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ABSTRACT

In addition to international energy concerns, South Africa is facing its own electricity generation
challenges. Periodic load shedding leads to a decrease in national revenue as the production of
goods and services comes to a halt and investor confidence in the country declines. This
particularly affects small businesses and contributes to unemployment. Many South African
government buildings are old with poor energy management practices. These buildings tend to
consume more energy than necessary, making the buildings highly energy intensive, thus
compounding the energy demand on the grid. The country’s energy challenge and the lack of
energy efficiency in commercial buildings adds to excessive and wasteful consumption of energy,
which negatively impacts the environment and the already hurt economy. The aim of this research
was to evaluate energy efficiency in a public commercial building and identify the drivers and
barriers to energy efficiency to improve energy management practices and ensure electrical and
mechanical systems are energy efficient.

The outcome from this research indicates that energy consumption can be improved and reduced
by using energy efficient technology, implementing energy efficient design techniques for systems
design, and incorporating energy conservation measures where possible. Effective energy
management of a commercial building involves operation and maintenance of electro-mechanical
equipment and continuously improving energy consumption by monitoring the buildings energy
use. Another important outcome from this research is that government regulations, building
policies and other regulatory documents play an important role in encouraging the implementation
of energy efficiency as well as monitoring and improving energy usage. A review of energy
efficiency in heating, ventilation, and air conditioning (HVAC) systems indicated that energy
efficiency can be implemented from the design stage, where the designer selects energy efficient
technology so that energy efficiency of the system is optimised. A review of various articles
concluded that energy efficiency of lighting systems and miscellaneous electrical loads (MELS)
can be improved by the use of energy efficient light bulbs, occupancy sensors, day/night switches
and other novel energy efficient technologies. The review on drivers and barriers to energy
efficiency showed that drivers and barriers to energy efficiency can be found in various stages of
a building’s life cycle, and in some cases decisions made at the inception stages affect the energy
consumption during the operation of the facility. The experimental results showed that the energy
conservation measures implemented in the buildings in this study were relatively cost effective

and produced a significant improvement in the consumption of electrical energy.
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CHAPTER 1: INTRODUCTION

1.0 Introduction

The world is currently facing a dilemma of finite fossil fuel reserves as well the threat of global
warming. In addition to international energy concerns, in 2008 South Africa began experiencing
periodic power outages (also known as load shedding) from the national electricity supplier,
Eskom [1], [2]. Such power outages lead to a decrease in national revenue over the period of the
power outage, as the production of goods and services comes to a halt, and investor confidence in
our country declines. This particularly affects small businesses and contributes to unemployment.
Load shedding affects the lifestyle of households and the lifespan of electrical equipment in these
households. In commercial and industrial facilities, load shedding affects production time,
damages electrical equipment due to power surges, and is recorded as downtime in the business.

Since 2008 Eskom has faced challenges in providing the country with a stable energy supply.

According to the fourth assessment of the Intergovernmental Panel on Climate Change (IPCC),
buildings play an important role in climate change and have the largest potential for significantly
reducing greenhouse gas emissions [3]. Emissions from buildings consist of operational (carbon
emissions emitted resulting from operation of the building) and embodied (carbon emissions
resulting from the material fabrication for construction and the construction processes of the
building) emissions which account for about 33 % and 8 % of the total annual global greenhouse

gas (GHG) emissions respectively [4].

Many of the South African government buildings are old with poor energy management practices.
These buildings tend to consume more energy than necessary, making these buildings highly
energy intensive, thus compounding the energy demand on the grid. There is poor maintenance on
these facilities, which often leads to “make shift equipment” to keep the system running. These
practices often lead to inefficiencies in the system and poor energy management. Implementation
of energy efficiency measures will assist in reducing the load on Eskom, reduce operating costs
of state buildings, and contribute to the reduction of GHG emissions into the atmosphere, thus

improving investor confidence in South Africa.

This study of energy efficiency in a state-owned commercial building aimed to determine the
amount of energy consumed by the building and the associated losses of energy in the building
operation. The overall outcome of this research can provide information on the use of electrical

energy in commercial buildings, providing insight to the barriers and drivers of energy efficiency.



The results have been analysed to come up with practical and attainable recommendations for
energy efficiency opportunities in state owned commercial buildings.

1.1.  Rationale

Commercial buildings make up one of the biggest consumers of electricity in South Africa.
According to studies carried out by Deloitte Consulting Pty (Ltd) in 2017, the commerce and
public services sector consumes approximately 15 % of the electricity generated and is the 3"

largest electricity consumer in South Africa (Graph 1) [5].
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Graph 1: Electricity consumption, 2012[5]

Considering the amount of electricity consumed by the commercial field, it is essential to pursue
energy efficiency in such buildings. Energy efficiency is seen as the easiest and most cost-effective
way of reducing energy consumption. The implementation of energy efficiency practices in
commercial buildings can potentially reduce operating costs of these facilities thereby contributing

to mitigation carbon emissions.

The benefits of energy efficiency will be discussed below in relation to commercial buildings

owned by the state. The benefits obtained from energy efficiency is also dependent on a country’s



legislation and on whether the country is aware of energy efficiency and promoting energy

efficiency.

A. Reduction of greenhouse gasses in South Africa

The World Resource Institute (WRI) conducted research on the GHG emissions produced by
South Africa and the results in Graph 22 show that 84 % of total GHG emissions is produced by
the South African energy subsectors and more than 60 % of this is from the production of
electricity and heat [6].
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Graph 2: GHG emissions by sector in South Africa in 2012 [6]

South Africa is one of the highest GHG emitters on the African continent, with a high energy
intensity (ratio of GHG emissions to Gross Domestic Product). For this reason, the South African
government is actively participating in initiatives to mitigate GHG emissions. In 1994 South
Africa ratified the UNFCCC (United Nations Framework Convention on Climate Change),
acceded to the Kyoto protocol in 2002, and participated in Conference of Parties (COP 21) held
in Paris in 2015 [4]. The National Energy Efficiency Strategy (NEES) of South Africa, first
published in 2005 and later updated in 2008, provided a target of 12% for energy efficiency
improvement by 2015 [4]. In 2006, the Energy Research Centre (ERC) was commissioned to
examine the potential of mitigating national GHG emissions [4]. The UNFCC and the Kyoto
protocol led to the development of the National Climate Change Response Policy (NCCRP) by

3



the government. The NCCRP has two objectives: the first objective involves managing the impacts
of climate change, and the second is to contribute to the international efforts to alleviate GHG
concentrations in the atmosphere [4]. Crucial to the built environment, the South African
Department of Minerals and Energy initiated the South African National Standards (SANS) 204
Energy Efficiency in Buildings to ensure that the building sector contributes to the energy
efficiency targets in the NEES [4].

South Africa is committed to reducing GHG emissions as the government has instituted standards
for the country to conform to. However, the measures that South Africa has introduced are taking
a while to become fully executed throughout all industries and buildings. It is the responsibility of
society, developers, companies, the government and entrepreneurs to ensure that they comply with

these measures.

B. Sustainability

In the context of sustainability, energy efficiency plays a major role as an energy resource. This
perspective looks at energy efficiency as being the negative use of energy. According to Sebitosi
[7], energy efficiency is one of the best energy resources. The concept of energy efficiency in the
built environment has a wide application from the inception stage of the building till close out
including its operational life. With the implementation of energy efficiency measures, one can

ultimately achieve sustainability.

The implementation of energy efficiency not only refers to technical applications — energy
efficiency can be achieved through better organisational structure and management and improved
economic efficiency [8]. Energy efficiency has been identified as a means to address issues such
as energy security, social and economic impacts of high energy prices, and climate change
concerns. Research has also identified energy efficiency as cost effective and as a stimulus for

corporate competitiveness [8].

C. Environmental contribution

One of the greatest environmental benefits resulting from energy efficiency is the reduction of
carbon emissions into the atmosphere. The use of less energy also curbs outdoor pollution by the
reduction of fossil fuel pollution (such as sulphur dioxide, particulate matter, unburned
hydrocarbons and nitrogen oxides) created by power generation [9]. By reducing air pollution,
resilience to climate change increases thus reducing the effects of climate change and prolonging

the climate change process [9].



Energy efficiency helps reduce the pressure that currently is placed upon the limited non-
renewable natural resources. The need to explore challenging locations for natural resource
extraction, such as ultra-deep offshore, the arctic and shale, is minimized. Energy efficiency
indirectly reduces the cost of such projects as well as reduces any environmental uncertainties

associated with natural resource extraction [9].

Energy efficiency plays an indirect role in the preservation and sustainability of the natural
environment. With the use of energy efficient technology and activities, time is bought for research
and development in renewable energy as well as net zero-energy buildings for further elimination

of the natural environment degradation as well as for the benefit of human health.

The amount of energy used by government practicing energy efficiency will contribute to the
prevention of degradation of the natural environment and will assist in stalling the effects of
climate change, as well as contributing to providing a more sustainable environment for future

generations.

D. Social Responsibility

Social benefits of energy efficiency play an important role in human interaction and response to
the environment, including the health benefits experienced by people resulting from energy

efficiency.

Energy efficiency within buildings can significantly reduce ill health and death related to air
pollution. Energy efficient buildings offer better ventilation than conventional buildings. The
reduction of air pollution (indoor and outdoor) can decrease the incidence of illnesses such as

asthma and lung cancer, as well as minimize the rate of premature deaths [9].

Implementing energy efficient activity or behavior among building occupants and staff will help
the state reduce costs and the energy efficient traits instilled are then carried into their families.
Implementing such measures in universities can result in such traits being carried by students into

the corporate world as well [9].

E. Economic Viability

The financial benefits of energy efficiency can be found in almost all energy efficient activities or
operations and energy efficient equipment. It is one of the most rewarding aspects for corporate
companies and industries. Government buildings, being part of a business venture, also reap the

rewards of implementing energy efficiency activities and energy efficient technologies.



According to the South African Development Community [10], private companies enjoy financial
benefits from lowered running costs because building energy efficiency reduces infrastructure
costs and building expenses [10]. Reducing the operating costs can save a significant amount of
money for government buildings as well. For example, finances can be saved by replacing all
incandescent light bulbs with compact flourescent light bulbs which require less energy but
produces the same amount of light, thus the state will pay for less energy used resulting in a saving.
Efficiency improvements in energy and resource use eliminate a cost that the government does
not need. Building efficiently also reduces building costs, and building for the first time offers

large economic opportunities.

Figure 3 is a Venn diagram indicating most of the financial benefits of energy efficiency which in
relation to commercial buildings. Energy efficiency reduces energy expenses by decreasing the
amount of energy used for the same output. The state can therefore pay less for energy usage and
as a result have a surplus of finances for other priorities. Making the state a better environment
and improving the Indoor Environmental Quality (IEQ) for occupants will also improve staff
productivity[11]. Being an energy efficient government, the government will have an edge in
regard to rising energy prices. Lower operating costs from energy efficient measures allows for an
increase in the operating budget. Energy efficiency can be associated with lowered operating costs
and better indoor comfort for occupants and give staff a better environment to work in. This
increases the building value and reduces financial risk, thus sparking the interest of investors and

increases competitive differentiation [12].



Reduces energy,
expenses
Risk reductio P Increases
for building pmﬁts
owners

FlnanC|a
benefits of
energy

Qualifies for ta:
incentive

Faster payback

Increases
competitive
differentiation

Has an edge
against rising
energy costs

Increases
building valug

Stretches
opertating
budgets

Figure 3: Financial benefits of energy efficiency

Operational benefits that are achieved through energy efficiency lead to financial benefits. As
mentioned above, operating costs are reduced due to energy efficiency, but so are maintenance
costs. Mechanical systems and buildings are modernized with energy efficiency operational
activities and equipment. The life span and reliability of equipment is increased, thus reducing

equipment downtime and operational efficiency.

1.2. Aim and objectives
The aim of this research was to evaluate energy efficiency in a public commercial building to
identify the barriers and drivers to energy efficiency, thereby finding improved energy
management practices and ensuring electrical and mechanical systems that are also energy
efficient. The objectives of this study were to:

1. Identify energy losses in a government building, by studying energy consumption patterns

in the building.
2. Identify energy efficiency measures that can be implemented in a government building

without affecting service provision by the state.



3.

1.3.

Identify factors that are influencing the adoption of energy efficiency measures in a state
owned building, that is, to study barriers and drivers to energy efficiency methodologies
in this industrial sector.

Quantifying the energy efficiency of energy conservation measures of the retrofits

implemented.

Research questions

The following research questions were answered in order to fulfil the objectives:

o > W e

14.

Where are the energy losses in a public commercial building prevalent?

What are the technical energy efficient opportunities for a commercial building?

What are the factors inhibiting energy efficiency?

What are the factors driving energy efficiency?

What are possible cost effective energy efficient measures to reduce the consumption of
electrical energy?

What impact does the implementation of energy efficient measure, mentioned in point 5,

have on cost and reduction of energy consumption?

Limitations

This study was constrained by the following limitations:

1.

1.5.

The availability of a suitable public commercial building to use as an experimental case
study.

Gathering sufficient data as the public domain is known to have poor documentation
management.

The lack of resources and knowledge on the scope of this research may be a challenge.
Cost implications to carry out the study may involve hiring of equipment or service
providers to carry out specialised tasks.

The quality of data may be compromised due to the lack of proper record keeping and

documentation.

Layout of thesis

This thesis consists of the following chapters:

1.

Chapter 1 provides the background to this research, the rationale, research questions, aims

and objectives, the limitations and the layout of this research.



Chapter 2 presents the background of factors that affect the rate and intensity of energy
efficiency in commercial buildings.

Chapter 3 is a review of energy flow in heating, ventilation and air conditioning (HVAC)
systems and energy efficient technologies and strategies for centrifugal water-cooled
chiller systems in commercial buildings.

Chapter 4 presents a critical review of the energy efficiency opportunities for lighting and
miscellaneous electrical loads (MELS) in commercial buildings and the current lighting
and MELSs control strategies that have been used to reduce energy consumption of lighting
and MELSs so that the potential for improving energy efficiency for lighting systems and
MELSs can be identified and implemented.

Chapter 5 presents identification of barriers and drivers to energy efficiency in occupied
commercial buildings, thereby producing a systematic classification and explanation of
barriers and drivers to energy efficiency. The identification of these barriers and drivers
can be used by policy makers to further implement regulations that enhance and promote
energy efficiency. Chapter 5, further explains the impact of barriers as well as energy
efficiency drivers and proposes a taxonomy of potential barriers and some drivers that may
be prevalent.

Chapter 6 presents experimental findings of the quantitative analysis of the energy savings
after retrofitting of Energy Conservation Measures (ECMSs) implemented in a state-owned
commercial building to determine the electrical energy savings, the effectiveness of energy
efficient retrofits, and the correlated cost implications. The chapter also provides identified
barriers to energy efficiency such as: Lack of funding, resources and knowledge as the
most prevalent barriers.

Chapter 7 presents the conclusions drawn from the research, and recommendations for

future work.
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ABSTRACT

The challenge with energy consumption in many commercial buildings in South
Africa is poor energy practices, the use of equipment thar is net energy efficient, lack
of maintenance of electrical equipment, an exponentially growing population and a
progressing economy, all of which contribute fo an increase in energy consumpfion.
Understanding the use of energy in commercial buildings requires insight info the
amount of energy consumed and the different ways in which this energy is used.
Factors that directly and indirecily affect the implementaiion of energy efficiency,
include technical, social, economic and environmenial factors. Various articles and
reporis on factors affecting the rate and intensity of energy efficiency are critically
reviewed in this paper to deferming the extent to which these affect the implementation
of energy efficiency measures. It has been established that the rate and intensity of
energy consumption in relation to these factors varies according to the location and
climatic condifions of the area. Electro-mechanical equipment and systems can be
easily controlled, but regulations and social dynamics play an important role in the
consumption of energy of such equipment and systems, with social dynamics being the
mosi unpredictable energy consumption facior. Energy management of a commercial
building can optimise energy efficiency by managing the equipment of the building as
well as the emergy consuming activities faking place whilst the building is in
operation. Ie succeed in developing energy efficient and sustainable buildings,
buildings need to continuously evolve with technological advancements, and
regulatory and legal requirements will have to be adapied to suite the dynamics of the
built environment.
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Review of Factors Affecting Energy Efficiency in Commercial Buildmgs

1. INTRODUCTION

Within the past 20 years. the worlds™ energy consumption has increased by 7 598 Mtoe with
natural gas and coal having the greatest increase in consumption as shown in Figure 1 [1].
Possible pnmary reasons for this are increases in population and industrial development. An
increase m population influences building development and energy consumption i buildings.

1973 2014

Biofuets and waste
05% Other®

Nogesr 15%
05%

Natum o8s

r‘;
LTAN

| 6101 Mtoe | | 13699 Mtoe |

[Figure 1 Total pnmary energy supply by fuel [1]

In the year 2017, the Environmental Information Administration (EIA) [2] published on
their website that 70 % of the total energy consumption in South Africa is coal. with oil
consumption being 22 % of the total energy consumption (Figure 2). Evidently, South Afnca
15 highly dependent on coal for electnicity generation, thus making South Africa one of the
worlds™ highest emtters of carbon dioxide [2].

Figure 2 Total primary energy consumption m South Africa, 2016 [2]

According to Statistics South Africa [3], in 2006 the commercial sector consumed 4.6 %
of the total energy produced mn South Africa (Figure 3). This high energy consumption may
be due to a rapidly growing population as well as development of industry and the
advancement of technology. therefore increasing the demand for electrical energy.
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Figure 3 Final sectoral consumption of energy 1n terajoules, 20022006 [3]

In the commercial sector, buildings are the pnmary energy consumers. Energy 1s utilised
from the planning stages and throughout a bwlding’s hifecycle. This paper analyses energy
consuming systems and practices that affect energy efficiency in the operation and
functioning of commercial buildings.

2. ENERGY EFFICIENCY

Energy efficiency 1s a term that is used m all energy consuming applications m all sectors and
vanes depending on the context m which it 1s applied. In some cases, energy efficiency refers
to the utilisation of energy in the most lucrative way where energy waste is minimised, and

overall consumption of primary energy resources is reduced. This latter case refers to the
aIIlDUIlt of energy being used and focuses on reducing the amount of energy used although the
yield that the energy produces remains the same.

Technically, energy efficiency is a ratio of output to energy input and is used in industry
by engineers and technicians. In engineering applications the energy efficiency of a motor,
turbine or compressor 15 analysed by taking the mechamical work (which 15 the output) over
the electrical work (which is the input), thus giving us the effciency of the component. If the
efficiency 15 low, there are losses somewhere and if the etficiency 1s high the losses are
minimised. Losses, in the form of vibrations, heat and friction, reduce the efficiency of the
component; thus, causing the component to use more energy than required.

According to the World Energy Council [4], energy efficiency refers to “a reduction in the
energy used for a given energy service (heafing, lighting, etc.) or level of activity”. This
defimtion, like the first definibion, provides the idea that there is less energy used for a certain
gquantity of service or activity provided.

In the context of sustamability, energy efficiency can be wviewed as a major energy
resource; this perspective looks at energy efficiency as being the negative use of energy.
According to Sebitosi [3] energy efficiency can be regarded as the best energy resource.

The general defimtion of energy efficiency refers to obtamming a greater output for a given
amount of energy consumed or a reduchon n energy used for a miven output. Regardless of
the variety of definitions for energy efficiency, the ideclogy behind energy efficiency remains
consistent.
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There are misconceptions that energy efficiency and energy conservation are
mterchangeable, but this is not the case. Energy efficiency refers to using the same amount of
energy to yield a greater output, whereas energy conservation is the reduction in the amount
of energy consumed with a reduction in the output as well. These two are completely different
concepts, although they may have similanities in their benefits.

The implementation of energy efficiency does not only refer to techmical applications:
energy efficiency may be achieved through better organisational structure and management
and mproved econemic efficiency as well [6]. Energy efficiency has been identified as a
strategy to address 1ssues such as energy securnty, secial and economic mpacts of high energy
prices, and climate change concems. Research has also identified energy efficiency as cost
effective, and as a stimulus for corporate competitiveness.

3. ENERGY EFFICIENCY CHALLENGE IN COMMERCIAL
BUILDINGS

In developed countries, buildings account for approximately 40 % of total energy
consumption and contribute to about 30 % of carbon emussions [7]. There 15 a plethora of
factors that affect energy efficiency in buildings, starting from the design stage untl the
operation and mamtenance of the building and the demolition of the bwlding. Focusing on
factors that affect energy consumption of the bwlding dunng operation and maintenance,
taking into consideration that the building is occupied, six primary factors have been
identified that impede energy efficiency during operation and maintenance of a building,
which range from technical to operational and govemmental (see Figure 4 and the sections
below). The rate of energy consumption of energy consuming systems 1s affected by the
occupancy, building design, building management system, energy management, lack of
govemment interventions and regulations, and the weather.

Occupant Behaviour
— wd

& 22
= 2 Building design
¥z |2 28
i i £ i
% % = HVAC Systems g = il
E 'g l;‘: 1 ﬂimﬂ!
g wmp S Lighting | — 5 £ |
& . £ . Government
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& Electric Loads (MELs)

g i

&

Figure 4 Factors affecting energy efficiency

3.1. Energy Consuming Systems

Commercial buildings contam a vaniety of electrical energy consuming eguipment to enhance
the indoor environmental for the comfort of human occupancy and for the efficient and
effective operation of the builldng. Perez-Lombard et al. [8] state that the increase of energy
consumption in buildings 1s as a result of the increase in population, economic development,
the growth of the building sector and the spread of bwlding services. In office buildings,
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lighting and equipment are the highest energy consumers. The functioning of the building
itself plays an important role m the end use energy consumption. Using energy modelling,
Abdul Hamud et al. [9] conducted an amalysis of energy comsumption of a commercial
buillding and found that m the baseline energy assessment the cooling of the building
accounted for 42.33 % of the total annual energy use followed by other electncal equipment
and then lighting, as shown in Figure 5.

0.04% 0.00%

13.63%

H Cooling

B Eguipment

B Lighting
Fans

B Heating

= Pumps

Fizure £ Baselne energy breakdown [9]

3.1.1. Heating, Vennlation and Air Condifioning Systems

Heating, ventilation and air conditioning (HVAC) systems in high nse buldings provide
mdoor thermal comfort and fresh air supply, which is often a necessity as per health and
safety regulations. HVAC systems, an unavoidable asset, consume approximately half of the
total energy usage in developed countnies [8]. According to Perez-Lombard et al. [8], n
developed counines energy consumption of bwldings compnse 20 % to 40 % of the total
energy used. From Abdul Hamid et al’s [9] energy modelling analysis, HVAC systems
consume the most amount of total energy in a building as revealed i Figure 5.

