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Abstract

Over the years, the energy consumed by buildings has been on a steady rise, accounting for
approximately 30% of global final energy consumption. Among various appliances that consume
energy in buildings, air conditioning is a major contributor. With the growing demand for space
cooling in the country, it is an excellent opportunity to implement meaningful and resourceful
interventions for the future of cooling technologies. The District Cooling System (DCS) with water
cooled chillers is an energy-saving technology that offers a significant advantage over individual split
air conditioning systems. The load profile plays a vital role in the efficient design and operation of
DCS. The assessment of cooling loads to determine an appropriate system sizing can have significant
economic and environmental benefits. However, much of the existing research on DCS has focused

on theoretical calculations rather than real-world data.

In this study, we considered 387 flats in Hyderabad, which have a DCS connection for chilled
water supply. Annual operational data spanning 12 months across different seasons were selected to
assess the residents’ requirement for the cooling demand. In order to better facilitate the operation of
the residential DCS, load diversity and system performance were analyzed for different seasons in the
year. After analyzing cooling data of flats and electricity data of DCS, this research provides the load

profile for various seasons throughout the year.

The daily average thermal usage per flat during summer, monsoon and winter was 26.4 kWhg, 9.4
kWhg, and 4.7 kWhy, respectively. The hourly average probability of a flat using Air Conditioning
(AC) during summer, monsoon, and winter was 0.35, 0.17 and 0.10. The AC usage of common places
during summer, monsoon, and winter was 2.3%, 3.4% and 2.8% of overall AC usage respectively. The
maximum hourly thermal load in summer, monsoon and winter was 1492 kW, 556 kWy, and 429
kWiu. The daily average electrical usage by the DCS during summer, monsoon, and winter was 4.96
MWh,, 3.1 MWh,, and 2.49 MWh,, respectively. During summer, monsoon, and winter pumps and
auxiliary equipment contribute around 45%, 54% and 41% of the total consumption of DCS

respectively. The mean daily thermal consumption of a flat during peak month was 34 kWhy. The
vii



average daily energy consumption of DCS during peak month was 15.3 kWh. per flat. The daily

average COP during the peak month was 2.2. This also includes pumps and auxiliary.

The peak thermal energy demand was 1492 kW, which was effectively managed using a single
chiller. Compared to the installed capacities, the actual peak demand represented 10.4% of the total
indoor unit capacity and 94.3% of the primary chiller capacity. A simulation model was prepared
based on the analysis of the actual measured data. The tuning has been done on schedules for cooling
load profile to match the actual measured load profile. This calibrated model was then used for the

simulation of residential thermal load in Delhi. It shows a cooling load reduction of 37% during April.
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Chapter 1

1. Introduction

1.1. Motivation and background

Rapid urbanization has led to a surge in urban populations, posing increased risks and detrimental
environmental effects. In 2021-2022, the residential apartment market sales have increased by 41%
across the top 8 cities in India [1]. Due to fewer green spaces and water bodies, the built environment
in cities is getting warmer and making people vulnerable to rising temperatures. In response, demand
for space cooling in the building has been viewed not only as a luxury but also as a critical element in
promoting health, well-being, and productivity. Apart from fans and air coolers in India, room air
conditioners have a 7-9% penetration in the residential sector, which will significantly increase over
the next decade [2]. This heightened cooling demand necessitates cleaner, more energy-efficient
technologies and environmentally friendly cooling solutions. According to India Cooling Action
Program (ICAP) reports, per capita energy consumed for space cooling in India stands at 69 kWh.
compared to the world average of 272 kWh. [2]. With the growing demand for space cooling in the
country, it is an excellent opportunity to implement meaningful and resourceful interventions for the
future of cooling technologies.

Generally, space cooling in hot regions is characterized by large seasonal and daily variations,
which puts a heavy demand on the electricity grid. The cooling load for most of the flats is met
through window units, split air conditioning or evaporative air coolers. These systems are mostly
predefined sizes catering to common markets. Unfortunately, these systems contribute to negative
environmental impacts by releasing greenhouse gases and excess heat. They also affect the aesthetics

of the building and create a noisy environment while running. In contrast, central air conditioning like

17



District Cooling Systems (DCS) uses environment-friendly refrigerants and water-cooled chillers to
reduce environmental impacts. This type of air conditioning provides reliable service and can be
equipped with energy-efficient equipment to reduce electricity consumption.

Demand load evaluation and management have assumed greater importance because user patterns
significantly influence system effectiveness. Studies have shown that compared to traditional cooling
systems in residential buildings, District Cooling Systems (DCS) offer significant benefits in terms of
reducing peak demand and operational costs [3], [4]. The energy efficiency and suitability of
centralized AC systems in residential buildings are highly dependent on the load pattern and load ratio
[5]. It's worth noting that due to the dispersed nature of residential structures, larger pumps may be
necessary to supply cooling to scattered zones, which can result in lower energy efficiency due to the
dispersion of cooling loads [6]. Accurately simulating building energy consumption relies heavily on
occupancy schedules, which can impact the internal heat gains from occupants, as well as the
operational status of building equipment and personal devices that occupants control, such as air
conditioning, lighting, and windows [60], [61]. It's important to note that inaccurate occupancy input

can significantly affect energy consumption simulation, especially in a community with numerous
households.

1.2. Problem statement

The problem statement of this thesis is to evaluate the performance of residential district cooling
systems with a focus on understanding the load diversity, load profile, and seasonal variations.
Through onsite measurement, we develop the building energy model to simulate and evaluate the

cooling load profile for residential buildings.
1.3. Contributions of the thesis
This study comprises of the following contributions in DCS:

1. Analyzed the load pattern for cooling in flats of apartment buildings during different

seasons.

2. Quantifies the electricity consumption patterns of district cooling system (DCS) across

various seasons.

3. Analyses the peak summer AC usage and electricity consumption of DCS.
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4. Identifies the load diversity of residential district cooling system.

5. A simulation model was created based on the actual DCS and the summer month cooling

profile for the flats was created through the AC usage analysis.
1.4. Thesis organization

This thesis is organized into six chapters. Following are the description of the chapters:

Chapter 1 gives a background of the study. The problem statement is defined, and contributions are
listed.

Chapter 2 provides a literature review on district cooling systems, thermal energy storage and load

management. Research gaps were identified and presented in the thesis.

Chapter 3 illustrates the physical description of the apartment building considered for this thesis. It

also describes the details of the district cooling system in the building.

Chapter 4 illustrates seasonal AC consumption patterns of flats and common areas and identify

various other factors affecting the usage patterns.

Chapter 5 analyses the electrical energy consumption of district cooling system for summer,

monsoon, and winter.

Chapter 6 presents the evaluation of peak summer month analysis of thermal and electrical

consumption of DCS and the load diversity.

Chapter 7 presents the building energy model of residential district cooling system in

DesignBuilder and the simulated cooling load profile of a summer month.

Chapter 8 consists of a summary and conclusions of this research work and possible future work

suggestions.
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Chapter 2

2. Literature review

2.1. Load profile and peak load

Recent advancements in dynamic simulation tools for energy consumption in residential buildings
have revealed that the behavior of occupants has a profound impact on building performance. In order
to achieve more precise results, it is crucial to input realistic occupant-related schedules, including

occupancy and appliance use schedules, into the simulation of building thermal loads. Neglecting to
do so could result in substantial discrepancies from real-world measurements [7]. Chow [8] and Gang

[9] conducted a study analyzing the system performance of various building types - such as offices,

schools, and hotels - for cooling load prediction based on predicted loads and different schedules.

