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Abstract

During the last two decades, air-conditioning has become a basic requirement in industrial,
commercial and residential sectors. With the widened use of air-conditioning in all the
sectors, the human community has faced serious environmental and socio economic
problems. Prevailing energy crisis and ever increasing energy pieces has made the situation
worst. Under the scenario, various novel technologies have been emerged to the air-
conditioner market. Variable Refrigerant Volume (VRV) air-conditioning technology is
also considered as an advanced technology developed to cater the need of efficient use of

energy for air-conditioning.

The major objective of the research study was to analyze the suitability of VRV air-
conditioning system, analyze the actual saving potential and cost effectiveness of VRV air-
conditioning system compared to the other available types of air-conditioning systems and

access the maintainability of VRV air-conditioning system. The study was conducted at a

Selected renrnonnfgfi\ln inctallatinn namel/ at tha Rnvaroinn Reocidanceoc nf Pnntral Bank Of

Sri Lanka. me findings ate s follaws;
&
=)
e VRV ait=eonditi e.suitable for medi le hotel ns. However,
this conclu e appropriate

air-conditioning system for particular building should be selected only after
performing a comprehensive analysis of energy performance of considered options
on that particular installation (preferably after a computer simulation and life cycle
cost analysis of different options). Therefore, though the demand for VRV air-
conditioning system is prevailing due to the higher efficiency rating and the part
load performance of the air-conditioning appliances, the desires of the purchases on
energy saving potential of VRV air-conditioners could be satisfied only when it is
selected for an appropriate application.

e Saving potential of VRV air conditioners could be high as 18 % compared to the
energy consumed by split air-conditioning systems when used for appropriate
applications. Therefore, the VRV system can be considered as a potential candidate
for the installations where the building occupancy and cooling load are regularly
varying. Further, Chiller (Central) air-conditioning system can also be considered
as a potential candidate as it performs almost efficiently as the VRV system. It

consumes around 4 % more energy than VRV system.

University of Moratuwa
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e Computer simulation (Equest) shown that VRV air-conditioning system is the most
efficient option among the potentially applicable options considered for the
building. However, the Life Cycle Cost (LCC) analysis shows that Chiller system is
the most economical air-conditioning system for the same building. Therefore, it is
vital to perform LCC analysis in addition to performance analysis when selecting
the appropriate air-conditioning system for a building.

e Maintainability of the VRV air-conditioning systems is acceptable. It is necessary
to select the correct density and thickness of the refrigerant pipe insulation to
minimize the possibilities of formation of condensation along the refrigerant pipes.
Also, the power quality should be maintained at an acceptable level to ensure the
durability and proper functionality of electronics of the VRV air conditioning

equipment.

: ¢§ z
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1 Introduction

1.1 Background

A decade back, air-conditioning was considered as a luxury facility. It was available in
Luxury residences, luxury hotels, luxury office rooms and processing/manufacturing plants
where the air-conditioning is essential for the process. But, within a short period, air-
conditioning has become a basic requirement in all the sectors. It is no longer considered as
a luxury facility. At present, most of the commercial buildings, hotels,
processing/manufacturing plants and considerable number of residences are fully air-

conditioned.

With the widened use of air-conditioning in all the sectors, the human community has
faced serious environmental and socio economic problems. Air-conditioning is an energy
intensive process. When compared with the other energy users buildings it dominates with
a high dlfference ‘Thoughithetesriay e few energyy tsersiinl protessing/manufacturing
plants which &méume energy inTa Similar ‘order alr-tonditioningl takes the lead in the
energy use in a-lLother commercial-andindusiriat buildings. Therefore, air-conditioning has
become a huge burden (o the relevant sectors and a severe threal 0 the environment and

human community.

Under this scenario, two new major needs have been arisen in the organizations. One need
is to maintain the financial stability of the organization in order to be competitive in the
market despite of the high cost incurred by the operation of air-conditioning systems. The
second need is to comply with the national regulations, requirements and aiming at the
building certification systems in respect of energy conservation and environmental

protection in order to secure the corporate image of the organization.

Catering these two needs is of two fold. Providing energy and environmental expert
services in the form of consultation, auditing and certification is one part. Developing the
energy efficient air-conditioning systems and equipment which could improve the energy
efficiency and environmental friendliness to make the installation comply with the
regulations whilst supporting the burden of high energy bills is the other part. The latter

need has created a huge market demand for the energy efficient air-conditioning equipment
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and thereby a widen opportunity for the manufacturers and dealers of air-conditioning
equipment. Variable Refrigerant Volume (VRV) air-conditioning technology is also

considered as an advanced technology developed to cater the above requirements.

1.2 Problem statement

Energy efficient and environmentally friendly air-conditioning equipment/systems are a
highly technical need, which is felt by non-technical entrepreneurs. As these entrepreneurs
do not possess the expertise and knowledge on the air conditioning techniques, the
selection of appropriate option or technology does not evident in most instances. With the
intensive promotion campaigns conducted by the air-conditioning dealers regarding the
new technologies available with their air-conditioning systems and the benefits of those
technologies, the users get rather confused. In most of the instances, they acquire most
promoted or advanced air-conditioning appliances like VRV systems which have
developed to cater a specific application which may not be appropriated for intended

application. This is a very complicated and serious problem.

1.3 Objectiyes of the project

! w

Under the JO%CS 19, it is.-essentiathy required toyperfarm, & comy sive study on
the VRV t "\Ugﬂg £ 05 85 (10 ves of, this,resgal

e Understand whether the prevailing demand for VRV air-conditioners is really
because of its ability to cater the desires of purchases and users.

e Estimate the saving potential of VRV air-conditioners compared with the other
available potentially applicable air-conditioning systems for the building and
financial analysis of those systems.

e Study the maintainability of VRV air-conditioning installations based on the
information collected from the Owner / Maintenance Manager of an identified

representative building where a VRV air conditioning system has been installed.

1.4 Methodology followed for the study

Methodology followed to study the maintainability, saving potential, desired application
and suitability of VRV air-conditioning systems is of two fold. In the first approach,
research study was conducted mainly on theoretical basis. Therefore, the study was started
from the thorough study on the air-conditioning principles and VRV technology.
Accordingly, the basic principles of air-conditioning and theory behind the VRV

University of Moratuwa
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technology were studied in detail. Key components of the system, their functionality and

their effects on the performance of VRV air-conditioning system were also studied.

Then, the behavior of VRV air-conditioning systems on different types of buildings with
different occupancy and operational patterns were analyzed. After studying the behavior
and performances of VRV air-conditioning system on different applications, their
performances were compared with the performance of other available air-conditioning
systems on the respective applications. By this comparison, the most suitable technology
for each application was identified. The first approach, which is a theoretical analysis of

relevant literatures substantially confines to the literature review.

In the second approach, some buildings where large scale VRV air-conditioning systems
have been installed were selected and the systems were studied thoroughly. Originally, it
was planned to conduct an opinion survey on the suitability of VRV air-conditioning
system for different types of buildings by means of a questionnaire. It was also planned to

send this questionnaires to three types of stakeholders (experts and professionals practicing

in the fiel ; of buildings
where VF d}sth ioners aré installed and ™ dlr-conditioning™ contr rs who have
installed ¢ ‘3stéﬁ§al nka). It was
intended to assess intainabili ' of VRV air-

conditioning system and suitability of it for the buildings in Sri Lanka by studying the
responses furnished in the questionnaires. But it has been reported that most of the
researchers who conducted this type of surveys to gather highly technical information for
their research projects had expressed their dissatisfaction about the responses they had

received for their questionnaires.

Due to this practical problem, it was decided to select a representative VRV air-
conditioning installation and to carry out a comprehensive study on the following areas to

achieve the research objectives listed in 1.4.

e Factors considered by the designers, project team and owners in selecting the VRV
air-conditioning system for the building.

e Maintainability of the system and problems encountered by the owners of the
building with regard to the maintenance of the air-conditioning system.

e Energy efficiency of the VRV air-conditioning system and its saving potential and

whether the expected benefits have been gained by the building owners.
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e Whether the suppliers/contractors have maintained the system to the satisfaction of
building owners

e Whether the VRV technology is suitable for the building

e Whether the VRV system is financially viable

After, analyzing the above factors on the selected VRV air-conditioning installations,

conclusions were made considering the theoretical and practical aspects.

1.5 Significance of the study, scope and limitations

As the VRV technology is an emerging technology, the advantages and disadvantages of
the VRV air-conditioners are not established well. Therefore, comprehensive study on
VRV technology and VRV air-conditioners is essentially helpful to identify the special
features, technical advancements, superiorities, advantages and limitations. As the demand
for VRV air-conditioners has shown an increasing trend, it is vital to analyze the VRV
technology. Purchasers have lot of expectations on the benefits of VRV air-conditioners as

it is believed that VRV technology is a very advanced and novel technology which can

offer outstanding gy..efficiency ane, more sired: perforr 2 level. The
purchasers of: WF@\, ‘repnditioners. see. anly the pramotions and, ¢ made by the
suppliers and 'n:;u*' Ureks -of - those equi pment, yack from the
owners an i are installed.

As there are only a few VRV installations in Sri Lanka, and those systems have been
installed in the recent past, maintainability of the system is not known to the majority of
interested and involved parties. Further, the operation and maintenance manuals provided
by the manufacturers of the equipment do not ensure the practical aspects of the

maintainability.

Therefore, analyzing the actual saving potential of VRV air-conditioners in different
applications is helpful to users /purchasers in making informative purchase decisions with
regard to the appropriate technology for respective installations. It also establishes a basis
for justifying the additional investment involved with the selection of VRV air-
conditioning system. As the VRV air conditioners have no long maintenance history, it is
vital to study and analyze the maintenance experience of present users of VRV air
conditioners to improve the maintainability of future VRV installations. It will be also
possible to identify the most suitable installation method for different applications.

Suitable applications of VRV technology will be explored by means of technical analysis,
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energy performance and installation methodology. This will look into the technical
suitability of VRV technology for different applications, its energy performance under
different climatic conditions and operating conditions. In addition, the installation

convenience of VRV technology for different site conditions will also be studied.

Though there are few studies carried out on the energy efficiency of VRV air-conditioners,
it is hard to find comprehensive studies which also look in to the overall aspects such as
the maintainability, installation convenience and satisfying the purchaser expectations.
Therefore, purchasers are unable to make informative purchase decisions. By carrying out
this study, lot of information will be made available to the purchases to make smart and
informative purchase decisions. Therefore, this study aims to reveal a lot of vital

information on the VRV air-conditioners which will be really useful for the stakeholders.

The scope of this study will be confined to the commercial buildings as the VRV air-

conditioners are largely installed in commercial buildings [1], [2]

1.6 Inflllr\nr\r\ nf hiildinga rovtifiratinn ovetnme NN Alr r\r)nditioning

indi '
As revealed ibthe above séction) tHe-builthng-ceftification systers \we Ived with the
growing concerof subtainable’ deVefoptent ation. Global

energy crisis and rapid environmental degradation were among the major motive factors
which influenced the environmentalist and designers to think and commit on the
sustainable development. Further, they recognized green building certification concept as a
tool to achieve the sustainability. Most of the green building certification systems have

given a high weighting on the indoor air quality and thermal comfort in the buildings.

With the high emphasis given to the attributes related to the air-conditioning by the green
rating systems, a huge demand has been created for the efficient air-conditioning
appliances and systems. This market trends has motivated the manufacturers to improve
the efficiency of their appliances and air-conditioning systems. The manufacturers of air-
conditioners have given a high priority for the research and development to improve the
technology of their air-conditioners, correctly identifying the market trends and market
competition. Under the scenario, air-conditioning technology has undergone a rapid
advancement during the last decade. Over the time period, the manufacturers have realized

that the purchasers becoming knowledgeable on the performance characteristics of the
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appliances. As a result, due prominence and funding were secured to improve the
technology towards the high performance and efficiency. Only the Air-conditioning
manufacturers who introducing technological improvements frequently were able to

survive in the market and to secure their market share.

With the identification of air-conditioning as a main culprit of energy and environmental
crisis, energy and environmental specialists emphasized the need of establishing the strong
regulatory arm to curtail the existence of low efficient appliances in the market.
Importance of controlling the production of appliances which directly or indirectly
contribute to the environmental pollution was also identified by the authorities.
Accordingly, in most of the countries, regulatory authorities were formed to regulate the
energy and environmental aspect of appliances. Most of these regulatory bodies have
mandated the availability of performance characteristics of appliances with the appliance
when it is coming to the market. With time, the minimum performance levels were
introduced by the regulators to eliminate the inferior quality and low efficient appliances in

the market

1.7 Sun aem desylts of | thé” Tresearch vject  and

\ s/

recommendations

From ther

1. The design and project teams of the selected installation (i.e. The project team of
Center for Banking Studies) have considered the following factors when selecting
the appropriate air-conditioning system for the project.

e Suitability of the proposed air-conditioning system for the building.

e Installation convenience and space available for the installation of air-conditioning
system, pipes, and equipment.

e The impact of equipment installed outside the building on the external appearance
of the building.

e Maintainability of the different systems considered for the installation.

e Energy efficiency of different feasible options.

2. There had been some maintenance problems during the initial period of operation.
The major problem was the weakening of the insulation of refrigerant pipes and
leaking of refrigerant through the refrigerant pipe network. After rectifying these

problems several times, the system has been operated satisfactorily without major
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failures. Hence, there were no major concerns regarding the maintainability of the
VRV air-conditioning system.

3. The contractor who installed the VRV air-conditioning system had attended on the
technical faults of the system satisfactorily. The capability of the technical team of
the contractor on trouble shooting and maintenance of VRV system is satisfactory.

4. The outcome of the simulation has revealed that the overall energy performance of
these systems does not exclusively depend on the rated energy efficiencies.
According to the simulation, the best energy performance has been resulted from
VRV air conditioning system and Chiller system also shown almost similar
performance. The annual energy consumption of VRV, Chiller and Split type air-
conditioners are 310.41 MW, 322.18 MW and 367.01 MW respectively. However,
Life Cycle cost analysis has shown that the most economical system for the
building under study is chiller system which is not the most efficiently performing
system for the same building. According to the life cycle cost analysis, the overall

average annual cost of chiller, VRV and Split air-conditioning systems are Rs.

91

Pel réaﬂé:« any air-conditioning 2pends on the
building-areh [L | activifi f the building.
Therefore, ioni ing should be

selected only after performing a comprehensive analysis of energy performance of
considered options on that particular installation (preferably after a computer
simulation and life cycle costing of different options). Therefore, though the
demand for VRV air-conditioning system is prevailing due to the higher efficiency
rating and the part load performance of the air-conditioning appliances, the desires
of the purchases on energy saving potential is satisfied only when it is selected for
an appropriate application.

