrates an enhanced DX system with heat recovery for efficiency
improvement. The heat pump system aims to perform both air handling and water
heating. When demand for cooling and dehumidification exists, the DX cooling coil
performs dew point cooling and generates latent heat. The latent is recovered for
space reheat via DX heating coil, and water heating via water heat exchanger.

For air handling, the inlet air passes through the DX cooling coil. The cooling
process consists of both sensible cooling and latent cooling. According to Fig. 6.3,
the demand for sensible cooling (Ds) is from point A to point B and the demand for
total cooling (Dtot) is from point A to point C. The total demand for cooling include
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Fig. 6.2 Heat recovery system

Fig. 6.3 Sensible cooling and latent cooling
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sensible cooling and latent cooling. The total moisture removed through dew-point
dehumidification is (w1 − w2).

The cooling demand required is:

Ds = ṁ × (h2 − h1) (6.1)

Dtot = ṁ × (h3 − h1) (6.2)

where Ds is the demand for sensible cooling, Dtot is the demand for total cooling,
and ṁ is the mass flow rate.

During the dehumidification process, latent heat can be recovered. The latent is
recovered for air reheat up to the temperature setpoint for distribution to indoor air
supply air duct. The excess latent heat is utilized for water heating for domestic water
usage. The advantage of the heat recovery system is to reuse low-grade waste heat
[14]. On the one hand, the heat recovery system reuse waste heat to contribute to
remove undesired by-product of the cooling and heating system. On the other hand,
the heat recovery system improves the overall system efficiency.

6.3 Air-to-Air Heat Exchanger

Studies on heat pump system for green building are focused on the topics of indoor
air quality, thermal comfort, energy saving, and environmental protection [15]. The
installation of air-to-air heat exchanger in heat pump system is capable to address
all these topics. Air-to-air heat exchanger aims to perform energy recovery from
exhaust air before discharging to outdoor. There are experimental and theoretical
investigations on air-to-air heat exchanger for energy recovery [16]. The energy
recovery system is particularly useful in tropical regions where inlet fresh air at high
ambient temperature could be pre-cooled by room temperature exhaust air stream
before entering to the heat pump [17].

Heat exchanger is equipment used for transferring energy from one medium to
another. When the medium passes through the two sides of the heat exchanger is air,
the heat exchanger is called air-to-air heat exchanger. The benefit of using air-to-air
heat exchanger for energy recovery is that hot or cold air can be transported through
a cross-sectional area with no additional power input to the system except for the fan
power to drive the air streams [18]. Figure 6.4 illustrates the air side 1 and air side
2 of an air-to-air heat exchanger. Table 6.1 illustrates an example of energy balance
of the air-to-air heat exchanger. The air-to-air heat exchanger is capable to recover
energy from exhaust air for sensible cooling.

The use of air-to-air heat exchanger for cooling and heating is the most energy
efficiency. Figure 6.5 illustrates an example of air-to-air heat exchanger to handle
sensible loads. According to Fig. 6.6, the inlet air temperature is 32 °C and the
relative humidity is 80%. After the inlet air passes through the air filter, the sensible
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Fig. 6.4 Air side of air-to-air heat exchanger

Table 6.1 Energy balance of air-to-air heat exchanger

Air side 1 Air side 2

Inlet Outlet Inlet Outlet

Air flow rate (m3/s) 3.8 3.8 3.8 3.8

Temperature (°C) (DB/WB) 12.5/11.94 24.05/16.36 30.6/25.0 22.3/21.94

Relative humidity (%) 97 45.4 63.9 97

Enthalpy (kJ/kg) 33.938 45.739 76.068 64.270

Velocity 2.5 2.5 2.5 2.5

Heat transfer (kW) 55 55

Fig. 6.5 Air-to-air heat exchanger for energy recovery
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Fig. 6.6 Psychometric chart of cooling and heating recovery system

cooling is performed by the air-to-air heat exchanger to cool the air from point A to
point B (i.e., from dry-bulb temperate 32 to 24 °C with the same humidity ratio). The
processed air then passes through the DX cooling coils for dehumidification. The
humidity ratio drops from point B (19 g/kg) to point C (15 g/kg). The air-to-air heat
exchanger then performs air sensible heating to raises the temperature from point C
(dry-bulb temperature 21 °C) to point D (dry-bulb temperature 24 °C).

The operations of the heat pump system include:

• Ds, i.e., sensible cooling from point A to point B by air-to-air heat exchanger for
energy recovery,

• Dl, i.e., dehumidification from point B to point C via DX cooling coil, and
• Dh, i.e., sensible heating from point C to point D before exhaust to outdoor.

The energy recovery system uses air-to-air heat exchanger to perform the sensi-
ble cooling for energy saving. The DX cooling coil of the heat pump handles the
dehumidification instead of total demand.
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6.4 Multiple-Stage Cooling Heat Pump

Heat pump is a highly attractive energy conversion device as an effective and efficient
means to reduce overall energy consumption. Nowadays, heat pumps are used for
space heating and cooling and hot water production. There is a diverse demand for
heating and cooling at different temperature levels [19]. The applications are common
in food refrigeration industry or storage for special products.

The basic heat pump system consists of a single-stage compressor, a condenser,
an expansion valve, and an evaporator. In addition to energy recovery system, multi-
stage cooling cycles have developed for improving performance. Multistage cooling
cycle aims to cope with large temperature differences between source and sink [20].
Multiple-stage cooling cycles gather and deliver heat at multiple temperature level
using multiple evaporators. There are configurations that use only one compressor
with two or more evaporators operating at different temperature levels.

Figure 6.7 illustrates an example of innovative multistage cooling cycles heat
pump with air-to-air heat exchanger. The design of this heat pump aims to address
several challenges. First, the indoor environment is a cold room to storage special
product with temperature at 0 °C. Second, fresh air is required in the air circulation
system. Third, the cold room is located at hot and humid regionwith high temperature
and high humidity level. The heat pump system also aims at energy efficiency.

As shown in Table 6.2, the operating cycles of the multistage cooling cycles heat
pump with air-to air-heat exchanger consist of four stages:

• Stage 1 (air-to-air heat exchanger): The return air flow rate of this system is 1000 l/s.
Part of the return air (flow rate: 220 l/s) passes through the air-to-air heat exchanger
and part of return air (flow rate: 780 l/s) transports to the air mixing section. Part

Fig. 6.7 Multistage cooling cycles heat pump with air-to-air heat exchanger



90 6 Innovation in Heat and Cooling

Table 6.2 Stages of operating cycles

Stage Air flow rate (l/s) Inlet temperature Outlet temperature Operating capacity

1 220 36.1 °C DB
36.1 °C WB

14.2 °C DB
13.9 °C WB

Air-to-Air
Heat Exchanger

2 220 36.1 °C DB
36.1 °C WB

8 °C DB
7.5 °C WB

7.7 kW

3 220 8 °C DB
7.5 °C WB

0 °C DB
−0.16 °C WB

2.4 kW

4 1000 0 °C DB
−0.16 °C WB

−5.5 °C DB
−5.5 °C WB

7.8 kW

Notes Supply air = 1000 l/s; Return air = 1000 l/s; Exhaust air = 220 l/s; Fresh air = 220 l/s

of the return air (flow rate: 220 l/s) passes through side 1 of the air-to-air heat
exchanger before exhaust to outside, and the fresh air (flow rate: 220 l/s) passes
through side 2 of the air-to-air heat exchanger. The air-to-air heat exchanger serves
as energy recovery from return air for dehumidification purpose.

• Stage 2 (DX cooling coil): Fresh air (flow rate: 220 l/s) passes through the pre-
cooling coil to cool down the fresh air and removes most of the water content.

• Stage 3 (DX cooling coil): Fresh air (flow rate: 220 l/s) passes through the cooling
coil to further cool down the fresh air and removes water content down to required
level.

• Stage 4 (DX cooling coil): Fresh air mixedwith return air in themixing. Themixed
air (flow rate: 1000 l/s) passes through the final cooling coil and supply the air at
setpoint to the designated area.

There are several advantages of this multistages cooling heat pump. First, an air-
to-air heat exchanger is included in the system for energy recovery. Second, the hot
and humid fresh air is handled in Stages 2 and 3 beforemixingwith return air. Finally,
the mixed air is handled in Stage 4. The overall design to maximize the energy saving
and optimize the operations of each stage.