Unlike a single residential building, a district consists of numerous households with varying
thermal demands, resulting in significant spatial and temporal load diversity. Weissmann et al. [10]
have demonstrated the impact of load diversity on central supply peak load using load profiles from
two buildings. Fonseca and Schlueter [11] have emphasized the importance of comprehending spatial
and temporal load diversity in district systems to determine equipment sizing and control strategy
application. Furthermore, Brounen et al. [12] have examined 305,001 dwellings in 2008-2009 and
found a wide variation in household consumption. Previous studies have concentrated on load
diversity based on building type, orientation, and envelope performance [10], [11], [13]. However,
occupant behavior could potentially be another crucial factor influencing load diversity among

buildings.

The sizing of HVAC systems heavily relies on peak loads, which is why much of the research on
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building aggregation has focused on peak load variation. For instance, Zhu et al. [14] conducted an
analysis of peak load and annual demand changes across various building scales using EnergyPlus
simulation results [15]. Gouveia and Seixas [16] on the other hand, looked into the differences in
daily electricity consumption among households and obtained ten typical residential electricity
consumption patterns by using clustering. Xu et al. [17] analyzed building electricity consumption
data and found that the uncertainty of aggregated load profiles decreased as the number of households
within a larger group increased. Kristensen et al. [18] concluded from data experiments that building
scale increase gradually reduce energy consumption prediction uncertainty. Richardson et al. [19]
showed how the value and uncertainty of peak load decrease as the number of households within

residential buildings increases.

The load profile plays a critical role in the effective design and operation of DCS. By accurately
sizing the system and assessing cooling load, DCS can offer both economic and environmental
benefits. A recent study analyzed actual hourly cooling and electricity usage data from the Hong Kong
Polytechnic University campus [20]. Using a simulation model, the study evaluated the energy
efficiency of DCS and individual cooling systems under various operating modes. The results indicate
that depending on the control technique employed, the payback period can range from 6.4 to 10.4

years.
2.2. District cooling system

ASHRAE defines DCS as “a concept of providing and distributing, from a central plant, cooling
energy to a surrounding area (district) of tenants or clients (residences, commercial businesses, or
institutional sites) [21].” The concept behind District Cooling System (DCS) technology is to
enhance the efficiency of air conditioning systems by centralizing them. DCS is an energy-saving
solution that outperforms individual split air conditioning systems. It operates as a centralized cooling
system that supplies refrigerant fluid (often water) through a distributed network to fulfill the cooling
needs of multiple buildings. Figure 2.1 depicts the schematic of the District Cooling project [22]. Tt
encompasses four main components: a central cooling plant, a heat rejection system, a distributed
network, and a terminal system. The central cooling plant's primary responsibility is to generate

chilled water to offer cooling services.
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Figure 2.1 District Cooling Project Schematic.

2.2.1. Central cooling plant: chiller

The chiller is a crucial component in a DC system, facilitating the transfer of energy from a lower
temperature (chilled water temperature) to a higher temperature sink (typically the surroundings).
Chillers fall under two main categories: vapour compression and vapour absorption/adsorption types.
Vapour compression chillers rely on an electrically driven mechanical compressor to circulate
refrigerant throughout the system and are the most widely used type. Further classifications of these
chillers are based on the technologies employed for heat rejection and compression, which are

described below.

Classification based on heat rejection: Chillers can be categorized into two main types: air-
cooled and water-cooled. Despite their differences in heat dissipation methods, both operate on the
same principle. Air-cooled chillers use finned tube heat exchangers to release heat into the air, while
water-cooled chillers utilize a shell and tube heat exchanger to expel heat into water. In the case of
water-cooled chillers, the condenser water carrying the expelled heat is cooled even further in a

cooling tower.

Classification based on compression technologies: When it comes to DC applications, vapour

compression chillers can be found with either screw or centrifugal compression technology. Screw
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chillers utilize rotary screw compressors to cool and compress, while centrifugal chillers rely on
centrifugal force to compress the refrigerant [23]. In terms of energy efficiency, centrifugal chillers
are typically more efficient when operating at full load, whereas screw chillers tend to excel in part-

load efficiency.

Absorption chillers: Absorption chillers and vapour compression chillers differ in the type of
input energy used to transfer heat from a low temperature to a high temperature. In the case of
absorption chillers, heat is the primary source of energy. After evaporation, the refrigerant is absorbed
in a solution and then pumped to a generator using a liquid pump, unlike a vapour compressor. In the
generator, heat is used to separate refrigerant vapour from the liquid solution. Refrigerant vapour
flows to the condenser, where it expels its latent heat to water from a cooling tower, changing from
vapour to liquid phase. Lithium bromide (Li-Br) is the most commonly used absorbent in commercial

absorption chillers, with water as the refrigerant.

Adsorption Chillers: Adsorption chillers and absorption chillers differ in the type of substance
they use to cool. While absorption chillers use a liquid absorbent, adsorption chillers use a solid
sorbate. As a result, adsorption chillers have distinct operational and performance features. To
function, adsorption chillers require two beds to be charged and discharged simultaneously and then

swapped, making their operation different from absorption chillers.
2.2.2. Heat rejection systems

Heat rejection systems, mostly cooling towers, are essential components of DCS. These towers
facilitate heat rejection by allowing air and water to directly interact with each other, resulting in a
decrease in water temperature. The design of the cooling tower is dependent on various factors,
including the quantity of heat to be expelled, the wet bulb temperature of the surrounding air, and the
approach temperature. As part of this process, a minimal amount of water is evaporated, resulting in a

reduction in the temperature of the water that is circulating through the tower.
2.2.3. Distribution network

A District Cooling system (DCS) is comprised of a chilled water distribution network situated
within the chiller plant, as well as a distributed network piping that connects to the building on the
load side. Additionally, there is a condenser water distribution system (in the case of water-cooled
systems) that connects the chillers, cooling towers, and condenser water pumps. While various types

of pumps can be employed in fluid transfer, centrifugal pumps are the most commonly utilized in
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District Cooling applications. The pre-insulated pipe insulation is designed with a maximum

temperature loss of 0.5°C in chilled water distribution [22].

2.2.4. Terminal system

Terminal System serves as a vital connection between the DC service and a consumer's AC system,
facilitating the transfer of thermal energy from the plant level to buildings or other consumers. Within
this system, a revenue-grade flow meter and temperature sensors are employed to accurately calculate
cooling energy consumption and demand for billing purposes. Known as a thermal energy meter or
BTU meter, this device continuously monitors the temperature of incoming and outgoing chilled
water as well as cooling capacity (TR).

2.3. Advantages

District Cooling is a cost-effective solution in certain contexts [24]. For instance, it is particularly
beneficial in urban areas where many buildings require cooling. On the other hand, district energy is a
more economical choice for buildings with high cooling demand, such as large public buildings,
commercial buildings, and densely populated residential areas [25]. Research has shown that district
cooling can reduce the reliance on fossil fuels for cooling in buildings [24]. Additionally, district
cooling provides many advantages to both building owners and the city. For building owners, it
eliminates the need for individual chillers and heat rejection units in each building, thus increasing the
amount of rentable space available. Furthermore, district cooling offers several benefits, such as
improved cooling quality, space savings, and the absence of sound pollution [26]. Moreover,
implementing district cooling can lead to a significant reduction in cost compared to individual

cooling systems.