5. Energy saving potential of VRV and Chiller air conditioning systems with respect
to a building of similar nature, could be around 18.2% and 13.9% compared to the
energy consumption of split type air-conditioning systems respectively. VRV
system is preferred for the installations where the building occupancy is regularly

varying.
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2 Literature Review

2.1 World scenario of usage of air-conditioners

During the last decade, the need for cooling of buildings has increased. A 30% increase in
worldwide sold air conditioners had been reported from 2000 to 2004 and expected to
increase by the same percentage within another two years period ( i.e. From 2004 to 2008)
[3]. The main drawback of the air-conditioning systems is their large energy usage and
their contribution to the emission of greenhouse gases. As a result of the booming market
for air conditioning, the emission of greenhouse gases has increased and the global
warming has shown an accelerating trend. World sales of air-conditioning in 2011 were up
by 13 percent over 2010, and that growth is expected to accelerate in coming decades.
According to the predictions by energy researches, worldwide residential, commercial, and
industrial air conditioners consume at least one trillion kilowatt-hours of electricity

annually. They have predicted that it is possible that world consumption of energy for

AAFA e

cooling could

The Unite ;i%té’s;i't onsumed more-gnergy eagh year for air condit than the rest
of the world c;mb - In_fact,- they. used . mg an the entire
continent setween 1993

and 2005, energy consumed by residential air conditioning in the U.S. doubled, and it
leaped another 20 percent by 2010. Energy specialists have indicated that China is
expected to surpass the U.S. as the world’s biggest user of electricity for air conditioning
by 2020.

The time window for debating the benefits and costs of air conditioning on a global scale is
narrowing. Once a country goes down the air-conditioned path, it is very hard to change
the course. China is already sprinting forward in use of air-conditioning. It has been
reported that the number of U.S. homes equipped with air conditioning rose from 64 to 100
million between 1993 and 2009, whereas 50 million air-conditioning units were sold in
China in 2010 alone.

As urban areas of China, Japan, and South Korea approach the air-conditioning saturation
point, the greatest demand growth in 2020 is expected to occur elsewhere in the world,
most prominently in South and Southeast Asia. India has shown that they are going to

predominate the demand for air-conditioners and even at present, about 40 percent of all
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electricity consumption in the city of Mumbai goes for air conditioning [4]. The Middle
East is already heavily climate-controlled, but growth is expected to continue there as well.
Within 15 years, Saudi Arabia could actually be consuming more oil than it exports, due
largely to air conditioning [5]. Most of the Asian countries are already struggling to keep
up with peak power demand against the increasing use of appliances like air-conditioners
which accounts for increasing demand of energy. India is experiencing a shortfall of
generation capacity to meet the demand and, sometimes interrupt the electricity supply for
residential sector for 16 hours per day in some areas whereas China is experiencing a short
of around 30 to 40 GW, resulting in energy rationing and factory closings. Despite the
circumstance, countries like United States and Mexico continue increasing their heavy

consumption of air-conditioning.

Based on projected increases in population, income, and temperatures around the world,
Morna Isaac and Detlef van VVuuren of the Netherlands Environmental Assessment Agency
predict that in a warming world, the increase in emissions from air conditioning will be
faster than the decline in emissions from heating; as a result, the combined greenhouse
impact of heatiig and ¢aeling=wikli begin xising-seon. after 2020, a1id-then shoot up fast
through the er%}f the [eénturyole] cln aceteredce [Scenariof glabalsenergy demand for
heating is projéetéd to increase Lililp03mandlthen stabilize. In contrast, energy demand
for air conditioning Is projected to increase rapidly over the whole 21st century, mostly
driven by income growth. The associated CO2 emissions for both heating and cooling
increase from about 12% of total CO2 emissions from energy use (the strongest increase
occurs in Asia). The net effect of climate change on global energy use and emissions is
relatively small as decreases in heating are compensated for by increases in cooling.
However, impacts on heating and cooling individually are considerable in this scenario,
with heating energy demand decreased by 34% worldwide by 2100 as a result of climate
change, and air-conditioning energy demand increased by 72%. At the regional scale
considerable impacts can be seen, particularly in South Asia, where energy demand for
residential air conditioning could increase by around 50% due to climate change, compared

with the situation without climate change.
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2.2 Advancement of air-conditioning systems

2.2.1 Usage of various air-conditioning systems and technologies in Sri Lanka

The primary function of all air-conditioning systems is to provide thermal comfort for
building occupants. There are a wide range of air conditioning systems available, starting
from the basic window-fitted units to the small split systems, to the medium scale package
units, to the large chilled water systems, and currently to the variable refrigerant volume
(VRV) systems. However, the following classification is being used most commonly in the
industry based on the operation principle, usage, and method of assembly of the air

conditioners.

e Unitary Air-conditioners
e Split air conditioner
e Package Air-conditioners

e Central Air-conditioners

Unitary air-conditioners: From the above, unitary air-conditioners are most commonly
used by the (gggpestic and vsmall L commercialdsectors. tor! demestic- and commercial
installations. L}_nffary air- Conditioning ‘units>ean“be further efasstfied into two different
categories nanieﬁrvvindovv and split-air conditioners. Window air conditioner was the most
commonly used air conditioner for single rooms few years back. In this air conditioner all
the components, namely the compressor, condenser, expansion valve or coil, evaporator
and cooling coil are enclosed in a single box. This unit is fitted in a slot made in the wall of

the room, or often a window sill.

Split air conditioner: It comprises of two parts; the outdoor unit and the indoor unit. The
outdoor unit, fitted outside the room, houses components like the compressor, condenser
and expansion valve. The indoor unit comprises the evaporator or cooling coil and the
cooling fan. For this unit you don’t have to make any slot in the wall of the room. Further,
the present day split units have aesthetic looks and add to the beauty of the room. The split
air conditioner can be used to cool one or two rooms. The split type air-conditioners, when
confederated with more than one indoor unit, are known as multi-split air-conditioners.
Multi-split air-conditioners have further been developed to cater different zones with
varying loads by modulating the refrigerant floor based on the cooling demand in

respective zone. As the capacity is controlled by varying the refrigerant flow rate to each
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indoor unit, the system is known as Variable Refrigerant Volume (VRV) system. It has the

attributes of a central air-conditioning system also.

Packaged air conditioner: An HVAC designer will suggest this type of air conditioner if
you want to cool more than two rooms or a larger space at your home or office. There are
two possible arrangements with the package unit. In the first one, all the components,
namely the compressor, condenser (which can be air cooled or water cooled), expansion
valve and evaporator are housed in a single box. The cooled air is thrown by the high
capacity blower, and it flows through the ducts laid through various rooms. In the second
arrangement, the compressor and condenser are housed in one casing. The compressed gas
passes through individual units, comprised of the expansion valve and cooling coil, located

in various rooms.

Central air conditioning system: The central air conditioning system is used for cooling
big buildings, houses, offices, entire hotels, gyms, movie theaters, factories etc. If the

whole building is to be air conditioned, HVAC engineers find that putting individual units

in each of \ _ ne central air
conditionil )és%%i comprised of'a_huge ‘compressor’that ‘has the Ca ly to produce
hundreds ¢ on?:"fﬁ litioning. Cooling bjg hall Ms, 1 alleries etc is
usually on Si

2.3 Appropriate technologies

With the trend of sustainability and been green, the designers started to insist on efficient
appliances, systems and passive techniques. Due to the high prominence given for the
indoor air quality and thermal comfort in the green rating systems, more emphasis was
given to the efficient and passive air-conditioning techniques by the designers in light of
achieving a better green rating for buildings. Concurrently the interest of Green Building
Designers was mainly forced on following HVAC technologies in the process of

complying with the Green Rating system.

2.3.1 Evaporative cooling technology

Evaporative cooling is a passive technique in which the dry bulb temperature of air is
lowered by evaporation of water. Two types of evaporative cooling systems can be
distinguished as direct and indirect evaporative cooling systems. In a direct evaporative
cooling installation (DEC) the supply air to the building is humidified. In an indirect

evaporative cooling system (IEC) a secondary air flow is cooled by adiabatic
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humidification using sprayed water. In an air to air heat exchanger this air cools down the
supply air to the building. Fresh outdoor air or building return air can be used as secondary
air. The advantage of indirect evaporative cooling is that in contrast to direct evaporative
cooling, the vapor content of the supply air is not increased. This will lead to a more
comfortable indoor climate and fewer moisture problems in the indoor environment are

expected.

Indirect evaporative cooling performs best in dry hot areas but also has good potential in
most locations with moderate humidity [7] as revealed by the analysis undertaken by M.
Lazzarin. The analysis investigates the potential of direct and indirect evaporative cooling
for different types of climates. An evaluation procedure is presented which shows that the
cooling demand can often be satisfied completely combining direct and indirect

evaporative cooling.

When return air is used as secondary air, water is evaporated and heat is withdrawn from
the air due to latent heat transfer. As a result the return air is cooled. At the same time the
supply air \ ( hanger walls.
The wet b (gﬁge Iré of the return air is a measure for the maximun )or content of
the return airat adie! > temperature
to which the return [y | ' an be defined
by the ratio of the actual temperature reduction in the supply air realized by an IEC system
to the maximum possible temperature change, which is given by the temperature difference
between the dry bulb of the outdoor air and the wet bulb of the return air entering the heat

exchanger [8].

Evaporative cooling has traditionally been most applicable to regions with a hot dry
climate and as such these cooling systems are more typically associated with buildings in
these regions. Work by Costello and Finn [9, 10], however, has shown potential for
evaporative cooling systems in temperate regions also. The benefits of this cooling
measure are most effective when applied to buildings requiring a relatively low mechanical
air flow rate and comparatively high supply air temperature. These criteria are mostly
applicable in building designs utilizing cooling methods such as chilled beams and
displacement ventilation, particularly in mixed-mode buildings that utilize passive

measures to minimize active cooling [10,11].
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2.3.2 Variable refrigerant volume technology

VRV technology is also merging as a promising technology to achieve energy efficiency
and better performance. The efficiency of the air-conditioning units is enhanced by
introducing the inverter technology to the compressors and performance is enhanced by
individual controlling of units. The VRV is considered to be the most energy efficient and
most advanced technology for air-conditioning. It was first introduced in Japan more than
20 years ago. Today, the VRV systems account for about 99% of the residential segment
and 60% of the commercial segment of Japan. As governments around the world set high
standards on energy efficiency for A/C equipment and consumers become more aware of
VRF as a technologically and aesthetically superior product, VRV has undoubtedly
become the technology of choice. Many countries worldwide including China, South
Korea, Australia, South East Asia, Europe, and USA are seeing VRV replace traditional

splits and chillers in residential, industrial, and commercial establishments.

With forthcoming major infrastructure investments in India, the VRV air-conditioning
market is growing af a fast pace. VRV systems with digital scroll compressors have rapidly
gained acceptanige and have been-used in Sevaral-majar buildings. Aha.popular applications
for VRV A/C @ems haVie>bgen carporate-gtfices; Hotets; d Trafficesshigh-end residential
apartments andsxilias, ratailstors; supermarkets and hospitals. The typical size of VRVs
in India usually range from 300-400 HP, however, larger systems of 800 HP &1,000 HP
are increasingly becoming popular. The ability of these systems to provide higher part load
efficiency, potential considerations of diversity factor in typical applications to reduce the
installed system capacity, simple system configuration that eliminates the need for
operation & maintenance department staff, and great aesthetics, had major impact on the

systems gaining popularity.

2.3.2.1 Basic principle of VRV technology

Variable refrigerant Volume (VRV) is an air-condition system configuration where there is
one outdoor condensing unit and multiple indoor units. It is an advanced, highly technical
and novel method of air-conditioning. The term variable refrigerant volume is also used for
this technology and it refers to the ability of the system to control the amount of refrigerant
flowing to the multiple evaporators (indoor units), enabling the use of many evaporators of
differing capacities and configurations connected to a single condensing unit. The
arrangement provides an individualized comfort control, and simultaneous heating and

cooling in different zones.
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With a higher efficiency and increased controllability, the VRV system can help achieving
a sustainable design. Unfortunately, the design of VRV systems is more complicated and
requires additional work compared to designing a conventional direct expansion (DX)

system.

In VRV systems, number of indoor units are connected to a single outdoor unit or a bank
of outdoor system consist of limited number of outdoor modules. For example, this type of
system consists of a number of indoor units (up to 40) connected to one or more external
condensing units. An expansion valve or control valve can modulate or stop the flow of
refrigerant to each indoor unit, thus controlling its output to the room. The overall
refrigerant flow is varied using either an inverter controlled variable speed compressor, or
multiple compressors of varying capacity in response to changes in the cooling or heating
requirement within the air conditioned space. A control system enables switching between
the heating and cooling modes if necessary. In more sophisticated versions, the indoor
units may operate in heating or cooling mode independently of others. An electrical
inverter is used to vary the frequency of the power supply from a normal 50Hz enabling
fine step speedztontrol Of jneiarsi (ComMprassers); this insiurn vayies the flow rate of
refrigerant deli@d and-hencenaries thelcogling 8r Heating:capacityiaf the indoor units. A
Variable Refri'ge_l"ant Volumer(MRY)13ystena has the advantage that it is energy efficient
and flexible when compared to constant refrigeration flow systems. With the VRV
technology, refrigeration pipework up to 300 meters long and level differences between
indoor and outdoor units up to 50 meters are feasible. Usage of HFC refrigerants typically
R-410-A and R-407-C is possible with the VRV air-conditioners. It has a wide capacity
range and a higher COP.

2.3.2.2 Advantages and limitations of the VRV systems

Conventional air conditioners serve a building as a whole, whereas the VRV system air
conditions serve each room individually. Hence it is ideal for the constantly changing
occupancy of a typical building. Even further, precise temperature level control is possible
that reacts to the exact conditions in each room. Individual control promotes a far more

economical and efficient system. Few major advantages of VRV systems are as follows.

Greater energy saving potential: Generally, in a VRV system, large numbers of indoor
units are connected to a single or few outdoor condensing units. All these individual indoor

units which serve different rooms / zones have individual controls. These individual
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controls regulate the refrigerant flow through the evaporator and cater for the exact heat
load in the room. Therefore, the refrigerant demand on the compressor at any instance will
be the addition of instantaneous demands of each indoor units connected to that
condensing unit. As this demand is a variable, the refrigerant flow rate of the compressor is
regulated by an inverter (variable speed drive) by varying the frequency of the power
supply. When compared with split, multi-split or package systems, VRV technology has a

greater potential of saving energy due to the feature of individual controlling.

Conserves space: In many building projects, the designers of the services find difficulties
to locate services. As the building space has a commercial value, architects allocated more
spaces for rentable area and allocate only a very small and limited area for building
services. Even where the architects are willing to allocate sufficient space for services, the
developers and owners are reluctant to sacrifice substantial portion of the building area for
building services. Under this scenario, there are projects where the building services
engineer find difficult to allocate the required space for the different types of service
appliances equipment. For example, space may not be available to install a package air-
conditioners foiza building, forwiiich e [pdckage type ai:conditioling system is more
desirable. In s@situation, VR sysiemicoultkbéra Mmors;destiableroption as it conserves
the space. Signifitant anfountiofl shaceicirilge Haved by installing VRV systems as chilled
water pipes, alr ducts, air handling units, chilled water pumps and chillers are not

essentially required for the VRV systems.