6.5 Case Study—Heating and Cooling Recovery System

The heating and cooling recovery system is a heat pump system makes up of a heat
exchanger, a cooling coil and a supply fan, and the schematic of which is shown in
Fig. 6.8. The air-to-air heat exchanger has two nodes of air. The heat exchanger is
on one hand to cool and dehumidify the air at Air node 1, and on the other hand
to heat the air at Air node 4. The air-to-air heat exchanger aims to transfer the heat
from Air node 1 to Air node 4. The DX cooling coil performs the function of cooling
and dehumidifying the air at Air node 2. It should be noted that, due to fan motor
efficiency, some heat will be added to the air when flowing through the supply fan.
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DX cooling
coil

1234

5

Air to air heat
exchanger

Supply
fan

Heat pump system

Fig. 6.8 Schematic of the heat pump system

The air states for the air nodes shown are drawn in psychrometric chart. As shown
in Fig. 6.9 and Table 6.3, the air process of the heat pump system is specified as
below:

• Stage 1, i.e., Air node 1 → Air node 2: cooled and slightly dehumidified by the
heat exchanger,

• Stage 2, Air node 2 → Air node 3: cooled and dehumidified by DX cooling coil,

1 

2 

3 

4 5

Fig. 6.9 Air states of different air nodes in psychrometric chart
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Table 6.3 Air states of the five air nodes

Air node Dry-bulb
temperature,
Tdb

Wet-bulb
temperature,
Twb

Humidity
ratio, w

Enthalpy, h Air flow rate,
Q

(°C) (°C) (kg/kg dry air) (kJ/kg dry air) (m3/s)

1 30.60 25.00 0.01771 76.068 3.8

2 22.30 21.94 0.01645 64.270 3.8

3 12.00 11.73 0.00846 33.427 3.8

4 12.50 11.94 0.00846 33.938 3.8

5 24.05 16.36 0.00846 45.739 3.8

• State 3, Air node 3 → Air node 4: heated by the supply fan due to heat-producing
fan motor,

• Stage 4, Air node 4 → Air node 5: heated by the heat exchanger.

Stage 1 aims to use air-to-air heat exchanger for energy recovery. In the first side,
the inlet air passes through the one side of the air-to-air heat exchanger. Stage 2 uses
DX cooling coil for cooling and dehumidification. The DX cooling coil is connected
with other heat pumpcomponents including compressor, expansionvalve, and remote
condenser. The next stage is passing through supply air. The final stage is the outlet
air passes through the other side of the air-to-air heat exchanger.

Based on the air states for the five air nodes, moisture load, and cooling load can
be calculated from the following equation:

Moisture load = (w1 − w2) × Q × ρ

Cooling load = (h2 − h3) × Q × ρ

where
Q is volume flow rate
ρ is density
w1 and w1 is humidity ratio at node 1 and node 2
h2 and h3 is enthalpy at node 2 and node 3.
For heat exchanger, heat loss for air side 1 should be identical to heat gain for air

side 2, the equation of which is defined as:

Heat loss = (h1 − h2) × Q × ρ

Heat gain = (h4 − h5) × Q × ρ

where
h1 and h2 is enthalpy at node 1 and node 2
h4 and h5 is enthalpy at node 4 and node 5
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Table 6.4 Load calculation
summary

Load calculation Value

Moisture load kg/h: 1 → 3 155.03

Cooling load kW: 2 → 3 143.57

Heat transfer for heat exchanger
(kW)

Side 1: 1 → 2 54.92

Side 2: 4 → 5 −54.93

Q is volume flow rate
ρ is density.
The results are summarized in Table 6.4. As seen, calculated values of moisture

load and cooling load approximate the designed capacities and energy balance is
achieved for the heat exchanger:
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Chapter 7
Operating Mode

Nomenclature

c Concentration of pollution
c̄ Mean of concentration
Cp Specific heat
ec Concentration ventilation effectiveness
et Thermal ventilation effectiveness
ṁ Mass flow rate
Q Energy load
t Temperature
�t Different in temperature
t̄ Mean of temperature

7.1 Heat Pump System

Heat naturally flows from high to low temperature. Heat pumps can flow heat in
both directions with reversible operations. Heat pumps use relatively small amount
of external energy to transfer heat from a heat source to a heat sink. Accordingly,
heat pumps can transfer heat from natural heat sources (such as air and water) or
from man-made heat sources (such as chilled water system and cooling tower) to
buildings or industrial applications. Hence, heat pumps use renewable energy to
generate cooling and heating to provide indoor comfort climate. Innovative heat
pumps are introduced to provide comprehensive energy-efficiency air handling and
water heating. Built-in control systems are adopted to maximize indoor air quality
and minimize energy consumption. Heat pumps can be used for both heating and
cooling. Innovative heat pumps combine the functions of air heating/cooling and
other functions (e.g., dehumidification and air purification) to enhance indoor air
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quality. Furthermore, innovative heat pump aims to minimize the use of energy and
maximize indoor comfort. Typical methods include fully utilized recovery heat and
maximise the usage of existing equipment.

Basically, there are two main types of heat pump: vapor compression heat pump
and absorptive heat pump. The great majority of heat pumps are operated under
the principle of vapor compression cycle with the main components of compressor,
expansion valve, and two heat exchangers (i.e., evaporator and condenser). On the
other hand, the absorption heat pump transfers heat from a low-temperature reservoir
to a high-temperature reservoir by using thermal energy [1]. Heat sources for heat
pumps include air, ground, water, and others. Air-source heat pumps are the most
widely used because of their flexibility and their lower installation costs [2]. The
main purpose to install heat pumps is to provide indoor comfort climate. Most of the
existing air source heat pumps are capable to provide space heating in winter and
space cooling in summer. Because of the incentive of using renewable heat source,
heat pumps are attracting more interested in the past decade. To this end, inventors
work hard to improve the energy performance and functionalities of heat pumps to
provide thermal comfort and indoor air quality.

Nowadays, the functions of heat pumps extend to providing energy-efficient
indoor climate for users to benefit from excellent indoor quality. Existing multi-
functional heat pump consists of the functions of space cooling, space heating, and
water heating [3]. The innovative heat pump provides the additional functions of
ventilation, air cooling and dew point dehumidification, air heating and water heat-
ing. Dehumidification is performed by cooling down the air to dew point to generate
latent heat. Then, the latent heat is recovered for space and water heating. If there is
no demand for dehumidification, reverse cycle operations can be applied to absorb
heat from outdoor air for indoor air and space heating. Combination of functions can
also be performed depending on the demand for heating and cooling.

As both energy saving and thermal comfort are important, researchers develop
new and innovative ways to improve or replace existing equipment and system [4].
With improved functions and energy efficiency, heat pump installation is a direct
alternative to replace existing boiler [5]. To maximize energy efficiency and indoor
air climate, there are two options for heat pumps to perform heating for air and water.
The first option is dehumidification and heat recovery heating, whereas the second
option is reverse cycle heating. According to Chua et al. [6], heat pumps for heating
and cooling can be classified into four main categories:

1. Heating only heat pumps provides space heating and water heating.
2. Heating and cooling heat pumps provide both space heating and space cooling.
3. Heat pumps water heaters dedicate to water heating
4. Integrated heat pump system provides space heating and cooling, water heating,

heat recovery, and reverse cycle operations.
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7.2 Dehumidification Operations

Integrated system is desirable not only because single system with built-in control
is cost-effective to initial installation, but also heat pump with heat recovery system
is energy saving and environmentally friendly. An option of heat recovery is to
reuse recovered heat from dehumidification. This is an energy-efficiency method for
heating when there is demand for dehumidification. This method removes moisture
from the air by cooling it below dew point. As shown in Fig. 7.1, energy is required
to change the phase of a substance. During a phase change, energy can be added or
subtracted from a system. The energy is absorbed by the substance in the case of
evaporation, whereas heat is released during the condensation processing. According
to Datt [7], latent heat of condensation is defined as “the heat released when onemole
of substance condenses expressed as kJ/kg.”

The innovative heat pump ues latent heat released from condensation for heating.
Components of the heat pump to provide the functions of cooling/dehumidification
and heating include fan, cooling heat exchanger, reheating heat exchanger, compres-
sor, and other accessories. Compressors can be considered as “beating hearts” of
heat pumps. To achieve a higher COP, one key approach is to reduce the energy
consumption of compressors. According to Chua [6], the ranges of compressors are:

• Scroll compressors (unit capacity less than 15 R tons),
• Reciprocating compressors (unit capacity less than 20 R tons),
• Screw compressors (unit capacity between 30 R tons and 200 R tons),
• Centrifugal compressors with capacities up to 3000 R tons.