The implementation of district cooling systems is a wise choice for businesses as it alleviates the
need for constant chiller operation and maintenance, freeing up resources to concentrate on their
primary activities [27]. This move also benefits the city by reducing noise pollution [28] and
mitigating the heat island effects caused by heat rejection units. Furthermore, the use of fewer
individual chillers leads to a decreased demand for refrigerants, aligning with the goals of the
Montreal Protocol and Kigali Amendment. Additionally, opting for larger chillers results in a lower
aggregated need for electricity as they can achieve higher efficiencies compared to smaller units

typically found in buildings [29].

The thorough examination and assessment determined that DCS exhibits significant potential for
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energy savings throughout the year. DCS operates efficiently under partial loading, with Variable
Frequency Drive (VFD) technology and dual compressor Chillers performing at high efficiency
levels. As Chillers constitute a significant proportion of the initial cost, DCS presents a substantial
opportunity for cost savings compared to individual cooling systems [30].

2.4. Storage

The role of energy storage is becoming increasingly important as the use of renewable energy
sources like wind and solar power continues to rise. These sources are known to fluctuate, making
energy storage a crucial component of modern power systems, which require instantaneous
consumption of electricity. However, electrical energy storage, such as batteries, can be costly.
Thermal storage entails storing cool water on various scales, ranging from daily to seasonal
variations. Accumulator tanks are frequently utilized to address daily fluctuations and can assist in

reducing system load spikes by redistributing the load, resulting in more consistent production.

Moreover, energy storage in buildings has proven beneficial for short-term storage [31].

Numerous materials are utilized for thermal energy storage, each requiring specific thermophysical
properties such as a suitable melting point, high latent heat, high specific heat, and high thermal
conductivity to cater to various thermal applications. In addition, these materials should ideally
possess other characteristics like low supercooling, affordability, easy accessibility, thermal and

chemical stability, minimal volume change, non-toxicity, low vapor pressure, congruent melting, and
low flammability [32]. TES systems can be classified into three main groups based on the type of

material selected for cold storage [33].
® Sensible thermal storage systems
e Latent thermal storage systems

¢ Chemical thermal storage systems

2.4.1. Sensible thermal storage systems

Sensible thermal energy storage materials store heat energy in their specific heat capacity (Cp).

The thermal energy stored by sensible heat can be expressed as

Q:m'CP'AT (2-0)
where m is the mass (kg),
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G, is the specific heat capacity (kJ.kg'.K™") and AT is the raise in temperature during charging

process.

Throughout the energy absorption process, there is no phase change, resulting in an increase in
temperature for the material. The quantity of heat stored is directly proportional to the storage

material's density, volume, specific heat, and variation in temperature.

Water is a highly versatile substance that can be utilized in active systems as both a heat transfer
fluid (HTF) and a TES material. Being readily accessible and non-toxic, as well as non-flammable, it
poses no harm to individuals. As such, water is exceptionally well-suited to serve as a thermal energy

storage material for a range of applications, including home space heating, cold storage of food

products, and hot water supply [33].

Thermal storage materials that are deemed sensible are known for their remarkable thermal
stability even at high temperatures, making them the go-to choice for numerous high-temperature
applications. Sensible heat storage materials are typically made from low-cost materials, with the
exception of liquid metals and thermal oils. While the specific heat of these materials is 50-100 times
smaller than that of latent heat, they still possess a sizable thermal energy storage density due to their

wide range of operating temperatures and high density.
2.4.2. Latent thermal storage systems

These materials are capable of storing heat through latent heat during a constant temperature
process, such as phase change. Solid-liquid phase change is typically used, but solid-solid phase
changes have their own advantages, such as no leakage and no need for encapsulation. While liquid-
gas phase change has the highest latent heat of phase change [34], the significant change in storage
material volume makes it impractical for general use. The thermal energy stored by latent heat can be
expressed as

Q=m-L (2-0)
where m is the mass (kg), L is the specific latent heat (kJ.kg™).

Organic materials are a popular choice for TES due to their solid-liquid phase change temperature
falling within or near human thermal comfort range. They are also readily available in nature,

chemically stable, non-toxic, and non-corrosive. However, they decompose at higher temperatures and

have poor thermal conductivity. With latent heat 50-100 times greater than sensible heat, latent heat
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storage materials offer high energy storage density near the phase change temperature, resulting in
compact TES systems. In LHS TES systems, the outlet temperature of the HTF remains steady during
discharge. The main drawback of latent heat storage materials, however, is their poor thermal
conductivity.

2.4.3. Chemical thermal storage systems

Chemical thermal storage systems utilize reversible reactions that involve heat absorption and
release to store thermal energy. They operate at a moderate temperature range of 200°C to 400°C.
Chemical thermal energy storage boasts advantages such as the highest thermal energy storage density
(per-unit mass and per-unit volume), as well as long-lasting storage with minimal heat loss. However,
there are some technical challenges associated with this method, such as sintering and grain growth
during charging, which can reduce porosity and hinder the rehydration process during discharge.
While chemical thermal energy storage is still in the laboratory stage, further research and experience
are needed to refine the technology for commercial applications.

2.5. Operation strategies

As urban populations continue to grow and energy needs rise, it's crucial to ensure demand can be
met during peak hours. However, DC systems often face a challenge: the significant distance between
energy production and consumption can result in time delays [33]. To address this issue, a
combination of increased capacity and flexibility is necessary, with TESs proving to be a fitting

solution.

During off-peak hours, stored cooling can be used to partially or completely offset on-peak load,
according to research [35]. The objectives of the load shifting can be categorized into three groups:
minimizing operating costs including energy and peak demand costs, minimizing peak demand costs,
and minimizing energy costs [36]. Developing a load shifting control strategy consists of three
essential components: load prediction, cooling charging control, and cooling discharging control [35].
To use thermal energy storage for load shifting control, an additional water loop is required to charge
and discharge the storage tank and deliver cooling to the existing chilled water loop. Figure 2.2
illustrates typical cooling charging and discharging processes. During the cooling charging process,
cooling produced by the chiller in off-peak periods is directly stored in TES. During on-peak periods,
cooling is discharged from TES to partially or completely offset end users' mechanical cooling

demand [35].
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Figure 2.2 Schematic of charging and discharging processes using TES.

The controls that utilize TES for load shifting can be classified into two categories: heuristic
control and optimal control. Heuristic control strategies are based on simple heuristic rules and are
generally near optimal. These strategies primarily consist of storage capacity-based control and
priority-based control. Storage capacity-based control can be divided into full storage control and
partial storage control depending on whether the storage system can fully offset the load during peak
periods. Priority-based control can be further divided into chiller priority control, storage priority
control, and constant proportion control based on which system (chiller or storage) has priority in
satisfying the on-peak cooling load. However, since the trade-off between energy increase and peak
demand reduction is not considered in these strategies, the final cost savings may not be optimal. On
the other hand, optimal control strategies aim to minimize operating costs by considering the trade-off
between energy increase and peak demand reduction. The principles of both heuristic and optimal

load shifting control using TES are presented in the following sections.

TES systems can be categorized into two types based on their cooling storage capability: full
storage and partial storage [37]. In a full storage system as shown in Figure 2.3 a, the stored cooling
is sufficient to meet the entire cooling demand during on-peak periods, eliminating the need to turn on
the chiller. On the other hand, partial storage systems cannot store enough cooling for on-peak cooling
loads, and the chiller needs to be switched on to meet part of the on-peak load as shown in Figure 2.3
b. Peak demand limiting control and load leveling control are two groups of partial storage control. In
peak demand limiting control, the chiller operates at a reduced capacity or demand level during on-
peak periods, and this strategy requires complex control systems because storage must meet peak

demand [37]. Load leveling control typically operates with the chiller running at full capacity for 24
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hours, as shown in Figure 2.3 c. Excess cooling is stored when the cooling load is lower than the
chiller output, and the additional requirement is discharged from the storage system when the load

exceeds the chiller capacity.
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Figure 2.3 Storage capacity-based control strategies [35].