It saves energy, conserves space, Offers a wide selection of models, Operates over a broad
temperature, and provides superior design flexibility, Enhances ease of use, delivers

ultimate reliability, Simplifies installation.

2.4 Desired applications of VRV technology

As discussed above, VRV systems are capable of providing cooling on demand. They can
cater different zones independently within the total capacity. Therefore, VRV system is a
good candidate for installations which has variable cooling load. Variation of cooling load

could be due to one or more from the following reasons.
e Variation of external heat gain

External heat gain is the heat flow to the building or zone through the building envelop. It

depends on the overall heat transfer coefficient of the building envelop. But, for a given
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envelop, overall heat transfer is almost constant and the external heat gain substantially
varies with the variation of outdoor conditions such as temperature, humidity, wind speed,
wind direction, shading, solar radiation etc. This variation could be seasonal, hourly pattern
(throughout the day), instantaneous or weather related. Though the seasonal climatic
variations are not dominant in Sri Lanka, the daily and seasonal variation of solar radiation
could make s significant variation of external heat gain depend on the building orientation.
For example a long rectangular building oriented with it’s longitudinal axis along the north
/ south direction experiences a considerable variation of external heat gain throughout the
day whereas the same building if oriented in east — west direction would experience a

seasonal variation of external heat gain.
e Variation of internal heat gain

The sources of internal heat gains include people (sensible and latent heat gain), lights
(sensible heat gain only) and equipment. Equipment could be further classified as

receptacles or electrical plug loads (sensible heat gain only) and Processes such as cooking

(sensible & q ponent of the
total building 566;9 Ioad. This is particularly true “of non-residen (commercial,
institutional agd-ind 1) buildj HG far light ’ Icul the type and
number of lightinc 1ent. IHG for

people and process loads are approximate since the level of activity varies.

An IHG load for each hour of the year is estimated on the basis of percent of peak design
load. Like the hourly weather data that affects energy loads due to the building envelope,
infiltration and ventilation, internal loads can vary from hour to hour and year to year. A
range of IHG design hour values from low, average and high can estimated on the basis of
type of building. This is the type of information that is available. Such estimates apply to a
particular region, country, economy and society. After the building is designed and built, it
can be under-used or over-used. The building can be used for purposes other than what it
was designed for. In the case of office buildings, lighting loads have decreased due to more
efficient lighting and equipment loads have increased due to computers and

telecommunication equipment.

In the case of under-usage, building’s control system will adjust the cooling system at the
expense of inefficient use of the cooling equipment. In the case of over-usage, the

building’s cooling capacity must be increased. Poor judgment in estimating IHG can result
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in unsatisfactory operation. As with building envelope loads, IHG estimating procedures
are therefore rigorous and precise using the best information available for the given type of

building.

Latent heat (moisture or water vapor) from people and equipment added to the space is an
instantaneous cooling load. Sensible heat generated by internal heat sources (people, lights
and equipment) is a time-delayed cooling load. As with solar radiation heat entering the
space, part of sensible heat generated by internal sources is first absorbed by the
surroundings and then gradually released into the air increasing its temperature. The air
temperature is sensed by the control system (thermostat) which operates the cooling system

and equipment. So there is a time-delay in the corrective action also.

To allow for the time delay due to thermal storage, Cooling Load Factors (CLF) was
developed to estimate the heat gains from internal heat emitting sources. CLFs are based
on the time (hour) when the internal source starts to generate heat load and the number of

hours it remains in operation.

e Sh gol souress wwithingneNnstal ation
7N
In some buildiags, i I heat hiff to the diff a of lilding during
the different time is of the day. F its leave their

rooms and gather at the restaurant for lunch and dinner. In this instance, the heat gain at
some zones of the building reduces while the heat gain at another zone is increasing by the
same magnitude thus without significant change to the total internal heat gain of the
building. Using the VRV air-conditioning system, the total equipment capacity could be

optimized maintaining the energy efficiency of the system at desired level.

2.5 Previous studies on the VRV systems

VRV air-conditioners were introduced to the market in the recent past. Before introducing
to the market in commercial level, lot of Research and Developments had been taken place
to improve the technology to market it as a commercial appliance. Even after introducing
VRV air-conditioners to the market, the technology has further been developed by the
manufacturers to create the market competition and to minimize the technical problems
encountered in the introductory phase of them. However, no trace of a record was found

regarding a comprehensive research study carried out on the VRV systems in Sri Lanka or
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in a recognized foreign institute except some limited number of research studies on the

energy performance of the VRV systems.

2.5.1 Experimental studies

A study had been conducted by Tolga N. Aynur on Variable refrigerant volume systems in
July 2010 [12] and it presents a detailed overview of the configurations of the outdoor and
indoor units of a multi-split variable refrigerant volume system, and its operations,
applications, marketing and cost. Besides, a detailed review about the experimental and
numerical studies associated with the VRV systems provided. The aim of the study had
been to put together all the diversified information about the VRV systems in a single
source. According to detailed review, it had been observed that the compressor frequency
and the electronic expansion valve opening should be controlled simultaneously for the
control strategies, and it had been concluded that VRV system not only consumes less
energy than the common air conditioning systems such as variable air volume, fan-coil

plus fresh air under the same conditions, but also provides better indoor thermal comfort as

|0ng as |t ic nnaratad in the individial control mnde 1+ wae forind that even though the

main drawback! of VY RY;systentis e Nigh-anitial ost, gdompareld 4 - .common air
conditioning sﬁf@ns ue tiocthecenargylsaving patential ofde M RM13y the estimated
payback period wfthe VIRW Systain. comparedlio 1 in a generic
commercial building could be about 1.5 year.

Masuda et al. developed a control method for a multi-split VRF system with two indoor
units. The new control method showed that, the refrigerant flow rate for the indoor unit
installed to a room with higher cooling load was much more than the other indoor unit. It
was obtained that the compressor frequency decreased when each room temperature
reached to the setting temperature, and increased in the opposite case. It was concluded
that the new control method could control the refrigerant flow rate of the indoor units
individually and respond to the cooling loads. Xia et al. applied a testing methodology to a
multi-split three-pipe VRV system having five indoor units. The tests were performed in
six calorimeters; the outdoor and indoor units were placed in each calorimeter. The
coefficient of performance (COP) of the system was defined as the ratio of the total
thermal load to the total electric consumption of the system. All the tests were performed
in ““cooling all’> mode and without any latent load. It was found that the COP of the

system did not vary too much according to the part load ratio. This was explained by the
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use of two compressors in ‘‘tandem’’, which yielded good part load performance. The

COP of the system was obtained within 1.9-2.4 for the ““cooling all’” mode.

Choi and Kim studied the performance of a multi-split VRV system having two indoor
units with individual EEVs by varying the indoor loads, the EEV opening and the
compressor speed. It was suggested that the superheats for both indoor units had to be
maintained around 4 OC by adjusting the EEVs, and consequently, the compressor speed

should be adjusted to provide enough cooling capacity for each indoor unit.

Hu and Yang [13] developed a cost effective, energy efficient, multi-split VRV system
having five indoor units. A variable refrigerant volume scroll compressor was used instead
of an inverter aided one. The capacity control of the compressor was performed by an
““ON/OFF’’ switching of the solenoid valves which changed the position of a static scroll
to provide variable refrigerant flow. The system determined the required load of the indoor
units from the difference between the room and set temperatures, and regulated the degrees

of each EEV opening to control the refrigerant flow and the evaporation temperature of

each indoc , nd the output
time of the refpigere the compressor according to the requirement of the indoor units to
control the ONfOF i ‘ he refrigerant

volume of the ¢ ‘ found tf Id adjust the
capacity within 17— 100% with a power input of 1.3-4.8 kW, on the other hand, the
inverter system adjusted the capacity within 48-104% with a power input of 2.5-6.1 kW.

Hai et al. studied a multi-split three-pipe VRV system with a nominal capacity of 30 kW.
The system was charged with R22 and consisted of five indoor units with different
capacities. The experiments were performed under steady state conditions with different
cooling and heating configurations, and it was found that the COP of the system increased
in the “*cooling-principal’” and the ‘‘heating-principal’” modes, because both condensing

and evaporating capacities were used.

Designed and researched a multi-split VRF system having an ice storage tank. It was
mentioned that with the ice storage tank, an additional 30 OC sub cooling could be
achieved which increased the energy efficiency ratio (EER) about 25%. According to the
economic evaluation based on the electric price of Shanghai, the payback period of the

multi-split VRF system with the ice storage tank was found to be less than 3 years.
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Aynur et al. [14] conducted a field-performance test with a multi-split VRV system in an
actual office suite in order to provide real time operational characteristics of the system.
Two different control modes (individual and master) were applied to the system. In the
individual control mode, all indoor units were controlled by their own individual
thermostats located into each zone. In the master control mode, all indoor units were
controlled by only one thermostat which was located in the center of the office suite. First
time in the open literature, a thermal comfort evaluation for a multi-split VRF system was
performed with the ASHRAE thermal sensation scale (+3, +2, +1, 0, 1, 2 and _3
correspond to hot, warm, slightly warm, neutral, slightly cool, cool and cold, respectively).
It was concluded that the multi-split VRF system in the individual control mode provided
better thermal comfort for multiple rooms with higher efficiency compared to the master

control mode.

Aynur et al. investigated the effect of ventilation on the indoor temperature control,

thermal comfort, outdoor unit energy consumption and the efficiency of a multi-split VRV

System intnnrafnd with a2 heat rarnveary vantilatinn cyctem in a field norfnrmarlce test under

varying outdoori 0NnS1 e was ohserveth that mentilation [digh ok st the indoor
temperature (GO, insidaeC it dncreaSet ke dndodn) humaidity atio ing in a less
comfortable indotr ironrientlaccandingao the ~omfort zone.
It was also found that even though the ventilation increased the outdoor unit energy

consumption due to the ventilation load (ventilation-assisted multi-split VRV system
consumed 27.8% more energy than the non-ventilated one), it did not have a considerable

effect on the efficiency of the multi-split VRV system.

Aynur et al. investigated the integration of a multi-split VRV system with a ventilation
unit, a self-regenerating heat pump desiccant unit, in a field performance test. It was found
that the heat pump desiccant unit provided better indoor thermal comfort than a heat
recovery ventilation unit due to the better indoor humidity control. It was also concluded
that since the heat pump desiccant unit took care of some portion of the cooling load, the
outdoor unit of the multi-split VRV system consumed 26.3% less energy for the operation
in conjunction with the heat pump desiccant unit as compared to the operation in
conjunction with the heat recovery ventilation unit. Three different operating modes; non-
ventilated, heat pump desiccant ventilation assisted and heat pump desiccant ventilation-
dehumidification assisted VRV systems were investigated in the study of Aynur et al. It

was found that the VRF systems provided an average of 97.6% of the total cooling energy
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of the heat pump desiccant ventilation assisted mode. The remainder was the recovered
cool by the heat pump desiccant units during the ventilation. On the other hand, the VRV
systems provided an average of 78.9% of the total cooling energy of the heat pump
desiccant ventilation dehumidification assisted mode. The remainder was covered by the

heat pump desiccant units which provided additional sensible and latent cooling.

Aynur et al. investigated the effects of the ventilation and the control mode on the
performance of a multi-split VRV system integrated with a heat recovery ventilation
system for the heating mode in an office suite. It was found that the heat recovery
ventilation system decreased the indoor humidity ratio by introducing the low outdoor air
humidity ratio to the indoors, resulting in a dry indoor environment. It was also found that
due to the additional ventilation load; the ventilation-assisted multi-split VRV system

consumed 35.2% more energy than the non-ventilated one.

2.5.2 Modeling studies
Park et al. [15] studied the system performance of a multi-split VRV system having two

indoor uni , cooling load
fraction be J%ﬁ?g\p ) zones (defined-as the ratio of the Cooling load of the first zone to the
total cooling laady: found that increased second-order
of the compressor juction | cooling load

of the system at 6 kW, it was obtained that the power consumption increased with an
increase of the load difference between each zone with a reduction in the COP. The reason
of the increase in the power consumption was due to the increase in the compressor
operating frequency. It was observed that when the load ratio was changed from 50 to
100%, the compressor frequency changed only 30%, but the EEV opening changed about
92%. It was concluded that the major control parameter was the EEV opening in a multi-
split VRV system rather than the compressor operating frequency when the load ratio was

changed.

Xia et al. studied the performance of a multi-split three-pipe VRV system. Instead of
““ON/OFF’’ operation of each indoor unit, a continuous adaptation of the heat transfer
coefficient method was applied to maintain the same superheating in *“ON’” periods. In
this control strategy, each EEV was adjusted individually to distribute the suitable
refrigerant mass flow rate to each indoor unit in order to maintain the constant indoor room

temperature.
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Shi et al. developed a fluid network model to simulate the performance of a multi-split
three-pipe VRV system having two indoor units. It was found that the EER of the system
in heater recovery mode was about two times higher than the EER in *‘cooling-only’” or

““heating-only’” modes, due to the usage of both cooling and heating capacities.

Xia et al. studied the operating characteristics of a multiple VRV system having three
indoor units. It was found that the greater the EEV opening, the greater the mass flow rate
through the indoor unit. It was obtained that for the same compressor speed, when the EEV
opening of one indoor unit increased while the other two kept unchanged, the cooling
capacity of the first indoor unit increased, while the cooling capacities of the rest decreased
because of the distribution of the refrigerant mass flow rate. It was concluded that by
adjusting the compressor rotation speed while keeping the suction pressure unchanged, the

cooling capacity of the individual evaporators could be changed without affecting others.

Shah et al. developed a new methodology for the dynamic modeling of a multi-split VRV

system. The expansion valve was modeled as an isenthalpic orifice, and the compressor

was defing 2ssor and the
pressure ré M und that the -compressor ‘could be used as a con actuator for a
multi-split \VRMsystem | qf its direct inf frigerar ite. The EEV
of the first evapor. ' | it was found

that the pressure in the second evaporator also changed due to the coupled system
dynamics. It was concluded that a control algorithm should also include the EEV in order

to maintain the pressure of the second evaporator at the desired value.

Wu et al. proposed a control strategy for a multi-split VRV system having three indoor
units. The suction pressure and the room air temperature were taken as the control
parameters to modulate the compressor speed and the EEV opening, respectively. A self-
tuning fuzzy control algorithm with a modifying factor was also input in the controller.
The parametric tests showed that the proposed control strategy with the fuzzy control

algorithm could achieve the desired control accuracy of the controlled parameters.

Zhou et al. [16] investigated the performance of a multi-split VRV system with the Energy
Plus dynamic building energy simulation program. A module for the multi-split VRV
system was developed and imported into Energy Plus. The module could give the power
and energy consumptions of the indoor and outdoor units, as well as the COP and the part

load ratio. It was found that the COP of the multi-split VRV system increased when the
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system worked in part load conditions due to the high part load efficiency. Besides, the
developed model was used for a comparison study performed in a 10-story office building
in Shanghai. It was obtained that the multi-split VRV system saved more than 20% energy
compared to a variable air volume system and more than 10% compared to a fan-coil plus
fresh air system. Lin and Yeh studied a three-evaporator air conditioner for a feedback
controller design. For the proposed control structure, the three evaporating temperatures
were controlled by the EEV openings in order to keep the indoor temperatures at the set
points with no steady-state errors. Besides, the compressor speed was used to control the
three superheat temperatures associated with the three evaporators. The proposed control

method was experimentally validated.