Relative humidity (i.e., the amount of moisture in the air) is critical in determin-
ing indoor comfort. High humidity leaves to stuffy feeling and overly hot, while
low humidity causes dry skin and other forms of discomfort. Figure 7.2 illustrates

Fig. 7.1 Latent heat released during the condensation process
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Fig. 7.2 Heat pump with dehumidification function

a heat pump with dehumidification function. The inlet air flows across the cooling
coiling for direct-expansion (DX) cooling and dehumidification. The dehumidifica-
tion process (i.e., condensation) is performed by the DX cooling coil through phase
change by cooling air down to dew point. Latent heat can be recovered from the
dehumidification process, and the latent heat is recovered for space heating. Excess
recovered heat can be used for water heating or rejected to our sources.

Condensation is the process by which water vapor in the air changes to liquid
water [8]. Condensation occurs in one of the two ways, i.e., the air is cooled to its
dew point or the air becomes saturated. For dehumidification and cooling, the use
of vapor-compression system cooling air to below dew point is the most effective
technology [9]. During the process of condensation or phase change, latent heat is
energy released when water vapor condenses to form liquid droplets. The latent heat
is recovered for reheating through the reheating coil. The processed dry and warm
air is then supplied to provide comfort indoor climate.

Due to phase change in the DX cooling coil, latent heat can be recovered during
the dehumidification process. Recent studies found that heat exchanger performing
phase change has higher cooling power, and latent heat can be recovered for useful
energy [10]. As shown in Fig. 7.3, the latent heat can be recovered and reused for
space heating to provide indoor comfort and water heating for domestic use. To
design a heat pump system, it is desirable to evaluate the overall demand for energy
to space cooling/heating, and water heating. The best practice to fully utilize the
recovered latent heat from dehumidification before rejecting heat to outdoor. In that
case, the latent heat can be recovered and reused freely instead of releasing the latent
heat as waste heat.

As shown in Fig. 7.4, the remote condenser is installed with the heat pump.
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Fig. 7.3 Latent heat recovery and heat rejection

Fig. 7.4 Heat pump with remote condenser

Traditional HVAC (heating, ventilation, and air conditioning) system uses remote
condenser to reject latent heat generated from cooling. The remote condenser of
this innovative heat pump can perform two functions, i.e., heat rejection for residual
waste heat and heat absorption for providing heat for indoor space heating. Remote
condenser is useful to release residual recovered latent heat. In this state, the remote
condenser performs as air-cooled condensers to remove residual waste heat by blow-
ing air over the condenser coil. When there is no demand for dehumidification, space
heating can be done by reverse cycle heating. In the state of reverse cycle heating,
the remote condenser absorbs heat from outdoor cold air to perform the function of
air source heat pump to provide heat via the DX reheating coil for comfort indoor
air climate.
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7.3 Cooling and Heating

Heat pump uses the principle of refrigeration cycle to provide cooling and heating.
In cooling mode, the DX cooling coil peform cooling function to cool down the air
temperature. To perform the function of dehumidification, the air is cooled down to
below dew point. As air flows across the coil, the refrigerant within the refrigerant
pipe absorbs latent in the air to lower the air temperature. In this state, heat pump
can remove excess moisture and lower indoor humidity level. As the heat pumps
remove moisture out of the air, there is an immediate drop in air temperature. Hence,
the DX cooling coil can perform the functions of cooling and dehumidification.
Condensation process is carried out when the air temperature is below dew point.
The phase change occurs during the dew point cooling. If heating is required, the
latent heat transfers from DX cooling coil to DX reheat coil for air heating. Excess
heat recovered from latent is via heat rejection device.

Figure 7.5 illustrates the schematic drawing of heat pump to provide the functions
of cooling, dehumidification, and heating. Control on air ventilation in managing
fresh air and exhaust air dampers is also included. Natural air ventilation is impor-
tant in energy saving in the building sectorwhen the outdoor condition is comfortable.
However, purely natural ventilation system is not enough to provide acceptable ther-
mal comfort particularly in hot and humid regions [11]. The key components for
air handling are DX cooling coil (i.e., cooling dehumidify) and DX heating coil for
reheat. The DX cooling coil performs the functions of space cooling and dehumid-
ification, which the DX reheat coil recovers latent heat from dehumidification (or
condensation) for space heating.

In managing air movement for building, indoor air is returned to air-handling sys-
tem. A certain amount of the return air is exhaust to outdoor and fresh air is intake to
the system. The mixed air is then processed. The process is including air purification
via air-filter, dehumidification (if required) and air cooling/heating. Supply air is the
processed air delivered to the building. Then, the cycle starts again with returned air
transports from the indoor room to the heat pump system for reprocessing. The air
becomes stale if the same air is supplied to the room and returned to the heat pump
system repeatedly. Hence, it is essential to have fresh air intake to the system and
exhaust air discharge to outside.

This innovative heat pump with multiple functions and reverse cycle operations
is energy conservation and energy efficiency. The elements of energy efficiency

Fig. 7.5 Cooling and reheating coils
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include heat recovery, reverse cycle operations, renewable energy, and built-in control
system:

• Recovery heat: Latent heat can be recovered during dew point cooling dehumidi-
fication process. The latent is recovered for space and/or water heating. Recovery
heat is fully utilized before rejecting excess heat via remote condenser.

• Reverse cycle operations: When there is no demand for dehumidification, reverse
cycle operations are performed. In this operating mode, the remote condenser
absorbs heat from outdoor air to air and water heating.

• Built-in control system:Thebuilt-in control systemcontrols operating capacity and
selects operatingmodedepending on the ambient environment. The built-in control
system aims to maximize indoor air quality and minimize energy consumption.

• Renewable and sustainable energy: The innovative heat pump is a multifunctional
air source heat pump uses air as source energy.Auxiliary energy of the heat pump is
compressor and fan. Compressors are used for heat transfer through refrigeration
cycle and fan performs the function of ventilation. Sustainable energy can be
achieved through energy conservation and improved energy efficiency. It produces
sustainable energy because the input power for heat pump is generally much less
than traditional heating system.

7.4 Ventilation

The aims of ventilation in occupied space are to enhance indoor air quality and ther-
mal comfort. Thermal comfort is associated with various indicators. Among them,
the common indicators are air temperature and relative humidity. Besides thermal
comfort, indoor air quality is an important parameter for human health. Inappro-
priate indoor air quality can cause sick-building syndrome and legionnaire disease
[12]. There are two major types of ventilation, i.e., natural ventilation and mechani-
cal ventilation. Natural ventilation is desirable when outdoor climate is appropriate
because it is energy-free. Furthermore, mechanical ventilation is capable to control
indoor temperature, relative humidity, and indoor air quality more precisely.

Ventilation consistently provides quality air circulation while ensuring saving
energy to promote better health. Ventilation is particularly important for energy use
in high-occupancy area [13]. It is important for researchers to conduct studies to
holistically improve energy efficiency to not only meet existing standard for better
ventilation, but also develop and promote better energy-efficient systems for provid-
ing building’s ventilation [14]. Several studies have investigated the relationship of
ventilation rates to health outcomes. Majority of these studies have found negative
perceived air quality outcomes at lower ventilation rates and higher CO2 concentra-
tions. Demand control has been known to an energy-efficient and reliable strategy
to provide enough fresh air to occupants. When the demand control in response to
CO2 level was implemented throughout the day, reduction of the total heating energy
demand of more than 20% was realizable [15].
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Ventilation is one of the most effective techniques to improve indoor air quality.
Key indicator to evaluate indoor air quality is the CO2 concentration level. The
level of CO2 concentration in the air potentially affects health is measured in ppmv
(parts per million by volume). For IAQ criterion, a maximum CO2 concentration of
1000 ppmv is commonly used as threshold [16]. Some common indicators of CO2

level are listed as follows:

• 250–350 ppmv: normal outdoor air level.
• 350–1000 ppmv: typical CO2 level in occupied spaces with good air exchange.
• 1000–2000 ppmv: poor air quality.
• 2000–5000 ppmv: poor concentration with potential health problems.
• >5000 ppmv: unusual air condition where toxicity could occur.
• >40,000 ppmv: immediate harmful.

To evaluate the ventilation strategies, the ventilation effectiveness (VEF, e) is
commonly used [17]. Ventilation effectiveness (VEF) consists of thermal ventilation
effectiveness (et) and concentration ventilation effectiveness (ec).