Numerous studies have examined and assessed various load shifting control strategies utilizing
thermal energy storage (TES) under different rate structures. The majority of these strategies fall
under the heuristic control category. In one case study by Chaichana et al.[38] a simulation of an
internal ice-on-coil ice storage system was conducted on a typical office building in Thailand based
on the model proposed by Neto and Krarti [39]. The results revealed that under Thailand's electricity
tariff rates, the full storage control strategy yielded a monthly savings of up to 55% on cooling

electricity costs. Additionally, total energy consumption was reduced by approximately 5%.

In another investigation by Habeebullah [40], on the economic feasibility of implementing ice
storage systems in the air-conditioning plant of the Mosque of Makkah, it was discovered that the
storage system did not provide any benefits for partial or full storage control strategies due to a fixed
electricity rate of 0.07 $/kWh. However, the author recommended the use of a full storage control
strategy combined with an incentivized time-structured rate as a means of significantly reducing

overall electricity costs.

Yau and Lee [41]. conducted a case study using a typical library building located in a tropical
region. They utilized an ice-slurry cooling storage system in their simulation, and the findings
revealed that implementing the full storage control strategy resulted in a 24% reduction in overall
costs based on the electricity tariff rate of Malaysia. However, it is important to note that the

cumulative energy consumption increased by 20% due to the higher chiller energy consumption and
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longer water pump usage in comparison to the baseline design.

Various studies have explored the effectiveness of heuristic control strategies, including a case
study conducted by Sabzali and Rubini [42] on a clinic building. Their research involved analyzing
different storage capacity-based control strategies through computational modeling. Results indicated
that the full storage control strategy yielded the highest cost reduction for the building in question, but
it required a larger chiller and storage system compared to the other partial storage operation
strategies. Additionally, the study found that shifting charging periods from 18:00 to 20:00 led to a

decrease in total energy usage due to the lower dry bulb temperature.

Many studies [43], [44], [45], [46], [47] have shown that implementing a time-of-use rate
structure results in storage-priority strategies outperforming chiller-priority ones. The performance of
the storage priority strategy improves as the differentials between on-peak and off-peak energy and
demand charges increase compared to the chiller priority strategy.

2.6. Identified gaps

Designing energy-efficient buildings can be a complex process. Traditional computing methods
used by building designers may not provide precise estimations of a building's energy performance. In
many cases, consultants depend on general guidelines and input from equipment providers to choose
and configure building elements and systems. This strategy may not be optimal for developing sizable

and intricate buildings and could lead to subpar energy efficiency in the long term.

The energy efficiency and suitability of centralized AC systems in residential buildings are heavily
influenced by the load pattern and load ratio. The load profile plays a vital role in the efficient design
and operation of DCS. However, much of the existing research on DCS has focused on theoretical
calculations rather than real-world data [48], [49]. This can result in discrepancies between
theoretical values and actual operating values, as real-world factors such as human behavior often
deviate from the intended design usage patterns. In this thesis, we continue to understand the impact
of usage pattern on system performance, demand load evaluation and management have become

increasingly important.

In the Indian context, there are no studies available related to the residential district cooling
system. This thesis aims to address the gap by studying the case of existing residential DCS. Large-
scale and long-term studies of AC usage in houses are not available, and this is one of the gaps

addressed in this thesis. This thesis aims to examine the load patterns and external factors that
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contribute to the development and operation of effective residential cooling systems. It is also
essential to investigate the load diversity of the system. The annual operating data of the AC usage in
flats and the electrical consumption of the DCS will provide valuable insights into the performance of

the residential DCS.
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Chapter 3

3. Description of the case study

3.1. Introduction

This chapter will provide some background to DCS installed in a residential complex in
Hyderabad. This thesis studies the impact of DCS on residential complexes. Therefore, a detailed
description of DCS is needed to understand the results. This chapter describes of the building’s
physical characteristics, district cooling systems, and operation data collected [50], [51]. The initial
steps involved collecting detailed information about the DCS equipment involved in the project and

how it interacts with the building system.
3.2. Building description

3.2.1. Study area
The residential complex used in the field study is located in Hyderabad (17.3850°N, 78.4867°E),
the capital city of Telangana. The city experiences an arid climate, primarily consisting of dry and hot
days. Although cooling is needed all year round, the main demand is from March to July. As depicted
in Figure 3.1, the May month experiences hot weather with an average maximum temperature of 39.0
°C and an average minimum temperature of 26.2 °C [52]. The precipitation is higher for the four

months: June, July, August and September.
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Figure 3.4 Hyderabad weather[52]

3.2.2. Physical description of building

The building as shown in Figure 3.2, is a residential apartment complex located in Madhapur, a
commercial area of Hyderabad. The cooling requirements of the entire complex, which featured a
built-up area of approximately 1,04,344 m” had been met by a centralized air conditioning system
since its commenced operations in 2015. The complex comprised five towers, each with 18 floors, and
a total of 387 flats. The area of the flats ranges from 180 m* to 450 m?, encompassing a living room,
drawing room, kitchen, washroom, dining room, home theatre and three to five bedrooms. Figure 3.3

shows the key plan of the site.
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3.2.3. Residence types

There are five types of flats in the building. Figure 3.4 shows the floor plan of the individual flats.
Table 3.1 shows the area and number of flats in the buildings. Type 1 has 3 bedrooms, 1 living/dining,
1 drawing room, 1 home theater, 1 puja and kitchen. Type 2 is similar to Type 1 without a home
theater. Type 3 is similar to Type 1 with a servant room attached to it. Type 4 and type 5 have 4
bedrooms, 1 living/dining, 1 drawing, 1 home theater, 1 puja and kitchen. Both type 4 and type 5
differ only by area occupied. All the living space in residence is fully air conditioned through central

cooling plant.

2310 Sft-EF
s

-------
--------

Figure 3.7 Residence layouts
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Table 3.1 Number of flats and area.

Flat Type Flat Area (m?) No of flats
Type 1 215 144
Type 2 241 140
Type 3 321 70
Type 4 443 28
Type 5 387 6

3.3. District cooling system

3.3.1. Design considerations
For the cooling load calculations, the considered temperature and relative humidity (RH) were as
follows: Summer, T = 41.1 °C, RH = 26%; Monsoon, T = 29.4 °C, RH = 82%; Winter, T = 12.7 °C,
RH = 60%. Table 3.2 shows the floor area and load estimation of the towers. Based on the design
conditions, the calculated cooling load of the building amounted to approximately 0.13 kWg/ m®
(0.003 TR/f?).

Table 3.2 Floor area and load estimation.