HVAC systems consume the most amount of energy since the system is made up of high
energy consuming egquipment, such as pumps, arr handhing units, fans and chillers. A well-
designed HVAC system will be able to efficiently control temperature, humidity, air flow,
thermal radiation, any cdours, dust, noise and vibrations [9].

3.1.2 Lighting

Lighting 1s an essential component in buildings to ensure that blding occupants are working
mn apprepnate indoor environmental quality. Many mnternal offices in commercial buildings
do not get natural light and other offices get shaded hight thus making artificial hghting a
necessity. According to the results from Abdul Hamid et al.’s [9] research illustrated in Figure
5, highting accounts for 2347 % of the total energy consumption in a typical commercial
building with no retrofits.

Lighting accounts for a sigmificant portion of the total electncal consumption of all
buwlding types, particularly mm commercial buildings [9]. According to studies conducted by
the US Department of Energy [11], lighting load accounts for approximately 14 % of the total
energy consumption in buildings on average. There are other studies demonstrating that
lighting load can be sigmificantly higher in commercial buldings, which may be as a result of
weather patterns in that area. According to a European study, about 30 % to 40 % of total
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electnicity consumption is allocated to mtenor lighting for medmm to la.rge commercial
buildings [11]. Lighting in office type buildings can account for up fo 25 % to 35 % of the
total energy demand [12]. Within the terhary sector in EU-27, approxmmately 21 % of
electricity consumption 15 atmbuted to the hghting load, representing the largest frachon of
electneity consumption [13].

Feduction in lighting energy consumpfion 15 a key item in South Affica’s energy saving
goals and would have a substantial impact in reducing the electnical load which would then
reduce our carbon footprnt [14, 15]. According to research, vanious types of lighting control
schemes can sigmificantly contribute to savings [16].

3.1.3. Miscellaneous Eleciric Load (MEL)

Miscellaneous electric load (MEL) refers to electricity consuming loads that are not related to
comventional end uses [17, 18]. In other words, MEL refers to all the non-main electrical
loads of a commercial building which excludes loads associated with the systems used for
heating, cooling, ventilation, hot water generation and lighting [18].

MELs account for a large portion of energy consumption in commercial buildings [18].
The number and types of loads associated with MELs have increased [18]. Approximately 20
% of the primary energy used in commercial buildings is allocated to MELs, and over the next
20 years this figure 15 to mncrease by 40 % thus making MELs one of the most rapidly growing
load categomes [17, 19, 20]. This rapid growth 1s as a result of an increase in electronic
equipment and building automation such as bwlding management system and the use of
cameras to ensure the efficient operation of buildings. Similarly, computers are essenhal
pieces of equipment in any commercial building, thus giving nise to bigger server rooms [17].

Pegulations often focus on the energy efficiency of HVAC systems and lighting,
frequently merlcuul.mg plug loads, information technolegy (IT) and vertical transportation
systems. Most companies do not keep a record of the energy consumed by IT and rarely are
the IT electnical loads in the IT departments own budget, which means that IT managers do
not know how mmuch energy therr department consumes. The findings in the research
conducted by Kwong et al. [21] indicate that the office equipment in the commercial building
m Malaysia which was studied consumed about 14 % of the total energy end use.

MELs represent an mmportant, but not well researched category of energy consumption
source. Mitigating the energy consumphon of MELs requires more fransparency and a
consistent way to find out where the consumption 15 really coming from measunng the
details to establish its energy footpnnt [17]. Kwong et al.’s [21] findings demonstrate that
approximately 19 % of the electnc load consumpfion can be reduced with a change in
behaviour and power management.

3.2. Building Location and Design

The location and design of a bwlding plays an important role in energy consumption,
primanly in relation to thermal comfort and lighting. For example, trees and mountamous
areas provide shade for buildings m warmer climates reducing the cooling load of the
building. In the southern hemisphere, north facing windows on a building allow more sunlight
and heat energy into the building. In cold environments, a tight building -:lengn can reduce the
heating loss by 25 % to 30 % [22]. The use of natural hght during the day thus hmiting
artificial llghl:um to might time. and allowing for natural ventilahon, are only two of the many
solutions for better building design that encourage limited elen:trlcm consumption [23].
Energy consumphion of a building can be reduced by selecting a suitable location and
designing the building according to the terrain of the location to allow more natural light into
the building and to allow natural ventilation to ventilate the building.
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3.3, Occupant Behaviour

Occupant behaviour and interaction with the bwlding environment plays a major role in
building energy use and represents ome of the most uncertain vanables affecting energy
efficiency [24]. Energy consumption associated with occupant dynamics refers mamly to
switching on/off the lights, switching on/off the air conditonmmg system or adjusting the
temperature, opening/closing the blinds and simple movement between spaces [24]. In
additon, occupant behavioural practices such as types of clothmg wom, consumpton of
hot'cold drmks, and changes in individual metabolic rates, all mfluence human comfort and in
turn affect occupants’ behaviour m relafion to energy consumption [24].

Energy consumption within the bult environment 15 connected to the energy use of the
building’s occupants, including the presence of occupants in the bulding and the dynamics of
the occupants [26, 27]. Masaso and Grobler [28] haghlight the implications of electmicity
consumption caused by neglhigent occupant behaviour durmg off-peak hours m a commercial
building. The results of their study mmdicated that 56 % of the energy consumed by the
bullding was used outside working hours associated with poor occupant behaviour and no
zoning control, where electrical equipment and hghts were left on after working hours.
Occupant activify often leads to unnecessary and excessive energy consumphon [29]).
According to Virote and Neves-5ilva [30], energy efficient technology in a building can be
debilitated by occupant behaviour within the bulding.

Occupant activity i1s one of the most unpredictable energy consumption patterns, thus
makmg 1t difficult for researchers to quantfy and evaluate. In five different studies,
Martinaifis et al. [31] demonstrated that it 15 difficult to predict the performance of buildings,
regardless of the accuracy of the energy simulations, because occupant behaviour 15 a
significant contributor to the discrepancy between building predictions and the actual building
energy performance. Building occupant interaction and dynamics within a building affects the
energy consumpfion of the bulding.

3.4, Energy Management of the Building

Energy management refers to the management of energy which 1s used to provide goods or
services through vanous methods such as monitoring and improving efficiency of systems
and human activity. According to Capehart et al. [32], energy management refers to “the
judicious and effective use of energy to maximise profits (minimise costs) and enhance
competitive positions”. Hassan et al. [33] refer to energy management as “the strategy of
adjusting and optimising energy requirements per umit of output while holding constant or
reducing total costs of producing the output from these systems™. Both defimbons mdicate
that the aim of energy management 15 to produce goods and provide services with minimal
consequences to the environment and with the least cost mvolved. Interestingly, Lackner and
Holanek [34] sumply refer to energy management as “structural attention for energy™ and they
go on to indicate that the objectives of energy management are:

a) To contimually reduce energy consumption, and

b) To maimtamn the achieved improvements.

As shown in Figure 6, Deming’s circle demonstrates how an organisation can produce
contmual improvement in energy consumption and management patterns through the cycle of
making energy management policies, planning of action to be taken, implementation of the
action plan, evaluation of the results of the action taken and thereafter improving the policy
documents [34].
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Essenfially, the facility manager (and for larger buildings a designated energy manager) of
a commercial building will be responsible for ensunng that the building operates optimally
with the least amount of energy consumed as well as continmally improving the energy
efficiency of systems and enhancing occupant knowledge on emergy usage. Human actions
(both, occupants and facility managers) are major elements of energy usage and can, through
their behaviour, inhabit the optimum operation of the building, resulting in excessive energy
consumption which defeats the purpose of energy efficient technology mvestment [35-37].

The size of the building i3 of no concem, the success of energy management practices is
dependent on the commutment of the orgamisation and the determination of the energy
manager to implement energy conservation and energy efficiency.

3.4.1. Building Energy Management System

Building energy management systems (BEMS) are integrated, computerised systems used to
monitor and contrel a building’s energy needs and consumption, allowmng for the bulding to
operate efficiently and smoothly whilst mamtaiming eptimum consumption of energy.

Shyr et al. [38] developed an energy management system (EMS) using the mtemet of
things (IOT) platform to control lighting in a university. They found that their system allowed
people to understand thewr energy consumption, thus making better energy choices. The
system also improved the energy efficiency of the lighting based on the rules of the user.

According to Yang and Wang [39], building confrol 1s required to create a comfortable
building environment and enhance the energy efficiency of the building. They conducted a
case study of a multi-zone building controlled with particle swarm optimisation (P50) for
mtelligent bulding confrol and ophmisaton and presented the comesponding smmulation
results in their research paper. Results showed that a multi-agent PSO system has the ability
to control complex building systems. The PSO maintamed a high level of comfort within the
building space, even during a peried of shortage of energy supply.

Ock et al. [40] conducted a simulation of a conceptual framework for real time weather
responsive confrol systems combined with BEMS. The control system was generated using
data from weather pattemns, resulting in energy consumption being adjusted according to the
weather. The proposed advanced BEMS was restncted to hg]ll:l]lE control and heating and
cooling energy consumption. A daylight intensity data base was preconstructed to control
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energy used by lighting, with the data obtained being used to detect the level of natural llght
in the space and determine whether artificial lighting was required or not. One of the major
bamers found m this study was the uncertainty of human behaviour which mmhibits the
optimal simulation of a conceptual framework such as the one mplemented i the study.

Considening the global energy crisis, BEMS are becoming a saught after solution to curb
energy consumption in buildings. Research shows that the use of BEMS mn bu.lldmgs have the
potential to reduce the bl.uldmg energy consumption, however, BEMS are still in the early
stage of develepment and cannot accommodate all factors affecting the energy consumption
of a buildng. The functionality of BEMS needs to be mmproved as well as the operation and
maintenance of the system. Presently, parts are not readily available for such a system which
makes 1t expensive. Human behaviowr is unpredicatable and is often a challenge to
mncorporate into a BEMS.

3.5, Government Interventions

Government interventions have the potential to increase energy efficlency in commercial
bulldings. These mterventions refer o commercial building policies, regulations, incentives,
programmes, conferences, and anything else that will create an awareness or regulate the
amount of energy being used by commercial buildings. Government plays an important role
by stipulatmg a minimum set of standards which all people mvolved with the bulding
mn:ludmg bulding occupants must abide by. Govemment incentives for energy efficiency will
encourage mnvestors to explere and improve the field of energy efficiency mm buildmgs.
Becoming involved with intemational energy efficiency programmes and implementing
energy Efﬁmenm strategies will enhance energy efficiency practices among South Afncan
developers and within industries. Government can create an awareness through seminars,
energy efficiency debates and conferemces mn the South Affican context to promote and
implement energy efficiency practices in homes and busmesses. Yu et al. [41] conducted
research on the impact of building energy codes on energy use and CO, emmissions and
found that building energy codes have the potential to reduce the Chinese bwlding energy
consumption by 13 % to 22 % depending on the building type. An investigation of the
relationship between energy efficiency and elecincity intensity of nine energy efficiency
programmes in the US was conducted by Ofonn-Boadu et al. [42]. Their investigation found
that there was a general decline m the electncity intensity and the five energy efficiency
programmes contributed to approximately 9 % reduction in commercial building electricity
consumption. Geller et al. [43] demonstrated that well designed policies can have a substantial
energy saving mmpact.

3.6, Climate

Chmate change, a current phenomenon charactensed by increasing vanability, 15 affecting the
environment and agncultural practices, indusmal and mam:fm:runng processes and
parameters. as well as socioeconomic dynamics, and so 15 affecting energy consumption. The
Intergovernmental Panel on Climate Change Fifth Assessment Report (AR3) concluded that
climate change 15 unequivocal and human activities are the most probable cause, and that
changes in climate have been observed mn all geographical regions [44].

Li et al. [45] reviewed the impact of chimate change on energy use m buildings and found
that there are regions with extreme celd in winter and moderate heat in summer and vice
versa, and there are regions that have both extreme cold and extreme heat. Extreme cold and
heat has a significant impact on building energy consumption, with hot summer weather and
warm winters having the greatest impact on energy consumption. The authors found that the
amount of energy used for heating in extreme winter conditions are comparable to the amount
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of energy used for cooling in extreme summer heat conditions. The authors conclude by
noting that climate change has the potential to have a significant impact on energy and
envircnmental policies. Depending on the rate of climate change m the future, the existing
energy and environmental policies may not hold true due to the rapidly changing weather
pattems.

4. CONCLUSION

Energy consumption m South Africa 15 steadily mcreasing with commercial buildings
contnibuting to a large percentage of end user energy consumption. Electricity in South Africa
15 primanly generated by coal, meaning that South Africa is one of the highest carbon dioxide
emitters in the world. To curb carbon dioxide emissions and maintain a high level of service
and production output, energy efficient practices and equipment are critical in commercial
buildings, as energy efficiency is one of the easiest ways to mmprove the level of carbon
emis510ms.

Commercial buildings consist of a vanety of electromechanical equipment, many of
which are highly electronic so require cooling and therefore account for high electmeity
consumption during operation te support the function of the bulding. As stated previously
HVAC systems consume the most electricity in buildings, followed by highting of the building
and MELs. These electrical loads can be reduced using energy efficient technology, energy
efficient design of systems and energy conservation practices.

Engineers and designers must consider the building location, the weather patterns of the
envircnment, energy regulations of the country as well as the general energy practices of the
community when designing a bulding, as these vanables affect the rate and mtensity of
energy consumption of the equipment. Energy management of the equipment of the building
together with the operation of the bwlding, which mcludes human achwvity, can optimise
energy consumption.

Energy consuming systems, building location and design, energy management of the
bulldng, govemment regulations and climate all require detailed research to 1dentfy how
energy consumption can be managed to reduce energy consumption.
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1. INTRODUCTION

Heating, venfilation, and air condifioning (HVAC) systems consume a sipnificant amount of ensrgy and there is a
growing demand for HVAC systems. To restrain the amonnt of energy consumed by HVAC systems, it is important
to understand how ensrgy is mansferred, nsed and lost in the system. This paper primarily analyses the flow of
energy fom the space being cooled to the atnosphere and the electrical enargy used by complex heat transfer
equipment nsed in the process. The fow of heat enerzy and electrical energy is discussed to highlisht and surface
opportimites to reduce energy consumpion and improve the energy efficiency of the system. This article will use
cenmifugal water-cooled chiller system as the basis for discussion.

2, ENERGY CONSUMING CHILLER EQUIFAMERNT AND ENEEGY LOSSES

Water cooled chillers, known for their high efficency, nse the vapour compression cycle to chall water which is
uszed to absorb heat fFom the air-conditicned space [11], [121,[13]. The chiller uses & working fhuid, the refrigerant,
to cool the chilled water refumning from the space. and the heat absorbed by the refrizerant is then comprezsed to
mcrease the pressure and the comesponding samration temperamre, The refrigerant then enters the condenser, the
cool condenser water absorbs the energy from the refrigerant which refumnis to the evaporator. The heat absorbed
from the refrigerant by the condenser water is then expelled into the shmosphere through a cooling tower. Figure
1shomvs the mam ensrgy consuming components of a chiller air conditioning system [13].

A.I- H-nn.lnp Unit

Figure 1: Schematic Diagram of a Chiller A Conditioning Svitem [14].
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There are five heat energy loops within the air conditoning process involved in transferring the heat sbsorbed fom
the building and expelling it mto the amospheare. Understanding the relationship betareen elacirical ensrgy consumpton and
heat energy mansfer will aszist in understanding the flow of energy and the losses and how this process can be improved In
each link of the chain hseat is absorbed by the subsequent lnk wntil the energy is rejected into the environment Figure 2
shows the heat iransfer flow with the associzted elecrical equipment used to ransfer heat from one leop to the next, thereafier
each link will be discossed[8].
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Figure 1: Thermal Chain for an HVAC Svitem in Cooling Mode (Adapied from [8]).

1.1 Air Loop

With reference to Figure 2, heat is exiracted from the air that cocupies the condidoned space i the air loop & fan is used to
pass the wanm air through a cooling coil where hest energy 1s absorbed by the chilled water, thms reducing the temperanmre
of the sir within the space. The air loop can be considered as an open process becamse realistically, the air loop is subject @0
venfilation, air exhanstion and zir lesks that ocour in ducts and conditioned spaces [8]. Sopply air fins are used to provide
frech air to the venrilated space, while return air fans extract the warnm air from the cooled space As much as theze fans are
not cooling or heating the air, they are the source of transportation for the air, with an elecirical ener gy source. Static pressure
drop and volumetric flow rate determine the fans capacity and enerzy consumption and a considerable amoont of energy can
be allocated 1o the ventilation fans in an HVAC system [15]. [1%] indicates that there are various issues that can affect a fan’s
performance, such as diofy fan blades, mechsmical wesr and poor maintensnce to aging fans [13]. Over fime these Sactors
mcrezse the fans energy consumpion. There are two maim factors that affect elecrical energy consumption of ventilation
fans: 1) fan selection by the system desizn enginesr, and 2) poor mamienance Desizn engineers tend to “over specify” to
compensate fior being responsible for nadequate system performance [16]. However, over specifying reduces the efficiency
of the fan operadon, reduces the life span and increases operation cost [16). HVAC Glters. dampers, duct lengths (including
bends, tees and expansionTeduction pieces), and the cooling cpil, affect the stafic pressure and energy consumpiion of the
fan which needs to be considered by the desizn engineer. Dampers and HVAC flter salection conmibute to the fns’ static
pressure. As energy efficiency iz an important aspect i HVAC desizn engineers should ensure that dampers snd Slters
specified for the system conserve energy and provide themmal comfort and sir quality. According to research conducied by
[17]the difference in energy consumption and indoor =ir guality (TAC) depend less on the filter and more on the system
design, the building operatdon and the operation dme of the fans [17]. However, [17] indicates that their smdy found a
difference in the fan energy consumpton when filters were added to the system, but different rypes of fans were affected in
different ways. The permanent split capacitor (P5C) motor fans nsed more power than electronically commutsted mator
(ECAL) fans under normal conditions; when filters with a pressure drop of 150 Pa were used, P5SC fans used less power than
ECM fans [17]. The research conducted by [18] indicates that when dampers are not fimctioning properly a hizh pressura
drop is created across the dampers which adds o the fans’ static pressure lead, but adding & control system to the dempers

Impact Factor (FCC): 9.6246 NAAS Rating: 3.11
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can reduce the fan ensrgy by 8 maximum of 30%:, depending on the numbers of hours the system operares [18].
1.2 Chilled Water Loop

The chillad water loop is a closed system, and a pump is used to ciroalate the water to and fom the conditioned space, refer
o Figure 2. The chilled water absorbs the heat energy from the air m the cooling coil, thus increasmg the tempersmre of the
chilled water. As the warmer chilled water passes through tubes in the chiller evaporator, the heat energy is mansfered to
the refrigerant[2]. When heat is absorbed by the reffigerant from the chillad water if becomes vapour and the chillsd water
remperamure drops. The chilled water is then recirculated to the cooling coils in the AU, the process repeats irself The
cooling coil and the chiller evaporator are both hest mansfer components of the system and the circnlaning pomp converts
elecirical enerzy to kinetic energy o the chilled water[19].The chilled water circulating purmnps are nsed to provide chilled
water at the caloalated Sow rate and static besd of the HVAC system Pump designers manipulate the vane desizn to achieve
optimum outpat velocity for an impeller [19]. Cenmmifugal pomps have reached the pesk of desizn, however, V5Ds are
commonly used to mmprove energy efficiency and it is the responsibility of the design enzineer to select the right pomp to
cTeats opiimal operating conditions.

121 Cooling Coil

The parformance of the cooling coil plays an impertant role i improving thermal energy mansfer berween the chilled water
and sir to be condificned Ambisnt temperamres afect the sensible (@) and latent heat gzins (), } of the space, rising the
dry bulk and wet bulb temperatures and affecting TAQ). Figure 3shows the commeon change in air properties during the cooling
process across the cooling coil. Outside air (at ambient temperaiore and bumidity) enters the cooling coil then if the copling
cotl is 100% effective, the air will be cooled to apparatus dew point (ADF) or dew point temperamre which is located at
point C oo the sanmation curve i Figure 2. Fealistically, a limited surface is never 100% effective, therefore the final
temperanare of the cocled and dehumidified air will be someawhere along the line between entering coil conditons (point A
in Figure 2) and ADP (point C in Figure 2). The amount of condensed vapour will be the difference in specific humidity
between the specific humidity of ar entering the coil and the specific bumidity of ar leaving the cpdl; this process decreases
the specific humidity and mcresases the relative humidicy[20], [21].
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Figure 3: Psvchometric © hart with the Properties of Air Entering and Leaving the Coil [20].

The contact factor () and the bypass factor (BPF) are both nsed to express the efficisncy of the cooling coil, the
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BPF describes the percentage of air that 1s not copled to ADP whereas the § is used fo describe the percentage of air that has
been cooled to ADP, as described in equadons (1) [20], [21], [22].

Ez""d. gy _ Ry~Ry o Ta~Th (13
iy = by = he Ta=-Tc

Where:

5§ = Contact factor

= Humidity ratio or specific humidity relative to dry air (kgke)
h = Enthalpy (kT'kg)

T = Temperamre (*C)

The following equaten (2)calculares the bypass facter:

kp=hg _ Ta-Te _ wy-ap f}j
Ry=he ~ Tyu=Tpg g

BPF =

Where:
BEPF = Bypass factor

In summer, the ontdoor smbient temperatures are much higher than the conditioned space, therefore the latsnt and
sensifle heat gams will be wansferred to the nferior, increasing the temperaimre and relatve humidity of the inferdor [23].
The total heat flow in & cooling cotl can be analysed using the eguation {4). The difference i enthalpy between points 4
(entering the cooling coil) and B (leaving the cooling coil) provides sn overall smalysis of the energy requirements of the
tofal cooling process[21], [22] Equation (3) is used to calculate the total heat flow in the cooling cotl.
dp = Mk, — ha) G)
Where: §7 = Tomlhear flow rate (k1/s) andm = Mass floar rate of air m (kz's)

At sny given point on the psychometric chart, the mass flow rate can be determined by using the velometmic fow
rate and the density of air The total heat flow rate is the sum of the latent heat and the sensible heat The senszible hear fow
rate is a fimction of temperanre change and can be calonlated using the equaton(4) [21], [22]:

g = MmCyiTs — Ted B
Where:§, = Sensible heat flow rate (kT's); €, = 1.01 Specific heat capacity of air (kTkz"C)

The latent heat flow rate is a fonction of the specific humidity relatve to dry air and can be caloulated with the
equation [5)[21], [22]:
Gy = Mihy,(iy — wa) (3
Where.§, = Latent heat low rate (kI's) and k ,, = Water evaporation enthalpy (2302 kI'kg)

With refsrence to Figure 3, the following mass mnd energy eguations can be used to analyse the heat and mass
manszfer across the cooling codl for cooling with dehomidificanon[24] According to the conservation of mass principle, the

mass &t point A mmst be the same as the mass at point B in 3 conmolled wvolume, as mathemadcally described by

Impact Factor (FCC): 9.6246 NA4S Rating: 3.11
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equarion equrion. (§)[24].
MWaws = Mairg ()
A snd B refer to state points A and B mFigure 3 During the cooling and dehumidification process, the moisiure m

the air condenses, reducing the amount of moisiure to dry air. The peychometric chart provides the kg of humidity per kg of
dry air at a specific condition on the chart, therefore with eguation (7) the amomt of condensate formed can be caloulated.