The thermal ventilation effectiveness (et) can be calculated by using air tempera-
ture at the supply (to) and the exhaust (ti) and the mean of room temperature (t̄):

et = to − ti/t̄ − ti (7.1)

According to Eq. (7.1), the heat is effectively remoted when the exhaust air tem-
perature is high (holding the supply air temperature and mean of room temperature
remain unchanged). Hence, the higher the et, the lower the energy consumption.

The concentration ventilation effectiveness (ec) can be calculated by measuring
pollution concentration at exhaust air (co), concentration at supply air (ci), and the
mean concentration (c̄) at a given space:

ec = co − ci/c̄ − ci (7.2)

According to Eq. (7.2), ec can be increased by reducing c̄ and increasing co.
In the ventilation system, the fresh air intake is essential to improve indoor air

quality. Figure 7.6 illustrates the ventilation operations of a heat pump system. The
air flow processes across the heat pump system are as follows:

• Air from the indoor room is returned to the heat pump system.
• Part of the air is exhausted to outdoor.
• Fresh air from outdoor is introduced into the system.
• Fresh air mixed with return air.
• Mixed air passes through filtering system.
• Processed air is supplied to indoor room.

Maintaining optimal air circulation and temperature level is the basic of a com-
fortable indoor environment [18]. In the air flow system, supply air (SA), return air
(RA), fresh air (FA), and exhaust air (EA) ducts operate together. The FA and the
EA dampers open and close together to balance air entering and leaving the system.
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Fig. 7.6 Ventilation operating mode

A filtered fresh air intake system improves indoor air quality by diluting polluted
or stale return air. Most of the heat pump systems provide two levels of filtering,
i.e., pre-filter and high-efficiency bag-filter. Benefits of introducing filtered fresh air
to indoor include: (1) clean indoor air when filtering return air, (2) prevent pollu-
tants from entering the indoor air system, and (3) introduce clean fresh air to replace
exhaust air.

In designing the air flow rate across the building envelope, the same amount of air
is removed through exhaust air (EA) when outside fresh air (FA) enters the system.
In some situations, the air pressure is controlled for exfiltration and infiltration. For
instance, positive pressure prevents infiltrationof outside air andother pollutants from
entering the room. To maintain positive pressure, fresh air intake shall be higher than
exhaust air. Under such circumstance, air exfiltration moves air out of the building.
On the other hand, negative room pressure is an isolation technique for clinics or
medical centers to prevent cross-contamination between rooms. If negative pressure
is kept, the volume of exhaust air release to outdoor should be higher than fresh air
intake. In that case, air infiltration occurs to move air into the building.

The energy impact of air infiltration has been classified as a product of the infiltra-
tion air mass flow rate, and the inside–outside enthalpy difference [19]. The expres-
sion of heat loss due to infiltrate is:

Qinf = ṁ inf�h (7.3)

where Qinf is air infiltration energy load (W), ṁ inf is air infiltration mass flow rate
(kg/s), and �t is the difference of enthalpy.

Outside air flow into the building is driven by pressure differences. In some sit-
uations, the pressure difference is controlled for specific purposes. There are other
types of air infiltration, namely concentration air infiltration and diffuse air infiltra-
tion. Concentration air infiltration is infiltration through doors and windows, while
diffuse air infiltration occurs through cracks and paths overall the building enve-
lope. Air infiltration due to air leakage plays a significant role in evaluating the
heating/cooling load.
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7.5 Case Study—Energy Simulation

This case study is a building energy simulation of an indoor swimming pool. It
was conducted and simulated by using EnergyPlus software following the building
design specifications and operating conditions. Based on the actual design, all the
values affecting building cooling and heating loads were input into the simulation
accordingly.

The project is located at Hong Kong, which is at climate zone 2A. The typical
meteorological weather data for Hong Kong was used in the simulation for all calcu-
lations. Theweather datawas downloaded fromEnergyPlus (https://energyplus.net/).
The data is typical meteorological year (TMY) set and reflects coincident hourly data
for temperature, solar radiation, humidity, and wind speed for the location. Such data
covers a full calendar year (around 8760 h) and reflects coincident hourly data for
temperature, solar radiation, humidity, and wind speed for the location. The climate
data summary is shown in Table 7.1.

As shown in Fig. 7.7, the 3D geometry was built to calculate envelope loads of
the swimming pool. The details of the indoor swimming pool are:

• Area: 257 m2,
• Height: 1.6 m,
• Volume: 411.2 m3.

The building design parameters of the swimming pool being modeled were
inputted in EnergyPlus software. The values of the building design parameters are
summarized as follows:

• Indoor air design conditions: The indoor air temperature was set at 29 °C which is
1 °C higher than pool water. For relative humidity of indoor air, it was maintained
between 60 and 65%.

• Lighting load: 17 W/m2 was used.
• Equipment load: 1 W/m2 was used.
• Occupancy: For occupancy density, 3 m2/person for indoor swimming pool.
• Fresh air rate: According to ASHRAE standard 62.1, outdoor air ventilation rate
was set at 12 L/s per person to provide acceptable air quality in the swimming
pool.

• Envelope information: U-value for envelopes can be automatically calculated in
EnergyPlus Software.

The results are summarized in Table 7.2 with the maximum value of air flow rates,
cooling and heating loads, and pool water heating load calculated from EnergyPlus
model:

https://energyplus.net/
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Table 7.1 Summary of climate data

Parameter Value

Site: location Hong Kong

Latitude {N 22° 19′}
Longitude {E 114° 10′}
Time zone {GMT +8.0 h}

Elevation (m) above sea level 65

Standard pressure at elevation 100,547 Pa

Heating design temperature 99.6% (°C) 9

Heating design temperature 99% (°C) 10.8

Cooling design temperature 0.4% (°C) 33.8

Cooling design temperature 1% (°C) 33

Cooling design temperature 2% (°C) 32.2

Maximum dry bulb temperature (°C) 32.8

Maximum dry bulb occurs on Jul 1

Minimum dry bulb temperature (°C) 9.2

Minimum dry bulb occurs on Dec 17

Maximum dew point temperature (°C) 27.6

Maximum dew point occurs on Sep 21

Minimum dew point temperature (°C) −5.0

Minimum dew point occurs on Dec 24

ASHRAE handbook 2009 cooling degree days (base 10 °C) 5114

Weather file cooling degree-days (base 10 °C) 4782

ASHRAE handbook 2009 heating degree days (base 18.3 °C) 182

Weather file heating degree-days (base 18 °C) 202

ASHRAE climate zone 2A

ASHRAE description Hot-humid
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Fig. 7.7 3D geometry

Table 7.2 Maximum values during a typical meteorological year

Winter Summer

Air flow rate (Heating) (Cooling)

Supply air flow rate (m3/s) 6.8 6.8

Fresh air flow rate (m3/s) 1.03 1.03

Air side parameters

(a) Dehumidification (latent) load (kg/h) 17.57 109.19

(b) Sensible heating load (kW) 60.83

(c) Sensible cooling load (kW) 32.41

Water side parameters

(d) Pool water heating (kW) 39.07

Total

Total cooling load (a) + (c) (kW) 166.06

Total heating load of heat pump (b) + (d) (kW) 99.90



References 109

References

1. QuM, Abdelaziz O, Yin H (2014) New configurations of a heat recovery absorption heat pump
integrated with a natural gas boiler for boiler efficiency improvement. Energy Convers Manage
87:175–184

2. Bretsh SS, Roll EA (2008) Two-stage air-source heat pump for residential heating and cooling
applications in northern U.S. climates. Int J Refrig 31:1282–1292

3. Kuang YH, Wang RZ (2006) Performance of multi-functional direct-expansion solar assisted
heat pump system. Sol Energy 80:795–803

4. Bhullar HS, Kamboj VK (2011) Energy conservation of HVAC system with the help of fuzzy
controller. Int J Sci Eng Search 2(1):1–8

5. Kelly NJ, Cockroft J (2011) Analysis of retrofit air source heat pump performance, results from
detailed simulations and comparison to field trial data. Energy Build 42:239–245

6. Chua KJ, Chou SK, Yang WM (2010) Advances in heat pump system: a review. Appl Energy
87:3611–3624

7. Datt P (2011) Latent heat of condensation. In: Encyclopaedia of snow, ice and glaciers. Ency-
clopaedia of Earth Science Series. Springer, Netherlands