Floor Area (m?) Load estimation (kW)
Tower A 22,182 (2,38,765 ft?) 2,961 (842 TR)
Tower B 22,182 (2,38,765 ft?) 2,961 (842 TR)
Tower C 15,616 (1,68,089 ft?) 1,811 (515 TR)
Tower D 22,182 (2,38,765 ft*) 2,954 (840 TR)
Tower E 22,182 (2,38,765 ft*) 2,954 (840 TR)
Total 1,04,344 (11,23,149 ft2) 13,641 (3879 TR)

3.3.2. Central cooling plant

The DCS was situated in the basement of the residential apartment complex. The system was
equipped with two water cooled screw chillers, each with a capacity of 1583 kW, (450 TR) - one in
operation and the other as standby. Additionally, there was a water-cooled screw brine chiller with a

capacity of 1477 kWy, (420 TR). Figure 3.5 shows the screw chiller installed at the basement. While
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screw chiller utilize water as a cooling medium, the brine chiller uses brine solution. The brine system
incorporated two plate heat exchangers, each with a capacity of 1583 kW (450 TR), to facilitate heat
exchange with the main chilled water loop. The piping configuration of the screw chiller was parallel,
as the peak load generally fell below the full capacity of one chiller. This design also employed a
constant primary and variable secondary pump strategy to enhance energy efficiency within the
distribution network. Furthermore, two thermal energy storage tanks, each with a capacity of 1500
TR-h, were utilized during periods of low load to enhance chiller efficiency. To accommodate fluid

expansion and pressure variations, an expansion tank with a volume of 5500 liters was employed.

Figure 3.8 Chiller system
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Figure 3.9 Simplified schematic diagram of DCS.

As depicted in the simplified schematic diagram in Figure 3.6, the district cooling system
employed a common heat rejection system for both the chillers. The indoor units of the residence have
a direct connection with the chilled water system and an indirect connection with the brine chiller
system through a heat exchange plate. Depending on the cooling load level, various strategies were
adopted to ensure the efficient operation of the chillers. The heat rejection system comprised eight
cooling towers utilizing a forced draft design, operating at a constant speed. Among these, two
cooling towers have a capacity of 774 kW, (220 TR) each, three cooling towers have a capacity of
528 kW (150 TR) each and the remaining three cooling towers have a capacity of 440 kW (125 TR)
each. The manual operation of these cooling towers is accompanied by continuous monitoring of heat
rejection and water chemical levels. Table 3.3 provided the design settings for the DCS. The
temperature difference between the supply and the return temperature of condenser water in the chiller

system ranges from 2 °C to 6 °C.
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Table 3.3 Design settings.

Parameter Value
Chilled water supply temperature at District Cooling Plant 6 °C
Chilled water supply temperature at the consumer end (°C) 6.5 °C
Chilled water return temperature at the consumer end (°C) 11 °C
Chilled water return temperature at District Cooling Plant (°C) 11.5°C
Design pressure of the chilled water distribution network (Pa) 4,00,000 Pa
Pressure loss is the chilled water distribution network (Pa) 50,000 Pa
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3.3.3. Distributed network

All 387 flats and six common areas are served cooling through a dedicated shaft designed for both
the return and supply of chilled water. Figure 3.7 shows the distribution of chilled water from the DCS
to the flats. For the circulation of chilled water in the system, two primary pumps with a capacity of
22 kW. each were employed. Additionally, four secondary pumps were deployed; two pumps with a
capacity of 30 kW, and two pumps with a capacity of 18.5 kW, equipped with variable frequency
drives to adjust the motor speed according to demand. Five condenser water pumps, each with a
capacity of 30 kW, were used for the circulation of condenser water. Similarly, for the circulation of
brine water, two primary pumps with a capacity of 22 kW. each, were installed, along with four

secondary pumps: two pumps with a capacity of 30 kW. and two pumps with a capacity of 18.5 kWe.

Tower A Tower B Tower C Tower D Tower B

Secondary
J | pumps

=
pumps

A
i 4
R 4

District Cooling System

Chilled Return Water
—p—  Chilled Supply Water

Figure 3.10 Chilled water distribution network.
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Figure 3.11 Chilled water supply and return pipes
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Nitrile rubber covered with seven mill cloth and white paint was used for insulating the chilled
water pipes in the flats. The chilled water header pipeline was insulated using a 75 mm thick
Expanded Polystyrene (EPS) pipe section covered with aluminium cladding. Figure 3.8 shows the
running chilled water pipes in the shafts. The design temperature drops along the supply and return
water in the distribution network were set at 0.5 °C. Nine chilled water shafts facilitated the

circulation of chilled water from the plant to each floor.

3.3.4. Terminal system

Figure 3.12 Cassette unit in the living room.

Figure 3.9 shows the view of the living room with cassette unit. The end connection of the DCS is
directly connected to each flat with a butterfly valve, thermal energy (BTU) meter and balancing
valve. Figure 3.10 shows the BTU meter installed at flats. The thermal energy was measured for every
flat separately and the data are stored in the building management system. BTU meter reads the
thermal usage of the flat. Apart from regulating the chilled water flow, these valves allowed for
disconnection if the residence opted not to use air conditioning. Figure 3.11 illustrates a typical flat A
and B with indoor air-cooling units connected to DCS. Each flat was equipped with seven to ten

indoor units (cassette/fan coil unit) as per the design.
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Figure 3.13 Thermal energy meter.
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Figure 3.14 Typical flat connection with the DCS.

A summary of the indoor units is presented in Table 3.4. The total number of chilled water Fan
Coil Units (FCU) is 829 (1.5 TR - 797, 2 TR - 5, 3 TR - 27), and the total number of chilled water
cassette units is 1790 (1.5 TR - 1736, 2 TR- 51, 3 TR - 3). The clubhouse areas featured ceiling-
suspended chilled water Air Handling Units (AHU) with a combined capacity of 274 kW (78 TR in
total, including 10 TR at multipurpose hall-1, 16 TR at multipurpose hall-2, 16 TR at the gym, 30 TR
at the shuttle court and 6 TR at the squash court).
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Table 3.4 Indoor units summary.

Cassette FCU

S No Location 5 kWu, 7 ka 11 kWﬂ, 5 kWﬂ, 7 ka 11 kWu,
(1.5 TR) (20TR) | (3.0 TR) (1.5 TR) (20TR) | (3.0 TR)

1 Tower A 430 - - 152 - -

2 Tower B 374 1 - 206 - -

3 Tower C 128 50 3 77 5 27

4 Tower D 374 - - 214 - -

5 Tower E 430 - - 148 - -
Total 1736 51 3 797 5 27

3.4. Monitoring and billing

The monitoring of cooling system usage and electricity usage of the flat was facilitated through a
thermal energy meter and a three-phase energy meter, both connected to the building management
system and cloud server. The thermal energy was measured from the BTU meter in kWh thermal units
and held an accuracy of EC + (0.5 + A® min/A®) %. The electricity meter has an accuracy of class 1
(Default) IEC 61036, CBIP 88 and incorporated options for integrating the BTU meter. The meter
transmitted the monitored data to both the server and the building management system within the
building. This data was then used to calculate the monthly bills for residents. Electricity data from the
district cooling plant was measured collectively for each chiller, pump, and cooling towers. Customers
were billed based on the AC consumption recorded by their individual BTU meter, rather than the
electricity consumption of the DCS. Figure 3.12 a show the image of the three-phase meter and Figure

3.12 b shows the image of the electricity meter of the pump system.

Figure 3.15 a) Home meter, b) Pump meter
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3.5. Data
3.5.1. Data collection

This study used data from 387 flats and six common areas. From the DCS side, chiller data and
auxiliary equipment (pumps and cooling towers) data were collected separately. The daily outdoor
temperature was collected from the visual crossing website [53]. All data were sourced from the
building’s Building Management System (BMS) and measured by permanently installed measuring
devices. The description of the collected data is given in Table 3.5.