Wyq = Mg T Megne Mlgpeqliy = Mgrepidy + Moang )

Where the subscript “Cond™ refers to the amoumnt of condensate formed.

The conservation of ensrgy is applied to the amount of energy enterimg and leaving the cooling coil to analyse the
flewr of enerzy across the cooling codl, as mathematically described in equation {8) [24]. The total maszs flow rate of air and
its enthalpy is the sum of the heat flow rate at point A on entering the cooling oodl, the mass flow rate of air at point B and
its” enthalpy at point B, and the mass flow rate of the condensate formed and the enthalpy of the condensate.

i geahiy = GIA + fiaprha T MegasBesaa (g
1.3 Refrigerant Loop

In the evaporator, the refigerant absorbs the heat from the chilled water by means of a vapouwr compression cycle. The
refrigeration process then imdergoees a change of thermodynamic properfies, mansfarming heat snerzy to the condensimg water
o the condenser [8]. With reference to Figure 4, the refrigerant leaves the evaporator as a low pressure and low temperature
zas [25]. It then becomes 3 high pressure and high temperanmre gas before being nsed again, thus the refrigerant flows from
the evaporator to the compressor where pressure and temperamre 15 Inmeased (see state point 2 in Figure 4) before entermz
the condenser [25]. In & water cooled chiller, the condenser uses water to absork hear energy Som the refigerant, thus the
refTigerant condenses to a liguid once agaim [23]. The Lguid refrigerant leaves the condenser at 3 hagh pressure and
temperanre and flows through the expansion valve. The expansion valve separates the high-pressure side of the refrizeran:
from the low-pressure side, acting as 3 pressure reducing valve. Ooly a small smount of refrizerant is allowed to pass thronzh
the valve into the svaporater as a coeolsd ligoid [23].

Fizure 4: Refrizeramnt Cvcle in a Water Cooled Centrifugal Chiller [12].
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1 3.1 Centrifugal Compressors
The centrifugal compressor converis elecricsl energy to mechanical energy to mcrease the pressure and temperamre of the
Teffigerant Centrifizal compressors are of 2 rbine rype, moving gas by converting kinefic energy to pressure energy.
Pefrigerant, in vapour phase, enters the compressor through 3 suction vane and passes through the impeller. Cenmifigal
COMPTessors are maore energy efficient and robmst when compared 1o other compressors fior use in water cooled chillers [24],
[27]). In zemeral the energy consumption costs of compressors are hizher than the rypical investment and maintensnce
costs[2E]. Electric motors account fior 8 considerable proportion of energy consumption. In the Europesn Union slone, 70 %a
of the total elecmical demand can be allecated to motors and electric motor driven compressors acoomnt for 18 %0 o 25 %o of
the energy consumpiion [27]. As 2 result eleciric motor doven compressors have potenfial for energy efficiency
improvements [27].The energy efficiency of a cenirifngal compressor desizn has been improved to swch & high level that the
potential for further mprovements lie m the diffoser development [27]. There are three main types of diffuser
desizns waneless diffuser, low solidiny vaned diffoser and vaned diffozer, all of which influsnce the compressor performance
and operating range diffsrently [27]. [27] focuses on energy improvement in cenirifiigal compressor component desizo and
the enargy efficiency benefits of each diffuser type and the resalis show that improvements in compressor energy efficiency
have a significant effect on the tofal ensrgy nsage of the system, with energy savings of betwaen 2 5% and 4. 9% [27)]. Clearly
component design is 3n important aspect when considering energy efficiency of the entire system. In the case of reffigeration
compression, 4 change in operating conditions or 3 change in the medium viscosity decreases the Feynolds number[30]. 4
decTeaze m the Peynolds number increases the boundary layer thickness and the frictional losses which then leads to lower
efficiency and pressure rafie [30]. According to a study by [31], the shape of the diffuser and a low Eeynolds oumber
conimibute to the deteriorafion m the performsnce of cenimfiizal compressors [31]. To improve the performance of a
centrifigs]l compressor the growth in the impeller lmb and the diffoser boundary layer should be reduced [31]. The
manufacmres’s data and tests conducted on the centrifinzal compressor do not always favour the real operating conditdons of
the compressor. In some cases, the efficiency of the system is compromised. In chilled water air condifioning systems, it is
eszential to salect an energy efficient compressor that will also improve the energy efficiency of the system as a whole.
1 31 Expanzion Valve
An expansion valve is 2 small orifice which controls the flow of lignid refrigerant pumped from the high pressure condensing
side to the low pressure evaporator [32]. [33]. The refrigerant sxiting the orifice will be rapidly expandmg, it will be at a low
pressure m the form of ligwd vapor[32]).[33]. The expansion valve regulates the reffigerant flow keeping the pressure
differemce between the hizgh and low pressure side of the reffigeration system[32],[33].The expansion valve works In
conjunction with the compreszor to achieve the desired resnlis at the evaporator. There are various types of expansion valves
depending on the type of refigerant, the evaporator capacity, ligmd reffizerant temperanme and the pressure drop
requirements. Thermestatic expansion valves are commonly nsed in air condifioning; however, elecironic expansion wvalves
are becoming popular as they redwce energy consumption on start-up of the HVAC system [34] found that the energy
efficiency rato (EER) was low after each start up in all tests conducted. This is a resnlt of the refrizerant leaving the
evaporator in liquid phase, thus entering the compressor in a lignid phase and endangsring the operation becanse the tharmal
expansion valve cannot differemtdate berween the different cooling demands[34] "When the compressor stops hqud
refTigerant migrates throngh all paris of the evaporator snd there is an imperfect conirol of the expansion valve which cansas
swings in the system when in operation [34]. The compressor will bave to replace a larger volume of refrigerant, tms leadmgz
1o ener gy wastage. The use of thermestatic expansion valves may lead to energy inoeases as great as 23% during start up. [34]
also found that elecironic expansion valves always had a higher EER. as the elecoronic expansion valve has the ability to
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control refrigerant flow i the evaporator and thus hmit liquid refrigerant in the compressor [34].With the use of a thermal
expansion valve, the greatest energy loss ocours during start up becanse thermal valves are either opened or closed and cannot
control the required amount of refrigerant for the cooling load. However, elecironic expansion walves easily control the flow
of refrizerant entering the evaporator and entering the compressor as vapour. To improve energy efficiency of the HWVAC
system, the designer should consider the use of electronic expansion valves.

1.4 Condensing Loop

Feferming to Figure 2, the heat absorbed from the refrigerant in the condenser and is then gansferred to the environment
through the cooling towers [5] The hear from the refrigerant is shsorbed by the cooling water and iz pumped to the cooling
towers where the heat from the water is dissipated mio the amosphere, thus cooling the water. Thereafter the cool water
from the coeling tower is pumped to the condenser, 35 shomm in Figore 55[35]. The cooling fan in the cooling tower induces
cooling of the condenser warer throngh convection The recirculating purnps and the cooling fower fans contmibute to the
total power consumption of the HVAC system. Improving the efficiency of the cooling tower fan and the reciroulating pumps
will mprove the overall efficiency of the HVAC system.

Evaporabiocn

s AR <y

el JIVINTN]

1 Condenser |

Bleradawen
Figure £: Schematic of a Condenzer Water Loop[35].

Fepular maintensnce on 8 condenser can easily improve overall efficiency of the condenser [36]. Annual brcshing
of the condenser water pipas will remove any scale build up and maimtain the efficiency of the heat wansfar surface. Water
reament of the condsnser water is critical to prevent fouling as unmeated water damages the tubes and piping. Cooling towear
blowdown is the most effective way to remove solids and contaminsmis [36). Feducing the water temparamre before it enters
the condenser can improve the chiller’'s efficiency{36] A condensar is rated according to the amount of heat it Tejects into
the ammosphere. The total heat rejected fom the refrigerant in the condenser refers to the de-superheating, the condensation
and the subcooling of the reffigerant and is mathematcally expressed using equation (109[26]:

'E':e,rm:u.! — H.1'r'-ﬂ"r'I,g-er'.fl:...: {him.w'ﬂ,g - hd‘llh‘.:fhﬂ} ':ID}

The temperanure of the condenser watsr leaving and entering the chell-mbe condsnzsr has an impact on the
condensed reffigerant temperaiore, the compressor nput power, the condenser water pump power and the cooling tower fan

input [24].
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1.5 Heat Eejection to the Amosphere Loop

The main mechanical equipment that uses energy or disinbates or loses energy to dispel the heat energy from the cooled
space to the atmosphere, are the cooling towers, cooling tower fans and the condenser water recironlating pumps.

151 Cooling Towers

Cooling rowers are used to dissipate the heat energy absorbed throuwgh the air condifioning cycle into the amosphers
Fecirculated condenser water from the chiller condenser is evaporatively coeled by contact with atmosphenic ar [24].
Mechanical draft cooling towers are commonly nsed for large commercial buildings [24]. A fan is nsed to exmract ammospheric
air, passing it through the condenser water as it is sprayed dewmwards across the fill, thus absorbing the heat energy and
reducing the temperanmre of the condenser water, see Figure § [24], [34]. About 1% of the water evaporates as it flows
conourrently with and is absorbed by the upward flow of air. Drift eliminators wap the larger droplets, while those droplets
that leawe the tower are referred to as drifi [24]. Among the diferent types of cooling towers, the coonte rilow induced draf
cooling tower will be discussed here. The counter flow induced draft cooling tower allows for the drest air to contact the
coldest water, thus inreasing the performance of the cooling tower [24]. Another advantage of the counter flow induced
draft cooling tower ic that the fill aeates an even distribufion of air across the water spray and 1s discharged at 3 higher
velocity from the fan outlet [24].

Wemnm,, Alaisi Sar Chai
F N

'* —— Fun
| [
I | ) T
: ¥ - Dalsaribian e
e Wearer I - Syament
F—— Siay
Wl e

C ol iy Rasin

-y

M _ * - a Aunbaont Adr im

M =
mbient Air EI_- *_ =
Coele! Water Chall

Bl akieup Waler I

T Ok nser Wakst
P gy

Figure & Connterflow Induced Draft Cooling Tower [34].

1.51.1 Thermal Analysis of Cooling Towers

The cooling tower coefficient refers to the heat transfer unit or the size of the fill which primarnily affects the efficacy
of the cooling tower [24]. A higher cooling tower coefficient refers to a larger tower size or capacity for 3 given flow rate
[24]. According to [24], if the thermal resistance of the satrated air film is neglected, the energy balance bebaeen the
condenzer water and the air can be calolated nsing quation {10) ), wherein the amount of heat leaving the water droplet is
equal to the smoont of heat absorbed by the air

M epndenser CpBleandenoer = Mapedhap (10
Where:
M g ernsers Mge= mass fow rate of water and air (kg's)

Cp= Spedific hest of water
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T, ondenses = Temperature of condenser water (°C)
P = Enthalpy of air (kTkg)

If the saturated film of air is assumed to have no thermal resistance, then the combimed heat and mass ransfer fSom
the samrated air film to the bulk air sream can be caloulated wsing equaton (1 13[24]:

Wy dh,, = K (h — b, }dA (11}
Where:
K, =Mass transfer coefficdent (kg'sm*)
h; = Enthalpy of saturated air film (kIkg)
A = Surface area at air-water interface (m®)
Sensible and latent heat is ransfemred from the water droplets to the sumoumding zir which can be modelled using

equation (12). The cooling tower coefficient is calonlated by combining equation (10) and egquation (11} to get the
following equation {12)[26]:

Ka¥ T comdiener 3 U7 comdinser |:1g:|

e Teomdemuarrs  hy= by

Fizure 7 shows the charactenistics of heat and mass mansfer berween the condsnzer water and air in 3 coumterflow
cooling tower. The condenser water enters the cooling tower at temperamre we (29.4°C) and exifs the cooling tower at wi

{23.9°C), which is the range of the cooling fower. The temperamres of the zamrated air film correspond with the condenser
water temperatres and can be represented by line labelled water {we-wi) [26].
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Figure T: Graphical Bepresentation of a Cooling Tower Characteristics [26].
The rempersture of air entering the cooling tower is higher than the temperamre of water leaving the cooling tower,
therafore the air is evaporatively cooled as the 2ir temperanrs approaches the condenser water temperanre [26] Thereafrer,
the air absorbs the hest energy and some of the water mass causing the air to become bomidified and bested, as showm by
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the curve ge-al m Figure 7. The difference betwesn the saturated air film and the air is the driving potential of heat and mass
mansfer berween the condenser water and the samrared air film [24].

1511 Cooling Tower Performance Parameters

The role of 3 cooling tower is to effectively remove heat from the condenzer water and minimisze the elecirical consumprion
of the system [24]. The performance of the cooling tower is directly affected by the tower range, water-air ratio, approach,
fill confizuration and water dismibution system [24]. A cooling tower is rated on the following condifions; Unit of heat
rejeciion af condenser, water ciroulston rate, water temperaiure enfering the condenser, water temperature leaving the
condenser, outdoor wet bulb temperamre, range and approach [24].

151.11 Eange and Water Circulating Eate

The primary parameters that shounld be specified during desizn are the ramge snd the comesponding water cironlzrion
rate(ke's) [24]. The relationship between the range and rate of circulation can be expressed nsing equation (13) [24]:

- Oray 13
Teondenser B~ Teondenser L = o { J:]
F L sndemaer

Wheze:

Tondenser = Condenser water entening the copling tower
Tondenser L = Condenczer water leaving the cooling tower
Q= Amount of heat rejected from the condenses (W)

Mg onser= Baate of the condenser water circulation (kg's)

A smaller range and FTeater M .,pdenser MY that the system will require a lower condsnsing pressure and
temperaiure, greater pumping ensrey, greater tower sizebacause of the smaller range and higher airflow rate for 8 Sxed water
1o 2ir ratio [24]. The desizner of the system will need o caloulate the enerzy efficiency and cost implications in relation to
the lifespan of the system.

1.5.1 Cooling Tower Fan: and Recirculating Fumps

The copling tower fans play an important role in optimizing the chilled water system by regulating the condenser water inlet
temperanure. To prevent surging, cenmifugal chillers require 3 minimnm temperafure for the water entering the condenser
[37]. Cooling tower fan cycling may be achieved by a simple OW-0OFF control, varizble speed drives (WVFD) and using 2 o1
3 speed motors[37]. The condenser water recirculating pumps are essential to provide the condenser water with a fow rate
that creates 2 balance for opoimum heat transfer between the refrizerant and the condenser water. The cooling tower may
require a second pump to supply make up water if nesded. It is ezsential that both the copling tower fans, and the recironlating
purnps are droven by VSDs. V5Ds allow the o or pumps to mm 2t 2 wide range of speeds to match the capacity of the load.
When the system senses 3 high load, the W5Dis will increasze their speed in relation to the load and continne operating the
system within 3 range sef by the designers. Fesearch conducted by [38] showed by nsing VSDs the energy consumption for
the chillers and cooling towers was reduced by 5.8% for the same amount of cooling.
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3. DISCTUSSIONS

This article provides a review of a holistic approach to identifying elecirical and thermal losses within the air condifioning
procass and how energy usage can be optimisad from the component level to 2n operational level by nsing the thermal ensrgy
loop as 3 map, thus identifying elecirical ensrgy consuming componsnts and thermal losses. The primary cause for energy
loss in the air loop are the vendlation fanz. The rwo primary ressoms that affect elecwrical energy consumption of the
ventilation fans is fan selection by the desipn enginesr and poor maintenance. Fegarding desipn of an air conditioning system,
deszign engineers tend to over specify, thus incwring initial cost and operational costs. The design engineer must be carefil
not to over design the system and specify components with 3 grester capacity than calculated for. Ventilation fan: must be
sized for their application and maintained throuzhout their service life.

In the chilled water loop, the cooling coil and the chiller evaporator are responsible for heat transfer while the chilled
water circulating pump converts elecirical energy to kinetic energy. The dezign of the cooling codl can be improved o
mmcrease the heat ransfer surface area. Another important aspect is material selection for the ceoling cotls. This area reguires
further research to ensure that the material nsed provides the least resistance for beat wansfer between the chilled water and

air flow.

The compressor and the expansion valve are the twvo most important components in the refrigeran: loop. The systems
design enpineer must ensure that the compressor selected is smited for its application and that it contributes to the energy
efficiency of the zir conditioning system. The expanszion valve has minimal impact on the energy consumption of the HVAC
system — the greatest loss ocoars during start up. Electronic expansion valves are mare energy efficient as they easily conrol
the flow of refriperant entering the compressor a5 @ Vapour.

In the condenszing loop, recirculating pumps are used o provide kinstic snerzy to the condenser water. Maintenanca
of the condenser is crifical to ensure that the heat oansfer surface provides maximmm beat wansfar fom the refrigerant to the

condenser water.

Ciooling tower fans and condenser water pumps are the major energy consumesrs o the heat rejection to the
ammosphere loop. The desizn and selection of the cooling tower is important to ensure that the condenssr imlet water
temperature is regulated according to the systems design parameters to prevent surging of the compressor. The condenser
water pumps must create 2 balance for optimum heat transfer between the condsnser water and the rafrigerant. To improve
energy efficiency both the fans and the pumps shomld nse VSDs.

4. CONCLUSIONS

The five heat energy loops within the air conditioning process involved in oansferring the heat absorbed from the building
and expelling it mio the atmosphere has been analyzed and discussed. A bolistic approach to understanding and identifying
enerEy losses has been used. Hear and elecmmical enerzy lost to the enviromment has been identified, this can fiarther be used
when desizming A conditioning systems and seleciing complex energy transfer components.
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1. INTRODUCTION

In 2018 the world energy demand grew by 2.3% which is the fastest over the last decade, with fossil fuels
constitoting 70%: of this growth [1], people spend approximately 0% of their time indoors [2], and there is a
zrowing relisnce on tmilding thermsl comfor: especially when compared to zcoustics and wismal comfort [3].
Heating, venfilation and air condifioning {(HVAC) systems form an essentfial component in the built environment as
bmildings are becoming more advanced and require a certain level of thermal comfort for occupant satsfaction as
well as a high level of emploves productivity. Therefore, the development of HVAC systems that utilise renewabla
energy somrces Wwith energy efficient primary and secondary system squpment will reduce the total ensrgy
consumption of 3 tuilding [4]. Looking at HVAC energy consumption per building worldwide, the United States
(U5) acconnts for more than 48% of a bailding’s enerzy consumpticon [5], Spain and Iraly more than $0% [5] and
Ausiralia about 70% [4]. In the Middle East, more than 7T0% of & building’s enerpy consumpton is for mdoor
thermal comfori [§]. On an sverage, HVAC systems are known to consume approximately 50% of the total enesrgy
demand of 3 commercial building [7], [8]. According to [#] and [10], in South Africa, HVAC systems consume
between 30% to 50% of a2 commercial bulding’s total ensrgy consumpiion To alleviate this challenge it is
eszential to develop energy efficient HVAC systems and urilize renewsble ensrgy as the main source of elecmical
energy supply. Energy efficient HVAC systems also enhance the value of a property, protect property owners fom
mereasing energy costs and coniribute to the protection of the environment from harmfol gpresphouse gas (GHG)

emissions.
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With advances I science and technology, there are several ways to achisve energy efficdent HVAC systems for
commercial buildimgs. However, to snccessfully design the system, it is important to know and understand the fonchion of
the building, the mdoor thermal comfort requirements of the cccupants, and the climatic conditions of that lecation.
Fesearch indicates that energy efficiency and thermal comfor: can be achieved by a well-designed ar-conditoning system
and zn appropniate selection of air conditionimg equipment snd coniel siwategies fo reduce enerEy consumption and
enhance mdoor environmental quality (TEQ) [4].

Chiller plants are widely used throughout South African government boildings becanse they are most suitable,
considering the climatic conditicns and thermal comfort requiremments as well as the maimtenance of chillers. The HVAC
mdustry is extensive; therefore, this research will focus on reviewing recent novel technologies and soategies related o
optimizing the energy efficiency of cenirifiazal water-cooled chillers. Fefermng to Figure 1. This arficle will present
ihe main energy consuming components of the water-cooled chiller snd energy losses in the system followed by new
technologies that enhance the performance of energy efficency. Thereafier, a review of mpnovative chiller
systems desizms to mmprove ensrgy consumpton will be discussed. Lastly, recent developments m chiller comirel
sirategies and smart chiller sequencing methodologies that enhance energy performance of the chillers will be
explored.

1. ENERGY EFFICIENT TECHNOLOGY

The major components of the centrifinzal water-cooled chillers are the compressor, the cooling tower, the pumps (with
reference to the chilled water purmps and the cooling water pumps) and the fans in the air handling unit. Essentially, each
companent conmibates to the efficiency of the whole system, therefore 3 wholistic appreach is important in achieving a
low energy inpui per umii of copling. This section intends to provide 3 brezkdown of recent technologies that can lower the
kW ton of cooling n 3 water-cooled cenmifugal chiller.