8. Yan YY, Lio HC, Lin TF (1999) Condensation heat transfer and pressure drop of refrigerant
R-134a in a plate heat exchanger. Int J Heat Mass Transf 42:993–1006

9. Labban O, Chen T, Ghoniem AF, Lienhard JH (2017) Next-generation HVAC: prospects for
and limitations of desiccant and membrane-based dehumidification and cooling. Appl Energy
200:330–346

10. Lazaro A, Dolado P, Marin JM, Zalba B (2009) PCM-air heat exchangers for free cooling
applications in buildings: empirical model and application to design. Energy Convers Manage
50(3):444–449

11. Homod RZ, Sahari KSM, Almurib HAF (2014) Energy saving by integrated control of natural
ventilation and HVAC systems using model guide for comparison. Renew Energy 71:639–650

12. Wargocki P, Lagercrantz L, Witterseh T, Sundell J, Wyon DP, Fanger PO (2002) Subjective
perceptions, symptom intensity, and performance, a comparison of two independent studies,
both changing similarly the pollution load in an office. Indoor Air 12(2):74–80

13. Chau KJ, Chou SK, Yang WM, Yan J (2013) Achieving better energy-efficient air condition:
a review of technologies. Appl Energy 104:87–104

14. Seppanen OA, Fish WJ, Mendell MJ (1999) Association of ventilation rates and CO2 concen-
trations with health and other response in commercial and institutional building. Indoor Air
9(226):252

15. Wchenfeldt B,MysenM, Schild PG (2007)Air flow rates and energy saving potential in schools
with demand-controlled displacement ventilation. Energy Build 39(10):1073–1079

16. ASHRAE 62—2004
17. Vardoompun J, Navvab M (2007) HVAC ventilation strategies: the contribution for thermal

comfort, energy efficiency, and indoor air quality. J Green Build 2(2):131–150
18. Viswambharan A, Patidar SK, Saxena K (2014) Sustainable HVAC systems in commercial and

residential buildings. Int J Sci Res Publ 4(4):1–4
19. YounesC, ShdidCA,BitsuamlakG (2012)Air infiltration through building envelopes: a review.

J Build Phys 35(3):267–302



Chapter 8
Reverse Cycle

Nomenclature

q Energy delivered or energy received
W Energy consumption
T Temperature
S Entropy generated due to internal irreversibility

Subscript

c Hot side (hot source)
f Cold side (cold source)

8.1 Cooling and Dehumidification

The continuing increase in energy demand and the associated negative impacts on
environment leads to scientists to investigate ways to meet indoor comfort conditions
with energy-efficient solutions [1]. Air source heat pumps provide cooling or heating
have found increasingly applied in recent decades [2]. Air source heat pump can be
connected with outdoor air coil. The functions of outdoor air coil is to reject heat
when perform cooling or absorb heat from outdoor to generate heating. One of the
obvious advantages of using heat pump unit is that it can generate both heating or
cooling [3].

Cooling is one of the main areas of application of thermodynamics [4]. The vapor
compression cycle is the most commonly used cooling cycles. Exergy analysis is
useful as a tool to examine the performance in the thermodynamic process of the
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vapor compression system [5]. Exergy is a measure of the maximum useful work that
can be done by a system interacting with ambient [6]. The exergy analysis combines
the application of the first and the second law of thermodynamics. The first law
of thermodynamics states that matter and energy must remain constant in quantity.
The second law states that waste exists when energy transferred or transformed.
According to Feidt [7], the first law and the second law of thermodynamics are
shown in Eqs. 8.1 and 8.2, respectively:

qc + qf +W = 0 (8.1)

where qc is the energy delivered at the hot side, qf is the energy received at the cold
end, and W is the energy consumption.

qc/Tc + qf/Tf + S = 0 (8.2)

where T c is the temperature of the cycled fluid at the hot side, T f is the temperature
of the cycled fluid at the cold side, and S is the entropy generation due to the internal
irreversibility.

Heat exchanger is one for themost important components of heat pumps. There are
various studies on optimizing the geometry size and operating conditions of the heat
exchanger to maximize the cooling effectiveness in terms of the energy efficiency
of the dew point cooling system [8]. Studies also extend to the investigation on the
system effectiveness at different inlet conditions including temperature, humidity,
and velocity [9]. To remove moisture, all the air must be cooled below its dew point
by a cooling coil. Air at the dew point temperature cannot supply to indoor directly
to prevent overcooling leading to discomfort to occupants [10]. Hence, supply air is
subsequently reheated by a heating coil.

The heat pump system has evolved to a mature technology over the past decade.
With raising energy cost, the use of heat pump as ameans of energy recovery becomes
widely used in various sectors. Heat pump is the only known process that recirculates
waste heat back to heat production process [11]. Figure 8.1 illustrates the heat pump
with energy recovery for space reheating. The heat pump performs the functions
of space cooling and dehumidification. The heat pump operations include filtering,
cooling, and dehumidification. The heat pump operations can also extend to water
heating.

The air handling process consists of a fan to intake return air-to-air chamber, dis-
charge exhaust air, and mix with fresh air. The mixed air is then passed through the
air pre-filter and bag filter for air filtering. Air filters protect the occupants from the
negative effects of poor indoor air quality, dusts, and particles. Air filter also protects
the heat pump equipment from contaminants to prevent unnecessary maintenance.
Pre-filter is made of metal and is washable for low-cost maintenance. Bag filter (or
called pocket filter) is constructed of a frame and contains fiberglass or synthetic
media. Service life of bag filter depends on Minimum Efficiency Reporting Value
(MERV) rating which is a method of stating the efficiency of a filter based on par-
ticle. The service life of bag filter can be extended with the use of pre-filter. In the
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Fig. 8.1 Heat pump for space cooling and dehumidification

environments where biological or chemical particles exist, high-efficiency particu-
late air (HEPA) filter is often used. HEPA filter is not MERV rated as it is beyond the
ASHARE standards. Common standards required for HEPA air filter is that air filter
must remove at least 99.95% (EU) or 99.97% (ASME) of particles, which diameter
is equal or greater than 0.3 µ, from the air that passes through.

The filtered air is then gone through the cooling and dehumidification process
before supplying to indoor for thermal comfort as shown in Fig. 8.2. First, the air
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Fig. 8.2 Dew point cooling and air reheating
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passes through the direct expansion (DX) cooling coil for cooling down to dew
point for dehumidification. During the cooling and dehumidification process, latent
heat can be recovered due to phase change from vapor to water. The latent heat is
recovered for space reheat for heating air up to the setpoint, and surplus recovered
heat is rejected to outdoor via remote condenser. The processed air is supplied for
indoor comfort via supply air duct.

Free air cooling can be provided for energy saving when the outdoor temperature
and humidity level are comfortable for occupants. To perform free cooling, the air
damper insider the heat pump is closed, whereas the fresh air damper and exhaust
air damper are fully opened. In that case, supply air fan becomes the fresh air intake
fan, and the return air fan becomes the exhaust air fan.

8.2 Heat Recovery for Heating

Researchers have put efforts to develop innovative heat pumps meeting the needs
of heating and cooling in a single system. According to Whaley [12], an integrated
system which provides space heating, hot water, air dehumidification, and space
cooling is an intelligent approach to maximize the system overall effectiveness and
minimize the system cost. In addition to air dew point cooling, Fig. 8.3 illustrates the

Fig. 8.3 Heat pump for space cooling/heating and water heating
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use of recovery heat for heating. The heat pump system consists of indoor unit and
outdoor unit. The outdoor unit is remote condenser. The remote condenser can serve
dual purposes, i.e., heat rejection and heat absorption. All the modules of the indoor
unit are assembled into one single vacuum tight container forming a sealed unit [13].
The indoor unit is connected to the surrounding by (1) air ducts to connect return
air from indoor, discharge exhaust air, intake fresh air, and supply air to indoor, (2)
refrigerant pipes to connect the heat pump with the remote condenser, and (3) water
pipes to connect with hot water system.

The air source heat pump system consists of several sections:

• The first section is an air chamber with a return fan to intake return air from indoor.
During the dew point cooling process, the return air serves as energy source of
the air source heat pump. This chamber also performs the air exchange function
to discharge exhaust air to outside and intake fresh air from outdoor.

• The second module is air filtering with two-stage air cleaning, i.e., washable pre-
filter and bag filter. Air filtering plays an important role to protect the occupants
from the negative effects of poor indoor air quality by preventing dusts and parti-
cles to enter to the indoor room. It also protects the heat pump equipment (including
cooling coil and heating coil) from contamination.