Further, In order to make a comparison between VRF and traditional window air-
conditioners a simulation run with one window air-conditioner per-zone scheme was
established for a three zone single storey building model. That means each zone was
served by one window air-conditioner. With all the indoor units or window air-
conditioners working in the simulation, Figure - 1 shows the daily absolute changes of the
COP value for e VRF systers and correspansing alternative windowair-conditioners in
the three zonesEiééan bé-shawndthat CORsandothrsysienrscadhieve their highest point one
after the other'_b_étween 3:007and1 00100, tand: their lowest points during 13:00-15:00. The
diurnal variation between maximum and minimum COP gets up to 1.12 for the VRF
system, compared to 0.5 for window air-conditioners. In other words, it denotes that the
VRF system has a more flexible and sensitive response to the cooling loads in the whole-
day running, compared with the window air-conditioners. It reflects the ability of VRF on
tracking cooling load duly at a higher operational efficiency. Meanwhile, the COP value of
the VRF system keeps much higher than those of the window air-conditioners. This result

indicates the superior performance at part load for the VRF system.
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Aynur [17] investigaied the periorimaince oif two VRF sysieins iniegraied with heat
recovery ventilation units numerically with DOE’s building simulation package in an
existing office suite which had a total area of 167.3 m2 during the cooling season of 2007.
Simulations were performed under four different U.S. climate conditions. The locations
were selected to cover the entire range of weather conditions ranging from cold to hot
temperatures and dry to humid weather: cold and moderate humid climate (Los Angeles,
CA), mild climate (College Park, MD), hot and humid climate (Houston, TX), and hot and
dry climate (Phoenix, AZ). For the period of June—August 2007, Los Angeles was found to
be the coldest location with the monthly average outdoor temperatures of 17.7 0C (June),
20.5 0C (July) and 21.2 0C (August), and Phoenix was found to be the hottest location
with the monthly average outdoor temperatures of 34.2 0C (June), 35.4 0C (July) and 35.5
0C (August). On the other hand, Houston was the most humid location with the monthly
average outdoor humidity ratios of 0.0171 kg/kg (June), 0.0176 kg/kg (July) and 0.0182
kg/kg (August), and Phoenix was the driest location with the monthly average outdoor
humidity ratios of 0.0041 kg/kg (June), 0.0103 kg/kg (July) and 0.0116 kg/kg (August).
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Overall, a wide range of outdoor temperature (from 10.6 to 45.6 0C) and a wide range of
humidity ratio (from 0.0015 to 0.0216 kg/kg) were covered with the selected locations. The
VRV systems integrated with the heat recovery ventilation units were operated 24 h a day,
7 days a week during the period of June-August 2007. In CA for an indoor set temperature
of 27 0C, the seasonal total energy consumption of the whole system was found to be
3200.5 kWh, and it increased by 12.9% and 27%, when the set temperature decreased from
27 to 25 0C and 23 0C, respectively. On the other hand, for the set temperature of 25 0C,
the seasonal total energy consumptions in MD, TX and AZ were found to be 46%, 2.08
times and 2.45 times higher than in CA.

Aynur et al. investigated the effect of ventilation on the indoor temperature control,
thermal comfort, outdoor unit energy consumption, the efficiency of a multi-split VRV
system and energy saving options. The multi-split VRV module obtained from Zhou et al.
was used. A control strategy for the multi-split VRV system integrated with the heat

recovery ventilation units “‘synchronized indoor fan operation with economizer’’, was

proposed, whirch nromicad 172804 anarnv cavvinne when eomnared with the “Continuous

indoor fan afic houtieconomizenf”

=)
Aynur et compa fC ling systems,
variable air volum ' 'RF, i ynment under

the same indoor and outdoor conditions for an entire cooling season. It was found that the
secondary components (indoor and ventilation units) of the multi-split VRV system
promised 38.0-83.4% energy-saving potential depending on the system configuration,
indoor and outdoor conditions, when compared to the secondary components(heaters and
the supply fan) of the variable air volume system. Overall, it was found that the multi-split
VRF system promised 27.1-57.9% energy-saving potentials depending on the system
configuration, indoor and outdoor conditions, when compared to the variable air volume

system.

Li et al. developed an energy plus module for a water cooled multi-split VRV system.
After modeling and testing the new model, on the basis of a typical office building in
Shanghai, the monthly and seasonal cooling energy consumption and the breakdown of the
total power consumption were analyzed. The simulation results showed that, during the
whole cooling period under the humid subtropical climate condition, the fan-coil plus fresh

air system consumed about 20% more power than the water cooled VRF system.
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Liu and Hong presented a preliminary simulation comparison of the energy efficiency
between an air-source heat recovery multi-split VRV system and a ground source heat
pump system. A small office building with a conditioned floor area of 360 m2 was
selected, and the building required simultaneous heating and cooling year round. Two
cities were selected to represent the hot and cold climates of the US; Miami and Chicago.
It was found that the ground source heat pump system saved 9.4% and 24.1% electricity
compared to the multi-split VRV system for the same office building located in Miami and
Chicago, respectively. It was concluded that electricity savings goes up with the increasing

heating demands.

The VRV technology refers to the ability of a system to control the refrigerant mass flow
rate according to the cooling and/or heating load, enabling the use of as many as 60 or
more indoor units of differing capacities and configurations with one single outdoor unit,
individualized comfort control, simultaneous heating and cooling in different zones, and
heat recovery from one zone to another. The above studies indicate that the researchers

focus on ﬂ'\rm: main cithiarte: Cantral ctrataniec nf the vvariahle eneend coOmnrassors and the

electronic s IVesi (EEVB)y, fielohperiermance tasting andldn tion with the

¥

ventilation sy§tems and eompdrisanscof[thecenergyconsumptiontandth comfort with

other common:aiEeonditioning systems:

It is observed that the compressor frequency and the EEV opening should be controlled
simultaneously for the control strategies. Considerable focus should be oriented towards
the integration with the ventilation systems, because poor integration causes not only
worse indoor thermal comfort, but also more energy consumption due to the additional
ventilation load. For the system performance comparisons, for the cooling season, based on
the available studies, it can be concluded that the multi-split VRV system not only
consumes less energy than the common air conditioning systems such as variable air
volume (from 20 to 57.9% under the humid subtropical climate), fan-coil plus fresh air
(10% under the humid subtropical climate condition), chiller/boiler system (35% under the
humid subtropical climate condition), chiller system (30% under the tropical climate
condition), but also provides better indoor thermal comfort as long as it is operated in the
individual control mode. On the other hand, for the heating season, based on the available
study, it can be said that the ground source heat pump system consumes 24.1% less energy

than a heat recovery multi-split VRV system under the cold climate condition.
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The detailed review reveals that even though the main drawback of the multi-split VRV
system is the high initial cost compared to the common air conditioning systems, due to the
energy saving potential of the multi-split VRV system, the estimated payback period of the
multi-split VRV system compared to an air cooled chiller system in a generic commercial
building could be about 1.5 year. However, there is still a necessity to develop cheap multi-
split VRV technology in order to increase the market potential and the energy saving

advantage.

2.5.3 Case studies

As an application of the VRV energy-calculation module in Energy Plus, a comparative
energy studies is conducted among three popular HVAC systems in China, namely, VAV,
FPFA, and VRV. In this study, various systems are examined so that their applicability and

features can be identified from the energy use’s point view by simulation analysis.

2.5.3.1 Scope of the study

A general 10-storey office building is developed to serve as a platform which can
accommodate different air-conditioning systems for the purpose of comparison research.
How to select. éhe%bundmg type and-materials Tor_evaluation of different kinds of HVAC
systems is baseﬁ'on the commercial building_studied by Li et al. [18]. However, in this
study, some of %e building envelope features are modified to meet the present research
conditions. Each floor of the building is divided into six conditioned thermal zones,
corresponding to four outside exposures (north, east, south, and west), the interior zones,

and the center core.
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Table 1 : Brief descriptions of the sample building and HVAC systems

Items Description
General information
e Location e Shanghai, China
e Building type and stories o Office building, 10 stories above ground
e Air-conditioned area o 7840 m?
e Floor area and height e 28 m A 28 m; floor- to- floor height =
e Windows and shading 3.5m

e Low-e double pane glazing. Window
height = 1.5 m; sill height = 0.80 m;

e WWR = 30%. No shading device

e ON during weekdays: 7:00-17:00; OFF
during all other days

Operation hours

Design values of internal heat gains,
e Ventilation, and infiltration

Occupancy density

Lighting density

Plug equipments load

Space ge! ‘ign temperature

Infiltrattomn)

Ventilatign

Night sefup

Running period

e 5 m?/person gperimeter and interior
zones), 25 m/person (center core)

e 25 W/m? (perimeter and interior Zones),
15 W/m? (center core)

& DIV’ (parimeterdahd interior zones),
O WHTE {eantercore)

e, 25.0°C

e ~ 0.1, air change per hour for each zone

o 4.0m’/(m”h) (perimeter and interior
zones), 0.6 m*/(m? h) (center core)

e 37°C

e June 1-August 31, typical summer days
in Shanghai (Ref. Weather file
CTYW.STAT)

HVAC system and plant information
e HVAC systems (with same
cooling capacities)
e Chiller types
e Cooling source nominal COP
(KW/KW)
e Fans and pumps

e VAV no-reheat; fan-coil plus fresh air
(FPFA) VRV

e Water-cooled screw chiller

e Screw chillers for VAV and FPFA: 4.6;
VRV units: 3.02

e Variable speed drive (VSD) for the
central fan and chilled water loop pumps
in the VAV

e system; VSD for chilled water supply
pumps in the FPFA system

University of Moratuwa
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The typical floor in the simulation incorporates a floor multiplier of 8 to account for the
actual number of middle floors in the building. A summary of the key parameters of the
building is given in Table 1, construction material properties is listed in Table 2, and the
typical floor plan is shown in Figure 2. In this investigation, the following assumptions are

made.

e All the floor plans in the sample building are the same. There are not basement
spaces underneath the building.

e Only one type of HVAC system is installed to serve the building in each case.

e The indoor air set points are identical everywhere in the building.

e A single chiller serves the whole building, while a VRV system per floor supplies

needed cooling.

Table 2: Construction thermal properties

Layers (outer tgiinner) T hickness(mm) Condudtivi [<Bensit | Specific
() ty. (W/(m .|y heat (J/(kg
Exterior wallwo
e Cast conerete 1561143 2000 | 1000
o XPS extruded 200.034 35 1400
polystyrene Thermal resistance
e Airgap R =0.18 m* K/m?
150.2 2800 | 896
Interior wall
e Plaster (lightweight) 13 0.16 600 1000
e Cast concrete 100 1.13 2000 1000
e Plaster (lightweight) 13 0.16 600 1000
e Ceiling/floor (the order 2000 | 1000
of floor materials is the
reverse of that of ceiling
materials)
e Cast concrete1501.13
e Air gap thermal 950 840
resistance R = 0.18 m?
K/m? 2700 | 753
e Plasterboard100.16
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The water-cooled type chiller and the VRV equipment from the same manufacturer are
chosen to meet the cooling demand. There are neither shading devices associated with the
building envelope, nor any adjacent tall buildings that would bring on daytime shading.
There is no roof glazing or skylights in the sample building. The geographical and weather
file, infiltration, thermostat, and other parameters related to building load calculations are

the same for all the HVAC systems simulated

2.5.3.2 Results and discussion

A series of simulation are implemented for the performance comparison of the HVAC
systems in this section. The results of the simulations for evaluating systems are presented
in categories that describe the energy consumption shares of the electricity end-users in
systems such as VAV, FPFA, and VRV. Results show the differences among systems, as
reported in Fig. 11. The breakdown of the total electrical energy consumption into various
parts include system fans, chillers, pumps, space lighting, plug equipment, and VRF
system. Energy usage of drink-water pumping, lifts, and other non-HVAC related power
facilities is disregarded in electricity-usage breakdown of end-users in the study. In this
figure, “‘systemifans’” meansthe-céntrabsupply fan in VAL or the agaregate of individual
fans in FPFA,?E@»ﬁhe aggregatecatf1indoorcunit fans|in MRYEATehillers’ denotes energy
consumption o_f:'_éhillers; Apomps . tefers ag the chilled water and cooling water pumps;
“VRV systems’” stands for the energy input of VRV outdoor units containing condenser
fans, compressors, and control circuits; while “*heat rejection’” is the tower fan electric

consumption.

2.5.3.3 Breakdown of electricity end-users in HVAC systems

For the VAV system, lighting and plug load share a part of 46%, chillers 33%, system
main supply fan 11%, water pumps 7%, and heat rejection keeps the left 3%; for the FPFA
system, lighting and plug load share a part of 52% together, chillers 32%, indoor fans,
system water pumps, and heat rejection hold 6%, 7% and 3%, respectively; for the VRV
system, lighting and plug load own a part of 58%, the VRV system and indoor fans take
the residual part 42%.
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Figure 2 : Typical floor plan of the sample building (unit in drawing: meters)

As the second largest energy consumer in the VAV system, the main air supply fan takes a
remarkable larger part of electricity use than the indoor fans used in the FPFA and VRV
systems. This share by the VAV supply fan is still much less than the survey data for a
typical office building, whereas it agrees well with the simulation result of 14.1-28.3% of
the HVAC system consumption [19] comparatively. It can be explained that unreasonable
choices and operation strategies of air transport facilities exist commonly in reality. On-site
measured data do not mean rational data. In a sense, thus, energy simulation of HVAC
systems is able to put forward a gap as reference between the ideal consumption and the

actual consumption of equipment.
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The indoor fan in the FPFA system uses 6% of energy, and its absolute magnitude locates
in the middle of the fan energy in other two systems. It can be understood that there is a
strong relationship between the fan energy and the type of cooling media. Specific
enthalpy of refrigerant in the VRV system is much greater than water and air in the other
systems, and phase change takes place in the indoor evaporator, which are both believed to

bring out less fan energy.

For the VRV system, the indoor fans’ contribution to the whole VRV system’s energy
usage is 7%, according with the experimental result 9.8% on the whole, considering

diversity of application conditions and equipment series.

2.5.3.4 Electricity consumption of different systems

HVAC systems can be categorized to the all-air system, the water-air system, and the
refrigerant system in accordance with the kinds of cooling media. Fig. 11 depicts the
electricity usage for HVAC systems. The VRV system is the most energy efficient one

among three sample cooling systems, followed by FPFA, while VAV ranks last, as shown

in the figu Jy than either
a water—ai ;/%teg: (FPFAIn this case) or a refrigerant system (VRV'i S case), even
though it is Usuatly.r led as a high-efficienc) tem. The superiori VAV system
is significant only | | with stem.