1.1 Compressor

The desizn of 3 cenrifugal compressor plays an important rele m improving its effciency and conmibuting to the overall
efficiency of the air condidoning system. Each component of the cenmifogal compressor conmibutes 1o the optimization of
the compressor. By improving the eficiency of the components, overall efficiency of the compressor can be achieved. In
2000, Timaki et al carmied out a computationsl fluid dynamics (CFDY) analysis to develop a high efficiency centrifozal
compressor for 3 nerbo chiller [1]. A 1000 ton norbe chiller with & cosfficient of performance (COF) of .0 was nsed as a
baseline azamst which the performance of the chiller was gaugzed [1]. The suthors reducad the thickness and incressed the
number of the compressor blades for stage 1 and stage 2 [1]. The length of the splitter blades on the shrouwd side was
increased. The impeller outlet sngle was imaeased to increase the stsble operating range of the 1™ impeller stage [1]. The
shape of the leading edges of the 1* and 2™ stage impelless were modified from an arc to an ellipse to mprove the Aow
pattern mside the impellers [1]. The splitter blade chape was slso modifed to smooth out the flow betaeen the spliter
blzdes and the full blades [1]. Timaki et al concloded that the new desizn of the turbo compressor improved the COP of
chiller capacities ranging to 700 tons of refrigerant to a O0OF of §.3 [1]. According to [2], variable speed centrifiizal chillers
perform more efficiently at part load rafio of the cooling demand and at partial compression ratio of lif head when
compared to constant speed centmifogal chillers. The benefits of variable speed drives are further improved with magmetic
bearing technology [2]. The overall results show that oprimal chiller staging only improves the system performance by
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1.2% for a constant flow system. However, nsinz a VSD with magnetic bearings increased the energy savings to 13.7%
[21.
1.2 Variable Speed Drive

Systems snd processes often have varable flows or operate within cerfain parametsrs when accommodated by the
conventional comstant speed motors that provide a constant output To improve the efficiency and acoaracy of the
operation, modern technolegy has advanced, thus, developing the variable speed dove (WVED). A V5D is a device that
regulates the rotational speed and force of 3 motor according to the reguired owiput. V5Dk are used to drive pumps, fans,
compressars, and other equipment The wse of VEDs have the potentizl to clesely repulate the fluid Sow according to the
operating conditions and thms reduce unnecessary ensrgy consumpiion. The research carmed out by Al-Bassam and
Alazzeri found that V5Ds are ensrgy efficient as the results from their research indicate that water consumption was
reduced by 13% when compared to the commonly nsed motors and the chiller and cooling tower power CORSUMpPEION Was
reduced by 5.8% [3]. Chuang et al. showed that a stepless VSD combined with a control system can save at least 20 of
the energy consumed [4]. Saidur et al. concluded that W5Ds are reliable and cost effective and save energy thus promoting
energy efficiency [5]. Saidar et al. also mdicated that WV5D= not only provide energy efficient capacity control, bat they
alzo have a low staring cwrent and reduce the mechanical stresses on motors and belts [5].

1.3 Thermal Storage Systems

A thermal storage system (T55) is a technology that stores thermal energy by either heating or cooling the medimwm, so the
thermal energy can be used for heating or cooling at a later period. A TS5 system is able fo balance the energy demand
between peak and off-peak hours [6]. Dunng off-peak hoars, cool energy is usmally stored in the form of ice, phasze change
matenials, chilled water, or eutectic selufion. This energy is used during peak hours; as the phase of the material changes,
heat energy is absorbed providing cooling to the working flnid [§]. Fahman et al carmied out an investigation to determine
the feaszibility of & TS5 and concluded that a T5S can save up to §1.19% of the elecimicity cost required for cooling when
compared to conventional systems [7]. The research camied out by Saddat-Moharomadi et al. shows that chilled water
storage with the use of robust optimization reduces the overall electricity costs and that a TS5 is more efficient for systems
that have a high cooling load during peak hours [8]. The ressarch carmed out by Lin et al. iovolved analysing two new air-
conditioning systems with TS5 [9]. The results from their research indicated that TS5 conmibutes to Snancial zavings as

well as energy savings [9]

3. SYSTEM DESIGN

Alr condifioning system desizm plays an important role in energy consumption. Energy efficiency can be enhanced by
utilising emergy efficient equipment within an energy efficient system System design can ultimately decide whether ensrzy
is being conserved or not. The desipn engineer shonld incorporate various techniques and methodelogies to ensure that

energy efficient measures are implemented.
3.1 Air-te-Air Heat Exchanzers

Ome of the primary ways of reducing energy consumption of an HVAC system is 10 ntlise an air-to-gir heat exchanger
(A AHE). A mechanical heat exchanger unit is nsed to transfer energy between two sireams of air, the exhaust air and the
fresh air supply, refer to Figure. The main role of this device is to pre-cool the fresh air supply before entering the AHLT,
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thus reducing the amount of energy required to condition the frech air. Wanli et al proposed five solutfions to enhance
energy eficiency of air handling umits (AHLT) [10]. Their smdy used AAHE to reduce the copling and heating loads on the
cotl [10]. To reduce the AHLT power conswmption, they analysed the energy and exergy losses of all five AHU layouts
against the base design [10]. The energy balance caloulations from their mwvestization revealed that AAHE: affect the
power consumption and can reduce the power consumpiion in the coils [10]. Zhang ot al investigated two scenanios to
enhance the performance of comventional evaporstive cooling and condensation debumidification systems snd found that
the COP of the base system increased by 3.5% and the COP of the first and second systems increased by 12.00% [11].
Eades camies out an mvestigation to examime ways of reducing enerzy and water consuomption in laboratory HVAC
systems. The author’s modsl predicts energy savings of up fo 13.5% and shows the efficiency of nsing AHU condensate
for enerzy recovery purposes [12]. One of the most effective methods of HVAC systems design is thermal energy recovery
and ransporting ensrgy from one space to snother where it is reguired.
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Figure 1: Air-te-Air Heat Exchanger Mixing Box (Image Adapted from [13]).
3.1 Solar Assisted Air Conditioning

There are various means of hamessmg solar energy with one of the most popolar methods being elecrical energy prodoced
with photovoltaic panels. This electrical energy is then stored in batteries and then nsed to power the HVAC system [14].
Another method is the solar thermal method that converts solar energy to heat energy, therefore, heating up the workmg
refrigerant using solar energy and reducing the compressor power input. Figure 1 is a schematic of & solar absorption
cooling system used for solar assisted air conditoning [14], [15]. An interesting stody was camied out by Agnilar-Timenez
et al. m an off-grid school n Mewico where an absorption cooling system with 35 kKW capacity driven by solar thermal
energy was installed [16] The outcome from the smdy showed that the cooling system was able to min continuously taking
advantage of the stored energy and only uwhlizmg less than 75% of the cooling capacity [16]. The system effortlesshy
provided cooling for all four classrooms during a fve-day week from 7 am to 3 pm [16]. Hashe reviews the sustainability
of zolar heating and cooling and conchades that solar energy is & sustainable alternative to reduce the use of fossil fuels
[17]. Solar irradiation and sir conditioning are quite coincidental where air conditioning energy consumption mcreases as
the heat gain increases, therefore, making solar thermsl energy and cooling a favoursble option for reducing energy
consumption for copling systems [18]. In 2009, Fong et al conducted a comparative study to investigate which system has
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the greatest energy sawving potental [19]. The authors mvestigated the performance of five solar cooling systems; a) solar
eleciric compression reffigeration. b) solar mechanical compression refmgeraton, ) solar absorpion refgeration, d) solar
sdsorpion refigeration and e) solar solid desiccant cooling [1E8], [19]. The key finding from Fongz's et al investigation
indicated that solar elecric compression refrigeration and selar absorption refrigeration yvielded the highest potential for
energy saving [18], [19]. Another investization was carried out by Zhai and Wang in 2008 wherein five differsnt
sbsorption and sdsorpiion chiller configurations were compared and summansed [20]. Cne of the outcomes indicated that
solar absorption cooling systems are suitable for air conditoning large buildings and solar adsorption cooling systems are
suitable for smaller buildings [20]. Their research highly recommends the desigm of solar powered integrated systems in
public tuildings [20].
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Figore 1: Schematic Diagram of Solar Absorption Cocling System [15].
4. OPERATIONAL MANAGEMENT AND CONTROL SYSTEM

The dynamics of the fourth industrial revoloton have made the vision of an mtelligent air conditioning system achievable.
Manazement and control systems can be used to achieve optimal indeor air quality and environmental conditions and yet
keep enerzy consumpiion relatively low. A concerted effort is made to smedy intelligent air flow and conmol sratemies o
address improved LA and to confribate to the development of sustamable buldngs by reducing energy consumption [18].
Currently, thers iz extensive research in the Seld of HVAC conmol systems to dewelop intellizent air quality, air
remperanmre, homidicy, and welocity conmrol. Monitoring and adjusting these TE() parameters involves adjnsting the
operating conditions of the compressor, the pumps, fans, and dzmpers m the system Developing an mitsllizent conirol
system for a large-scale ar condigommz system mvelves a holistic view and woderstanding of the finctionimg of the
SYSTEm.
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A OOy bazaed adaptive demand controlled ventlation (DCW) stratery was implemented mnd monitored in 2 hizh
rise building in Hong Foag [21]. A dynamic multizone ventlation equation for mmlfi-zone ar conditioning systems was
nzed for the adaptive DIV strategy wherein the total mumber of occcupants n the space was detected using the C0,
conceniration in the am, this data was then logged onfo an onlne compancy detection system [21]. It was found that the
DIV iz able to siznificandy reduce energy consumption doring summes, bowever, it may nof be suitable for outdoor ar
conirol in winter [21].

Fredire ot al. [22] conducted a study on the effects of minimizing energy consumpton while maintaining adequate
indoor thermal comfort. Predicted mesn wote and the comfort zone on the psychometric chart was nsed to define the
ococupants comfort levels for this mvestgation [22]. The methods used are based on modal based predicrive conrol
(MBPC) and simulation results were presented for two case siudies [22]. The control slgortms: proposed use only one
actator system that can be associated to 8 heating or cooling system [22]. The simulation results obtained indicated that
the alporithms nsed can simultanesusly reduce enerzy consumption and promote thermal comfort while remaining 100%
of the time in the comfort zeme [22].

Anpther siudy propesed a risk based omline robust optimal cenirol smategy for mult-zone air conditioning
systems [23]. As the core of the strategy, 3 risk-based online control decision scheme iz developed for decision-making by
considering the smbignities in the mfommaton, the filure risks and energy benefits of different modes are compromised
[23]. The results fom this smdy showed that the propesed swatery made the optimal online control decisions while
allowing for any uncertainties [23]. The proposed strategy achieved appromimately 20% owverall ensrgy saving in the fest
peried when compared to commenly nsed control sirategies [23].

Ta achieve dismbuted opamal control of nilding HWVAC systems. an agent based optimal confrol swatezy was
proposed for deployment n smart semzors integrated in internet of things (IoT) based field netaorks and local congollers in
fisld netwerks of current local area network (LAN) based bailding automation systems [24]. The component agents and a
coordinator agent are desizmed to deal with simple tasks assipned to them [24]. The msks are simplified by applying the
dual decomposition to o original complex opimization task [24]. The performance and implementation variables of the
proposed agent based optimal conool smategy have been assessad by tests on 3 simulated cenmal cooling plant [24]. Omne of
the key findings of the proposed agent based optimal control sorategy is that if can achieve siznificant energy savings when
compared with conventonal confrol strategies [24] When compared with the near optimal confrol soategy, savings of
3.36% and 4.4% were achieved [24].

Conmol strategies for large-scale HVAC systems have become more frequently researched There are varous
techniques snd confrol swategies that can be adopted to improve the energy comsmmption of large facilities while
maintining the recommended TAQ and IEQ comfort levals.

£ DISCUSSIONS

The three main types of equipment to enhance energy efficiency that need to be considered are the type of compressor,
variable speed drives and the thenmal storage system. The design of the compressor impellers, the nse of magnetic beanings
and W5Ds; all improve the efficiency of the compressor. VSDs coupled to pumps and fans in the system improve the
energy efficiency of these pisces of equipment. A thermal storage system is nsefnl for energy efficiency and Snanceal
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SEVIDES.

The design of the air conditioning system has the potential to improve the energy consumption by uwsing variows
design practices, for exampls, mansferming waste thermal enerzy 1o where it can be used. Air-to-air heat exchangers have
proven beneficial in reducing the smount of enerzy required fo ceol down ventilation air before entering the space. The use

of splar thermal panels to assist of mn air conditioning systems is another popular consideration that has gained momennom
in the research realm and is highly recommended.

Oiperational management and control systems are proven to enhance the efficiency of HVAC systems. However,
thers are varions conmel soategies that can be implemented with each strategy having umigue sdvantages and
dizadvantages. Doe to the extent of large-scale air conditioning systems, control stratemies are becoming mooesasingly
complex. There are certain levels of conmol to monitor IEQ) parametsrs and regulate the systemn accordingly, however, to
optimally confrel 3 HVAC system to maintain the desited level of IEQ) and thermal comfort with minimal hurmnan
interference is currently a popular topic in research.

6. CONCLUSIONS

Chiller systems are an essenfial component nsed for air condittioning in commercizl bulldings conswming approximately
50%z of the bunildings total energy. Thiz has somulated research inte reducing the energy consumption required for air
conditioning while mamtaining the desired level of IEQ) with minimal to no huoman mterference. A holistic approach to
system design has the potential to improve energy efficiency of the system. This review reveals that eguipment selection,
the use of new technology, energy efficient design technigues/practices and the use of contrel systems can optimize the
energy consumpiion of the HVAC system.
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INTREODUCTION

Lighting and mizcellamecons elecwrical leads (MELs) are important wilifies that enhance indoor environmental
quality (TEQ)), the visual comfort of building cccupants and directly affects cccupant health and produoctivity. In
2012 lighting {ome of the subsystems in a building energy system [BES]) United States (U5) accounted for 17% of
& buildings totzl electricity consumption, the sscond highest energy consumer afier air conditioning systems[1],
[2]. With an increased use of lizht emiring diodes (LEDs)in commercial buildmgs, with IEDs making up clase to
50 of lighting type in buildings, the electrical energy consumption per metsr sguare has decressed drasdcally
[3].However, this does not suzgest that the energy efficiency targets have been met and we have reached the peak
of sustainable buildings.

In 2018 the research camied out by Ewoang et al (2018) indicates that the oumber of electronic devices
purchazed over the past few years and that correlates to the increase i electrical energy consumption, concluding
that MELs have & significant confribotion towards energy consumption in commercial buildings [4]. Among the
EOETEY consuming system, the energy consumed by elecirical appliances fmlls under the category of MELs (also
referred to as plug loads) has been identified by researchers as a sigmificant energy consumer [4]. It has been
identified that MELs use 15 — 20% of the total energy consumption in the buildings. A previous study highlighted
that MELs, advancing technology and population growth have also conmibuoted fo the increase in energy
consumption[4]. There is extensive research covering HVAC systems and lishting, hewever, MELs are often
neglected owing to the nnpredictable use of these equipmeent. This has created a miche to identify current MEL
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rends and foture developments. For this research arficle, MELs will refer fo all office equipment and plug loads.

There 15 room for improvement of energy efficiency m lighting and MELs within the research field and much of the
potential to improve energy consumption of lishting and MELs can be found in intellipent control systems for commercial
tmildings. This arficle aoms to review the energy efficiency opportunities for ighting and MELs in office buildings and the
current lighting and MELs control sirategies that have been used to reduce snergy consumption of lizhting and MEL=, so
that the potential for improving energy efficiency for lighting systems and MELs can be identified and implemented.

This article is stuctured such that energy efficiency oppormumities for lizhting and MELs in commercial butldimgs
will be reviewed, the outcome will provids feedback on the popular energy efficiency measure for lighting and MELs.
Thereafter, trending control swategies will be reviewed to determine the best energy efficiency oppormnity for lighting smd
MELs.

Eneregy Efficiency Oppormuitiesfor Lighting and AMel: in Commercial Building:
Lizhting Energy Efficiency Opportunities

The three main sirategies towards energy efficient and sustainable boilding: are refrofitiing existing lnminaires with energy
efficient lnminzires, such as LEDs, reducing design illmnination levels snd implementing conirol systems [1]. A well-
desizned lighting system can save energy and provide visnal comfort for building eccupants.

Parnt of the review camied out by Dubois et al (2013) compared refrofits of existing standard fluorescent lizhting
(T12) with TE mazmetic and elecoonic ballasts and TS electronic ballasis found that the TE lamps can replace the T12
without any modification to the fixture while the use of TS lamps require electronic ballasts that can reach a lamp
lnmineus efficacy superior to 100 Im/ W [3]. The review indicates that the TS5 electronic ballast saves 40% more ensrgy
than a T12 and the T8 elecoonic ballast sawves 17% enerzy when compared to the T1Z [5]. According to the review, LED=
have a high energy saving potentfial, however they indicated drawbacks such as flickering of the light, low illuminance
levels and poor beam distribution [5]. Another ressarch article by Chiradeja et al (2015) indicated that a T3 tube wath
electronic ballast nses less energy that the TS lamps and the harmonics in the T3 electronic ballast lamp can be reduced by
nsing 3 passive low-pass Olter[§). In 2013, A=xiful Hag camied out an mvestigation to determine the energy savings, among
other findings, of 3 project to replace all existing T8 lamps with ore efficient TS5 lamps m the UniversitiTeknologi
Malayzia (UTM) [7]. An Average of 8.5% energy savings was achieved from the three buildings blocks analysed [7]. In
2013, Fabrico et al, simulated zeneral lighting retrofit, comparing LEDs, compact fluerescent lamps (CFL) and fluorescent
mbulars, which demonsirated that CFLs have the highest annual cost and toxic waste disposal, flnorescent mbulars are a
maoTe economical alternative, however, if their lifespan shortens, LED prices drop and achieve a higher energy efficiency,
thus making LEDS a more snstaimable and economically atiractive alternative [8]. In 2013, Gan et al examines the
feasibility of replacing conventional flworescent lamps with LEDs, it was concladed that LED luminaires have the potential
to replace fluorescent lamps, however, LEDs have certaim mmherent characteristics such as poor total harmonic distortion
performance and the quality of ilhiminateon [9]. However, with advancing technology, LEDs have developed to overcome
their shortfalls, thus currently compnsmg of 80% of all ightng systems according to [2].

LEDs are a prominent energy efficient lamp with a relatwvely high photometric performance, and it is simple to
control. In 2007, Enkivist et al, carried out 2 study that indicated investment in energy efficient lighting is one of the most

cost effective methods for improving ensrey efficiency in buildings [10]. Ahn et alexamined energy wse I commercial
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mildings by evaluating lighting energy saving approaches and the effect of using a dimmer control [11]. The study
concluded the emerzy consumption of the reference commercial building was reduced by 20.9% by replacing the linear
flucrescent lights (LFL) with LEDs [11]. Cumrently the nse of LEDs has paimed moment and has replaced close to 50% of
all lishting in mildings. In 2017 Montoya et al camied out a study to analyse the evolution and milestones of imdoor
lighting [12]. Using research, one of the primary conclusions indicate that the different techniques used in indoor lighting
followed three paths simultamsously 1e. better photometrical performance, better energy efficiency and better performance
of the installation nsers [12]. The demand for compact finorescent lamp (CFL) and LEDs is growing in popularity due to
the reduction i energy consumpion and its sustainability, now being used in soeet lamps and robots [12]. However, the
high level of performance in LED lighting has not prevented fimrther research in the Seld of lizshting, new and more
versaiile light sources are being explored, like the Organic Light Emitting Diodes (OLED] [12].

Diaylighfing is a suitable energy efficient means of reducing illumination levels of a space. The use of daylighting
combined with controlled artificial lights substantially mcreases energy savings. However, daylighiing is very dependant
on the daylizght zones, where certam zones must be controlled independently [13]. The orientation of the building and the
dazizn of the building uldmately determines zones with high and low levels of daylighting, standards and buildings codes
dafins these zones accordimgly. Lizhting design and the daylizht harvesting techniques adopted play an important role in
determining the oumber of luminaires (and the lux levels) to be used in the zone, this uldmately govemns the the enerzy
savings to be achieved[13]. A study carnied out by Mantzourani ef al aims to imvestigate the influence that daylight zones
have on energy efficiency in Sve office spaces [13]. The three diferent definitions used to estimate the daylight zomes are
a) EM 151931 as implemented in Greek regulation of Energy Efficiency in Buildings, &) CEN Technical Committes
160WGE11 Daylight, and finally ¢} using dynamic daylisht meirics for fypical working bours for all four candinal
orientations [13]. It was found that the definitions for daylight zones, yielded different results per space and obvipusly each
daylight zone yielded enerzy szavings according to the amount of namral light the space captured[l3]. The energy
efficiency results yielded from the investization are dependsnt on the method of calenlation of daylight zone depth nsed,
the results vary from 61-89%, 53-72% and §8-01% [13].

Ubignitous conmel systems are finding a3 way to make systems smarfer and now moere mfellizent to enhance
hurnan life and. in this cass, improve energy efficiency. Bessarch by [14] suggest that the average obtainable savings Som
daylighting in acmal buildings simmlations are overestimated by & minimum of 10% [14]. The meta-analysis camied out
zoes ontfo show that individuzl control strategies save betwesn 25-30% of the lighting enerzy used and multiple control
strategies can save up to 40% of energy [14]. Lighting systems can be controlled in various ways, at the nser level, there is
the simple on and off switch and dimming regulators that provide users with the option of controlling the brighmess [1].
MAMore advanced electromic switches can be programmed to operate in ways such as toggling or changing light imtensity in
steps [1]. More flexibility in lighting control is provided with building automation the user can conirol lighting from their
smart phones or their pe. Lately, lighting is being controlled over the intermet using smarnt apps and the conmol of lighting is
inclined towards araficial mtellizence contral. From the review carred out by [1] contrel systems can provide significant
energy savings and result in energy cost savings [1]. Bunjongjit et al (2020) proposed 2 contol circuidt for LEDs based on
the amount of daylizht[15]. The desired illnminance i a work place was achieved wsing natural daylight and artificial
light[15]. The test results showed that the LED confrol cirowit reduced power consumpiion of the lghting system whilst
mamiaining the desired illhuminance levels [15].
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Aiscellanzons Elecwical Loads: Energy Efficiency Opportunities

MELs are often defined as all electrical loads that do not fall under conventional end uses such as lighting, Heating,
ventilation and air-condifioning and reffigeration (HVACE), therefore MEL will often be office equipment, plog loads and
ICT equipment[16]. In the research carmied out by [17], MELs get referred to as the diverse elaciric loads emanating from
elecoronic devices not responsible for HVAC or lighting [17]. The mumber of MEL: have been moeasing due to the
number of elecironic equipment, however, the main loads in commercizl buildings are becoming more efficient, therefore
resulting in MELs acconntimg for a larger percentage of the buildmgs electrical lead [16]. According to the literamre
survey carried out by Eamilaris et al im 2014, MELs account for more than 20% [18]. Another study by Syed and Hachem
carried out 3 simmlation smedy of gresnhouse remil complex and found that MELs account for 23% of the buildings total
eneTEy consumpton [19]. The total annmal energy consumption for key MEL: in commercial office bnildings is given in
Figure 1. The annmal unit consumption for personal computers (PCs) iz equivalent to 450 kWh, the highest energy
consumer in commercial office buildings[16]. In the research by McEenney et al. the energy consumpiion is further
broken down for PC equipment as shown in Figare 1[146].
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Figure 1: Estimate Power Consnmption for PCs [16]
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Figure 1: Annnal epergy consumption for key MEL: in commercial buildimgs [16]

Depending on the use of the office commercial building, the size and ccoupancy, key MELs will vary. However,
McEenney et al {(2010) provides a breakdowm of other office MELs with printers consuming maore than 0% of the energy
consumption 35 shown in Figure 2. The high enerzy consumpton of printers is atmbuted to the high mstalled baze load
and the relatively high average power draw on standby mede of up to T0% [16]). Laser printers sccount for 75% of energy
consumed by prnnters with the remaining consumpton being inkjet and impact printers [16] The next hizhest energy
consumer, servers, consume about 16% with copiers consoming 15% of total MEL: energy consumption The ensrgy
consumption of mulii-function devices (MFDs), faxes and scanners are negligible.