• The third module is direct expansion (DX) cooling coil and DX heating coil. The
DX cooling coil performs dew point cooling to generate cooling and latent heat
during dehumidification process. The latent heat from dehumidification is recov-
ered and discharge to DX heating coil to provide space reheating up to setpoint
temperature.

• The next module is supply air chamber with supply air fan to delivery processed
air to indoor for indoor thermal comfort. The delivery of supply air is via supply
air duct. The most commonmethod to determine the amount of air that needs to be
supplied into a building is air change per hour (ACH). The common ACH for any
commercial or industrial buildings is between 4 and 8 ACH. Depending upon the
activities and level of occupancy, the total quantity of air supplied to be introduced
into a building varies widely.

• The final module includes control panel, compressors, and hot water heat
exchanger. The exceed waste heat recovered from dehumidification process can
be discharged to the hot water heat exchanger to generate hot water.

The main functions of heat pump system are air filtering and heat exchange.
Figure 8.4 illustrates the heat exchange operations of the heat pump system with
water heating function:

• DX cooling coil: The mixed air passes through the direct expansion (DX) cooling
coil for cooling down to dew point for dehumidification.

• DX heating coil: The latent heat recovered from dew point cooling is discharged
to DX heating coil for space heating to heat air up to the setpoint temperature.

• Water heat exchanger: Exceed recovered heat is discharged towater heat exchanger
for water heating.

• Remote condenser: Surplus recovered heat is rejected to outdoor through remote
condenser.
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Fig. 8.4 Dew point cooling with space and water heating

8.3 Reverse Cycle Operations

In the case of dew point cooling heat pump system, latent heat is recovered for space
heating and water heating. The heat recovery is dependent on the dew point cooling
system. Dew point cooling is performed for dehumidification purpose.When there is
no demand for dehumidification, supplementary heating equipment is needed. Heat
pump can be both monovalent and bivalent [14]. A monovalent heat pump system is
the systemwhere the heat pump supplies heating and cooling for all seasons [15]. In a
bivalent heat pump system, the heating capacity of heat pump may be supplemented
by other heating equipment on cold days [16]. In other word, bivalent heat pump
system is a system comprising heat pump and other heating equipment [11].

Many of heat pump design is bivalent system with supplementary heating equip-
ment as backup particularly on cold climate. Traditional air source heat pumps have
electric heating device or auxiliary heater to heat up the air in winter. However, the
COP of electric heater is much lower than heat pump. With novel solution, reverse
cycle operations can be applied to make monovalent heat pump system possible.
The air source heat pump basically absorbs air from indoor (in terms of return air)
and rejects the surplus air to outdoor. The heat transfer operations within the heat
pump include: (1) cooling and dehumidification via DX cooling coil, (2) recovered
latent heat for space heating via DX reheating and/or water heating via water heat
exchanger, and (3) the residual latent heat reject to outdoor.When there is no demand
for dehumidification, no latent heat can be recovered to perform space andwater heat-
ing. Under such circumstance, the reverse cycle system can be operated to absorb
heat from outdoor and discharge heat to heating coil for air heater and water heat
exchanger for water heating.

Figure 8.5 illustrates the reverse cycle operations with the use of remote con-
denser for heat absorption. Instead of using return air from indoor as heat source, the
reverse cycle system absorbs from outdoor via remote condenser. Hence, the remote
condenser serves as heat rejection during the dew point cooling process and heat
absorption at the time of reverse cycle operations. Remote condenser is usually of
multicircuit structure to enhance heat transfer [17, 18].
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Fig. 8.5 Heat absorption for space and water heating

Heat pump operations involve the transfer of energy from a source of heat to
heat sink [19]. The ratio of useful energy to electricity consumption of a heat pump
at given conditions is defined as the coefficient of performance [20]. The COP of
heat pump is generally higher than traditional heater. Hence, it is desirable to use
monovalent heat pump system to avoid the use of supplementary heating device. The
operations of heat pump are governed by the following control logic:

Condition Heat source Heat sink (air) Heat sink (water)

Air temperature
> setpoint

Water
temperature >
setpoint

N/A N/A N/A

Water
temperature <
setpoint

Heat absorption
via remote heat
exchanger

N/A Water heating

Air temperature
< setpoint

Water
temperature >
setpoint

Heat absorption
via remote heat
exchanger

Air heating N/A

Water
temperature <
setpoint

Heat absorption
via remote heat
exchanger

Air heating Water heating
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Fig. 8.6 Reverse cycle
operations
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Figure 8.6 illustrates the reverse cycle operations of the heat pump:

• Energy source: Remote condenser performs heat absorption as heat source of the
air source heat pump.

• Space heating: DX heating coil as heat sink to receive heat generated from the
heat pump for space heating.

• Water heating: Water heat exchanger as heat sink to receive heat generated from
the heat pump for water heating.

8.4 Multifunction Heat Pump

Operational efficiency become important in heating and cooling. Most of the energy
system rely on vapor compression cycle in which refrigerant undergoes phase
changes [21]. The process of refrigeration uses the vapor compression refrigera-
tion cycle to transfer heat from one place to another. The heat pump with reverse
cycle can carry out multiple functions to meet users’ requirements.

Advanced heat pump can perform multiple functions. Heat pump can serve as
air handling unit to provide ventilation function. The DX cooling coil can perform
dew point cooling for cooling and dehumidification. Waste heat generated from
dehumidification can be recovered for space and water heating. When there is no
demand for dehumidification, reverse cycle operations can be operated to generate
heat for space and water heating. As shown in Fig. 8.7, the operational efficiency
of the multiple functions heat pump can be viewed from the perspectives of reverse
cycle operations, recover waste heat, sustainable energy, and control system.

For the reverse cycle operations, the most important component is the remote
condenser. The remote condenser is a dual-purpose external heat exchanger to per-
form heat absorption when serving as heat source and heat rejection when serving as
heat sink. The heat pump is an air source heat pump. Heat source is mixed air (i.e.,
quantity of return air plus quantity of fresh air minus quantity of exhaust air) when
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Fig. 8.7 Efficient operations
of multifunction heat pump
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demand for dehumidification exists. Heat source shifts to outdoor air when there is
no demand for dehumidification.

The advanced heat pump recovers waste heat from dehumidification. Heat pump
transfers heat from energy from air source to the DX cooling coil for cooling and
dehumidification. During the dew point cooling, latent heat is generated. Latent heat
is waste heat from the dehumidification process. Instead of discharging all waste
heat, the heat pump recovers the waste heat and discharge to DX heating coil for
space heating and water heat exchanger for water heating. Residual waste heat (if
any) can be discharged to remote condenser in the form of heat rejection.

This innovative heat pump is an air source heat pump with air as source energy.
From the aspect of energy sources, heat pump uses renewable energy since it uses
air as energy source to provide heating and/or cooling. From the aspect of heat pump
applications, it produces sustainable energy because the coefficient of performance
of heat pump is higher than traditional heating equipment. In addition, the heat pump
recovers waste heat for space and water heating.

The design of the heat pump aims to minimize energy consumption while
meeting users’ requirements. The built-in control system consists of sophisticated
electronic controller andmicroprocessor formaximum systemperformance andmin-
imum energy consumption. Moreover, the control system also provides the functions
of enthalpy control and demand control for fresh air.

Function of enthalpy control can be included to the heat pump system to save
energy cost. The enthalpy control can be performed under two situations. Free air
cooling can be performed when (1) the outdoor enthalpy and moisture level is lower
than the indoor enthalpy and (2) both the moisture level and the temperature level
are comfortable for occupants.
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The heat pump can also perform demand control for fresh air. A carbon dioxide
concentration sensor can be installed at the return air chamber to measure the CO2

concentration level which is an indicator of the number of the occupants in the
conditioned areas. Fresh air intake rate can be adjusted by modulating air damper
to provide demand control for fresh air depending on the CO2 concentration level.
Exhaust air can be proportional adjusted to maintain the air flow balance.

8.5 Case Study—Air Process

In this case study, the use of remote condenser as external heat exchanger connecting
to the indoor unit with application in the indoor swimming pool is presented. The
operating modes include summer mode and winter mode. Figure 8.8 illustrates the
indoor thermal environmental in the indoor swimming pool in summer. The indoor
climate is predicted by CFD method. In summer, the remote condenser which is the
external heat exchanger is regarded as a supplementary condenser for heat rejection.