The VRV system uses 11.7% less electrical energy than the FPFA system with a variable
speed drive (VSD) loop water pump, 22.2% less electrical energy than the VAV system
outfitted with a VSD fan in this case. Owing to air-conditioning systems working usually
off the rated condition, the part-load performance of the refrigeration equipments plays a
significant role in final electricity usage of the building. The number of working hours of
the three systems based on different part-load ranges in this study is presented in Fig. 12.
The profiles of part load show some differences, which are believed to be induced by
diverse humidity levels during the simulation. Keeping the indoor air temperature at set
point, the thermostat control makes the space humidity drift and results in various latent
load and then the various total load. It can be seen from this figure that a notable majority
of operation hours of all the VRF, FPFA, and VAV systems occurs between 30% and 90%
part-load operating conditions. The accumulative totals account for 79.3%, 83.7%, and
81.9% in the overall 660 operation hours for the VRV units, the chiller in the FPFA system

and the chiller in the VAV system, respectively. It offers the VRV system an occasion to
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perform within its favorable energy-feature range in a significant part of working time. In
other words, the VRV system is provided with a high efficiency at partial load condition
and works at the condition in an essential part of operation time, which may be considered
as one of reasons for its less energy usage. It may be established the more the VRF system
works in the favorable part-load range, the more energy savings can be achieved. As the
cooling resources and the substantial energy consumers in other two HVAC systems, the
screw chillers take similar efficiency at part load with that at full load [20]. Compared with
the VRV system, this feature makes the chiller less sensitive to changes of the cooling
load. Meanwhile, the refrigerant from nearby outdoor units in the VRV system goes
directly to conditioned zones to exchange heat with air. By contrast, the chiller needs one
or two secondary heat-transfer process to pipe the low-specific enthalpy cooling media,
water or air, through a long way to cool the zones in the building. It tends to result in large

heat exchange and transport loss and inevitably gives birth to added energy consumption.

2.5.3.5 Conclusion of the case study

Computer cimitlatinn ic a eronveniant tnnl nf acceccina hiiildina enarmy nnrformance, air-

conditionil /Ste jures-andsystemopefational strategies. It -aHows s to test their
ideas and degegpE to bebcwihatrihe “Irhpact OEtHEN sdeaisipns e e on energy
consumpti afd o aspetts.L 10 thigistudy) ka in the BESP
program Energy Plus, in order to evaluate the benefits of the VRV system under cooling

condition in terms of energy usage. A case study is then made to demonstrate the
application of the new module for the VRV air-conditioning system in a medium-sized

office building.

Simulation results from the electricity-usage comparison among VAV, FPFA, and VRV
systems implies that the VRV air conditioning system is the most energy efficient,
compared with other two conventional systems. The energy-saving potentials of the VRV
system are expected to achieve 22.2% and 11.7%, compared with the VAV system and the
FPFA system, respectively. With the same nominal cooling capacity, the VRV system and
VAV (or FPFA) plus chillers system consume notably different electricity energy, due to
various ways in transporting cooling media and diversity of part-load performance. This
study provides architects and engineers some ideas to analyze the energy features of the
VRV system and to evaluate different systems by the view of energy characteristics,

especially during the primary conceptual design stage.
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It is pertinent to note that influencing factors of the energy consumption of air-conditioning
system is fairly complicated in real buildings. Building designs, constructions, operation
strategies, chillers configuration, maintenances, and other unpredictable ingredients can
impact on the eventual facility bills for buildings. Simulations offer an ideal benchmark of
energy usage of the integration of the building, air-conditioning systems and artificial
interference under a certain condition, rather than a predetermined augur. But this
investigation still owns its sense in suggesting the VRV system may be an attractive option
and a more efficient operation for a new installation or a changeover from an inefficient

old system, by an energy use perspective.

The future work will include the economic evaluation and life-cycle cost analysis of
various forms of HVAC systems. Also, electricity-usage field tests of the VRV system are
underway, as a part of the extension of this research, so that the results can be verified.

Further, the VRV system’s performance in heating condition would be researched.

2.5.4 Overall summary of the literature review

The use o > recent past.
The techn QM@ oming popular day by day due to Tt high performs and advance
features. The.above ‘ 2V | ( e experimental ling and case
studies. =

The experimental studies shows that VRV system perform efficiently than the common air
conditioning systems such as variable air volume, fan-coil plus fresh air under the same
conditions whilst providing better indoor thermal comfort in the individual control mode. It
had been noted that the VRV system performs at its best efficiency when operated in
cooling and heating modes simultaneously due to the use of condensing and evaporating
capacities. Though the main drawback of the VRV system is the high initial cost compared
to the common air conditioning systems, the estimated payback period of the VRV system
compared to an air cooled chiller system in a generic commercial building could be in the
order of one to two years under the conditions that had been assumed for studies. Modeling
studies shows that the COP of the multi-split VRV system increased when the system
worked in part load conditions due to the high part load efficiency. They further shows that
the saving potential of VRV systems compared to chiller systems could be in the range of

10 % to 20 % for medium scale commercial buildings under the assumed conditions. Case
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study shows that even though VRV systems have better energy performances, the main

drawback is their high initial cost compared to the other common air conditioning systems.

From all the studies it has been generally deduced that, there is still a necessity to develop
cheap VRV technology in order to increase the market potential and the energy saving

advantage.

' ef; g
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3 Methodology

For the development of any trade, experience of involved stakeholders is very valuable.
Even for this study, experience of stakeholders is equally important. In case of VRV air-
conditioner installations, experience of designers, consultants, contractors, owners,
maintenance engineers and managers are rather important as they have involved with the
entire processes from the preliminary study to the operation and maintenance of the
system. Their inputs, opinions, views and recommendations are very important to make
the outcome of any research study realistic. Therefore, it was decided to explore
experience, opinions, comments and recommendations of the personnel involved with the
above installation on the maintainability, energy efficiency and suitability of VRV air

conditioners wherever possible to supplement and strengthen the study.

3.1 Appropriate method selected for the collection of information

In general, the most appropriate method of analyzing the experience and opinions of
stakeholders is an opinion survey. The sample size of opinion survey is generally
determined basgn the populatiolrt dnd expéectetl acouracy. Ean gereral information survey,
the accuracy \Aﬁu“be higherwihen'ithe sample-sizelis-more. But,lin this type of technical
information ahdféxperience survey, ‘Conventional market research methods do not work
well [21]. Saimpie size is inot a vital parameter in the case Of survey o0 experience on many
new industrial technologies. Cornelius Herstatt and Eric von Hippel report on a “lead user”
method for developing concepts for new technologies / products revealed that the richest
understanding of emerging new technologies is held by just a few users. It is possible to
identify these “lead users” and then obtain the required information from them based on
their experience [21]. According to the report published by Louis M. Rea and Richard A.
Parker, the concept of considering the information delivered by a smaller number of
representative people to be an accurate representation of a significantly larger number of
involved persons has become a familiar and practical method of collecting information on
a technology with a limited use [22]. Therefore, it was decided to perform a case study on
a representative VRV installation to study the objectives instead of conducting an opinion

survey of a large number of stakeholders.
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3.2 Installation selected for the study
As described above a representative installation was selected for the comprehensive study

to determine the, followings.

e Understand whether the prevailing demand for VRV air-conditioners is really
because of its ability to cater the desires of purchases and users.

e Estimate the saving potential of VRV air-conditioners compared with the other
available potentially applicable air-conditioning systems for the purpose and
financial analysis.

e Study the maintainability of VRV air-conditioning installations based on the
information collected from the Owner / Maintenance Manager of an identified

representative building where a VRV air conditioning system has been installed.

To achieve the above objectives, following factors were thoroughly analyzed with respect

to the installation selected for the study.

e Factors considered by the designers, project team and owners in selecting the VRV
air- conciﬂgé)mng systemorthe building

° Malntamablllty of “the*system and-problems-entountered by the owners of the
building wWith regard to the maintenarnce of the air-conditioning system.

e Energy efficiency of the VRV air-conditioning system and its saving potential and
whether the expected benefits have been gained by the building owners.

e Whether the suppliers/contractors has maintained the system to the satisfaction of
building owners

e Whether the VRV technology is suitable for the building

The representative installation selected for the comprehensive study is the Sovereign
Residencies. The sovereign corporate hotel belongs to Center for Banking Studies, situated
at No 100C, Sri Jayawardanapura Mawatha, Rajagiriya. The hotel building consists of 64
numbers of rooms that almost equally built in 3 numbers of apartments. Main restaurant
and a kitchen are located in ground floor. In addition to those three apartments the
basement is used for different purpose such as tool rooms, stores, rest rooms, infrastructure

facility to staff etc.

The main functions of this hotel are to provide accommodations to local and foreign

guests, provide facilities for different functions and trainings etc. Food is served to the
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rooms on request basis and the main restaurant is used especially for arranged functions.
This installation was selected for the study as the VRV air-conditioning system installed in

this building is nearly five years old and access to the information is not restricted.

3.3 Methodology followed for the study

After selecting the Sovereign Residencies, as the representative installation for the study,

following methodology was adapted to achieve the research objectives.

e The building and the air conditioning system were inspected.

e Design drawings and design correspondence were referred.

e Project correspondences (including the correspondence related to the procurement
process) which are in the official project files were referred.

e Maintenance correspondences in the maintenance files were referred.

e Discussions were held with the officers who got involved with the project in the
preliminary stage, procurement stage, installation stage and maintenance stage.

e Information was obtained from the above discussions and documents. The useful
and relgwant infqrmation from the gathered, informatignywerg apalyzed to achieve
the resﬁirzaj dbjeptivess

o Compute_'r"_simulation was [performad: Using EQUEST simulation tool to compare
the energy consumption pattern of different air-conditioning options that had been
considered by the project team during the preliminary stage.

e Actual energy consumption records were used to calibrate the outcome of the
simulation.

e Life cycle costing for the considered options were performed to analyze the
financial viability of them.

e Sensitivity analysis was done for 10 % variation of initial investment and electricity
tariff.

e Conclusion and recommendations were developed based on the observations of

above studies and analysis.
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4 Comprehensive Study on a VRV Installation and Analysis

As described in the previous chapter, a comprehensive study on a representative VRV

installation was performed to cover the following key areas,

e Understand whether the prevailing demand for VRV air-conditioners is really
because of its ability to cater the desires of purchases and users and whether the
owner and technical team has selected the appropriate air-conditioning system for
the installation

e Estimate the saving potential of VRV air-conditioners compared with the other
available potentially applicable air-conditioning systems for the purpose and
financial analysis.

e Study the maintainability of VRV air-conditioning installations based on the
information collected from the Owner / Maintenance Manager of an identified

representative building where a VRV air conditioning system has been installed.

The instal LS d for study tudies of the
Central Be \og?@git Ka,

4.1 Installaten selected forthdStadv L 1dies

4.1.1 Description of the installed air-conditioning system

Center for Banking Studies is the training center of the Central Bank of Sri Lanka. It is
located in Rajagiriya and consists of two major building blocks. The main building block is
a three storied building where administrative offices, lecture rooms, and auditorium are
located. This building has a central air-conditioning system for the auditorium.
Administrative offices and lecture rooms have been air-conditioned by split type air-
conditioners. The other major building block is the hostel block of the Center for Banking
Studies which provide accommodation for the participants of the residential training
programs conducted by the Center for Banking Studies. Lots of national and international
training programs and workshops are conducted by the Central Bank of Sri Lanka through
the Center for Banking Studies and this hostel block provides accommodation for the

participants. Layout drawings of the building are attached in Annexure B

The hostel block of the Center for Banking Studies is a basement plus three storied

building which comprises of 64 numbers of bed rooms that almost equally built in three
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numbers of apartments. Main restaurant and a kitchen of the hostel block are located at the
ground floor. In addition to those three apartments, the basement is used for different
purposes such as tool rooms, stores, rest rooms, infrastructure etc. About seven years back,
this building was totally renovated and all the building services were reinstalled.
Accordingly a new air-conditioning system was also installed at the building and it is a
VRV air conditioning system. After the renovation project the management of the hostel

building was outsourced and it is presently being managed by BMICH as a hotel.

Accommodation facilities for the local and foreign programs conducted by the CBS is also
provided by the hostel block (hotel).

4.1.2 Description of the installed air-conditioning system

The air conditioning system installed in the building is an air cooled VRV air conditioning
system. It comprises of six independent VRV air conditioner sets. These six sets of VRV
air-conditioners have been used to condition the 64 bedrooms in the three floors of the

hostel building. There are two VRV air-conditioner sets to cater each floor and the two sets

are dedica floor consists
of two nu ,résn%i outdoor units-each having the capacity of 3 RT. Each of these units
caters for . nu”rﬁEer f indoor units’in the respective wing: The first T so consists of
two numbers of ol | the similar

arrangement with the 11 numbers of indoor units in each wing. Capacity of the two
outdoor units connected to the second floor is 11RT each and connected to 11 indoor units
in the respective wing. All the indoor units are of the same capacity and the capacity of one
indoor unit is 0.8 RT. All the outdoor units have been installed at the back yard of the
hostel block in a row parallel to the rear wall of the hostel block building. The insulated
copper refrigerant pipes have been laid through the ceiling space and drain of each indoor
unit has been connected to the bathroom of respective room. Details of the equipment

connected to the system are as follows.

e Brand - Mitsubishi

e Type - AirCooled VRV air-conditioners

e Capacity
v" Indoor units - 0.8 RT (64 nos. installed in 64 bed rooms)
v Outdoor units - 8 RT 4 nos.+ 11 RT - 2 nos

- Installed at the ground floor back yard of the building
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4.2 Selection of appropriate air-conditioning system for the building
The management of the Central Bank of Sri Lanka had considered three options for the
type of air-conditioning system to be installed at the hostel. The brief descriptions of those

three options are as follows.

e Installation of split type air-conditioner for each bedroom

e Installation of a chiller to cater the entire air-conditioning requirement of the
building and to provide fan coil units for the bedrooms and individual rooms used
for other purposes. Air conditioning for the main restaurant and entrance lobby was
planned through an AHU connected to the same chiller.

e Installation of a VRV air-conditioning system for bedrooms and installation of split
air-conditioners for other rooms. Air conditioning for the main restaurant and
entrance lobby was planned through an independent package air-conditioning

system.

This renovation project had been carried out under the Premises Department of the Central

Bank of S ke the_license officer.cum engi In ¢harge of the ct was Mr. K
L L Fernandgg€Thfiormatiqn, was. obtained from him-jegarding the fa it he and the
project tea ’v.a'cj-?jcc ered on hehalf ofithe-Cap selecting the
appropriat ' g. The facts

explained by him are summaries as follows.

4.2.1 Installation of split type air-conditioners

The easiest option they had for the air-conditioning of the hostel block was split type air
conditioners. But, the major problem they had with the split type air-conditioners was the
appearance. For split type air conditioners, it is required to install 64 numbers of outdoor
units only for bedrooms. The number of outdoor units required for the entire building was
around 90. Technical team involved with the designing of the air-conditioning system
pointed out the advantages and disadvantages of the installation of split type air-

conditioners as follows.