Enerzy consomed by MELs can be reduced through varions confrol strategies, industry standard specifications
and power management (PA). Under industry standard specifications called Advanced Confipuration and Power Interface
{ACPT), operating systems provide interfaces for users to configure the conditons under which their PCs po into low
power mode or switch off [16]. PM reduces the energy consumpton of PCs by conmolling the operating voltage and'or
clock frequency in responsze to computational leads obtained from the operating system [16]. Curreatly most PCs are
purchazed with factory enabled PM, however the sefings are nser defined which makes it, dependant on the whether the

nzar enghles power saving mode oT not

Energy star is 4 program used to promote energy efficiency by providing the energy consumption of applisnces
and electrical’electronic dewvices using different standardised methods. Energy star also provides an emergy rating
depending on the amount of energy consumed ensbling building managers and building ownears to know how much of
energy is consumed by all the equpment and the level of energy efficiency of the device. Energy star performance critaria
for most IT and office equipment have focused primarily oo having equipment enter low-power mode and capping power
draw valoes for different equipment types o low power mode [16]. Metwork software can facilitate and provide 3 means to
cenmralize PM across a range of equipment connected to the nerwork [16] Another method for reducing emergy
consumpfion is maintaining fuser rolls at a high temperamre could reduce energy conswmpton by 50% in laser printers and
copiers [16] Advances in fuser systems with a lower melting temperaiure can coniribute to energy savings in laser printers
and copiers during stand-by mode [14]. Another method that sisnificantly saves energy is aniomating device shuat down or
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low power mode based on the PCs activin] 16].

Energy reductions can be broadly categorized by software and hardware-bazed [18]. PM and virtealization, are
common software based technigues which claim significant enerzy savings of up to 60% [18]. Current PM and
virtnalisations products are reliable and efficient, offering advanced feanwes and significant savings [18] Hardware-baszed
savings invelve physical equipment such as smart plugs and 53PS for controlling IT devices and indicate substantial energy
savings[18]. Eeplacing hardware with more energy efficient squipment can be effective and result in 40-60%: energy
savings [18]. According to [18] savings resulting fromm hardware need to be qguantified to allow for the calculation of ROI
when considering these optons [18].

Eeviewing Control Strategies and Frameworls

The popualariry of smart sensors and boilding management system, building operations have become moTe miormation
imtensive and a large amount of data is recorded to provide a basis for the oilding performance Part of the boilding data
Can incorparate energy consumpton datm and thus be monitored and controlled elecmonically. There are various control
strategies that could be implemented for lishting and MELs. With the progress of artificial intelligence, most of thesa

control sirategies are leaning towards intellizent control systems.
Lighting Control

The integration of sensor technologies, advanced sarchitecture and intellizent control techmgnes have provided a perfect
simation for implementing intslligent lizhting control systems to reduce energy consumption. An mtellizent lighang
control system is capable of enhancing the wvisual comfort of ocoupants whilst reducing energy conswnption [1]. The
lizhting conmol system can be broadly categorized into three main technigues, conooller-tased contrel, optimization-based
controland a hybrid system [1].

The paper by [1] presents current state of the art intevior lizhtng system contral technigues for commercial
bmildings with a focus on sensing technologies, objective functions and constraints, technigues, tools and energy
performance[1]. The outcome from the analysis indicated that the oprimization-based control technigue iz widely used, as
it achieves a preater emerzy savings whilst safisfying vismal comfort of cocupants and simultaneously solving multi-

objective problems [1].

Smudies have presented that energy efficient smart LED lighting systems provide better visnal comfort working
environment and are more energy efficient when compared to comventional lishting systemms. An article by [15] proposes a
control circwit for LED lnminaires based on the amount of daylizht, using natural light and artificial hight to mamtain the
desired illnminance of the space [15]. A light sensor was used to determine the dluminance of the space and compared it
with the desired value et on the microcontreller, thereafter sending a conmol Pulse Width Modalation (FWH) signal to the
LED driver, thus regulating the light intensity of the LED as represented by Figure 3[15]. The resalts from the field test
showed that the LED control cironit was able to reduce power consumpfion by maintaining he illuminance level of the
work space [15]. The results from both, the simmlation snd the experimental, showed that the maintaining the desired
illaminance level in the space by controlling the lishting can improve energy efficiency [13].
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Daylishang systems can regulate the light intensities using smart sensor communication technologies o meet the
requured illumimance levels of the space. Without compromising occupant visual comfort, [20] onplemented a smart LED
lighting system wsing different energy eficient techniques with the aim of reduring ensrgy consumpton by 60-70% [20].
ZigBee and Wi-Fi commmication protecel was used to control the lights saccording to the natural light lux levels to
provide sagsfctory visual comfort for the eccupants [20]. The results indicated that the implemented control system was

ahble to provide the recommended lux levels betwean 300 to 750 bax [20].
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Figure 4: Perzonlized Visual Comfort W5AN Framewark [20]

MELs Conerol

Understanding the MEL= snergy consumption patterns is important to optimize the operation of all MEL= and to manage
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and forecast building energy consumption. Occupant behaviour 1s closely related to energy consumption of MELs, making
it difficult to predict the energy consumption of MELs. However, recent research has found a niche for umderstanding,
monitoring, and evaluanng the relationship between occupant behaviour and energy consumption in buildings.

Energy consumption in office buildings largely depends on occupant behaviour and managing these behaviours
could improve energy efficiency [21]. [21] proposes an occupant-level energy usage approach which uses data fom the
internet of things (IoT) to provide information on occupant energy use behaviour of workstations and shared appliances
[21]. An energy behaviour mdex which quanttatively compares individual occupants energy consuming data to identify
high energy consumers and inefficient behaviour [21]. The proposed approach used the comprehensive occupant-level
energy-usage (COLE) framework to provide personalized energy use behaviour [21]. Figure 5 demonstrates the COLE
framework used, where the occupants first entry and last deparmre events in working schedule is detected, the building
load data is then correlated with this information lastly the correlated load data is normalised to identfy personalised
energy usage [21]. The experiment conducted in an office building demonstrated the feasibility of the proposed approach

to classify occupants in different energy usage categories [21].

Building loT Devices .

» - Internet-Enabled

Pl o T Wowsh Bege L0 pvwes AL

PR S A TR L W Sa LA e o e !
Poanl bwwr Sn b ad wn. Wed Sup L@ s 18 el
e

g e Data Processing { s

|

First Entry and Last
Departure Events In Energy-Load Changes
Working Schedule

G e
! < >

=

- Correlation b T =
i - Noermalization Z 71\ 3| /\
| - EBI Estimation . S

<
Occupant-Specific Energy-Use Intensity and
Efficiency of Personal and Shared Appliances

Figure 5: Comprehensive Occupant Level Energy Usage Framework [21]
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An analysis on usimg 3 deep leaming method to predict MEL energy consumption was cammied out by [17]. The
data set was made up of the energy consumption of each ocmopants MEL and the associzted device ufilization, which was
uzed to develop the baseling long-short term memory (L3TH) modal for MEL energy consumption predictions owver a
short period of time [17]. The results from the baseline model was compared with two other desp learning models, Bi-
Diirectional Short Temn Memory (Bi-LE5TM) and Gated Fecwrrent Unitz (GRL), which showed that the Bi-LSTM and
GRUT were better than the baseline LETM maodsl [17].

Monitoring the changes of the operatonal states of MELs over time is important in analysing the dynamics of
operations in smart bwildings, this data can then be used for varions enerzy management applications, mferring the
occupant behaviouwr and energy usage patterns [22]. [22] proposed a selfconfiguring event detection framework for
detecting changes in operatfionzl appliances [22] The coatexmal characteristics from the environment are leamnt
aufonomonsly by the framework, thereafier adapting to the event detection parameters [22]. Figure § illustrates the
components and the process of the framework there are 2 essential steps to the framework, 1) the self-training stage for
motif processing and 2) the proximity-based event detection [22] The results indicate that the proposed event detecton
framework outperforms the conventional event detection in detecting the operational states of different classes of lead
across different enviromments [22]. The propesed Samework has the potential to facilitate human-building interactions o
Taining smart home applications [22]. Considering the potential that the zelf-confguring detection framework has in
monitoring operatdonal changes of appliances and adapts to the epvironment’s parameters, it could potentially be used to
monitor energy usage of MELs and occupant behaviour associzted with the energy consumption of MELs.
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Driscmssion

Energy efficient lighting opporimmities and Tending conirol sirategies to reduce energy consumpion was reviewed fo
identify the potential for improving ensrgy efficiency for lizhting systems and MEL:s,

Enerzy Efficiency Opportmnitie:

According to research, the 3 mam techniques for reducing energy consompton of lightng systems is by retrofitting
conventional lighting with more energy efficient lizghting systemes, design lightimg systems with a low illuminance level and
the nze of a lighting control system that conmols the hux levels in the space The nse of LED: in lizhting systems is mors
prominent that other fypes of lights due to the ability to control LED: and LEDs are more energy efficient than othar rypes
of lights. Another plausible energy efficiency oppornmity is daylishing which has proven to reduce the energzy
consumption of lighting systems. The amount of energy saved with daylizhting depends on the type of daylighting system
implemented. A control system for lighting is becoming more common 25 smart homes and offices take owver, lizhting
comirol systemns have proven to reduce energy consumpion drastically and with advancing technology, lighiing conirol
systems are developing to & greater level of acouracy and energy savings.

The research articles reviewed indicated that the three ways of reducing enerzy consumption of MELs: is through
nsing software and energy efficient hardware and the third method is ocoupant behavionr. the use of energy efficient
hardware and sofiware that promotes enerzy efficiency have been proven to confribute to the reduction in enerzy
consumption. However,the unpredictable natwe of building ccoupants has made it difficalt for researchess fo identify
smitable mesns of reducing energy consumpton related to occupant behaviour however, this challenge has opened a new
avenue in the field of artificial intellizence {AT).

Eeviewing Control Stratezies and Frameworks:

There are variows control soategies and fameworks that have been researched to reduce enerzy consumpiion in lighting
systems and for MELs in commercial buldmgs. Control soateziss and frameworks can be broken m two categories, 1)
smuart systems and 2) intelligent systems. Smart systems are often used in cases where the control system is programmed to
perform 2 certain fack withont buman intervention whereas intallizent systems are designed to leam ocoupant behaviour
and adjust the system accordingly. Energy efficient of lighting systems can be improved significantly by implementing a
fype of hghting and'or MEL confrol system in the commercizl buildings. The control system mmust ensure that the desired
hax levels are maintained to ensure visual comfort. The optimization-based contol system has been confinmed to achisve
greater energy savings whilst maintaining visual comfort. The other control system, a form of daylighting, controls the
LED lux levels based on the amonnt of nanral light in the space has also proven to improve energy efficiency of the
lizhting system.

The energy consumpiion of MELs iz closely related to ocoupant behavienr which is relatively unpredictable
However, research has presented oppormmites to monitor and predict eccupant behaviour thus evalnatng the relationship
between MEL enerzy consumption and mdividesl ocoupant behaviour. Using the IoT as a tool to monitor ocoopant
behaviour can be nsed to evaluate the smount of energy consumed based on eccupant dynamics. Dieep learning methods
and 8 self-confisuring event detection confrol system, both have the potentizl fo improve energy consumption of MELs.
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CONCLUSIONS

Energy efficiency of lightng systems and MEL:s mn commercial boildings have the potentizl to be improved and the
methads discussed have mdicated enerzy savings. The implementation of a control system to monitor, predict and adjust
electrical energy conswmption according to ocoupant needs has a great potential to increase enerzy savings. Therefore,
mtelligent control systems sre gaiming more atiraction in the field of ressarch To improve oo energy consumpton of

lighting and MELs, it is important that future research looks at an mtellizent confrel system that encompasses lizhfing
systems and MELs.

REFERENCES

1

=]

o

1l

11

13

14

WK

E R Wagiman, M N, Abdwliah, M. T Hassan, N H Mehammod Radzi, 4 H Aby Bakar, and T C. Ewang, "Lighting fysrem
conral techmiques in commercial buildings: Curent rends and frure directions, ™ J Build, Eng., vel 31, no. Felruary, p.
101342, 1020, doi- 1010065 jobe 2020 101342,

CBECS 2012 “Tremds im Lighting m Commerciml Buildings,” US Enevgy Information Apency, MIT
hitpsAwwnweia. pov/consumption commercialrapors 201 2 iiching &~ teor=Whem considering just elecwricity uraee.af other
eleciricity and wses.

T. Abergel, “Lighting, " Inernational Engr gy Apency, 2010, heprdeww ieg. orgraporis lighiing.

@ Je J Eng aond M Su, "Mizcelaweons eleciic loads i Maolgysion buildings - Energy management apporiunifes and
reguiatory raquiremsents, ~ vol. 11, no. dpril, pp. 3549, 2018, doi: JO 10165 e 200504002,

M-C Dubpis of @l, “Retrofitring the Electric Lighting and Dayliphting Symems fo Reduce Enevpy Uie in Buiidings: 4
Lirerarure Raview, " Energy Res. I, voi. 4, na. 1, pp. 2541, 2015, doi- 103844 erjsp 200 5. 25.41.

P. Chiradgia, 4. Npaopitakfw, and C. Jemangsen, “Energy savings malysic and harmonics reduction for the elecrronic
ballast ogf T35 fuerescent lamp in a bwiding’s Nplkttng pystem,” Emergy Build, wvoi. 97, pp. 107-1I7, 2015, doi
10 1006 enbusld 2010 5.03.042

M. 4 U1 Hag er al, “Energy saving i lighting from I7 lomp reorgfies - 4 caze siudy, * Proceeding - 2013 IEEE Studens Confl
Rer. Dav. SCOReD 2013, no. December, pp. 187100 2013, ded: 101100 500Reld 2003, 7002568,

F. P Fahi, L. M. 5 Compes, and N. C. Filko, "Sserinability comztraimis m fechno-economic analysiz of peneral lighting
ratrgffos, © Energy Build., voi. 67, ne. 2003, pp. 500507, 2020, doi: 18 1076 enbuild 2003 05039,

C. K Gan’, A F. Sape”, ¥. Chee, and K Eng "Techmo-economic Anajysis g LED Lighting © 4 Case Study i, ™ vai. 13, pp.
208216, 2013, doi: 101016 proeng. 201302025,

and I & Per-dnders Enkvist, Tomas Naucler, “A cost curve jor greembouse gas reduciion, ™ MeEinsey & Company, 2007
hitpzShwww mcEinsey.combus iners e fons S ustainebiliny our-insig ks a-cost-curve-far-greanhouse-gas-reduction.

B L Al C. T Jmg 5 B Leigh, and H. Jeong. “Anaiysis of the affecr of antificial lighting on heating and cooling energy in
commercial butldings, ” Energy Procedia, vol. 61, pp. 925032 2004, dai- 10100 65 egypro 2014 11 967

F. &. Monwya, 4. Pefig-Garcia, 4 Juaidh, and F. Warcang-dgugiiara, “Tndaor lighting rechnigues: An overview of avolutian
and new mends for enerey saving, ™ Emergy Build, vel. 140, pp. 50-60. 2007, doi: 10101 &5 enbuiid 201 701025,

E. Science, "The affecr of the daylisht cone on Jichang engrgy savings, ™ 2020, doi: 10.J 0880 F35-1531 54104101 2098,

A, Wiiliams, B. dtkinson, K Garbesi, E. Page, and F. Rubinstein, “Lighting controls in commercial buildings, ~ LEUEQS - T
Iilum. Eng. Soc. North Am., vol & no. 3, pp. 161080, 2002, dei: 101 382 EEUEQS 200 2.08.03.001.

oTe.g editonafpre.org

61



118

13

14,

17

15

e

Amima fsmail & “Freddie Imambap

5. Bumjongrry 5 _dnameoitanaporn, 4 Neoopitablui, C. Jettanasen, and T Paicharoeen, "Dezign and appiicaton gf dayilgihe-
bazed lighting comrodler on LED umingire, " Appl. Sci, vol I, ne. 10, 2020, doi- 10.3390/aop] 0103413,

E Mekenngy, M. Guarnsey, B. Ponoum, and J. Rosenfeld, "Commearcial Misceilmneous Eleciric Loads: Energy Consumpiton
Characrerzation and Savings Potential in 2008 by Building Type,” Energy, ne. May, p. 244, 2010,

A Das, M K dnnageed, E dzar, V. Novakovic, and M. B. Ejergaard, "Occupanf-centric mizcelianeons eleciric loads
pradicrion in buildings using tme-g-the-arr deep lemrming methods, " Appl. Enargy, vol. 268, no. May, p. 115133, 2020, doi:
10,1016 apenergy. 2020 115135

A Eamilariz, B. Ealluri, 5 Eondepudi, and T Ewek Wi, "4 literamre Survgy on meariring endrgy usage for mizcelianesus
elecric loads m offces and commercial buildimgs,” Renew. Sustain. Enepgy Rev., wol 34, pp. 536330, 2004, doi:
101006 reer 201 4.03.037.

A M Syed and C. Hachem, “Net-zere energy desien and energy sharing potential of Rerarl - Greemhouse compler,” J. Build.
Eng., vol. 24, no. November 2008, p. 100736, 2009, doi: 1010067 jobe 2018 100736,

. A Kumar, "Tmplementation af Smarr LED Liphting and Efficient Dimta Manasement System for Buildings Astessing the

Jeazibiliy gf wing the hear demand-ocutdoor for Rakesh a long-tam disoict heat demand forecast,” Energy Procedia, vol.
143 pp 173-178, 2817, doi: 10.10J 6 egypra. 201 7.12.667.

. H Nabzadeh and 4 Ghahramani, “Towards whiizing intermnet of things | IoT | devices for imderstanding mdnidual occupants

' emerEy wsage of parzongl and shared appitances i affice buildmgs, © J. Buwiid Emg, vol. 27, ne. Jume 2019, p. 100848 2020,
doi- 10 10165 jobe 2018 J00948.

. M 4ftalan, F. Jazizadeh, and J. Wang, “Energy & Buildmes Self-configuring event detection in elecriciy monitoring for

human-building mieracton, ” Energy Build,, voi. 187, pp. 85-109, 2018, doi- 10101 6§ enbuild 201961 036,

Impace Factor (JCC): 5.6246 NAAS Rating: 3.11

62



CHAPTER 5: POTENTIAL BARRIERS AND DRIVERS TO
ENERGY EFFICIENCY IN COMMERCIAL BUILDINGS

This article is a critical review of barriers and drivers to energy efficiency in commercial buildings
within a South African context. This article has been published in International Journal of
Mechanical and Production Engineering Research and Development (IJMPERD).

Citation:

Amina Ismail & Freddie Inambao, Potential Barriers and Drivers to Energy Efficiency in
Commercial Buildings, International Journal of Mechanical and Production Engineering
Research and Development (IJMPERD), ISSN (P): 2249-6890; ISSN (E): 2249-8001, Vol. 11,
Issue 2, Apr 2021, 171—186, © TIJPRC Pvt. Ltd.

Link:

http://www.tjprc.org/publishpapers/2-67-1625468347-1JMPERDAPR202114.pdf

63



Intermadional Jeurnal of AMechanical and Prodwction

Vol 11, Izsme 7, Apr 2001, 171186
© TIPREC Pvt. Led. L

b adapmal Peblicalioss = Redaareh Cinaulangg

IS (B, 2545 8500; TSN (B 2has-saed N TRANS

POTENTIAL BARBIEES AND DRIVERS TO ENERGY EFFICIENCY IN COMMERCIAL
BUILDINGS

AMINA ISMATL & FREDDIE L. INAMBAOQ”™

Deparmment g Mechanical Engingering, Universiyy o Ewarulu-Naral, Durban, South 4fica

ABSTRACT

Energy efficiency is ore of the cheapest and ecasiess ways to reduce elecirical emevgy comsumption, however, the
oricomes of these emergy efficient measures are nof being realised due ro varions barriers. Barriers are obsiocles that
prevent the realizosion of enevgy gffciency qffer the implemeniation af energy efffciens rechmnology. While barriers
inkibit the bemeffey of energy efficiency, drivers promere energy efficiency and help reduce emergy comsumprion and
increaze refturn on mvesimend. Barriers need fo be undersiood 5o thar gffectve drivers can be ideng)fed and swecesgfinlly
implemented. The aim af thiz ardcle i3 fo gualitarheely review the relevans literarure o idensify porendal barriers fo
energy efficiency in commercial buildings withim the Sowh 4frican confexs and then propose @ favomomy of porensal
barrizrs, ranking chem from most erivical fo least eritical. This arvele nses previons research to idensfy drivers to energy
efficiency. The identification of these barriers and drivers cam be mwsed by policy makers fo furdier fmplemens
regulations fo enhance and promole emergy efficiency. Lamdlords, stakeholders and Bbuilding owners cam fake
precausionary megsures m ferms of these when mplemendng emergy effciens meamwres. Energy efficiens system
desigrers can also foreses these barriers amd put in place drivers fo [imif te barriers.

EEYWORDS: Barriers, Drivers, Enevgy Efffciency & Commercial Buildings
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1. INTRODUCTION

The mplementation of energy efficiency measures is ganing raction in the ult emironreent becase this is a cost
effective and fast way to reduce the impact of climate change on global economies. Fesearchers have had an
interest in barriers to ensrgy efficiency for the past four decades and recently there has been a renewed mferest in
this field (Olsthoom, Schleich, & Hirzel, 2017; IEA, 2018). The rate of energy efficiency improvement is around 1
%o per year. However, with advancements in technology and policies, there is the potential to farther reduce enerzy
consumpton and promote energy efficiency (United Mations, 2011). Enerpy efficiency improvements are being
implemented i Souwth African commercial buoildings although the effects of energy saving: are not always
witmessed, or it iz not as lucrative as perceived at the onset of the project. There are vanous challenges that are
prevalent m commercizl buldings, especially state-owned buildings. For exsmple, the client and the energy service
companies (ESCs) may bave complicatons with the benefits of the shared savings contact, or the building

ocoupants may be neglizent when whlizing energy consnming devices.