Table 3.5 Description of the data

Type of data  Time period Data Data points Time

units interval
AC usage April 2022 to March 2023 (365 days) kWhy  13.8 million 15 min
Electricity April 2022 to March 2023 (365 days) kWhe 0.15 million 15 min

usage

3.5.2. Data processing

The collected data was then cleaned and preprocessed into a readable format suitable for analysis.
Microsoft Excel was employed for data viewing and analysis [14]. To protect the privacy of the users’
residence IDs were anonymized. Around 2.4% of the data was missing in the collected dataset. To
address this, the simple moving average method was applied to interpolate the missing data, using a
window of three in the time series [55]. As the values were cumulative, the value was adjusted to
match the exact total of the missing data. The year was divided into three parts overlapping with the
major seasons: Summer (March to June), Monsoon (July to October), and Winter (November to
February). The day was divided into four segments: early morning (12 AM to 6 AM), morning (6 AM
to 12 PM), afternoon (12 PM to 6 PM), and night (6 PM to 12 AM).

3.6. Summary

This chapter provides a brief overview of the building and district cooling system, which
will be further analyzed based on actual usage data. The study considered flats for typical flats
usage patterns without regard to floor area, orientation, or occupancy. It should be noted that
the families living in these flats are generally from the upper-middle class, so the findings

from the study cannot be extrapolated to the broader population.
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Chapter 4

4. Residential AC usage distribution

4.1. Introduction

This chapter analyses AC usage patterns of flats and common areas. It identifies variations in AC
usage on a daily and seasonal basis. This chapter further explains the corelation of outdoor temperature

and the monthly variations in the AC usage.

4.2. AC usage by all flats

Daily average AC energy usage - Residence
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Figure 4.16 Daily average AC usage of flats.

The graph in Figure 4.1 shows the daily average AC usage by all the flats. The total hourly

AC load from all the flats during the day was considered for this figure. The hours were
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averaged for four months to represent the particular season. The daily average thermal usage
by the flats during summer, monsoon, and winter was 10,210 kWhg, 3,639 kWh, and 1,809
kWhg, respectively. Table 4.1 represents the hourly average AC usage during the quarter day.

The lowest usage occurred during the winter afternoon, and the highest during early summer

morning.
Table 4.6 Hourly average thermal load (kW) of flats.
Time period Summer Monsoon Winter
Early morning 616 234 128
Forenoon 276 105 52
Afternoon 312 89 38
Night 497 179 84

4.3. Probability

Daily average probability of a residence using AC
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Figure 4.17 Daily average probability of flats using AC.

The graph in Figure 4.2 shows the daily average probability of AC usage by the residents.
The hourly probability of flats using AC is calculated by the ratio of the number of days AC is
used to the total number of days. Then, the average of each flat’s probability is calculated for
the particular season. The hourly average probability of a flat using AC during summer,
monsoon, and winter was 0.35, 0.17 and 0.10. Table 4.2 represents the hourly average

probability of a flat using AC during the respective quarter day. The probability of flats using
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AC is lower in the afternoon in all three seasons.

Table 4.7 Hourly usage probability of AC in a typical house.

Time period Summer Monsoon Winter
Early morning 0.50 0.27 0.17
Forenoon 0.26 0.14 0.08
Afternoon 0.25 0.10 0.05
Night 0.36 0.18 0.09

4.4. AC usage per flats (considering all flats)

Daily average load- per Residence

20

kWi,

1.0
0.5

0.0
0:00 1:.00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Time
Monso

»Summer Winter

Figure 4.18 Daily average thermal load per flat (all flats).

Figure 4.3 shows the daily average thermal load by a flat (considered all flats). This calculation
considers all the flats irrespective of their AC usage at that hour. The hours were averaged for four
months to represent the particular season. The daily average thermal usage per flat during summer,
monsoon and winter was 26.4 kWhg, 9.4 kWhy, and 4.7 kWhy, respectively. Table 4.3 represents the
hourly average AC usage per flat (considered all flats) during the quarter day. The daily average AC
load per flat (all flats) during summer is 2.8 times more than in monsoon and 5.6 times more than in

winter.
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Table 4.8 Hourly average thermal load (kW) of a flat.

Time period Summer Monsoon Winter
Early morning 1.59 0.60 0.33
Forenoon 0.71 0.27 0.13
Afternoon 0.81 0.23 0.10
Night 1.29 0.46 0.22

4.5. AC usage per flat (considering flats using AC)

Daily average AC load of a residence
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Figure 4.19 Daily average thermal load per flat (flats using AC).

Figure 4.4 shows the daily average thermal load by a flat (considered flats only when AC was used).
This calculation considers the flats which use AC during the hour for calculation. The hours were
averaged for four months to represent the particular season. In winter, the AC load is higher from 10
AM to 2 PM compared to monsoon. Table 4.4 represents the hourly average AC load per flat
(considered flats only when AC was used) during the quarter day. In this table, the AC load during
monsoon and winter are almost similar. Table 4.5 shows the daily average AC load per flat (flats using
AC) during summer, which is 1.3 times more than in monsoon season and 1.4 times more than in

winter.
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Table 4.9 Hourly average thermal load (kW) of a flat.

Time period Summer Monsoon Winter
Early morning 2.9 21 1.8
Forenoon 2.4 1.9 2.0
Afternoon 3.0 2.4 2.2
Night 3.2 2.5 2.2
Table 4.10 Average daily energy (kWhy,) per flat (flats using AC)

Time period Summer Monsoon Winter
Average daily energy 69.2 53.6 49.7
consumption

4.6. Thermal use during weekday & weekend

Daily average AC energy usage - Residence
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Figure 4.20 Daily average AC usage of flats during weekday and weekend.

Figure 4.5 shows the daily average AC usage by all the residents during weekdays and weekends.
This calculation considers Saturday and Sunday as weekends and the remaining days are weekdays.
The weekend AC usage during the day is higher compared to the weekdays, but the midnight peak is
higher during weekdays. Table 4.6 represents the hourly average AC load of all flats during the quarter
day for weekdays and weekends. The table shows that weekend AC usage is higher in all quarters of the
day. From Table 4.7, we can see the daily average AC usage during weekdays is slightly higher than at

the weekends.
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Table 4.11 Hourly average thermal load (kW) of flats.

Time period Summer Monsoon Winter

Weekday Weekend Weekday Weekend Weekday Weekend
Early morning 663 667 249 257 134 139
Forenoon 305 335 118 133 57 72
Afternoon 294 342 83 99 35 45
Night 412 417 142 151 62 65

Table 4.12 Average daily energy (kWhg) during weekday and weekend.

Summer Monsoon Winter

Weekday Weekend Weekday Weekend Weekday Weekend
Average daily energy
consumption 10,045 10,563 3,555 3,842 1,732 1,926

4.7. Common areas
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Figure 4.21 Daily average AC usage of common places.

The graph in Figure 4.6 shows the daily average AC usage by the common spaces. The common
spaces include a gym, yoga, marketing office, supermarket, indoor court, and multipurpose hall. The
average AC usage during the hour of the day by all the common areas is considered for this figure. The
daily average thermal usage by the common areas during summer, monsoon, and winter was 238 kWhg,
127 kWhg, and 51 kWhy, respectively. Table 4.8 represents the hourly average AC usage during the
quarter day.

Table 4.13 Hourly average thermal load (kW) of common places.