Advantages: As each bed room has an individual air-conditioner, the respective unit can
be operated when a room is occupied only. Also, the individual occupant can control the
indoor temperature according to their preference. In case of the failure of one air-

conditioner, only the respective bedroom will be affected.
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Disadvantages: Split air-conditioning system is not the most appropriate type of air-

conditioner system for this building in terms of energy efficiency. Installation of 90 odd
outdoor units in the building will adversely effect on the appearance of the building.
Outdoor units, when installed in large numbers in the balconies and corridors, it may

disturb the calm surrounding environment.

The appearance and calm environment were among major concerns of the Central Bank of
Sri Lanka as they had an intension of developing the hostel block to a star class hotel
standard to attract international banking institutes for training programs. Therefore, the
option of installing split type air conditioners wasn’t accepted by the project team. They
also considered about the comparatively low energy efficiency of split type air conditioners

in arriving at this decision.

4.2.2 Installation of a chiller

The project team considered installation of a chiller as an appropriate option as the hostel
block is a medium scale building. The advantages and disadvantages that the project team
had identif

Advantages: %r asnicaeongeriWithsregatd [0thecanpaarance e building as
there were nodniany types of equipment tocbe. ins he only item
to be installed outside the building was the cooling tower which was possibly be installed
in the backyard of the building without disturbing the appearance of the building. Energy
efficiency of an average chiller system was around 0.5 - 0.7 KW/RT and it was
significantly higher than the typical energy efficiency of 1 - 1.2 kW/ RT of a good quality

split type air conditioner.

Disadvantages: As the chiller installation was a central system, a standby chiller was also

required to maintain the reliability of the air-conditioning system. Even with a chiller
having multiple compressors, it is required to maintain at least a 50 % standby capacity to
assure the reliability. Further, a substantial space was required to be allocated to the chiller
plant room from the limited space available at the basement. When, the area was allocated
for the plant room, there was a space problem for the other operational services of the
hotel. The basement has a lower head room around 2 m. If chilled water and condenser
water pipes were installed in the basement access for certain areas would have been
disturbed. The team also observed that the clear ceiling space available inside the building

(between the soffit and ceiling) to lay chilled water pipes was very small.
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4.2.3 Installation of a VRV air-conditioning system

The third option of air-conditioning system considered by the project team for the hostel
building was an air-conditioning system with VRV technology. As the VRV technology
was new to Sri Lanka at that time, project team had analyzed the option of VRV
technology thoroughly than other two options. They have considered both the water cooled
and air cooled options for the condenser side of the system. Though the water cooled
system is inherently efficient than the air cooled system of respective air-conditioner
system, project team had decided to overlook that option as there were no successful air
cooled VRV air-conditioning system installed in Sri Lanka to consider as a reference
project. Also, all the suppliers had advised the project team not to select the water cooled
option if the Central Bank wants to install a VRV air-conditioning system. Therefore, the
project team had finally decided to consider only the air cooled option under the VRV
technology. The advantages and disadvantages that the project team had identified under
the VRV Onfinn arp ac fnllmwie

Advantages: ga?&n XV Systém, there won't'be a problem with regard 1e appearance
of the buildingiagaitere will be qnly Few outdaor Units to be installed the building.
Unlike in the case | iti d be installed

at a remote location like the backyard of the building without disturbing the appearance of
the building. Energy efficiency and part load performance of a VRV air-conditioning
system is better than that of chiller air-conditioning system and far better than that of the

split type air-conditioner system.

Disadvantages: As the VRV technology is new to Sri Lanka, there were no way to check

the reliability, durability, and maintainability of the installations. Installation and
maintenance experience of VRV air-conditioning contractors were not satisfactory. In
addition, there was a worry about the possibility of total system failure in case of a failure
of respective outdoor unit. But, most of the suppliers claimed that this type of situation is

unlikely as the outdoor unit comprises of multiple compressors.

After analyzing about the advantages and disadvantages of above three options, the project
team compared the advantages and disadvantages of each option with that of the other two
options. The project team had given a higher emphasis on the appearance of the building

and operating efficiency of the air-conditioning system. As a result of the higher emphasis
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given to the above two aspects, the project team had given up the split type air-conditioner
option despite of its higher flexibility of operation. When analyzing the other two options,
the team had realized that both the options are equally favorable with respect to the
attributes related to the appearance. Further, with the help of the information obtained
from the suppliers of VRV air-conditioners and chillers, they have observed that the
operating efficiency of VRV air-conditioning system is better than that of a chiller system.
But, they had not obtained the part load efficiency values of these two equipments to arrive

at the above observation.

In addition to the appearance and operation efficiency, the project team had looked into the
installation restrictions / constraints and maintainability of these systems. They had noted
that installation of a chiller air-conditioner system requires more indoor space than the
space required for the VRV air-conditioner system. They had also considered that, with the
limited ceiling and service space available in the building, laying of insulated Copper pipes
is easier than laying of insulated chilled water pipes. Furthermore, the project team had
realiZEd thnf thare ic a ricle nf inctallinn a \/B\/ air-conditinninn cvectem at the bUIldIng as |t
was a new 1a6s] o1 Stk Lanka-at ghat\time-ane henceherg wasne 'to look in to
the real of ;'atﬁih’?az‘: haintenanae problemscaf itz Howwsyverfiheyha ided to select

the VRV option:con rirng the. following facts,

e It does not disturb the overall appearance of the building

e |t is the best option with regard to the energy efficiency among the three options
which were under consideration

e VRV system is the most favorable option with regard to the space constraints.

e Maintainability and reliability wouldn’t be a problem as there are successful project
references in other countries where VRV air-conditioning systems have been

installed and maintained for a satisfactory period.

As described above, the project team had convinced the management that the most
appropriate air-conditioning system for the hostel block of the Center for Banking Studies

is a VRV air-conditioning system.

4.2.4 Operation pattern of the system
As described in the previous paragraphs, the hostel block of the Center for Banking Studies
was leased to Bandaranaike National Memorial Foundation after the completion of

renovation works. The building is now being managed by them as a hotel and they obliged
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to provide accommodation facilities to the residential training programs conducted by the
Center for Banking Studies. According to the lease agreement, Bandaranaike National
Memorial Foundation can use the hotel for commercial purposes whenever it is not

required for the residential training programs by the Center for Banking Studies.

When the hotel is fully occupied by the participants of the training programs, the
participants usually leave the hotel rooms in the morning. Except the participants who
return to rooms to take a bath or for some personal requirement during the lunch break, the
majority of the participants return to the rooms at the end of the day’s training program.
All the participants are going to the restaurant for the dinner, while most of them stay in

their rooms till the morning of the following day.

4.3 Maintainability and problems encountered during the operation of

the system

4.3.1 Weakening the insulation of refrigerant pipes

As describ onnecting the
outdoor ut 3‘@?‘1 i ¥ units-havebeen laid throdghcthe ceiling' spate. The refrigerant
pipes are t 1“;%['1@;30 ohe voilets'and entratice lobby of the Yooms YA out two year
Operatlon, TRATT Ace "'nerconnel hiad“ohean itches on the

ceiling of toilets. Further they had observed the frequency of appearing the patches and
wetness of the patches were increasing with time. So, the maintenance team has suspected
that the patches are due to the leaking of water from the sanitary plumbing network or
weakening of the waterproofing of the toilet slab of the above floor. Accordingly, they had
opened the ceilings of toilets where wet patches were observed more frequently and
inspected the pipes and soffit area above the ceiling. Then they have observed that there
are condensate water droplets on the insulation of the refrigerant pipes. The insulation of
the refrigerant pipes had weakened and condensation had formed on the surface of the
insulation. When the reason for this condition was analyzed it had been revealed that the
density of used insulation is not adequate for this installation. The density of insulation
they have used is 50 kg/ m3. The maintenance department then has decided to replace the
insulation of refrigerant pipes with a high quality Closed cell Nitrile Rubber insulation

having a density of 70 kg/m3.
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In addition to the above problem, there had been some refrigerant leakages during the
initial operation of the system. After the repairing of these leakages no significant fault or
weakness in the air-conditioner system had been reported. The contractor has maintained
the air-conditioning system satisfactorily without major interruptions or breakdowns after

the rectification of problems encountered during the initial period of operation.

4.3.2 Tenant’s concerns regarding the VRV system

After the rectification of faults and defects encountered during the initial operation of the
air-conditioning system, and once the system started to operate smoothly, the tenant has
not complained about the operation and maintenance problems of the system. But after
about three years, they had raised a concern regarding the energy consumption of the air-
conditioning system. Their major concern was on the necessity of the operation of a large
outdoor unit of the air-conditioning system whenever at least one indoor unit connected
with the respective outdoor unit is in operation. They complained that even when a single

room is occupied it is required to operate an outdoor unit which has a capacity to operate

about 12 nos nf indnnr 1inite Thorinh the mananameaent nf the Canter for Qanlling had taken

a keen eff OEEX the tenant regarding the-operaiion Qf VR siystem and the way it
operates u :Jer@ part ffoadcgonditions, thestenant Had sepadatadly)nos ed about this
situation and ultimately prapasedioireplace the am with split
type air-conditioners.

In order to sort-out this controversial situation, the management of Center for Banking
Studies had proposed to conduct an Energy Audit at the building through a reputed
organization acceptable to both the parties. Accordingly, the National Engineering
Research and Development Center has carried out an energy audit at the Sovereign
Residencies. From the findings of the Energy Audit, the management of the Center for
Banking Studies has convinced the management of Sovereign Residencies that the
impression they had regarding the high energy consumption of the existing VRV air-
conditioning system was not correct. Details about the Energy Audit are explained in 4.4.1

below.

4.4 Energy efficiency of the installed air- conditioning system
Though the VRV air-conditioning system believed to be a highly efficient air conditioning
system, after handing over the building the management of the Sovereign Residencies had

requested to replace it with a split type air-conditioners as the VRV air-conditioning
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system is not efficient for their usage. To resolve this problem an Energy Audit was carried
out by the National Engineering Research and Development Center. This research study
critically evaluated the approach and the outcome of the energy audit to check whether it
can validate the prevailing favorable attitude on the outstanding energy performance of the
VRV air-conditioners. Further, a computer simulations for the building were performed
based on each considered potentially applicable air-conditioning system to ascertain the

comparative energy performance of them.

4.4.1 Scope and Findings of the Energy Audit

This energy audit had performed to analyze the present status of energy usage in hotel,
share of monthly energy consumption by each end user, identify the important energy cost
centers, the potential energy conservation opportunities in particular areas. Further, this
study had focused to analyze the performance of existing VRV air conditioning system and
economic viability of introducing individual split type air conditioners to the rooms instead

of existing VRV multi split air-conditioning systems.

Energy au , he Sovereign
Hotel con e;s?,@ und~40% "of " tot tel ele p rding to the
system set up, e‘é&n ‘ 0- 12 units (rooms)
and therefore thos | ' ' le room; that

connected to the particular out door unit, is occupied. As the hotel management was of the
view, it may not be economical to operate such type of high capacity out door unit with

less number of indoor units (1, 2, 3 or 4).

Basically the room reservations were based on the customers’ preference and the hotel
staff didn’t allocate particular room/ rooms according to their schedules. Therefore the
hotel management had an intension of introducing individual split type air conditioning
units to rooms. Management of the CBSL had requested the auditor to analyze and
comment on this situation in the audit report. In this relation, the auditors had tried to
analyze the performance (power consumption) of existing out door units for different load

settings (part load calculations) and then compare with the proposed systems.

Accordingly, two numbers of outdoor units with different capacities had been tested
individually by isolating (switching off indoor units) single room per time. The selected
low capacity and high capacity out door units were belongs to room numbers 301- 310 and

212- 222 A & 222B respectively. The electrical power drawn by each system had been
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separately monitored (10- 15 minutes intervals) for each load setting. The summarized

power consumption data with different indoor unit combinations are given in table 3.

According to the table 3, auditor had highlighted that each outdoor unit had consumed less
than 4.0 kW until 4 numbers of indoor units were connected. Also, it had been observed
that the energy consumed by outdoor units to produce a unit of cooling (Energy Efficiency
Ratio) had been gradually decreasing while switching off the indoor units. Further, the
power consumptions of each system; with a single room operation, was almost 2.4 KW and
the auditor had stated that this power consumption was slightly higher than the power
consumption of a split type air-conditioner required for the same room. The comparisons
of power consumption of existing air-conditioning system and the proposed individual split
type air-conditioning system are given in the table 4.0. Using the values in table 4.0, the
auditor had concluded that the existing system is highly economical than a split type air

conditioning system when more than 4 units are operated.

Based on the values in table 4, auditor had highlighted that the power consumption of the

air-conditi ) ndividual air
Conditionil ¥ "+;é "'”f“!m & TSk »,»- LA ':f” - wdaar AT At 16 ad Conditions
(up to four 1m5’ér 0 rati Accordingly, tt litor had nended to use
the present AC s. With the

recommendations of the energy audit, the management of CBSL had convinced the tenant
that the existing VRV air-conditioning system is the most efficient and economical system

for the building.

However, this research study revealed that the auditor had made an inappropriate
comparison while arriving at the above conclusion. In the comparison, the auditor had
considered that the power capacity of a split type air-conditioner required to replace an
indoor unit having a capacity of 9,600 BTU/h of the VRV system as 18,000 BTU/h. This

assumption is not reasonable due to following main reasons,

e It compares air-conditioning units of different capacities of two different
technologies

e |t assumes that at least a split type air-conditioner of 18,000 BTU/h is required to
replace the indoor unit of capacity 9,600 BTU/h connected to the existing VRV air-
conditioning system. As the existing indoor units of capacity 9,600 BTU/h

satisfactorily serves the hotel rooms under all prevailing climatic and operational
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conditions, there is no basis of assuming a split type air-conditioner of substantially
higher capacity compared to the capacity of existing indoor unit.

e It compares the energy consumption of a VRV air-conditioner system under actual
operating condition with the rated energy consumption of a split type air

conditioner operating at the rated capacity.

Accordingly, this research study revealed that, though the management of CBSL had
convinced the tenant regarding the efficient performance of the existing VRV air-
conditioning system using the findings of the energy audit, the audit findings had been

made based on some undesirable assumptions.