The air process of summer mode is presented in psychrometric chart. The heat
pump performs the following function in summer mode: cooling and dehumidifi-
cation, space heating and pool water heating. According to the air process listed in
Fig. 8.9:

• The return air is mixed with outdoor hot and humid fresh air.
• The mixed air goes through the cooling and dehumidification process.

Pool water
condenser

Reheat coil

Supply
fan

Remote heat
exchanger

Pool filter Pump

Heat rejection

Evaporator

Fig. 8.8 Schematic of indoor swimming pool heat pump system in summer mode
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Fresh air

Reheating

Pool water evaporation 
& cooling load

Supply air

Return air

Mixing air

Fig. 8.9 Air process of summer mode in psychrometric chart

• The latent heat is recovered for space reheat and supply to the indoor swimming
pool.

• The remaining latent heat is recovered for water heating.

As shown in Fig. 8.10, the latent heat recovered is sent to reheat coil for space
heating and water heat exchanger for pool water. If there is still the remaining heat,
heat rejection is performed by the remote heat exchanger.

Figure 8.11 illustrates the indoor thermal environmental in the indoor swimming
pool in winter. The indoor climate is predicted by CFDmethod. In winter, the remote
heat exchanger is regarded as an evaporator for heat absorption.

The outdoor ambient condition in winter is cold and dry. The functions performed
by the heat pump are space heating and water heating. As there is no demand for
dehumidification, no latent heat can be recovered for space and water heating. Under

Fig. 8.10 Heat transfer
direction in summer mode
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(mixed air from 

air chamber)

DX cooling coil
(evaporator)
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Evaporator

Pool water
condenser

Reheat coil

Supply
fan

Remote heat
exchanger

Pool filter Pump

Heat absorption

Fig. 8.11 Schematic of indoor swimming pool heat pump system in winter mode

such situation, the heat pump runs reverse cycle operations. The air process of winter
mode is presented in psychrometric chart. According to Fig. 8.12, the reverse cycle
process includes the following:

• Air mixing: Return air from indoor is mixed with dry and cold fresh air from
outdoor.

• Air heating: Remote heat exchanger performs reverse cycle to absorb heat from
outdoor to generate heat and discharges heat for space heating.

• Water heating: Remaining heat is discharged for water heating.

As shown in Fig. 8.13, the heat source of reverse cycle operations in winter mode
is outdoor air. The heat absorbed by the remote heat exchanger is transferred to DX
heating coil for space heating and water heat exchanger for water heating.
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Fig. 8.12 Air process of winter mode in psychrometric chart
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Fig. 8.13 Heat transfer direction in winter mode
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Chapter 9
Heat Pump Configuration

9.1 Heat Pump System

Heat pump operates on a compression cycle and pumps energy from heat source to
useful energy. Heat pump systems offer economical means of recovering heat from
renewable sources for use in various industrial, commercial, and residential applica-
tions [1]. Heat pump is an efficient heating and cooling generating system.Heat pump
can also provide air circulation and air filtration functions with fan and filter. There
are various designs of heat pump systems with applications in commercial, residen-
tial, and industrial buildings. Nevertheless, the main components of heat pump are
still made up of compressor, condenser, expansion valve, evaporator, and refrigerant
[2]. Due to the increased demand for indoor air quality and thermal comfort, energy
consumption on HVAC has become an important issue. Recent research focuses on
improvement of heat pump system to enhance operating efficiency.

Improvement in heat pump performance and its environmental impact has been
an ongoing concern. To address these issues, recent progress on heat pump system
focuses on hybrid system and heat recovery system. Another important issue in
heat pump operations is the seasonal fluctuation in demand for heating and cooling
[3]. Total energy heat pump is a novel solution to ensure heat pump system can be
operated throughout all seasons. As heat pump system is widely applied, there is a
movement toward multifunction heat pump as the combination of functions within a
single system promises cost saving and efficiency operations. Figure 9.1 illustrates
the recent development on heat pump system.

Recent heat pump system development in enhancing operational efficient focuses
on the areas of multiple stage operations.Multiple stage operations have been rapidly
developed in recent year to maintain the performance and reliability of heat pump
[4]. According to Li and Su [5], a refrigeration system with two or more evapora-
tors/condensers performs better because multiple stage operating system is equipped
with large surface area resulting in reduced compressor work to drive the cycle. Mul-
tistage operating heat pump can also maintain the coefficient of performance of heat
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Fig. 9.1 Heat pump system development

pump with increasing temperature difference [6]. The compressors can be operated
independently or together in series for maximum output.

Figure 9.2 illustrates a two-stage operating system to provide cooling for a cold
room. Fresh air intake is required. In summer, the ambient air is hot and humid.

Fig. 9.2 Two-stage cycle heat pump
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Due to huge load for cooling and dehumidification, it is, therefore, desirable to use
two-stage operations. The air handling process of the two-stage operating heat pump
is listed as follows:

• The first stage aims to handle fresh air, i.e., inlet air is first pre-cool by the first
cooling coil. The first coil performs both the cooling and dehumidification func-
tions.

• The return air separates into two parts. Part of the return air discharges to outdoor
as exhaust air, and the rest of the return air mixes with the preprocessed air.

• The mixed air goes through the second stage, i.e., mixed air cool again by the
second cooling coil down to the required setpoint. The processed air then supplies
to the cold room.

Compressor is a critical part of the heat pump. The heat pump system has moved
forward to next-generation technologies characterized using scroll compressor [7].
Scroll compressor is one of themost used compressors in heat pump system [8]. Scroll
compressors are more durable, more resistant, and less vibrating. The compressor
operations can be operated at single stage, two-stage, or variable speed. A single
stage compressor uses only one speed and it uses its 100% capacity when operating.
A two-stage compressor has two speeds, high and low, to meet different loads. A
variable speed compressor, also known as inverter-driven compressor, can modulate
its capacity to adjust the output in accordance with the demand.

The refrigerant R22was used in air vapor compression system in the past decades.
Due to the encourage of the use of alternative refrigerant to reduce the emission of
CFCs, environmentally friendly refrigerants with nature do not deplete the ozone
layer are used as replacement in the vapor compression system [9]. The available
substitute refrigerants to replace R22 include R134A, R404A, R407C, and R410A
[10]. There are studies on the performance of new refrigerantR1234ze, and the results
indicate that R1234ze is enough to reach R134a cooling capacity in the different
conditions tested [11].

9.2 System Configuration

Hybrid configuration is state-of-the-art method to maximize energy output and min-
imize energy consumption. The hybrid system consists of more than one heat source
[12]. Figure 9.3 illustrates the configuration of hybrid heat pump system with air
and water as heat sources. The hybrid heat pump system consists of the following
module:
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Module Operations Heat source Function

Chilled water coil Sensible cooling via
chilled water cooling
coil

Water Space cooling

DX cooling
dehumidifier

DX cooling coil for dew
point cooling and latent
heat recovery

Air Space cooling and
dehumidification

DX reheat coil Latent heat discharges to
DX reheat coil

Air Space heating

Water heat exchanger Latent heat discharges to
hot water heat exchanger

Air Water heating

Water heat exchanger Surplus latent heat
rejects to chilled water
system

Air Heat rejection

Water heat exchanger Heat absorbs from
chilled water system and
discharges to DX
heating coil

Water Space heating

Although very high in efficiency, vapor compression cycle is questioned due to
the need of electricity power to drive the cycle. Heat recovery system using waste
heat to provide useful energy is the preferable option for heat pump system [13].
Heat recovery operation is the most direct way to improve efficiency of heat pump
system [14]. Figure 9.4 illustrates the configuration of heat pump with heat recovery
operations:

• Air-to-air heat exchanger: Heat exchanger is equipment used for transferring
energy from one medium to another. The air-to-air heat exchanger is a means
of heat recovery by allowing hot and cold air transfers through a cross-sectional
area with no additional power input to the system. The energy from exhaust air is
utilized to cool the hot fresh air in summer and heat the cold fresh air in winter.

Fig. 9.3 Hybrid heat pump system
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Fig. 9.4 Heat recovery heat pump

• DX system: The direct expansion (DX) system operates to provide dew point
cooling for dehumidification. The latent heat from dehumidification is recovered
for space reheat. For the heat recovery operations, the system includes DX cooling
coil for cooling and dehumidification and DX heating coil to recover latent heat.
The heat recovery system aims to provide air handling.