{Flobally, invesimenis in energy eficiency have not reached economically optimal levels despite profitsble
business oppormnities and a large marke: potential Marguez, Mcgregor, & Syme, 20132). This raises the guestion of
whether savings from the implemsntztion of energy eficient technology are apparent. There are mumerons Iesearch
articles that aim to answer this gueston thus creatimg a whole pew spectrum for the improvement of the
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implementation of energy efficiency. In this regard it is pecessary to have an understanding of the factors that hinder the
positive outcome of implementation of energy efficient srategies or technology, and the impact that such bamiers have.

In the literamre, the phenpmencen that hampers energy efficiency is offen referred to as Jevons Paradox, Energy
Paradox, Energy Efficiency Gap (or zimply called the energy gap) or Eebound Effect (FE) (Berkhout, Muskens, &
Velthnijsen, 2000; Brinntond, Ghalwash, & Mordstrom, 2007; Greening, Greens, & Difiglio, 2000; Jaffe & Stavins, 1094,
Lin & Liw, 2015). This phenpmenon oconrs becanse of underlymg causes offen know as harriers (Jaffe & Stavins, 1904;
Eangas, Lazarevic, & Kivimza, 20182). Bamiers w energy efficiency refer to mechanisms that inhibit behavior or
invesonents that wonld improve the efficiency of ensrgy consumption (United Mations).

The aim of this research paper was to identify barrers and drivers to energy efficiency in occupled commercial
buildings, thereby producing a systematic classification and explanstion of barmers and drivers to ensrgy efficiency. This
paper explains the impact of the barriers as well as enerzy efficiency dnvers, and propoeses a taxonemy of potential bamers
and some drivers that may be prevalent. The focus will provide pelicy makers a platform to evaluate and warrant the extent
of future energy efficient interventions as well as the overall energy efficient potential of these mterventions, and will
provide a reason for govermment to consider fiscal initiatives for energy efficiency. The identificatdon of these barmiers and
drivers can be used by policy makers to farther implement regulations that ephance and promote energy efficiency.
Landlords, stakeholders and buildmg owmers can fake precantionary measures against these barmers when mplemsnting
energy efficient measures. Energy efficient system designers can alsoe foresee potential barmers and inmoduce drivers to
limit the barriers.

1.1. Emergy Efficiency Gap

Fesearch has indicated that the caloulated savings or rehum on investment (BOT) is not the same a= the acmal savings or
RiOI, a phenomencn known as the energy gifciency gap (in some cases it 15 also known as the energy gap or the efficiency
zap) (Bhattacharya, 2020). In the review camied ouwt by Azevedo (2014), the energy efficiency gap iz defined as “the
difference between the current level of ensrgy consumption and the level of energy consumpton that wonld ocoar if
consmmers were to select cost effective, life-cycle, energy efficient and end-use alternatives”. From am economic
perspective, the enerzy efficiency gap refers to the apent’s failure to purswe cost effective investments i efficiency
improvement and technologies (Aszevedo, 2014). The energy efficiency zap iz atiributed to varions factors such as
imperfect information, market failures and market bamiers, misplaced incentdwves, lack of capital or financing options,
uncertainty aboui the future price of electricity or foels, consumer behavioral traits, nnwanted feafures in products, and
energy prices not reflecting the tme cost (Azevedo, 2014; Bhattacharya, 2020).

1.2 Jevon's paradox

Jewon’s paradox was introduced in 1865 when Jevon stipulated that energy efficient improvements in technolozy would
reduce the price of providing such services therefore increase the demand for that service (Azevedo, 2014; Jevons, 1886).
Jewon's paradox initisted debates regarding the EE until the 1970s, after which it re-emerged in research carmried out by
Brookes in 1979 and Eharroom in 1980, later becoming known as the Ehazroom-Brookes Postulate (EBF). Jevon’s
parador is explained by Saunders (1992} as follows: “with fixed real energy prices, energy efficiency gain: will increass
energy consumpiion above what it wonld be without these gains™ (Saumders, 1992). Jevon's paradox is further explained
by (Sorrell, 2007) as: “If energy prices do not change, cost effective enargy efficiency mvestments will inevitably incresse
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economy wide epergy consumption above what it would be without those improvements™ (Sormel, 2007). Fesearch by
Somrell (2009} indicates thar evidence in faver of Jevens Paradox is not conclosive, however it suggests the BE is larger
than is conventionally assomed (Somrel, 20087

1.3 Eebonnd Effect

Technological improvements are making alecmical equipment more ensrgy efficient, whess less energy is nsed w produce
the same output. The nse of less energy causes the cost per umit of output to decrease. The reduction in price per oufput
generally results in increased consumption and the energy efficiency benefits are lost. The lost part of energy efficiency is
the RE (Berkhout, Muskens, & Velthuijsen, 2000). The authors concluded that scientists agree that the RE exists due to the
substimtion effect, the income effect, and the existence of the macro-economic BE. In the review by (Azevedo, 2014), the
EE is broadly defined as the gap between enginsering caloulations of potential enerzy savings (PES) and the actaal ensrgy
savings (AES) that is measared after the implementation of the enerzy efficiency measure, which is also mathematically
expressed by equation (1) (Azevedo, 2014].

— i AR,
R=1- = (1)

However, the above equation does not take into consideration the scope and boundary of amalysis, therefore
researchers have forther sub-catesgorized the BE into divect, indivect and economy wide BEs (Azevedo, 2014).

The enerzy efficiency gap, Jevons paradox and the BE are 2]l phenomena that ooour becanse of varions factors
that hinder the benefits of energy efficiency. Fesearchers and scientizts have smdied these factors, known as bamiers to
energy efficiency i detail, fo defermine what the causes are and how they can be eliminsted

1. RESEARCH ON THE TAXONOMY OF EAREREIERS AND DEIVERS TO ENERGY EFFICIENCY

Taxonomy is essantial to helpful in the sedy of barmiers and drivers to energy efficiency, and the influence of barmiers and
drivers on the mstallation of energy efficient technology and the way these barmers and drvers can be modified. The
heterozeneity of bamiers and drivers depends on the application of energy efficient inferventions and the environment in
which the interventions are applied because barriers and drivers are often related to and unique to the facility in which
they arise. For this review, barmiers and drivers to energy efficiency in ocoapied commercial bulldings was stadied.

1.1 An understanding of Barriers and Drivers in Commercial Buildings

An understanding of the namre of bamers to ensrgy efficiency iz ontlined in this section to provide clarification on
assumpiions about the namre of occupant bebhaviour, and the imporiance of ensTzy mansgement stmucmres to the economy
(Sudhskara Reddy, 2003).

Bamers and drivers of energy efficiency impact the decision of mvestors and stakeholders. There are some
rarmiers which result in an immediate negative decision, and there are other bamiers that merely reduce the likelihood of &
positive decision. Often. these two decisions are driven by the F/OI or lack of feasibility or a combination of the mwo
(Sudhskara Reddy, 2013).

In some situations, barmiess to energy efficiency may not be perceived as such by iowestors and stakeholders and
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do not infloence their decision to proceed (Suwdhskara Beddy, 2013). In other words, the barriers are real, but do not
influence investor decisions. On the other hand, there can be perceived barmiers that are not real as well as perceived drvers

that are not real

Ancother characteristic of 3 bamier is the environment where some varizbles may act as barmiers in one simation
and act as drivers in another simation. In some cases, multiple barmers may co-exist, reinforcing the effect of barmriers on
energy efficiency. This characterictic is also dependant on the couniry and the facility m question (Swdhakara Feddy,
2013).

Based on the above characteristics of barrers and drivers, it is important 1o carmy out 3 detailed anmalysis of the
bamers and dovers, ther effects on FXOI and energy consumpiion and to idenfify the barmer and the result of the bamier
(Sudhzkara Reddy, 2013).

1.1 A Eeview on Taxonomies for Barriers and Drivers to Energy Efficiency

Thiz section provides a review of fypologies for several fypes of barmers. However, this review does not provide an
explanation of the barrisrs, rather it is the idenfification of bamiers in previons research artcles within different contexts.
The taxonomies presented anse from a failure so far to provide 3 holistc perspective on potential bamiers.

A smdy camried ont by Beddy (1991) resulted in a typology for barmers to energy efficiency from the lowest level
of the energy consumer to the highest level of global financial instiutes. The barners identified were: 1) Conmmer related,
2y Equipment related. 3) Energy service provider related, 4) Financial instimtion related and 5) Govermment relarad

In 1991, the back “Enersy Efficiency and the Emvironment: Forging the Lmk™ by Vine, Crawley and Centolella
zrouped market bamiers mio: 1) Lack of evidence about energy nse, 2) Lack of access o information regarding Snancing
invesmuents and energy efficiency technologies, and 3) Lack of priomfising energy efficiency in decizion making (Satish &
Magesha, 2017).

Sathaye and Gadgil (1992) mzgesited methods to recogmise barmers, establich programs for overcoming them as
well as to assess and modify these programs regmlarly to enhance the outcome. Varons programs like standards, lzbels,
financizl mcenfives, rebates and technology, etc. wsed for this purpese were observed and evaluated (Sathaye & Gadgil,
1992; Satish & Wagesha, 2017).

Paimuly and Feddy (1994) recogmized six mmportant barmers fo dealing with barmers in elecmcity conservation,
namelby: 1) Techmical (lack of accessibility, dependability and knowledze of efficisnt technelogy), 2) Instinational (lack of
right technical imput, financial support and appropriate programmes), 3) Financial (lack of clear Snancial muplicatons), 4)
MManagerizl (lack of adequate waining, mansgement techniques, accounmbility), 5) Procing (lack of rational pricing of
energy sources), and &) Information (Jack of relisble, suitable information, information diffusion problems).

According to Webar (1997), there are several typologies of barmiers relative to circumstances, however, bazad on
the review carmed out by the author, four typologies of barmers to energy efficiency were proposed: 1) Instiutional 2}
Market, 3) Organizadonsl, and 4) Behavioural.

A very interesting perspective on barmiers to energy efficiency from the neoclassical theery can be found in the
paper published by (Berkhout, Muskens, & Velthnijsen, 20007 The suthors found that barriers initiate and promote BE,
thos inhibiting energy efficiency. BE 15 caused by the following bamiers o energy efficiency fom 3 market related
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perspective; 1) Substimtion effect {as the cost of energy decreases, the consumer uses more), X} Income effect (lower
eneTzy prices result in more dispozable income, thus more spending on energy use) and 3) Macro-economic effect

A report by Brown, Chandler, Lapsa and Sovacool (2011) aimed to 1dentfy and describe the barmers obstuctng
the commerciglization and implementation of climate change mitization technologies . Six barrer categories, twenty bamer
rypes and approximately fifty detailed barmers were identified and discussed for varions enerzy efficient technologies.
Figure dizplays a breskdown of the barmiers researched by. Brown, Chandler, Lapsa, and Sovacool (2011) concloded that
econonty wide market failure is the most critical barmer caused by the absence of a price on Green House Gas {GHG)
Emis5ions.

-

i Intellectual
Cosi Fiscal Regulatory Statutory
Effectiveness|| Barriers Barriers Barriers Property khﬂr Eﬂmj
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Lack of
s Policy
Specialized Uncartainty
K ncwhedge

Fizure 1: Typology of Barriers to the Implementation of Energy Efficient Technology (Brown, Chandler, Lapsa, &
Sovacool 2011)

Sarrell, Mallett and Mye (2011) carmied out an investigation on bamiers 1o energy efficiency in vanons indnstries
and identified that it is diffcult to draw general conclosions Som the studies camied oui. The authors established that the
o most important barriers are hidden costs and difficulties in access to capital which are the most common explanation
for the energy efficiency zap. Somrell, Mallett and Mye (2011) concluded that mmltiple barriers coexist, reinforcing one
another, and contexmal factors have a great mpact, for example the operation of capital markets and governments”
contmbutions 1o promoting energy efficiency.

Using an actor-onented approach, (Sudhakara Beddy, 2013) attempted to study barrers and drvers that influence
investments in energy efficiency. To do this, Sudhakara Beddy (2013 developed a taxonemy broadly classifying bamiers to
enerzy efficiency into three typologies, ie. 1) Micro-barmiers (obstacles that are unique to the partcular project), 23 Meso-
bammiers (barriers that are common to 3 wide varisty of projects that can be overcome with effective organizatonal desizn,
human resource management and time management), and 3) Macro-bamiers (barrers that are not project or organization
specific and cannot be altered by changing the project or orgamizatiomz]l desizm). Swdhakars Reddy (2013) discnsses
specific examples of drivers related to the barriers identifisd and dizoussed in the article. The following six examplss of
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specific drvers are discussed: 1) Awareness, 1) Decreasze in technology prices, 3) Increase in energy prices, 4) Technology
appeal, 3) Mon-energy benefits, and §) Environmental regulations.

Satish and Magesha (2017 camied out a case sdy to identify bamiers and drivers to energy efficiency in the
residential and commercial sectors and identified the following bamers, 1) Awareness and mformation barmers, 2)
Behavioural and lifestyls bamiers, 3) Economic and financisl bamiers, 4) Markes barmmiers, and 5) Technical bammiers. The
following potental drivers for ensrgy efficiency were also identified: 1) Financial bensfits, 2) High level of awareness, 3)
Diecrease in the cost of energy efficient technologies, 4) Increase in energy prices, 5) Teclnology appeal and &) Mon-
energy benefits. With a primary focus on commercial buildings, Satish and Wagesha (2017) found that the economic and
financizl bamiers as well as lack of swareness and informaton barriers were the mam obstacles to energy efficiency, thus
indicating that people zre not awste of enerzy efficiency and environments] concerns The highest-ranking drver for
energy efficiency in commercial baildings is a high level of awareness among people.

Table provides a swmmeary of all articles reviewed to identify barriers and drivers prevalent from a global
perspective. The table highlighe the barmiers and drivers to energy efficiency found in a specific secter and provides
comment on the imatatons and overall zim of the research. The heterpgeneity of barrers is a result of the confext in which
they accur, therefore a varsty of amicles from varous sectors have been reviewsd to identify the different bamiers and the
reason for their occumence. There are two primary reasons for the implementation of energy efficient measores in
commercial buildings, the first reason being related to the peoclaszical theory of economics and the other is the
implernentation of enerzy efficient technology to reduce the nse of elacmical enerzy a5 3 means w inhibit climate change
and reduce 3 building’s carpon fooiprint. The typolozy under which the bamers eoour are not mentonsd o the table as not
all amicles presented a rypology of the barmers.

It 1= evident from the reviewed articles that barriers are unique to the environment in which they occar, however,
thers are certain bamiers which are prevalent across the board (though thess may not be ranked in the same way). Mot all
articles fornsed on drivers to energy efficiency, however it was mentoned or proposed a5 2 messure o reduce the barmers
or eliminate the barriers. Most arficles share similar drivers such as creating an awarensss, the implementation of ensrgy

efficient policies and government incentives.

Table 1: A Summary of Eeviewed Articles Identifving Barriers and Drivers to Energy Efficiency
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3 Limited payback 1. Policies o following 3 main categories,

expectatons Tnvesment reduce the impact of 1) Economic, ) Institutional

honizons barmers and 3) Behavicural The

4 Enilding stock 2 Simplification of | bamiers are evaluated the

characteristics administrative building and iransport sectors Bagaini,
Building 5 Split incentives proceduraes. in & few coumiries within the Colell,
it 8 Complexinadequate | 3. A clear vision United Kingdom (UUEK). It is Croci, and

regnlatory procedures for energy efficiency 1o be noted that only the Wolteni

. Lack of relevant needs to be establiched barmiers o the building sector {2020

legisladon from npper management. | are hizhlizhted in this tabla.

8. Traming and skills 4. Occupant The drvers to energy

professionsls awarensss of the benefiz | efficiency are merely

Q. Lack of inferest and | of energy efficiency. propoesals to reduce the

nndervaluing enerzy negaiive impact of the

efficiency barmiers.

10. Lack of msted

mnformation and experience.

1 Financial restraint: 1. Lower payback

X Level of detail perieds throngh further

around oppormumitiss imcenfives

3. Limited buman 2 Accessible Among other objectives, one

resguIce CApRCity/ime funding and subsidies of the primary objectives of

4 Other'property E 8 Ensured this research was to identify

. . - % Parker

Private Sector | management continuation and company and participamt leavel (2016)

=i Enowledge longevity of incentive percepiions of barmers o B

G Behaviour DTCGETAMIES . energy eficiency in the South

T Lack of 4. Client-zpecific African private sector.

nnderstanding of the Private | cost alternatives.

Sector Energy Efficiency 5. Human resoarce

report and energy management
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8 Lack of government | support.
support and resources 6. Eoowledge and
o Report skills training
mizaliznment T Stable enerzy
1. Lmited programme | platforms with
TE50NTCES standardized efficiancy,
11. Peliable technology | readily availsble
information for anyikng
energy related
8 MMore simingent
technological standards.
1 Low income
ri. High imvestmant
Costs
3 Oocopanis
resistance
4 Low consumer
appeal
5. High upfront costs
4. Lack of municipal
support
T Misconception on
retrofitting technologiss
] Occupants
dismuption
Q. Building orientation
i Immature market Barmers to energy efficiency
11. Lack of educanon retrofits have been identified
12 Lack of kmowledge | 1. (Crovernment in the study by [32]. This Cpuniona,
13. Capital risk Incentives study has generalized the Maseko,
Building 14. Poor guality 2 Policies and scope of 2 building in South Aizbavboa,
sacior msiallation legislations Africa within the Ganteng and
15. Lack of techmical 3. Awarensss and region, therefore the bamers Thrarala
ENpETiise knowledze are mot specific 1o & partcular (2019
14. Lack of cost- type of bullding, for example
effective componsnis a schoeol or 3 hospital.
17. EBuilding owners

lifestyle choices.

18. Lack of capacity
19, Lack of information
20. Lack of mcentive
for mvestors

. 1 Lack of personal
mcentive

.o Lack of energy

professionals
23, Lack of monitormg
24, Statms quo

25 Lack of energy
efficient materials and

COMPOIents

3. TAXONOALY OF BARRIERS TO ENERGY EFFICIENCY

To successfully develop and propose a theoretical framework for the taxonomy of potential barmers and drivers to energy
efficiency in 3 commercial boilding within a stats-owned btuilding in South Africa, all stakehalders and role players must
e identified and bow energy is nsed must be established from a techmical perspecive A framework of potental barmiers

WWHLOTC. T

editomafpre.org

72



180 Aminag Irmail & Freddie L Inambap’
and related drivers to energy eficiency in commercial building iz proposed in this section.

The flow dizgram in figure 2 highlights factors that affect the implementation of energy efficient measures and the
associated outcomes. The factors retarding the implementation of energy efficient technology or sny ensrgy efficient
measure, starts with the owmner, stakeholders or decision makers, energy efficient system dasigners and those responsible
for installafon sndfor implementation. After the implementation of energy effident technologies or sirategies, factors
related to the user's (such as building ccoupsnts'staff, public, ownership) and operastion and maintenance of the energy
efficient measares often hinder the outcome of the energy efficient measures. Considering the growing implementation of
energzy efficient technology in commercial buildings in Sowth Africa, this article focnses on the barriers that hindar the
outcome of energy efficient measures alrezdy implemented, circled in red in figure 2. However, in some simations, the
decisions made before the implementation slso affect the outcome of the implemented ensrpy efficent measore, for
example 3 poor understanding of all costs mvolved at the onset of the project will result in an energy efficiency gap, as the

expected FOI will be reduced by the hidden costs. This also indicates that mmlgple kamiers can co-exist, thos reducing the
potentizl owtcome of ensrgy efficient meazuras.

With a primary fooos on the impacts of enerzy efficiency bamers related to enerzy efficient technology in
commercial buildingz, the following typologies of potentizl bamriers seemed 1o be the most prevalent:

¢+ Economic and Snancial

¢ Technological

+  Awareness and information

# Organizational and mansgement
* SmmtoryTegulatory

+ Behavioural and lifesryle

2AWWAATICN AHE:
1. D keers, 1.THE LEEE .
------ } 2 Ermayy At R g o 1.1, Busbdhreg CoCupan s 21 F priry e
1 PN
i ';:Tnm £ CHa
3 nesla ol npleTEE P e
1.4, Dewirarali P F i Oy e 0

s
L
A FRCTTIORS 1ol TIHGTHE : 0 FACTORS RHIBITING THE :
i E i
BT e ..., pucoueoriny ™|
------- O ENERGY EFFICE T PSR Y EFFRCEAT
WEASLIHE WEAGLRE
IKSTALLATION OF ENERGY OUTCOME:
EMERLY EFFICIENT EFFICIENT 1 FMANCALSWNGS
TECHADLOGY R MEASURE OR 2 REDUCEDEMERTY
- CONS LIETIC N
OF ENERGY TECHNOLOGY

EFFICIENT MEASLRE

Figure 1: Flow Diagram Highlizhting factors affecting the Implementation of Energy Efficiency
and the Asseciated Ountcome
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A taxonomy for specific bamers for the above bamier typelogies is presented in Table based on the aricles

reviewed and flow diagram in figare 2.

HWH.

Table 2: Froposed Tazonomy of Barriers in Commercial Buoildings

CATEGORY BARRIERS DEFINITION
& Hidden costs Ciosts that were not foreseen at the onset of the project.
P .. | The costs of mplementation not calculated properly due to
- E Ioerenia I lack of technolozy being implemented.
% = Poor ROI There is a low EOI due o unforeseen costs.
EE ] Infervention nof profitable due to low returms over 3 long
= Payback time = =
E E o period of time

Maintenance costs

High maintenance costs &3 the technology are relatvely
nEw.

Orrganisatenal And Management Barriers

Lack of staff

Mot enough staff to implement the energy efficient
IEgEures

Besistance o

Staff and oocupants are not willing to embrace the change.

changze

o Sy Poor commumication between management and staff or
among staf themselves.

Orgamizational Organisational goals, routines, stmacture, and other factors

sysiem hinder the mplementation of energy efficient measures

Commitment and
AWATENESE

Manager lacks commitment and is not aware of the
benefits of energy efficiency or the purposs of energy
efficient measures.

Vision, skills, and
EXpertise

Manager lacks the vision to implement enerzy efficient
measuras, the skill and sxpertise to enhancs energy
efficient messuras.

Cparating
procedures not
adhered to

MManagement does not adhere to the operating suidelines
provided by the mamifacturer. This agzin comes down to
lack of knowladze and information barmiers.