Common Data Considered for the Estimation and Comparison

Air Conditioners Details

Type split/ wall mounted

Average room size 200 t2- 300 2

Selected A ch e !5 YO RTHITH

\

abd

COP

Air Circulation 750- 850 M3/ hr

9.0-10.0A

Rated current

Rated power 1.8- 2.0 KW

Average price 75000- 100000 LKR
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Table 3 : power consumption with different indoor units operation

Conditions

Operating Room no(s)

Measured Power (kW)

Ground floor

(cooling capacity 8RT)

One room indoor unit operated 310 2.345
Two room indoor unit operated 309-310 2.613
Three room indoor unit operated 308-310 3.115
Four room indoor unit operated 307-310 3.705
Five room indoor unit operated 305 & 307- 310 4.342
Six room indoor unit operated 304,305 & 307- 310 5.212
Seven room indoor unit operated 303- 305 & 307- 310 6.719
Eight room indoor unit operated
Nine room indoor unit operated 302-310 7.062
Ten room indoor unit operated 301-310 7.142
Seco?{} : foor
(cooling C@p?éltv 12RT)
One room indeortinit operated 212 2.399
Two room indoor unit operated 222 A& 2228B 2.452
Three room indoor unit operated 221-222B 2.518
Four room indoor unit operated 220- 222 B 3.041
Five room indoor unit operated 219-222 B 3.715
Six room indoor unit operated 218-222 B 4.075
Seven room indoor unit operated 217-222 B 5.241
Eight room indoor unit operated 216- 222 B 6.627
Nine room indoor unit operated 215-222 B 7.592
Ten room indoor unit operated 214-222 B 8.142
Eleven room indoor unit operated 213-222 B 9.266
Towel room indoor unit operated 212-222 B 10.616

University of Moratuwa
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Table 4 : Consumption of power consumption of existing system and split AC units

Operating Rated power
N Room Existing system Individual Split
Conditions
no(s) kW kW
Ground floor
(cooling capacity 8RT)
One room indoor unit operated 310 2.613 2.0
Two room indoor unit operated 309-310 2.345 4.0
Three room indoor unit operated 308-310 3.115 6.0
Four room indoor unit operated 307-310 3.705 8.0
Second floor
(cooling capacity 12RT)
One room indoor unit operated 212 2.399 2.0
Two room indeor unit operated 222 A& 2.452 4.0
Three room w@ﬁpr unit-eperated 224222 B 2.518 6.0
Four room in'd%Or unit operated 226-222'B 3.041 8.0

4.4.2 Computer simulation on different options of air-conditioning systems
An Equest computer simulation was carried out to study the performance of split, VRV

and Chiller air-conditioner systems with respect to this building.

4.4.2.1 Building Modeling
The building shape is roughly rectangle and all the rooms are placed sides of the building.
The middle area of the building is a void open to the sky. The building ground level plan

layout is shown in figure 07.
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Figure 5 : Building ground floor plan

A 3D computer model of the complete three storied building was created using actual
dimensions and material properties of the building and windows. The 3D model of the

building a ly.
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Figure 6 : Building 3D model
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The effective plug loads of the buildings were calculated based on the available actual

equipment loads and reasonable diversity factors. Summary of appliance and lighting load

of the building is shown in the following table.
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Table 5 : Summary of appliance and lighting load

Central Bank - Rajagiriya
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AC rooms Fluorescent 36W Nos 01
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o
© 22W CFL Nos 05
AC rooms Fluorescent 36W Nos 01
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ACrooms | < | Fluorescent 36W Nos 01
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Climatic Data

Climate data for a typical meteorological year (TMY) based on proximity, climate data for

building was used as 240C.

Colombo - Katunayake was used for the simulation. The temperature set point for the
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Schedules

The selected building is managed by a hotel management company as a hotel and they
have to provide accommodation facilities to the residential training programs conducted by
the Center for Banking Studies. With the provisions available in the lease agreement, the
management company uses the hotel for commercial purposes whenever it is not required
for the residential training programs by the Center for Banking Studies. Accordingly,
casual guests are allowed when there is no training program and when the building is not

fully occupied by the participants of training programs.

When the hotel is occupied by the participants of the training programs, the participants
usually leave the hotel rooms and assembling at the training center (Center for Banking
Studies which is located adjacent to the hotel) in the morning. Except the participants who
return to rooms to take a bath or for some personal requirement during the lunch break, the
majority of the participants return to the rooms at the end of the day’s training program.
Usually, all the participants get the dinner from the hotel restaurant and most of them stay
in their roc plained usual

routing na ) Q#ﬂ-th m.,, V7 A \ffaf 10 +h AR ~4::J .;rsz f H AR .::”."ﬂ NAATTF /and Cooling

4 bP

\$ }". By A &
schedule was develo| 2 SiN

Schedule of occupancy

Night stay : 6.30 pm to 7.30 am following day (occupancy depends on the training

programme)

Lunch break : during 11.30 am to 2.00 pm of the day time75% of the participants return

to rooms during the lunch break

Occupancy, fan and cooling schedule is summarized in the following table
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Table 6 : Schedule of occupancy, fan and cooling

Time Occupancy Schedule | Fan Schedule | Cooling Schedule (°C)
24—-01hrs | 1 1 24
01-02hrs |1 1 24
02-03hrs |1 1 24
03-04hrs |1 1 24
04-05hrs |1 1 24
05-06hrs | 1 1 24
06-07hrs |1 1 24
07-08hrs | 1 1 24
08-09 hrs | 0.6 1 24
09-10hrs | 0.6 1 24
10-11hrs | 0.6 1 24
11-12hrs | 0.6 1 24
12-13hrs | 0.75 1 24
13-14 hrs | 0.75 1 24
14-15hrs | 0.6 1 24
15-16 hrs | 0.6 1 24
16-17hrs | 0.6 1 24
17-18hrs | 1 1 24
18-19hrs | 1 1 24
19-20hrs | 1. = 1 24
20-21hrs (1€ 0 1 24
21-22hrs | 1 i 24
22-23hrs | 1~ 1 24
23-24hrs | 1 1 24

4.4.2.2 Simulation for Chiller Air-conditioning System

For the simulation of building air-conditioning system on the chiller model, chiller

capacity and COP of the chiller were considered as 70 TR and 5.5 respectively. Using

these data, the building air-conditioning system was simulated on the above model for a

chiller system. Outcome of the simulation is as follows.
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Monthly Energy Consumption of the chiller

Energy consumption of chiller for the twelve months of the year are shown in the

following chart

(x000) Electric Consumption (kWh)
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Figure 8 : Monthly energy consumption of chiller
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Chiller load profile

Chiller load profile corresponding to the established building model and assumed

equipment capacity / efficiency is as follows.

Table 7 : Chiller operating hours in different loading conditions

Part load calculation
No of
hours each
part load
—> Chiller 01
[
o =
o o o o o o o o o —
o N | ® < re} © ~ © Q| |l & | S
JN1S| S S S S S S S| & 8| o
Month o | d N ™ < Lo © ~ o0 » — = <
1
January O 1| 32| 118 179 152 140 93 19 0 0 744
February &5 | 8 | [ 2113615134 14, 116 129 79 3 0 0 672
March é":% 0|0 911180 Thake-k 267 )1 ctohtqa1lds 0 0 0 744
April 01..0 2 10 187 198 159 140 24 0 0 720
|
May 1 0] 1 6 16 83 256 185 141 56 0 0 744
June 0| O 0| 15| 148 | 201| 168 | 1ie| 1z 0 0 720
July 0| 7 21 16| 123| 297 | 185| 113 1 0 0 744
August 0| 0 0| 27| 163| 290 | 181 83 0 0 0 744
September 0| 2 6| 25| 215| 231 | 159 82 0 0 0 720
October 0| 8 5| 46| 219 | 187 | 167 | 105 6 1 0 744
1
November 0| 5 5| 72| 226| 167 | 131 97 7 0 0 720
December 0| 7| 19| 93| 229| 138| 131 | 121 6 0 0 744
5] 12
Year sum 8| 3 2| 652 | 2162 | 2460 | 1883 | 1285 | 134 1 0| 8760
%ofhours |2 12| 2| 8| 8| 8| 8| 8| 8|18 8|29%
— O < <t N~ — Lo N~ Lo o o o
o |o | 4 N~ < fee] — <t "4 | ol ool 8§
N N [9V} —
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Figure 9 : Chiller load profile for each month

ov-0¢

0S-0v

09-0S

0£-09

08-0L

+001

— lANUAry
—February
= March
e A D

— May

June

July

August

= ctober

—— November

Hourly load profile of an average day for each month of the year is shown in the following
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4.4.2.3 Simulation for VRV and Split Air-conditioning Systems and Comparison of

Energy Performances

The same building model was simulated for VRV and Split type air-conditioning systems

with the COP of 3.5 and 2.7 respectively. Comparison of monthly energy consumption of

each system is given in the following charts.
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Figure 11 : Monthly energy consumption of VRV Type air-conditioning system
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Figure 12 : Monthly energy consumption of Split Type air-conditioning system
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4.4.2.4 Comparison of actual energy consumption records with the simulation
results of the existing VRV air-conditioning system

Before the comparison and analysis of simulation results of considered air-conditioning
systems, it is vital to compare the actual electricity consumption records of the building
with the simulation results of the existing VRV air-conditioning system. As the Equest
simulation has been performed only for the apartment block (hotel room area) and
electricity bills have been issued for the electricity use of the entire building, it was not
possible to directly compare the simulation results with the electricity billing data.
However, it was possible to separate the total electricity consumption into different areas
of the building with the use of information presented in the energy audit report regarding
the contribution of each main area of the building to the total energy use. This data can be
considered as reasonably accurate as it had been established using the logged data of actual
consumption pattern. Comparison of the electricity use records and simulation results are

shown in the following table. Calculations are shown in Annexure C.

Table 9 : Comparison of electricity hilling data with the simulation results of VRV system

Month BiBetricity consumption Déviation Remarks
(i)
Based on Based pn KWh %
billing data Equest
simulation
January 24,648 25,790 | 11422 4.6
February 23,269 22,600 | -669.3 -2.9
March 24,320 26,100 | 1780.4 7.3
April 24,956 26,530 | 1573.7 6.3
May 25,917 28,310 | 2393.0 9.2 High deviation
June 23,960 26,340 | 2380.4 9.9 High deviation
July 26,211 26,850 | 638.5 2.4
August 25,033 26,260 | 1227.0 4.9
September 24,957 25,110 152.5 0.6
October 27,954 26,020 -1933.6 -6.9
November 25,694 24,850 -843.8 -3.3
December 25,131 25,650 519.1 2.1

According to the above table, the monthly energy consumption obtained from simulation
does not deviate beyond 10 % from the energy consumption estimated based on the
electricity bills for all the months though shown high deviations in May and June. This

deviation might have been caused due to the irregular occupancy levels during those
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months in some of the years and changes in percentage of total energy consumption by
other end uses. (End use percentages indicated in the energy audit report has been used to
apportion the total actual energy consumption among the different end uses.). Other than
those two months, results of simulation are reasonably in line with the actual energy use

records.

4.4.25 Comparison and Analysis of the Monthly Energy Consumption of Chiller,
VRV and Split Type Air-conditioning Systems

The outcome of the simulation of chiller, VRV and Split type air-conditioning system on

the building model is summarized and tabulated in the following table.

Table 10 : Comparison of monthly energy consumption of Chiller, VRV & Split type air-
conditioning systems

Electric Consumption (kWh *000)

Jan Feb Mar Apr May | Jun Jul Aug Sep Oct Nov Dec Total
VRV 14.47 | 12.45 | 14.87 | 15,57 | 16.95 | 15.44 | 15.60 | 15.04 | 14.31 | 14.80 | 14.01 | 14.35 | 177.86
Chillgr 9.99 846 | 10.31 | 11.01 | 11.88 | 10.98 | 11.21 | 10.95 | 10.38 | 10.74 9.95 | 10.23 | 126.09
Space cool 3 }' 8, 19.0471 16.45 [719.57+ 20.42 | 22.25 [720.29 | 20.41° | 19.65 1 °18.71 7 19.31 | 18.33 | 18.78 | 233.21
\% 0.00 9.80 0'00 6.00 0:00 0.06 008 0.60 0:00 0.00 0.00 0.00 0.00
Chﬂ_Fer 0.79 0.59 0187, 138 1.6X 1.11 1.09 0.97 0.96 1.02 0.83 0.81 12.03
Heat reject Split 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
VRV 0.98 0.82 0.89 0.92 1.00 0.91 0.89 0.86 0.81 0.86 0.87 0.96 10.77
Chiller 2.85 2.58 2.85 2.76 2.85 2.76 2.85 2.85 2.76 2.85 2.76 2.85 33.57
Vent fan Split 1.02 0.92 1.02 0.99 1.02 0.99 1.02 1.02 0.99 1.02 0.99 1.02 12.02
VRV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Chiller 2.44 2.20 2.43 2.36 2.44 2.36 2.44 2.44 2.36 2.44 2.36 2.44 28.71
Pump & Aux Split 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
VRV 5.14 4.64 5.14 5.01 5.16 4.96 5.16 5.16 4.96 5.16 4.94 5.14 60.57
Chiller 5.14 4.64 5.14 5.01 5.16 4.96 5.16 5.16 4.96 5.16 4.94 5.14 60.57
Misc. Equipment | Split 5.14 4.64 5.14 5.01 5.16 4.96 5.16 5.16 4.96 5.16 4.94 5.14 60.57
VRV 5.20 4.69 5.20 5.03 5.20 5.03 5.20 5.20 5.03 5.20 5.03 5.20 61.21
Chiller 520 | 4.69 5.20 5.03 5.20 5.03 5.20 5.20 5.03 5.20 5.03 5.20 61.21
Area lights Split 5.20 4.69 5.20 5.03 5.20 5.03 5.20 5.20 5.03 5.20 5.03 5.20 61.21
VRV 25.79 | 22.60 | 26.10 | 26.53 | 28.31 | 26.34 | 26.85 | 26.26 | 25.11 | 26.02 | 24.85 | 25.65 | 310.41
Chiller | 26.41 | 23.16 | 26.80 | 27.55 | 29.14 | 27.20 | 27.95 | 27.57 | 26.45 | 27.41 | 25.87 | 26.67 | 322.18
Total Split 30.40 | 26.70 | 30.93 | 31.45 | 33.63 | 31.27 | 31.79 | 31.03 | 29.69 | 30.69 | 29.29 | 30.14 | 367.01
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Variation of monthly energy consumption of above three systems throughout the year is
shown in the following figure.

Monthly Energy Consumption of Chiller, VRV and Split AC

systems
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Figure 13 : N@F@hly energy consumption-of Chiller, YRV, and(Split, Type air-conditioning

systems

From the above coimparison, it was obseived that for all the morith of the year, monthly
energy consumption of the VRV air-conditioning system is tower than that of Chiller and
Split type air-conditioning systems. When the monthly energy consumption of Chiller and
Split type air-conditioning systems are compared, it was observed that the monthly energy
consumption of Chiller air-conditioning system is lower than that of Split type air-
conditioning system for all the months of the year. When the total annual energy
consumption of these three systems are compared, the lowest energy consumption of
310.41 MWh was resulted from the VRV air conditioning system. The second lowers
energy consumption of 323.18 MWh was resulted from the Chiller (central) air-
conditioning system and it was 4.1% higher than the annual energy consumption of VRV
air-conditioning system. The highest energy consumption of 367.01 MWh was resulted
from the Split Type air-conditioning system and it was 18.2 % higher than the annual
energy consumption of VRV air-conditioning system. It was also observed that the
estimated annual energy consumption of Split Type air-conditioning system is 13.5 %
higher than that of Chiller air-conditioning system.
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4.5 Life cycle cost analysis of the potentially applicable air- conditioning

systems
From the outcome of computer simulation, it was observed that the most efficient and low
energy consuming air-conditioning system for the selected building is the VRV air-
conditioning system. But, it gives an indication only about the recurrent or operational cost
of the potential air-conditioning systems which have been considered for the installation.
However, under the introduction, it was discussed that the initial cost and the cost of
maintenance could also influence the selection decision of the suitable air-conditioning
system for a building. The literature review also envisages that, initial cost of certain air-
conditioning technologies, specially the cost of VRV air-conditioners critically affecting
on the economic viability of air-conditioners with those technologies. Therefore, it is vital
to analyze the life cycle cost of potentially applicable air-conditioning systems before
making the final selection decision. Considering that fact, life cycle cost analyses were

performed for all three potentially applicable air-conditioning systems for this building.