Heat pump system transfers energy from heat source to provide useful energy for
indoor comfort. Figure 9.5 illustrates a heat pump system with reverse cycle opera-
tions, i.e., remote condenser to perform both heat rejection when providing cooling
for indoor space and heat absorption when providing heating for indoor space. When
demand for dehumidification exists, the DX cooling coil also performs dehumidifica-
tion, and latent heat can be recovered from dew point dehumidification to discharge
to DX reheat coil for space heating and water heat exchanger for water heating.
Exceed heat rejects to outdoor via remote condenser. When there is no demand for

Fig. 9.5 Heat pump with reverse cycle operations
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dehumidification, no latent heat can be recovered. Under such circumstance, the heat
pump performs reverse cycle operations by heat absorption from outdoor. The energy
is then discharged to DX heating coil for space heating and water heat exchanger for
water heating.

Air temperature, relative humidity, and water temperature sensors can be installed
to control the reverse cycle operations with remote condenser to absorb heat from
outdoor ambient air:

Parameter Heat pump operations Remote condenser

Relative
humidity

Air temp Water
temp

Cooing
coil

Heating
coil

Water
heating

Heat
rejection

Water
absorp-
tion

↓ ↑ ↓ Off Off On N/A On

↓ ↓ ↑ Off On Off N/A On

↓ ↓ ↓ Off Off On N/A On

Notes ↓ = Below setpoint; ↑ = Above setpoint

9.3 Control System

Heat pump is the technology to provide indoor environment comfort based on princi-
ples of thermodynamics and heat transfer. The control andmonitoring systembecome
more intelligent with the application of Internet of Things (IoT). The implementation
of IoT technology into control system allows wireless communications. According
to Yang et al. [15], IoT is “a collection of things embedded with electronics, soft-
ware, sensors, actuators, and connected via the Internet to collect and exchange data
with each other.” The IoT enables objects to be sensed using sensors and controlled
remotely across network infrastructure [16]. The IoT system enables the use of sen-
sors as devices to detect or measure physical properties and make responses via
actuators which is a device that control a machine or other device to operate. The
actuators can be defined as “system the received control signal that categorized as
low power signal usually generated by microcontroller to operate the devices” [17].
In addition to control the system operations, another focus of the IoT system is to
minimize the energy consumption. Power meter and/or current transducer can be
installed to control and monitor the power consumption.

IoT-based control system development includes several stages. The control sys-
tem development is usually initiated with the creation of graphical user interface
(GUI) to allow users to interact with electronic devices through graphical icons and
visual indicators. Next, hardware and software requirements are identified. It is then
followed by the construction of control logic and coding of the control prototype.
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The system can implement the proportional-integral-derivative (PID) or fuzzy logic
control. The control system can also apply the IoT technology to achieve wireless
information transfer. Testing on hardware and software including IoT communication
is required before implementation.

From the perspective of heat pump system, the IoT devices are equipped with
sensors to measure the physical properties, and the control system uses actuators to
operate the heat pump for indoor air quality and thermal comfort. At present, there
are two main approaches to address thermal comfort: the rational method and the
adaptive method. The rational method or thermal balance is based on the predicted
mean vote (PMV) index or predicated percentage dissatisfied (PPD) index to define
thermal comfort level on an indoor environment [18, 19]. The adaptive method is to
use the final users’ satisfaction to optimize the thermal acceptability of the indoor
environment [20, 21]. The state-of-the-art to access the thermal comfort level is still
a challenge [22].

Figure 9.6 illustrates an IoT-based heat pump control andmonitor system. Sensors
to measure return air temperature and return air humidity are installed inside the heat
pump to control the air side operations of the heat pump. For thewater side operations,
sensors to measure the inlet water and outlet water are installed. Other information
(e.g., air flow rate, carbon dioxide concentration level) can also be obtained tomonitor
the indoor air quality. Based on the data obtained from various sensors, the operating
mode of the system can be auto-selected:

Fig. 9.6 IoT-based heat pump control and monitoring
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Operating mode Selection criteria

Cooling and dehumidification • Air temperature > setpoint
• Relative humidity > setpoint

Cooling and dehumidification + space
reheating (recovery heat)

• Relative humidity > setpoint
• Air temperature < setpoint

Cooling and dehumidification + water
heating (recovery heat)

• Air temperature > setpoint
• Relative humidity > setpoint
• Water temperature < setpoint

Cooling and dehumidification + space
reheating + water heating (recovery heat)

• Air temperature < setpoint
• Relative humidity > setpoint
• Water temperature < setpoint

Space heating only (reverse cycle operations) • Relative humidity < setpoint
• Air temperature < setpoint

Water heating only (reverse cycle operations) • Relative humidity < setpoint
• Water temperature < setpoint

Space heating + water heating (reverse cycle
operations)

• Relative humidity < setpoint
• Air temperature < setpoint
• Water temperature < setpoint

As the design of comfortable and healthy indoor environment is important,
researchers constantly investigate newmethodologies and tools to control the system
operations. The IoT operations can also be extended to enhance indoor air quality. A
typical example is installation of CO2 sensor tomeasure the ppm level. The controller
reduces the fresh air intake to save energy when the CO2 level is low. When the CO2

level is higher than the setpoint, the control system keeps the fresh air damper fully
open to increase the intake level of fresh air. The control system also adjusts the
discharge of exhaust air proportionally. A sample control logic to control fans and
dampers in response to CO2 level is shown in Fig. 9.7.

9.4 Case Study—Integrate with Cooling Tower

In central air-conditioning system, cooling towers have been increasingly used for
heat rejection due to relatively higher energy efficiency when compared to an air-
cooled air-conditioning system. However, in the cool and humid climate, air plume
emitted from cooling towers is considered as a nuisance to the public, even sometimes
mistaken as smoke from fire. Therefore, it becomes necessary to develop a method
to avoid the occurrence of the visible plume and mitigate the severity of the visible
plume from cooling towers.

Visible plume usually occurs as the discharged air from cooling towersmixes with
the ambient air in the cool and humid climate. As seen in Fig. 9.8, the discharged air
with a high humidity level is rapidly cooled by the ambient air, thus the capacity of
hold moisture reduced, which results in water vapor condensation. Therefore, water
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PID control motorized 
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(1000PPM)

Fig. 9.7 Control logic
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Fig. 9.8 Plume formation in psychrometric chart

vapor becomes moist, consisting of countless droplets in the discharged air from
cooling tower, that is, visible plume.

The occurrence of visible plume is very annoying since it may cause many prob-
lems:

• The inhalation of the air plume from cooling towers may lead to the outbreak of
Legionnaires’ disease.

• The plume may cause corrosion of the surrounding equipment.
• The air plume may cause short circuit of the nearby electrical system.
• The visible plume may be mistaken as smoke from fire by the pedestrians.

To solve the cooling tower plume problem, the mixture line between the exhaust
air and the ambient air must be on the right of the saturated line in psychrometric
chart. Therefore, heating coil is added to heat exhaust air before mixing with the
ambient air. It can be seen from Fig. 9.9 that the heat pump system is used to absorb
heat from outlet water and transported the energy to heating coil. Therefore, it is
more energy saving compared fired gas burners/steam coils. The air processing is
shown in Figure. As seen, the exhaust air “B” is heated by heating coil and turned
into “C,” so that the mixture line (AC) is on the right of the saturated line.

The air processing is shown in Fig. 9.10. The original discharge line is “AB.” As
seen, the exhaust air “B” is heated by heating coil and turned into “C,” so that the
mixture line “AC” is on the right of the saturated line.
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Fig. 9.9 Cooling tower plume abatement schematic
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Fig. 9.10 Air processing using heating exhaust air approach
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Fig. 9.11 Logic of the on/off control system

Since the phenomenon of visible plume does not occur during all the time of a
year, an on/off control system is necessary to determine when to operate the heat
pump system. And the control logic is shown in Fig. 9.11:

• Firstly, the real-timemeasured data includingwater flow rate, water inlet and outlet
temperature, ambient air dry-bulb and wet-bulb temperature are sent to the control
system.

• Secondly, based on the measured data and input data, the built-in algorithm is
automatically run and can determine whether visible plume may occur.

• Finally, the decision of operate or shut off the system is sent to the heat pump
system to do the order.

For the built-in algorithm, it is programmed based on the Poppe method [23]. It
was developed in the 1970s and the predictions from the Poppe method are generally
accepted with full scale cooling tower test results. With the built-in algorithm, the
moisture content in the exhaust air from cooling towers can be accurately predicted.
Hence, whether visible plume occurs can be decided.
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