Mo mainfenance
camied out on
energy efficient

Maintenance may not be carried out due to exorbitant costs
and possibly lack of expertise becanse the technology is
melatively new.

technology
o energy efficient
strategy in place to | Management does not have an energy efficiency stratezy
mnplemsnt and to mprove and enhance energy consumpton a5 well as
enhance enerzy Teduce costs.
efficiency measures
E Lack swarsness Staff, tmilding occupants and public lack awareness about
= Tt about the benefits the benefits of enerzy efficiency and the philosophy
; -] _-:uf enerzy efficiency | behind the ensrzy efficient measures implamented.
E. 5 %'Efk ufm Inadequate information provided to stakeholders/'decision
= E g ; makers resuliing in reduced outcomes. This could also
g inadequate : : : 2 - i
EL i : relate to information given to the ocoupants and public.
g = mformation, and : ;
— = % Pesults in lack of knowledge abont energy efficiency.
— misinformaton.
k| Stams quo of
= E EVSIEm PTTS y : :
= X C . . The current system in the building does not allow for the
ETE T Ak implementation of energy efficient echnology
‘é = energy efficient EY-
= InEASTE

TE AT,
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fpm Enm:u::']; Being relatively new technolozy im South Afnca, spare
k : parts and components for mamienance are rather

Ene(Ey i lent expensive of not easily accessible

technology P ¥ -

Lack of legal requirements from nationz] governmental
Legal requirements | level with respect to the real needs of commercial
buildings related to sustamability.

Excessive, complicated and unnscessary administrative
Bureaucracy Eovernment proceduras to get incentaves for mnplemented
energy aficient measures.

Mo economic incentives, and procedures to obtam
incenfives are fedions and dme COQSUMIDE.

Lack of skilled staff fo manage, operate and maintain

Fizcal incentives

Statuiery/ Regulatory
Barriers

o epergy afficient measures and technology.
Ooonpants are often neglizent, indifferent to the outcomes
L of the energy efficient measures or the technology
Remrpes & S implamented. In some cases, this behaviour extends o
wastefulness.
Crm hip Drue to the lack of ownership, eccupants tend o take

advantage of varous wilities mcreasing their consumpiion.
A lack of mvolvement among tmilding ccoupants and staff
Mot mvaelred do not give them an opporfunity to be part of the enerzy
efficiency measures being implementad.

A lack of awarensss, among boilding ocoupants, about the
energy afficient mezsures in place leads 1o iznorance
regarding crticalities and issues that need support from the
building oconpants.

Awareness

Behay maral And Lifestyle Barriers

4. EECOMMENDATION AND ANATYSIS OF DEIVERS FOR ENEREGY EFFICIENCY

Felevant information must be presented to conswmers and stakeholders to provide them with a better understanding of
measures that enhance or promote snergy eficient measures (Sudhakaras Reddy, 2013). Drivers of energy efficiency are
dependent on the prevailing circumstances and the enviromment. It iz not offen that for every barmer a dover can be
idenfified, and n some cases drvers can become bamiers. The drivers proposed will be for energy efficient measures that
have already been implementad and are discussed from the perspective of enhancing the oumeme from the energy efficient
measure 35 Well z: eliminasfing prevailing barmiers.

From the reviewed arficles, the followmg are potential driver categones to ensrgy efficiency are discussed:

a) Awarene:s, informarion, and Knowledgze

It is important for government, ensrey efficient technology manufzcmrers and other campaizns promoting sustainable
Iwinz, to create an awareness about the bensfitz of energy efficiency within society. From 3 commercial building
perspective, the boilding management team should ensure that boilding occupants are well aware of energy efficiency
iniriatives and measures, what these entsil, what are the outcomes and what is the role thar the cccupants can play
promote energy eficiency.

The creation of awareness around energy efficiency resulis in building ocoopants being more receptive fo
information about enerzy efficiency measures and technology thereby providing them with knowledge regarding energy
efficiency and swstainability. Information is also imperative for building owners and tenants to understand the role of
energy efficiency measures and technology and the mumalistc benefit that it can have.

Impacr Factor (FOC): 36246 NAAL Raring: 3,11
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A high level of awareness is not enough to promote energy efficiency and arract investors. From an invesmment

perzpective, the implementation and operaton of the enerzy efficient measure or technology mmst be hocrative.
b) Economic and fimancial

The implemeniation of energy efficient measures and technology reduces consumpiion of elecimical energy, thus reducing
the price of utility bills, but thiz often leads to the BEE. To eliminate the BE, landlords can ack for a higher rental, however,
this must be in relation to the cost of operating snd maintaiming energy efficient systems. Often, the cost of operating the
system and maintaining it is rather high doe to the technolozy being relagvely new in the market.

Another means fo encourage building owners to implement epergy efficient technology is for the ESCOs fo
formulate a shared savings coniract with the owner. The monetary value of the shared savings can be shared betwesn the
landlord and the ESCO depending on the shares agread upon at the onset of the project.

The price of energy efficient technology and components need to decreass, resulting in the technology pensoating
the market faster.

£ Technological

The improvement of energy efficient technology’s environmental impact and energy consumption performance is critical
o promote sustainability and buy-in Som nvestors and building stakebolders. An example of improving technology is the
lewel of “smarmess™ or “intellizence™ that is associated with the technology, along with the aesthetic appeal of the
technolozy, resulting in consmmers and investors purchasing such echnolozy.

Enerzy efficient technology being implementad must be easy to install and reguire minimal resources to lower the
cost of installation and reduce emors whilst installing. Along with easy installation process, the equipment chonld have
improved foncrionality and relisbiliny.

The use of control systems and Building Information Management (BIM) can improve energy efficiency by
minimising or switching off electrical components when not in wse.

d) Management and Behavioural

Crccupant behaviour &5 a critical barrier that is difficalt to control, therafore the drivers for coopant behaviour 1= something
that needs to be wortked throuzh the building management and those in contol of the facility. Creating an awareness in
energy efficiency as well as providing mformatve workshops on energy efficiency to mcrease occupant knowledge oo
energy efficiency, can mprove occupant behaviour regarding the use of energy snd reducing energy consumpion when

not in use.

The building msnagement team can imitiate 3 culture to promote energy efficiency among ocoopants to Zet
building occupants to be involved with varous energy efficiency siwategies and tasks, which gives them a role to play and a
sense of responsibility.

Oornpants with a high level of passion and enthmsiasm are required to dnove snd promote energy efficiency
measures in commercial buildings. This will encourage others to contribute to the snergy efficisncy measures in their own

way.
Epergy management is essentizl to promote energy efficient behaviour among the building occupanis. Energy
WWHTOTEarg editorafiore.org
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managers can make use of visnal informaton, email netificatons and repular mestings 0 Create an aWaTensss AMOLE
building occupants and create a culmre that promotes energy efficiency. The energy manager should condoct periodic
energy audits to manitor the building "= enerzy consumption so that he'she can detect anomalies in the consompton.

g) Legal, Regulatory and FPolicies

Lagzal or regulatory control measures can promote energy efficiency in terms of building codes, sostamability labels for
buildings and company policies which require staff to mplement energy efficient behavionr within the work environment.
The Depariment of Environmental Affairs should consider the amount of carbon emizsions due to energy consumpiion and
initiate regulations to encourage building users to minimise elecirical energy consumphion or use renewable energy
technology. Government should alse consider rerofitting state-owned buildings with energy efficient technology and
promote enerzy eficiency, this will set an example for other government deparments to follow saite

£, CONCLUSIONS

With enerzy efficient technolopy and messures already implemented, barriers and dnvers to energy efficiency have been
gqualiratively analysed from warions research articles 1o draw conchisive evidence of the potentizl barmers and drivers in a
commercial boilding.

Barriers to energy efficiency are unique to the circomstances nnder which they ocour. In an eccupied commercial
building with energy efficient technology, for instance, it has been identified that there are six categories of barriers.
Specific barriers ocour within each category resulting in an outcome that hinders energy efficiency such as the rebound
effect or the energy efficiency zap. The anabysis revealed that barriers to energy efficiency are a result of economic factors,
social factors, technological factors, and regulatory factors that co-exist to hinder the positive ouwfcome fom energy

efficient measurss.

Dirivers to energy efficiency are prevalent around particular circumstances, in some cases reducing barmiers to
enerzy efficiency, promoting energy efficiency, or enhancing energy efficient measures. Drivers 1o energy efficisncy can
be found in the following categories, 1) Awarepess, information, znd knowledge; 2) Economic and fimamcial; 3)
Technological; 4) Behavioural; 5) Legal, regulatory and policies. It was also found that in some cases, efforts that bhave
been made to create drivers to ensrgy efficiency through policies and regulatory requirements have in fact become barmiers

to energy efficiency.

Government plays a big role in implementing drivers to energy efficiency by developng regulatons and lagal
requirements for bmilding owners and occupants. MWational government should ensure that all system and component
specifications incnde energy efficient measure: and encourage desizners and stakeholders to promote energy eficiency.

This article successfully identifies potential barmers and drivers to energy efficiency in commercizl buaildings
through & qualitative review of previons research on barmiers and dovers to energy efficiency.
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CHAPTER 6: IMPLEMENTING ENERGY CONSERVATION
MEASURES: A CASE STUDY ON RETROFITTING A
COMMERCIAL BUILDING IN SOUTH AFRICA

This chapter provides detailed results, discussions and conclusion after implementing cost
effective energy conservation measures in a commercial building in South Africa. The study
shows that the energy conservation measures implemented have a low capital cost and a high

return due to the prevalent barriers in such building.

The outcome from this research has been published in International Journal of Mechanical and

Production Engineering Research and Development (IJIMPERD).
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1. INTRODUCTION

Energy aefficiency, 3 popular subject matter, is droven by globzl climate change concems and the need o raduce
carbon emnssions and increase sustainability of the built environment MNumerous research articles highlight the
benefits of implementing energy efficiency and sustainability in buildings, mcuding implementation of regulations
that encourage new buildings to be desizned and built with sustainability energy conservation in mind [1], [2]. [3].
41 [51. I91.

Since 2008, the main elecimicity service provider in South Africa, Eskom, has had challenges with the
varions electricity plants, causing periodic load shedding and an increasze in elecmicity rates. Considering the ntlity
sarvice provider challsnges and high capital costs for new installations, rewofitfting is 3 switable cost-effective
means of improving energy efficiency. Betofitting involves upzrading an old tuilding with advanced materials,
techniques, and techmology to discover a pargcular modifisd cutcomes. In this context ‘retrofit” refers to
technological implsmentations that result in enerzy conservation measures (ECMs) intendad to improve the ensrgy
efficiency of a building [7]. The objecdve of enerzy remrofits is o improve a building's ensrgy eficiency by
implementing 3 varety of energy comservation oppormumities (ECOs) and energy efficient messures at an
economicgl cost [7]. Betrofit technigues nse ECMs that are technolegical uperades for eleciric lighting, building
envelope, equipment, heating, ventilation, and air condinoning (FIWVAC), hot water gensration and other elecmical
building services. [8] camied out enerzy audit technigues (EAT) to identfy ECO: and found that remofiming a
building with ECOs can save up to 483 %5 of the building’s annual energy consumprion [8]. A smdy camied out by
[%] showed that the three most commonly installed energy efficient technologies in high performance buildings

(HPBcx) are daylighting, hizh efficiency HVAC systems and improved buildinz envelope The effectivensss of these
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technolozies depend on the specific buwlding characteristics such as location, size, onentaton of the bulding, operation
building envelope, elecimical besting, cooling and venfilation system properties [9]. One of the conclusions from a study
carmied out by [10] was that the integrated effacts of the ECMs does not equate to the sum of individaal ECMs, therefors
the total effectivensss of ECMs depends on the interaction between all ECRs [10]. [11] evaluated and sinmlated vamous
ECM:= divided inio three categories: major invesiment ECM:, minor invesiment ECA: and zaro invesiment ECMs. The
results of their study showed that the ECMs implemented in the building considered can save up to 41.87% of ensrpy
without compromising occupant thenmal comfert [11]. A smdy by [12] estimated the cost efectivensss of ensrgy
efficiency measures in new conmercial buildings and the results shovred that conventional ensrgy efficiency technologies
can reduce eneTEy consumpton in by 20 % fo 30 % mnd up to over 40 % for soms bailding types and locations [12]. The
above sudies show that retrofits are a cost-effective way of inplementing ECMs to improve the energy efficiency of old
buildings, thus making them more sustainable and effective.

1.1 Aim and Objectives

Thiz study aimed to conduct 3 quantitative analysis of the epergy savings after retrofitting of ECM: implemented in a
state-ommed commercial boilding to determine the slectrical enerzy savings, the effectiveness of energy efficient retrofits,
and the correlated cost implications. An energy audit was carmied ont to determine the most suitable, cost-efective ECH
retrofits to install in the building. Utiliny bills were used to establizh the baseline data. The inplementation of ECHs was
monitored for a peried of one year after which the results were analyzed. ECO's and barmers to energy efficiency observed
through thiz experiment are highlighted The elecirical consumption obtained from the ECM: was compared with the
baseline data to evaluate the Improvements in energy consumpton of the building and assess the level of energy efficient
improvements. An estimated cost savings was calculated aszociated with the implementation of energy efficient measures.
The resnlts from this experimental smdy can be nsed to implement cost effective and efficient retrofits in buildings and to
improve on ensrgy eficient refwofits 3z well 3s be used to develop policies and natonal Fovermment sfandard

specifications.
1. DESCRIPTION OF THE FACTLITY

The building in this case stody was established in 1971 in Durban and prowides jurisdictional services to the public. An
image of the facility is shown in Figare 1. The building has 12 floors, consisting of a basement {2 252.31m™), sround floor
(14 524 34m"), 1" floer (12540.54m"), 2™ foor (4 097.15m") and then the 3™ floor to the 12 floor have the same internal
building layont with each floor spenming an ares of 1 74 10m*. The total area of the building is 52 155 54m*

Figure 1: Experimental Commercial Bnilding

Impact Factor (JCC): 9.6246 NAAS Raring: 3.11
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Being an old btmilding there were no control systems in place to monitor and adjust the use of electmicity
consuming systems, neither were there any ECM: implemented. In 2008 the milding was fitted with two gear-driven
cenimfnzal water-cooled chillers and three cooling towers. The chiller consists of 3 compressor (with motor power rating of
380 wolts AC 50 Hz and 3 phase), oil pump motor (with power rating 380 volts AC. 50 Hz and 3 phass), the oil tank
heater (with power rating of 115 wvolts AC, 50 Hz and 3 phass) and a control circwit (with power rating 115 wvolts AC, 50
Hz and 3 phase). The refmizerant system is filled with 340 kg of B.-134A refnzerant, with 3 working pressure range of 15.2
bars oo the low and high sides.

Figure 2: Chilled Water and Condenser Warer Figure 3: Centriftigal Water-Cooled Chiller
Fiping

The facility had 38 W T12 fluorescent lamps with magmetic ballasts, and the lishtng system had a mannal switch
which depended on a person to swiich it on and off The use of magnetic ballasiz uwses the sndden spike in the physical
dismuption of current in an inductive circuit to produce 2 high voltage that is required for starting np, thereafier it relies on a
reactive wvoltage drop to reduce the voltage applied across the lamp [13]. Pror to the installation of the control smtomatic
on/off switch and the variable frequency dnves, the system operated thronghout the day and owver the weekends. It is to be
noted that the facility has only one rmnicipal electricity metes.

3. METHODOLOGY, MATERTALS, AND EQUIPMENT

The measures tiken to carry out this experimental case stody is disoussed in this section, conoureatly describing the
materials and equipment installed and nsed.

3.1 Emergy Andit

A walk-through epergy andit was conducted to identify snitable ECMs that conld be mmplemented in the building The aim
of the audit was to identify snitable techmical refrofits that conld be easily implemented to achieve reduction of electricity
consumption in hours of operation, mir conditioning loads, lighting loads and off-peak loads, as well as to define the snergy
oundaries. Energy boundaries in this case refers fo the sources of energy and the extent of energy consumpition.

The enerzy sudif consisted of analysing enerzy consumption and relevsnt costs using uwiility bolls. Odher
demumentation like drawings and technical specifications were also reviewed to understand the electrical systems in the
building, The facility msmager was interviewed to gather techmical and administratve information like elecimicity usage
patierns, the operatfion of the facility and energy management, and fo obtaim techmical drawings and archived
reports/studies. The reason for a detailed analysis was o determine anmnal frends and flocmations in the energy
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consumption with the associated costs and to draft a list of possible enerpy saving actions to be taken.

The brief walk-through energy audit inwvolved a qualitative investization of the electromachanical systems and the
building shell. A checklist was nsed to identify key energy efficiency oppermmities, for exanmle the oype of lighting used,
the use of day/'night senzors, types of motors or drives used, efc.

Upon completion of the site investigation and the data analyzis, the potential ECM: were identified. The proposed
ECM= were relarively simple and inexpensive Thereafrer a proposal of suitable housekeeping snd minirmm capiral
investment energy saving options 3= well as other potentizl ECW s identified with associzted cost esrnmates were presented
to the client.

3.1 Establizhing Eazeline Data

According to [14], a faclity-level approach is switable fo use in order to determine baseline data. TUiility bills were obtained
from the local pmnicipality and analysed, thereafier the energy comsumpiion was recorded m Excel and a graph was
zenerated The average anmual consumption was calculated over a period of four years, from 2008 to 2011 and then five
vears from 2015 wo 2020. The challenges faced were lack of accurste data collection resuolring from poor document
management, therefors mot all wrlity bills were eazily obtainable. All lisht fimings were counted, and all electrical
equipment was taken inte consideration. The power rating was then mmltiplied according to the nomber of hours used in 2
day and then mmiltiplied by oumber of working days per year to obtain the total consumpion per year. Thiz caloulation was
compared with the urility bills to identify discrepancies and to consider electmicity consuming equipment that shounld be
operating under normal conditions. Upon establishing the baseline dats, the ensrzy use mfensity (EUT) of the facility for
the baseline year was caloulsted wsing equaten (1), The EUI messures the facility’s level of enerpy efficiency afier the
implementation of the retrofits and is ofien expressed as 3 functon of the building size by identifying the annuzl ensrgy
nsage per squars area of the building.

Total annual energy consumption
Total unit of output (1)

Energy use intensity =

3.3 Installation of ECA Retrofits

For the purposes of thic stdy, the system was retrofitted with VFDs for the pumps and a control system was installed to
conmol the operating times of the system 2: well as the operation of the chilled water pumps and zn on'off switch. The
remote-conmol panel is simated owside the HVAC plant room, the main centmol panel is simated within the basement
HVAC plant moom, and the remote conirolled 24 volts AC relays are located within each of the following switch gear
panels — chillers, punps, and fans.

The centrifinzal water-cooled chiller was programmed to follow the following sequence of operation:

* Bemween Monday to Friday the data log timer was sat to switch off the HVAC system at 18HD0, this tme could
be set according o the building operating imes.

¢ The data log dimer was programmed o switch on the HVAC system at 06HDI) berween Monday and Friday, this
time conld e set according to the buildings operating fimes.

Tmpaet Factor (JOC): 36246 NAAX Rarimg: 311

84



Tmplemensing Energy Conservarion Measures: 4 Case Sindy on Rerroffiing g Comm ercia! Building i South A4frica 277

# The HVAC system was set to be switched off over the weskends.

* A remoie-contrel pane] installed in the contrel room, was able to mannally switch on and off the HVAC system
A time delay of-timer antomatically switched off the HVAC system after being manually switched on.

# The chilled water pumps were programnuned to start 3 min before the condenser water pumps which was
programmed fo start 3 min before the chiller started up. Therefore, there was 3 § min delay before the chiller
started up. The chiller was programmed to stop § nun before the pumps stopped operating.

a) Antomatic On/'Off Contrel Switch

An Ogiis data log fime switch is a digital nme switch that was installed to automatically switch on and off the HVAC
system from 06HOD to 18H00. Figure 4 shows the data logger used The connecton scheme for this antomatic on'off
conirel switch is shown in Figare 5. Figure § shows a graphics]l representation of the response duning weekday cperating
hours. Figure 14 shows the Orbis dama log timer switch installed in the conmol panel, identified by the DL-T set data
logzer. The Orbis data log timer was connected to an electric circuit operating from the main power supply via a relay. The
functiomality of this data logeer allowed for easy programming. It can contain up to 40 programs, is easy to activate and
deactivate and can be used temporanly or permansntly.

{1

e 30

—=SE falbc e o B Pulse DN Pulse OFF

Figure 4: Orbis Data Log Timer Figure 5: Conmection Scheme -1 Figure 6: Step imput from 06HGD to
Change over Switch [13] 15H W

b} Time Delay Switches and Aulofoncton Timer

An ACDC multifonction mmlt range (MFME) timer was installed to allow the HVAC system to run for 8 maxinmm of 4 b
before shutting down the system When the system detects a power supply. the melay enmergizes lighting up the light
emitting diede (LELDY) and the fimer starts. After the fime period programmed, for example f has elapsed, the relay de-
Suppiy _L [} "
ey 1
epergises and the LED goes off See Figure 7 and

Figare § for the ontput relay signal indicating that the relay is energised for ome f even thongh the sopply power is
switched on for a longer period. Figure @ shows the switch installed on site to switch off the HVAC system when manually
switched on.
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i Sy _l"_l__.I
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-l Figure §: Output of the MEMR timer
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-
Figare T: ACD Multfunction Fiznre 9: Switch for Manual
Mult Eange Timer Operation of the HVAC

Sy¥stem

An ACDC dslay-on rimer was instzlled in the wiring cirouit for the chiller system in Figure 14 and showm in
Figure 10. With this timer the applied voltaze tiggers the time dalay relay, and when the delay begins, the power LED will
e on. When the set delay time expires, the relay will energize, and the relay LED will tum on as showsm by Figore 11. The
fimer will then remsin mn power untl the system is mmed off With reference to Figure 14, the dslay on the fimer is
connected in parallel with the MFME timer snd the antomatic on'off control switch. The delay on the timer will allow the
chiller system to start up § min after the power has been switched on manually or sutomatically by the Orbis data log timer

switch
H ma= = Sugply |
I
4
(gax e —
& 'ﬁ' Figure 11: Outpat of the Delay On Timer

ﬁ

Figure 10: ACTHC Delay on Timer

An ACDC delay-off timer was mstalled in the winng cipouit for the chiller system to switch off the punps § oun
after the chillers were powered off. With this timer, the supply voltage ensrgizes the relays lighting up the power LED and
the relay LED. When thers is no woltage supply, the Inst. contact relay de-energises and the delay time starts. When the
time delay pericod, £, expires, the tims dalay de-energizes and the relay LED goes off, Fimre 13 With reference 1o Figure
14, one can see that the delay-off timer was connected in parallel to the matomatic on/off switch, the MFMP. fimer and the
dalay-on timer. The delay-off timer was connected fo the cirouit to delay shutiing off the pumps by § min after the system
was switched off Figore 12 shows the delay-off timer and Figore 13 shows the output zignal of the ralay.