451 Es
Chiller (CentgaBiAir-conttioring' System
=
For the lit j('a ( analysis| of, theeentral |« m, following
assumptiol ariff structure

and other practical circumstances.

System description:

Type of chiller: water cooled screw type chiller (the same system which was considered
for simulation.

Capacity of chiller ;70 TR

Capacity of Fan Coil Units : 0.8 TR

Initial Cost (IC):

Initial cost (cost of installation) of a water cooled screw type average quality central chiller

air-conditioning system was considered as Rs. 275,000.00 per TR based on the market
sources. This figure was validated from the bid prices of the tenders called recently for the

systems of similar nature.
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Electricity tariff:

Tariff category HP -1 was considered.
Tariff rate for energy (T) : Rs. 22.00 / kWh

Annual maintenance cost (AMC):

Cost of a service agreement : Rs. 560,000 / year (Rs. 140,000.00 per quarterly service)
Cost of repairs and spare parts: Rs. 380,000/ year (2 % of the initial cost)
AMC is the total of above two costs.

Life span of the system (LS):

Expected life span of an average central chiller system was considered as 20 years.

Economic life span of 18 yeas was considered for the calculation

Considering the above parameters, the life cycle cost of the central chiller system was

computed as follows.

LCC (chi||er) = [Zi:Jan - Dec ( kWhl X T) + AMC] X LS + IC

LCC (Chl” /’—?R@. | 972,880.00 for.the 15 yeal life span
\ ¥ s/
HEalculationyarelshalvhlin ‘Amhe

As the potentially applicable air-conditioning systems considered for the building have
different life spans, their LCCs are not comparable. Therefore, overall annual average cost

(OAC) of the system was calculated based on the LCC as shown below.
OAC (Chiller) = LCC (chiller) / LS
OAC (chiller) = Rs. 9,109,604.00

Similarly, the LCC and OAC of VRV and Split type air-conditioning systems were also
estimated and the results are shown in the following table (details of the calculation are

shown in Annexure A).
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Table 11 : LCC and OAC of potentially applicable air-conditioning systems

Item Type of air-conditioning LCC (Rs) OAC (Rs.) LS
system

1 Water Cooled Chiller (Central ) | 163,972,880 9,109,604 18

2 Air cooled VRV 96,042,200 9,604,220 10

3 Split 50,478,100 10,097,420 05

According to the results of the LCC analysis, central chiller air-conditioning system has the
best overall economic performance compared to the other two applicable air-conditioning
systems. This result shows that even though the VRV air conditioning system performed
more efficiently than the central chiller system for the selected building, it’s overall
economic performance over the lifespan is not as good as that of central chiller air-

conditioning system due to its high initial cost.

From the above analysis and literature review, it was observed that VRV air-conditioners,
despite of high energy performance fails to be economically competitive with central air-
conditioning system due tQ,the high initiadcast..Therefare dit. jspvitalito, find out the range
of initial costéﬁ'@t would Apake, the. bGC. and QAL of VRV @i-conditioning systems
economically C_’cgﬁpetitive with theycentral-chiller and split type air-conditioning systems.
For this purpose, LCC and OAC of VRV, central chiller and split type air-conditioners
were estimated for different initial costs (Rs./TR) and plotted on the same graph as shown

below, Detailed calculations are shown in Annexure A.

OAC of Chiller, VRV and Split A/C systems
for Different Initial Investments
14,500,000
13,500,000
12,500,000
11,500,000

10,500 000

OAC(Rs.)

—e— VR

9 500,000
Split

8,500,000

7,500,000

S0 000100 000 SO0 0000 00W 50 0000 0B S50 00000, 00 50 00000 000

IC(Rs./TR)

Figure 14 : OAC of potentially applicable air-conditioning systems against initial cost

—@— Cerntral Chilles
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OAC of Chiller and VRV A/C systems
for Different Initial Investments
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Figure lS_i.i‘;-“:”EconomicaI initial cast-ef.\/RW.and Chiller air-conditioning systems

The above graph shows that, under the study conditions, VRV air-conditioners become
economically attractive when the initial cost of the system go down below Rs. 267,766.79
per TR. When the initial cost increases further, chiller (central) system become

economically attractive.

4.5.2 Sensitivity analysis for + 10 % variation of electricity tariff and initial cost.
Sensitivity analysis is important to understand the behavior of LCC against the variation of
its dependent variables. Therefore, sensitivity analyses of the LCC of Central Chiller, VRV
and Split type air-conditioner systems were performed against the variation of electricity
tariff and initial cost by + 10%.

Following figures 16 and 17 show the sensitivity of LCC of above three systems against

+10% variations of electricity tariff and initial cost respectively.
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Variation of Electricity Tariff
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Figure 16 : Sensitivity of OAC of potentially applicable air-conditioning systems against
University' ¢ Rfliwa, Sri Lanka.
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Figure 17 : Sensitivity of OAC of potentially applicable air-conditioning systems against
initial cost
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Sensitivity analysis for electricity tariff shows that VRV air-conditioning system has the
lowest sensitivity to the variation of electricity tariff when compared with the other two
systems. Split type air-conditioners shows the highest sensitivity for variation of electricity
tariff. VRV, Chiller and Split system show Rs. 68,362.20, Rs. 70,951.60 and Rs. 80,814.20
variations in OAC for a 1.0 % variation of electricity tariff. The same three systems have
shown different responses for the variation of initial cost. VRV system which showed the
lowest sensitivity to variation of electricity tariff has shown the highest sensitivity to the
initial cost. The chiller system has shown the lowest sensitivity for variation of initial cost.
Chiller, Split and VRV air-conditioners show Rs. 10,694.44, Rs. 16,000.00 and Rs.
18,900.00 variations in OAC for a 1.0 % variation of initial cost.

: ¢§ z
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5 Conclusion and Recommendations

The main aim of this assignment was to study about the VRV air-conditioning system, its
maintainability and analyzing whether the prevailing demand for VRV air-conditioners is
because of its ability to satisfy the desires of purchasers. The methodology selected for the
study was carrying out a case study in a representative installation to achieve the research
objectives. A computer simulation was also performed on EQUEST to compare the energy
efficiency of the VRV air-conditioning system against the other alternative air-
conditioning systems which were considered for the installation at the preliminary stage of

the project (i.e. split type air-conditioners and chiller system).

5.1 Ability of VRV air-conditioners to satisfy the desires of the

purchaser
The project team that had been appointed by the CBSL for the implementation and
management of renovation project of the selected installation had following desires when
selecting t Hostel Block

of the Cen %;E’c & Sthitiies thek
&

e The apprepriatevaiegnditioning: systdia the possible

tabd

occupancy | 0 0 nodation unit
which provide accommaodation facilities to the participants of the training programs
organized by the Center for Banking Studies, the occupancy vary from program to
program. For example, it could vary from about 10% to 100%. The air-
conditioning system should be operated even when the occupancy is very low. This
requirement would have been best satisfied if the project team had selected the split
type air-conditioners for the building. But, due to some other constraints related to
the external appearance, the project team had not selected the split air-conditioners
for the installation. However, with the installed VRV air-conditioning system, the
users of the building have successfully provided air-conditioning facilities for all
the occupancy conditions they had to cater during the last five years. In that respect,
the VRV air-conditioning system has fully satisfied the owner’s desire on the
ability of operating the air-conditioning system under any occupancy level.

e The air-conditioning system had to be installed in the existing structure which is

not designed to accommodate an air-conditioning system. There were restrictions
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with regard to the space and headroom required for installation of chiller air-
conditioning system for the building. The limited space at the basement was
required for the operational services of the building. Installation of insulated chilled
water pies and condenser water pipes also was a challenging task with the limited
headroom at the basement (just around 2m). Alternatively, the ceiling space
available in the room area was sufficient to install insulated refrigerant pipes of the
VRV air-conditioning system. The outdoor units of the VRV system could be
easily placed in the back yard of the building without any problem. Accordingly,
the VRV air-conditioning system could be installed in the building satisfactorily
within the available space. Per se the VRV air-conditioning system had satisfied the
building owner’s requirement of installing the air-conditioning system in an
existing building structure despite of the space and structural restrictions.

e The project team had considered three options of air-conditioning systems for the
building at the preliminary stage. The alternative options they had considered are

split type air-conditioners, Chiller air-conditioning system and VRV air-

cor _ : V der split air-
cor a(%ﬂ&i[ ) C decision was
further:vakidate by low energy effi fspli litioners. The
project tea ient. As both

the options were considered as equal in terms of energy efficiency, the project team
had decided to select the VRV air-conditioning system. The average efficiency of
the installed VRV air conditioners is around 0.65 — 0.75 kW/RT and it is a
reasonably justifiable value compared with the efficiency of 0.5 to 0.7 kW/RT of an
average chiller. However, the user of the building had raised a concern regarding
the disadvantage of operating the outdoor unit of the VRV air-conditioning system
even when a single room is occupied. As they do not possess the knowledge about
the basic technology of the VRV air-conditioners, they had proposed to replace the
existing VRV system with split air-conditioners to conserve electricity. The
management of the Center for Banking Studies has somehow convinced the tenant
that the available VRV air-conditioning system is the most suitable system of air-
conditioning system to the building in terms of Energy Efficiency. Therefore, the
VRV system has fulfilled the owner’s expectation on Energy Efficiency

satisfactorily.
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5.2 Computer simulation of different air-conditioning options
considered for the building and saving potential of VRV air-

conditioners
A computer simulation was performed using equest Energy Simulation tool to compare the
energy performance of VRV air-conditioning system with the split type air-conditioners
and chiller air-conditioning system which were the other two air-conditioning options
considered by the project team during the preliminary stage of the project. Following

conclusions were made from the results of simulation.

e The most efficient air-conditioning system for this building is VRV air
conditioning system against the other two options namely Chiller and Split type air-
conditioning systems. According to the outcome of the simulation, annual energy
consumption of VRV, Chiller and Split type air-conditioning systems are 310.41
MWh, 323.18 MWh and 367.01 MWh respectively. Therefore, the chiller air-

conditioning system can also be considered as equally efficient as the difference

bet _ I e ‘ _ i ess than 5 %.
When téaeéa I"energy consum mpared, split
Sy ﬂ_.?__“f__bns: 1€ 1 13.5.9¢ nual energy
consumptic

e From the overall outcome of the simulation, it was concluded that the project team
had selected the most energy efficient air-conditioning system; VRV system from
the considered options; VRV, Chiller and Split systems, correctly even without

performing a comprehensive analysis.

5.3 Life cycle cost analysis of the potentially applicable air-conditioning

systems
According to the LCC analysis of the considered potentially applicable air-conditioning
systems for the building, chiller system has the lowest OAC. The analysis reveled that
OAC of Chiller, VRV and Split type air-conditioners are Rs. 9.1 Mn, Rs. 9.6 Mn and Rs.
10.1 Mn respectively. Therefore, chiller system can be considered as the most economical
air-conditioning system for the building. The project team had not considered the LCC of
different systems and hence not selected the most cost effective system for the building.
Instead, they had selected most efficient system which was not the most economical

system for the considered building.
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5.4 Maintainability of the VRV air-conditioners

There had been few maintenance problems in the air-conditioning system during the initial
years of operation. Leaking refrigerant through the refrigerant pipe network and weakening
of the insulation of refrigerant pipes were among the major problems prevailed during this
period. After the repairing of these leakages no significant fault or weakness in the air-
conditioner system had been reported. The contractor has maintained the air-conditioning
system satisfactorily without major interruptions or breakdowns after the rectification of
problems encountered during the initial period of operation. Therefore the maintainability

of the VRV air-conditioning system is satisfactory.

5.5 Conclusions and Recommendations

Considering the findings of the research study the following conclusions and

recommendations were made,

e The design and project teams of the selected installation (i.e. The project team of

Center for Banking Studies) have considered the following factors when selecting

the appreg ir-conditioning system.for the project,
(| gﬁﬁat ty-of-the-prapesediai canditioning syster: for, t ling.
astal afy1CaRVENteneer-ana Spa ation of air-

» The impact of equipments installed outside the building on the external
appearance and calm surrounding environment of the building.

» Maintainability of the different systems considered for the installation.

» Energy efficiency of the different feasible options.

e The results of computer simulation show that the Energy Efficiency of the VRV
system is satisfactory. It revealed that the chiller system also performs almost
efficiently as VRV system for the selected installation.

e Saving potential of VRV air conditioners could be high as 18% compared to the
energy consumed by split air-conditioning systems when used for appropriate
applications. This saving potential is anticipated only when system performs under
partial load conditions for a considerable time period of its total operation time.
Therefore, it is vital to consider the VRV system for the installations where the

building occupancy is regularly varying.
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e However, the project team had not performed a comprehensive LCC analysis of
considered potentially applicable air-conditioning systems for the building. As a
result, they had selected the most efficient system which was not the most
economical system among the considered potentially applicable systems.

e It is vital to perform a comprehensive LCC in addition to the analysis of Energy
Performance of considered systems as the most efficient option could not be the
most economical option in certain instances. Sensitivity analysis of the LCC with
respect to major components of LCC such as cost of energy and initial cost helps to
justify the selection of most economical option under the prevailing trends of
respective cost components.

e VRV system is more economical for the selected installation when the initial cost is
less than Rs. 267,766.79 / TR under the prevailing electricity tariff. When initial
cost increases further, chiller (central) system is cost effective than the VRV
system. When making decisions for marginal situations, sensitivity analysis should

be considered.

e Th aa some INTE £ prooiem }tne Jnitiaj p of Operation.
The mg@Miproblem was the weakening. of, the. insulation. of re ant pipes and
%?;’; i { eak g. O} | p p
leakingipoErefrigerant thiqugh the refrige stifying these
prc vithout major

failures. Hence, there were no major concerns regarding the maintainability of the
VRV air-conditioning system.

e The contractor who installed the VRV air-conditioning system had attended on the
technical faults of the system satisfactorily. The capability of the technical team of
the contractor on the trouble shooting and maintenance of VRV system is
satisfactory.

e Maintainability of the VRV air-conditioning systems is acceptable. It is necessary
to select the correct density and thickness of the refrigerant pipe insulation to
minimize the possibilities of formation of condensation along the refrigerant pipes.
Also, the power quality should be maintained at an acceptable level to ensure the
durability and proper functionality of electronics of the VRV air conditioning

equipment.
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The above conclusions and recommendations has been made based on the comprehensive
study performed on a single representative installation. Future studies of this nature are

anticipated to make the results of this study streamlined and validated.
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