Time period Summer Monsoon Winter
Early morning 2 1 1
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Forenoon 12 7 3
Afternoon 14
Night 12 6 3

N
N

4.8. Overall AC usage

Daily average AC energy usage
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Figure 4.22 Daily average of overall AC usage.

The graph in Figure 4.7 shows the daily average of overall AC usage in the building. This includes
both flats and common places. The daily average overall AC usage during summer, monsoon, and
winter was 10,449 kWhg, 3,768 kWhy, and 1,859 kWhy, respectively. The maximum hourly thermal
load in summer, monsoon and winter was 1492 kW, 556 kWy, and 429 kWy. The AC usage of
common places during summer, monsoon, and winter was 2.3%, 3.4% and 2.8% of overall AC usage

respectively. Table 4.9 represents the hourly average AC usage during the quarter day.
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Table 4.14 Hourly average thermal load (kW) of all users.

Time period Summer Monsoon Winter
Early morning 667 253 138
Forenoon 324 129 64
Afternoon 322 95 40
Night 429 152 67

4.9. Influence of outdoor temperature

Average daily thermal energy vs Average daily outdoor temperature
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Figure 4.23 Daily average AC usage vs daily average outdoor temperature.
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Figure 4.8 reveals the average daily thermal energy as a function of the average outdoor

temperature. This calculation uses daily average thermal AC usage per flat (considered all flats). This

figure illustrates a clear positive correlation between outdoor temperature and thermal energy. During

early summer (march month), the daily thermal load is lower even for higher outdoor average

temperatures. The thermal energy consumption by residents is higher in monsoon than in winter, even

for the same daily average outdoor temperature.

53



4.10. Month wise AC usage

Daily Thermal Consumption during months
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Figure 4.24 Month wise daily AC usage.

The graph in Figure 4.9 shows the daily overall average AC usage per flat during the month. The AC
usage includes both flats and common places. The months from January and March are from the year
2023, and the remaining months are from 2022. March 2023 was chosen for summer instead of March
2022 since it has a lot of missing data. Even though the outdoor temperature is high in March, the

thermal consumption is still low compared to the other summer months.

Our study shows the summer AC consumption of a house during summer is 9.1 kWhg during
daytime and 17.3 kWhy, during nighttime. Similar study conducted by Hisham et al. [59] in Malaysia on
20 households revealed that air conditioning was used for around 5 to 6 hours per day, consuming 0.93
kWh¢/day during daytime and 3.43 kWh./day during nighttime. To meet the high demand for electricity,
particularly at night when solar photovoltaic solutions are not feasible, it may be necessary to invest in
setting up new power plants. Reducing the use of air conditioning during nighttime will help decrease

the strain on the power grid and support decarbonization efforts.
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Chapter 5

5. System performance

5.1. Introduction

This chapter analyses the electricity consumption pattern of DCS. It identifies variations in
electricity consumption on a daily and seasonal basis. This chapter further explains the influence of

thermal storage on energy performance.

5.2. Chiller

Daily average electricity usage of chiller
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Figure 5.25 Daily average electricity usage of chiller.

The graph in Figure 5.1 shows the daily average electricity usage of the chiller. The average
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electricity usage during the hour of the day by all the chillers (chiller I & II and brine chiller) is
considered. The hours were averaged for four months to represent the particular season. During
winter, the thermal storage tank was charged at night and discharged during the remaining period. The
daily average electrical usage by the chiller during summer, monsoon, and winter was 3,144 kWh,,
1,597 kWh,, and 1,196 kWh., respectively. Table 5.1 represents the hourly average electricity usage
during the quarter day.

Table 5.15 Hourly average thermal load (kW) of chiller.

Time period Summer Monsoon Winter
Early morning 188 84 43
Forenoon 102 61 31
Afternoon 104 56 35
Night 130 65 90

5.3. Chiller operation during winter (Non-TES and TES)

Energy consmption of chiller during normal and TES operation

300

200

kwh,
-
7

m\ /_/""

0:00 1.00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00  10:00 11:00 12:00 13:00 14:00 1500 16:00 17:00 18:00 1900 20:00 21.00 22:00 23:00
Time

Normal operation TES operation

Figure 5.26 Daily average electricity usage of chiller during normal and thermal storage operation.

Ten days were selected for normal operation (Nov 17 to Nov 26) and thermal storage operation
(Dec 15 to Dec 24). The graph in Figure 5.2 shows the daily average electricity usage of the chiller.
The average electricity usage by all the chillers (chiller I & II and brine chiller) is considered. The
hours were averaged for ten days to represent the particular operation. During thermal storage
operation, the chiller runs from 7 PM to 10 PM for charging. If the thermal storage runs out before

charging, then the chiller starts running to meet the demand. Table 5.2 represents the comparison of
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normal operation and thermal storage operation. The hourly load mentioned in the table is the average
electricity usage of the chiller during the operation time. For the hourly load calculation in thermal
storage operation, the chiller load was considered only when the charging happens.

Table 5.16 Comparison of DCS operation with thermal storage and non-storage.

No of | Hourly Chiller Pumps & | Thermal | COP COP
hours load of energy auxiliary | energy (consider | (considered
chiller | chiller consumption | equipment | delivered | ed only chiller,
operate | during (kWh,) (kWh,) (kWhg) | chiller) pumps &
d operation auxiliary
(kWe) equipment)
Normal 24 53 1315 1438 1610 1.15 0.54
operation
Thermal 4 212 1018 1221 1236 1.34 0.63
storage
operation

5.4. Pumps & auxiliary equipment

Daily average electricity usage of pumps and auxilary equipment
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Figure 5.27 Daily average electricity usage of pumps and auxiliary equipment.

The graph in Figure 5.3 shows the daily average electricity usage of the chiller. The average
electricity usage during the hour of the day by primary pumps, secondary pumps, condenser pumps,
thermal storage pumps and cooling towers. The daily average electrical usage by pumps and auxiliary

equipment during summer, monsoon, and winter was 1,820 kWh,, 1,499 kWh,, and 1,290 kWh,,
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respectively. Pumps and auxiliary equipment contribute around 45%, 54% and 41% of the total
consumption of DCS during summer, monsoon, and winter, respectively. Table 5.3 represents the
hourly average electricity usage of pumps and auxiliary equipment during the quarter day.

Table 5.17 Hourly average thermal load (kW.) of pumps and auxiliary equipment

Time period Summer Monsoon Winter
Early morning 87 66 54
Forenoon 73 62 49
Afternoon 67 60 48
Night 76 62 64

5.5. Month wise DCS consumption

Month wise electricity consumption of DCS
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Figure 5.28 Month wise daily electrical usage of DCS.

The graph in Figure 5.4 shows the daily average electrical usage of DCS during the month. This
includes chillers, pumps, and auxiliary equipment. The months from January and March are from
2023 and the remaining months are from 2022. March 2023 was chosen for summer instead of March
2022 since it has a lot of missing data. Table 5.4 shows that daily average AC usage on weekdays is
slightly higher than on weekends.

Table 5.18 Average daily energy (MWh.) of DCS.

Time period Summer Monsoon Winter
Average daily energy
consumption 4.96 3.10 2.49
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Chapter 6

6. Peak month analysis

6.1. Introduction

This chapter analyses the peak month AC usage and electricity consumption pattern of DCS. It
identifies day to day variations in load pattern and its performance. This chapter further explains the

load diversity of the DCS.

6.2. Daily average temperature

Outdoor temperature

January February March April May June July August September  October November  December

Max Temperature Avg Temperature = Min Temperature

Figure 6.29 Daily average outdoor temperature.