Impuact Factor (JCC): 9.6246 NAAS Rating: 3.11
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Figure 14: Control Panel Wiring diagram

¢} Variable Frequency Drives — VEDs

WEG CFWT00, WEG CFM300 and the INVT Goodrve 200 Inverter varizhle fequency drives were installed to regulate
the 3x cooling tower fan speeds according to the system requirements (Figure 15, Figore 16 and Figore 17). VFD: were
only installed in the cooling towers (Figore 11). CWETO0 is a high performing VED that controls the speed and torgue
of three-phase AC induction motors. The incoming AC current with a fixed frequency is converied into a voltage with
vanable smplitude snd frequency, resulting in a voltage conversion.
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Figure 15: WEG CFW700 variable

frequency drive Figure 16: WEG CFMS00 variable
frequency drive

The VFDs were comnected to the cooling tower control wiring to regulate the fan speed The integrated

proportional-integral capabilities of VFDs to automatically adjust fan speeds as conditions vary, while maintaining the
required flow, eliminates the need for an external set-point controller [15]. Therefore, by reducing the speed of the motor,
the VFD can reduce the energy consumed by the fan. With reference to Figure 17, the power of the fan was directly
proportional to the cube of its speed, therefore small speed reductions resulted in large power reductions [15]. VFDs act

Figure 17: INVT Goodrive 200
Inverter variable frequency drive

as soft starters, Increasing/decreasing speed at a programmable rate, thus reducing the large amounts of energy
consumed when starting the fan [15]. These capabilities of VFDs ultimately optimuze the fan speed to maintain the
temperature of the condenser water leaving the cooling tower.

d) Lighting System Retrofit:

All the T12 fluorescent lights were replaced with T8 36 W fluorescent lights with electronic ballasts and telescopic lamp
holders. All outdoor lighting was replaced with 16 W lanps. Motion sensors were installed within the facility, except for
the spaces that did not allow for motion sensors due to their function Day-night switches were installed in the passages
and for the outside lights of the facility. Figure 18 shows the type of day-night switch installed.

Impact Factor (JCC): 9.6246 NAAS Rating: 3.11
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Figure 18: Circuit wiring diagram showing the VFD connection

A

Figure 19: Day-Night Switch Installed in the Facility
3.4 Data collection

Power Watch™ is software usaed to monitor and record utilities. PowerWatch™ software was used to monitor the energy
consunption of the HVAC system in real time from a remote location Data was collected before and after the ECMs were
implemented to compare the energy consumpaon and the effact the retrofits had on the total energy consumption of the
rewofits. Smart meters were installed to monitor and record the amount of elecmicity consumed by the lighting and the
HVAC systems. The smart meters supplied input data to PowerWatch™ which recorded and monitored the data.
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4. RESULTS AND DISCTUSSION

This section provides the energy consumption results obtzined from the installation of the ECH retrofits and compares
these to the resnlts prior to the installation of the retrofits to determine the impact that the ECM retrofits had on improving
the energy efficiency of the facility.

4.1 Energy Andit

Om completion of the walk-throngh sudit, it was concluded that the facility was not energy efficient and the following
ECMs could be implemented to improve the efficiency of the building:

& All lizht balbs to be replaced with more energy efficient lizhting.

# Diay/night switches to be installed for all outdoor lishting and lizhting in the comnmnal passages.
» Docopancy sensors to be Gited in the remaiming spaces.

* The HVAC to be fitted with an sutomatic on/off switch.

& VD= to be installed for the cooling tower fans.

The utility bills were analysed from which the baseline data was established, and electricity cost for energy
consumption was determuined. This report only discusses the implementation of the HVAC retrofits.

It is essential to compare expenditure on the ECM and the savings over the lifetime of the ECM equipment
recause most ECAs have a delayed reward i.e. expenses come 3t the beginming of 3 project while the benafits come Later
[16]. For an energy efficient retrofit to be financially feasible the capital imvestment needs to be lower than the sum of
savings obtained by the reduction in operating costs over the lifespan of the ECM [16].

4.1 Baselime Data

A four-year period was nsed to establish the baseline data for the lighting interventions from January 2008 to Decembrer
2011 (refer to Table 1). ISO 50001 defines energy bassline as “quantitative refarence

providing a basis for comparizon of energy performance” [17]. The bassline data was established taking into consideration
the lights that were not working and other electmicity consuming equipment that should be operable under normal

CITTNmEtances.

Table 1: Moenthly Electricity Consumption in EWh for a Period of four-Y ears from 2008 to 2011

Year 2008 | Year 2000 Year 2010 | Year 2011 Baseline 1
EWh EWWh EWh EWh EWh

January 368000 A2 000D 37875 436000 38961290
February 4056429 280000 402000 476000 405642 0
March 5323571 316000 472000 476000 532357.1
April 472000 364000 454666.7 404000 494000
Mav 432000 3538211 3353333 360000 440000
June 344000 3121951 3R0000 324000 380000
Julv 352000 322601.6 252000 202000 3468000
Anznst 408000 2013821 352000 252040 403000
September 340000 355555.46 328000 254000 376000
October 4508764 355555.6 356000 2136000 4508764
November 400887 45 2BBEER9 420000 256000 42000

Impact Facter (JOC): 86246

NAAL Rafimg: 311
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| December | 355236 | 4s8125 | 3mo000 | 1srodo | 463125 |

Figure 20 zraphical representation of the facilities energy consumption from 2008 to 2011. The light blue zraph,
BASELIMNE, mndicates the damm line against which the ECA was measured. MNoteworihy is that im 2010 energy efficient
lizhting, occupancy sensors and dsy/night switches were installed in the facility resulting in & decrease in energy
consunpiion by the end of 2011 The other varying mend lines could be as 3 result of other factors such as load shedding,
downime of eleciro-mechanical equipment snd social dynamics (for example protests or labour sirikes).

ENERGY CONSUMPTION AND BASELINE DATA FOR LIGHTING

INTERVENTIONS o YEAR 2008
o o YEAR 2009
Lt & YEAR 2010
GO00a0 YEAR 2011
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Fizure 20: AMonthly Eleciricity Consnumpiion in EWh and Bazelime Dvata for
Lighting Interventions from 2008 to 2011

A S-year period was used to establish the baseline data starting in 2015 and ending in 2020. Table 2 provides a
breakdown of the enerzy consumed by the facility from Apnl 2015 1o MNovember 2020

Table : AMonthly Electricity Consnmption in kWh for a Peried of five-Years

Jamuary ' 35400000 | 354000 | 420000 | 417000 | 387000 | 4793579

Febroary 300 000,00 F18000 432000 204000 348000 4873570
AMarch 5313571 375000 F4E000 3030040 303000 497357 0
April 439000 314 &80.T0 4410400 202000 3240040 3217263 49383579
Alav 300000 255 000,00 423000 350000 393000 2681053 44673570
June 435000 279 (00,00 351000 3TE000 270000 1501684 4103579
July 303000 228 600,00 351000 FRL000 ELTE 255000 418011
Aungunst 4443230 250000 3842003 43500060 210000 240000 4523579
September | 3507602 312000 1427007 306000 270000 243000 4313579
Octaber 330000 255000 270000 348000 270000 318000 4253570
November 207000 276000 00000 282000 354000 303000 5393570
WWW_Dre. o editor @ ifore. e
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December 312000 353000 351000 336000 309000 422337.9

Fizure 21 shows the overall snergy consumption. The green graph, BASELINE, indicate: the damm line against which the
ECHM waz measured. The HVAC ECHMs were installed im 2019 snd by 2020 dramatic reductions in energy consnmption
could be seen. The other varying frend lines could be as a result of other factors swch as load shedding, downtime of
eleciro-mechsmical equipment and socizl dynamics {for example protests or labonr strikes).

EMERGY CONSUMPTION AND BASELINE DATA HVAC
INTERVENTIOMNS —8—YEAR 2015

—a=YEAR 2016

00000

500000 —#—"{EAR 2017

400000 YEAR 2014
E A00000 ——YEAR 70153
E 200000 —=Near 2020
;{; e —a— BASELINE 2
9 o
) S TSN FSSES

P ¥ t:."qq- o o o

MONTHS

Figure X1: Aonthly Elecricity Conznmpition in LWh and Bazeline Data
4.3 Data Analysiz

Figure 27 indicates the energy conswmption in kWh for the five-month period between 17 Augnst 2015 to 17 December
2015 Thiz graph was generated by PowerWatch™ coftware and indicates the total building emergy consumption afer the
implemsntation of lighting interventions. With reference to Figure 22, before the 18 Oct peried, the moughs of the sraph
bhowered aronnd 400 kWh each day, indicatmg that the mimmum energy consumed in the day was 400 KWh even when
there was no activity in the building The maxipmm peak was §03 876 KWh wherezs the average peak consumprion was
bpetaeen 550 EWh and 00 kWh. Afer the 18 Oct, it is clear that the zraph troughs were reduced o below 1530 kWh, with
the minimum mouzh around 11783 kWh The overall mend of the elecmicity consumption can be viewed by the grey zraph
below the x-axiz of the blue zraph in Figure 22

Impact Factor (JCC): 8.6246 NAAS Rating: 3.11
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Figure 21: Energy Consumption (in kWh) from 17 August 2015 to 17 December 2015

Fizure 23 shows the overall load profile of electricity consumption after the implementation of the lighting retrofits in
2015 There was a distinct reducton in the building’s total electricity consumption after 2015.

¢ Usage Geaph
e

N5 000

104 000

O
Figure 23: Total Electricity Load Profile over a Period of Five Years after the Implementation of the Lighting
Interventions
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Fimure 24 zhows the total elecmicity consumprion 2 months prior and 2 months post the implementation of the
HWVAC interventions comesponding to the period berween 05 July 2019 and the 05 December 2019, Before the
interventions were installed the peaks reached around 250 k'Wh and the moughs were slightly abowe 50 kWh. After the
implementation of the HVAC energy efficient interventions, the peaks reached a mariomm peak of 530.714 KWh and the
troughs reached 3 mininmm of 0.54§ KWh The inconsistent spikes in the pesks after the inferventions is a result of
equipment and system testing and monitoring.
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Figure 14: Teial Energy Consumption after HVAC Interventons in 2019

Figme 25, generated by PowserWatch™, zhows the tofal building energy consumprion in kWh before the
installation of ECM, for the peried fom 01 Jamnary 2019 to 2§ Janmary 2019, According to PowerWatch™, the total
energy consumed was 137 808 kKWh. At the beginning of Jamary, the toughs of the zraph were around 40 E'Wh then
towards the end of the month the troughs dipped just below 40 KWh The pesks of the graph are not very consistent during
thiz peniod, with the highest peak reaching approximatsely 540 EWh. Af this stage epergy was still being consumed every
day of the week inclnding public holidays and weekends, as indicated by the graph.

Tmpaet Facter (JOC): 9.6248 NAAL Rarimg: 311
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Figure 25: Energy Consumption (in kKWh) from 01 January 2019 to 28 January 2019

Figure 26 highlights the various discrepancies in energy consumption for the period between June 2019 and July
2019, which 15 prior to the HVAC energy efficient interventions. The blue blocks indicate that the HVAC system was not
switched off duning off-peak periods by the mam BMS systems used for the lighting. The zreen block shows that the
lighting control system was working as designed. The HVAC punps were not yet connected to the existing BMS, causing
the night load as highlighted by the orange block in Figure 26.

Figure 27 shows the total energy consumption between 01 January 2020 and 28 January 2020 after the HVAC
ECMs had been implementad According to PowerWatch™, the total energy consumed for this period was 100 286 kWh.
The maxinmm amount of energy consumed according to Figure 27 as slightly under 560 kWh. The troughs of Figure 27
show that 0 kWh of energy was consumed during off-peak periods. The low energy consunption during the beginning of
January, where many building occupants are still on annual leave, show that the system regulated itself according to the
load required. The 4% and 5% of January was a weekend, and the graph shows that there was no energy consumption.
However, from the 6* of January the graph peaks are relatively constant at between 520 kWh and 540 kWh for the rest of
the 5 working days, thereafter the graph drops to 0 kWh over the weekend which shows that the ECM implemented shut
the system off completely and the automatic on/off switch functioned according to its programming.
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Figure 17: Energy Consumption (in EWh) from 01 Jannary 2020 to 28 JTannary 2020

Utsing the baseline data for Jammary from Table 2, the ensrgy consumption for that month was caloalated to be
589 000 EWh for 31 days. Using the PowerWatch™ zoffware, the total ensrgy consumption for Tanuary 2020 was 190 559
kWh, therefore the realised saving was §7.65 %a. Thiz energy savings percentage is rather high when compared to other
research results; this can be atiributed to the fact that the facilify’s electmicity consuming systems were operational daily,
which means that the facility management feam were not regularly switching off the lights and the HVAC systems
according to the usage of the building. Implementing sutomatic on'off switches cuts down the total electricity usage by 50

Tmpact Factor (JCC): 9.6246 NAAS Raring: 311
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%o, with the other 17 %o representing a reduction due to the control system that regalates the HVAC system according to the
nze and the ighting cooupancy sensors. Another aspect to consider is that the facilify had been poorly managed — systems
were not serviced on fime and they were often left to operate continuonsly. This had a direct impact on the energy
efficiency of the building previcusly, resulting in high energy consunption.

The EUT of the facility was calulated for the month of Tannary uwsing equation (1), The EUT before ECM refrofits
had been implemented indicate that 5.9 kWh of ensrgy was consumed per square ares of the facility. This is unreasonably
high.

Total annual energy consumption _ 589 000

EUI before ECM retrofits = Total unit of output = 100000

= 5.9 kWh/m?*

The EUT after ECM retrofits had been implemented indicate that 1.9 KWh of energy was consumed per square area of the
facility.
Total annual energy consumption 190569

EUI before ECM retrofits = -
e LT Total unit of output 100000

= 1.9 kWhm?

The energy efficient interventions dramatically reduced the bullding’s ensrgy consumption, thus improving the overall
energy efficdency of the building
4.4 Financial Saving: Achieved
The lighting and HWVAC inmtervenfions reduced the bmilding's total energy comsumpton, therefore the amount paid for
elecoicity was reduced.
441 Lighting Savings
The apparent total lighting load was caloalated to be 277.305 kWA therefore the actual lighfing load in KW is caloulated
nsing equation (2) and assuming the power factor = 1 to be 277 305 kW,

Actual power (kW) = Apparent power (kVA)} x Power Factor 2}

A total of an awerage of 10 hours of elecmicity consumpfion was saved per day, therefore the lighting system
saved 2 TT3.95kW per day. Using an electriciny tanff of 1.2 per KWh (2011 afility rate), the facility saved B3 328.74 per
day and im 3 year 3 saving of B1 214 20010 was achieved

4.4 HVAC Savings

The total estimated HVAC electricity savings per month was 6§ 025085 KWh over the weekends and 568 kWh duning the
week. Therefore the total electricity savings for the month was (§ 09594 x 4) + (568 x 20) = 35 743 84 kK'Wh. Uting an
elecmicity tariff of R1.0624 per K'Wh (2018 utility rate), the total saving per month was B57 275.93 and R687 311.16 over
a year. The fotal savings achieved per month after the mstallation of both the HVAC and the lighting energy efficient

interventions was B.1 902 301 24 per year.
4.5 Prevalent Barrier: to Energy Efficiency

It was onoted during the energy andit that the facility management team had not provided sufficient support of awareness
when it came to managing the totzl ensrgy consnmption of the boilding, therefore the facility was consuming more energy
that 1t should have The staff and building occupants did not actively participate in ensrgy conservation activities. The

www. pre. org edioraifpre org
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maintenznce team were nof regularly servicing the elecimcity consuming system to ensure that all components operated
optimally. These factors play an imporiant role in ensuring that the building operstion &= energy efficent. The lack of
enthmsiasm and commitment from the facilifty management team was 4 major barrier during the operation snd maintenance
of the ECM retrofits.

Lack of fimds, another bamier to energy efficiency, prevented the installation of more advanced energy efficient
systems, therefore simple and cost-effective refrofits were implemented These refrofits have improved the emergy
efficiency of the facility, however, with the availability of funds other energy efficient measures could be sought such as
the opticn of installimg photovoltaic (PV) panels or other sources of renewable ensrgy. South Afmca, being 8 Third World
couniry, lacks the resources to implement advanced energy efficient technology snd comirol systems m public facilities
because there are only a few services providers who can implement the advanced technological energy efficient measures
and are the only ones that can service and meintzin these systems. Knowing that, these companies then charge exorbitant
prices for service and maintenance cansing the ECM to become less financially feasible. Also, the parts for such advancad
systems are not easily available in the country (o some cases they nead to be imported) and are more costly.

5. CONCLUSIONS

Thiz case smdy guantified the implemsntation of ECM and the improvemsnt of energy efficiency of the fadlity ECA
remmofits saved an average of 308 431 k'Wh of elecmical energy per month amounting 1o 3 67 % UDprovement in energy
efficiency. The ECM retrofits improved the EUT of the building to 1.9 k'Wh'm'. The twtal financial savings achieved was
F.1 942 301 26 per year. Barmiers to ensrgy efficiency were identified duringz the planning stages and during the operaton
of the bnilding Some of the barriers were related to lack of information and enthusiasm to participate in improving the
energy efficiency of the building, lack of resources, and the lack of fimds to improve energy efficisncy.
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CHAPTER 7: CONCLUSION AND FUTURE
RECOMMENDATIONS

This chapter provides concluding comments related to achievement of the aim and objectives of

this research.

7.1. Conclusion

The aim of this research was to evaluate energy efficiency in a public building and identify the
drivers and barriers to energy efficiency to improve energy management practices and ensure that
electrical and mechanical systems are optimally energy efficient. The aim was achieved by
accomplishing the following objectives: firstly, identify energy losses in public facilities and
studying energy consumption patterns in the facility used in the experimental case study; secondly,
identify suitable energy efficiency measures that can be implemented in public facilities without
affecting service delivery; thirdly, review barriers and drivers to energy efficiency to gather
information on these factors and how they affect energy efficiency, thus finding suitable solutions
to enhance the impact of energy efficiency; and fourthly, evaluate the energy conservation retrofits
implemented to determine the effectiveness of cost-effective energy conservation measures and
the long-term financial feasibility of it. The following paragraphs provide the concluding
comments for each chapter.

Chapter 2 reviewed factors affecting energy efficiency in commercial buildings, providing a
holistic approach to energy efficiency in commercial buildings. This chapter concludes that energy
consumption can be improved and reduced by using energy efficient technology, implementing
energy efficient design techniques for systems design, and incorporating energy conservation
measures where possible. Energy management is another important factor that affects energy
consumption. Effective energy management of a commercial building involves operation and
maintenance of electro-mechanical equipment, and continuously improving energy consumption
by monitoring the building’s energy consumption. Government regulations, building policies and
other regulatory documents also play an important role in encouraging the implementation of

energy efficiency as well as monitoring and improving energy consumption.

One of the major energy consuming systems in a commercial building is the HVAC system.
Chapter 3 reviewed how energy efficiency can be improved in HVAC systems. The conclusion is
that energy efficiency in HVAC systems must be implemented from the design stage, where the
designer selects energy efficient technology and utilises it in such a manner that energy efficiency
of the system is optimised.
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Lighting and MELs consume the second highest amount of electrical energy in a commercial
building. Chapter 4 reviewed energy efficiency of lighting systems and MELS. The energy
efficiency of lighting systems and MELs can be improved by the use of energy efficient light
bulbs, occupancy sensors, day/night switches and other novel technology. The review concluded
that smart control systems are becoming more popular within commercial buildings and intelligent

lighting systems are gaining popularity in research.

Energy efficiency is ultimately affected by factors that enhance the impact of energy efficiency or
by factors that retard energy efficiency outcome. Chapter 5 reviewed the drivers and barriers to
energy efficiency prevalent in public commercial buildings. It is concluded that drivers and
barriers can be found in the various stages of a building’s life cycle and in some cases, decisions
made at the inception stages affect the energy consumption during the operation of the facility.
Drivers and barriers during the operation stage was the focus and it was found that energy
management, government and social dynamics play an important role in optimising energy

efficiency of a commercial building.

Chapter 6, the experimental chapter, concludes that ECM retrofits saved an average of
398 431 kWh of electrical energy per month amounting to a 67 % improvement in energy
efficiency. The ECM retrofits reduced the EUI of the building to 1.9 kWh/m2. The ECM
implemented were relatively cost effective and produced a dramatic improvement in the
consumption of electrical energy. The most prominent barrier identified was the lack of energy
management of the facility which stemmed from poor resources and knowledge pool. Building
occupants were not encouraged to get involved with energy conservation practices, resulting in

behavioural barriers to energy efficiency.

7.2. Research contributions
This dissertation explored energy efficient practices and technology implemented in commercial

buildings. The following research contributions have been made:

1. The major energy consumer in a commercial facility is the heating, ventilation and air
conditioning system, followed by lighting and miscellaneous electrical loads. In the HVAC
system, the compressor accounts for most of the energy in the system.

2. It was found that the major barrier to energy efficiency in the commercial building was
human behaviour. Human behaviour influences the energy consumption patterns and it

also affects the maintenance and servicing of energy intensive systems.
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3. The greatest factor driving energy efficiency is financial savings that can be made. From

my research, it is common for commercial building owners and investors to be focused on
the financial savings that can be made from energy efficient measures.

The older commercial buildings in South Africa are highly energy intensive for 2 primary
reasons among other contributing factors; 1. The design of the facility and 2. Poor facility
management. The energy consumption of these commercial buildings can be improved by
simply retrofitting the building with occupancy sensors, day night switches for outdoor
lights, variable speed drives (VSD’s) or variable frequency drives (VFD’s) and the use of
switches to switch on/off the HVAC system as part of a building management system
(BMS) have shown that a commercial building can reduce its overall energy consumption.
It was found that these retrofits are inexpensive to purchase and easy to install (and replace
when necessary) yet these measures had a big impact on the amount of energy saved.

7.3.Future recommendations

To improve research results from energy efficiency in commercial buildings the following

research topics should be considered:

1.

Evaluating the energy efficiency of lighting systems using smart control systems or
intelligent control systems.
Looking into various design techniques and strategies to improve the energy efficiency of

HVAC systems by means of a smart control.

Investigate the effectiveness of using photovoltaic panels to run lighting and HVAC systems and

how this reduces reliance on electricity from the grid.
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