The graph in Figure 6.1 shows the maximum, average and minimum of daily outdoor
temperatures. The data for the graph is sourced from the website visual crossing [53]. The
temperature during May lies in the upper bound, and the thermal requirement during May is higher
than other months. In this chapter, we will analyze the peak month AC usage and electrical usage of
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DCS.

6.3. AC usage per flat

Distribution of daily thermal energy usage
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Figure 6.30 Distribution of daily AC usage per flat.

The graph in Figure 6.2 shows the distribution of daily AC usage per flat during peak month. The
average daily AC usage per flat was 34.3 kWhy,. The average hourly thermal load per flat during the
peak month was 1.43 kW, and the maximum thermal load was 3.1 kWy. The average thermal load
during different times (average over the month of May) is as follows: early morning (12 am to 6 am) —
2.17 kW4, forenoon (6 am to 12 pm) — 1.07 kW, afternoon (12 pm to 6 pm) — 1.11 kW4, and night (6
pm to 12 am) — 1.36 kWi

6.4. Overall thermal usage
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Figure 6.31 Distribution of daily AC usage.

The graph in Figure 6.3 shows the distribution of daily overall thermal usage. This includes both
the flats and common areas. The average daily overall thermal consumption was 13,565 kWhg. The
average hourly thermal load during the month was 565 kW, and the maximum hourly thermal load
was 1199 kWy. The average thermal load during different times (average over May) is as follows:
early morning - 840 kW, forenoon - 426 kWy, afternoon - 450 kW, and night - 545 kWy. The

interquartile range is small during the day and high during the night.

6.5. Electrical usage of DCS
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Figure 6.32 Distribution of overall daily DCS electricity usage.

The graph in Figure 6.4 shows the distribution of daily electricity usage of DCS. This includes
chillers, pumps, and auxiliary equipment. The average daily electricity consumption of DCS was
5,910 kWh, with a single active chiller meeting the load. This indicated that for the apartment of 387
flats, the average daily energy consumption of DCS was 15.3 kWh. per residence. The maximum
hourly electrical load of the DCS was 481 kW.. The average electrical load of DCS during different
times (average over the month of May) is as follows: early morning - 330 kW, forenoon - 200 kW,

afternoon - 212 kW, and night - 243 kWe..
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6.6. Coefficient of Performance (COP)
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Figure 6.33 Distribution of daily COP.

The graph in Figure 6.5 shows the daily COP. This was calculated from the ratio of overall thermal
energy consumed (flats and common areas) and the electricity usage by the DCS (both chillers and
auxiliary equipment). The daily average COP during the peak month was 2.2. The average COP
during different times (average over the month of May) is as follows: early morning - 2.54, forenoon -

2.1, afternoon - 2.12 and night — 2.19.
6.7. AC usage distribution (Peak month) per day

Histogram of daily average thermal consumption of flats
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Figure 6.34 Histogram of daily thermal consumption of flats.

The graph in Figure 6.6 shows the distribution of the daily average thermal consumption of flats.
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The x-axis represents the interval of daily thermal energy consumed in peak month, and the y-axis
displays the total number of flats. The mean daily thermal consumption of a flat during peak month
was 34 kWhy,. The distribution of monthly AC consumption of flats higher than the mean value is
sparser than flats with lower AC consumption. The interquartile distribution of the monthly AC

consumption of the flats ranges between 13 kWhy, to 51 kWhg,.

6.8. Load diversity

comparision of cooling capacity
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Figure 6.35 Comparison of installed cooling system and peak demand.

Figure 6.7 compares the total installed indoor cooling units, total chiller capacity and peak cooling
load. The total installed indoor cooling unit capacity of the buildings was 14,348 kW, (4079.5 TR),
comprising 14073 kW, (4001.5 TR) from residential units and 274 kWy, (78 TR) in common spaces.
The total installed chiller capacity of the DCS was 4642 kW, (1320 TR), comprising three individual
chillers. The primary chiller was a 1583 kW, (450 TR) screw chiller, supported by a standby chiller of
the same capacity, which operated on a rotating basis. Additionally, a brine chiller with a capacity of
1477 kWy (420 TR) was used to produce chilled brine solution for a thermal storage tank. It is
important to note that the thermal energy storage tank (3000 TRh) within the DCS was used only
during low-load conditions (especially in winter). Therefore, the tank’s thermal capacity was not

factored into the total cooling capacity calculation.
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The peak thermal energy demand was 1492 kW, (424 TR), which was effectively managed using a
single chiller. This overall thermal peak occurred on 1* June. Compared to the installed capacities, the

peak demand represented 10.4% of the indoor unit capacity and 94.3% of the primary chiller capacity.
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Chapter 7

7. Building simulation model

7.1. Introduction

In this chapter, a simulation model has been developed for a residential district cooling system.
The energy simulation model and the parameters used are discussed. This model uses the cooling load

profile of the flats, developed based on the operational data of April month.
7.2. Methodology

Building energy modelling is a physics-based technique used in the prediction and analysis of
building energy use. In this research work DesignBuilder software (version 7.0.2.006) was used that is
based on EnergyPlus. Figure 7.1 shows the methodology used for developing the model. The weather
data for simulation was downloaded from the EnergyPlus website [56]. The occupancy schedule was
developed from the operational data of the flats. The HVAC component of the simulation model was
made similar to the case study building. Tuning was performed on the cooling load schedule to match

the cooling load profile of the measured data.
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| Outdoor environment
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Cooling load

| HVAC plant model |

Figure 7.36 Framework for simulating the model.

7.3. Geometry modeling input

The simulation model is a five towered apartment with 18 floors. There are four identical towers
A, B, D, and E with the layout-based on Figure 7.2. Tower C layout was based on Figure 7.3. The

model consists of 387 flats with five different layouts.

Figure 7.37 Layout of tower B
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Figure 7.38 Layout of tower C

The zone multiplier method was used to reduce the size of the model [57]. The typical floor was

placed at middle level for simulation. The adiabatic component block is added, and the model is

shown in Figure 7.4. This method has a greatly reduces the simulation run time with a slight impact

on the energy performance accuracy [58]. The envelope characteristics of the building are given in

Table 7.1.
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Figure 7.39 DesignBuilder model

Table 7.19 Physical components

Components Value Units
Wall U-factor 1.49 W.m2K™
Roof U-factor 0.89 W.m> K"
Glass U-factor 5.67 W.m> K"
Glass SHGC 0.82

Wall window ratio 15 %

7.4. Building load inputs

The building energy model relies on several components including the operational schedules and
setpoints of the building equipment. Table 7.2 provides information on the internal load caused by
appliances, lights, and occupancy. This model was created to replicate the summer month (April)

cooling load profile by using probability and load of the flat from the earlier analysis.

Table 7.20 Building parameters used in the model.

Parameters Values Units
Occupant density 0.019 People/m?
Lighting power density 6 W/m?
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Equipment power density 3 W/m?
Cooling setpoint 25 °C

7.5. HVAC plant input

This model used the existing HVAC template from DesignBuilder and updated as per the site
requirements. The cooling system used in this experiment was Fan Coil Unit (4-Pipe), Water cooled

chiller as shown in Figure 7.6.
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Figure 7.40 HVAC layout.

7.6. Validation of the model

By considering the probability of flats using AC, individual occupancy schedules for the flats were

generated as shown in Figure 7.6. For each flat, the schedule for room indoor units varies based on the
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cooling load intensity. Out of 22 flats, only 14 flats were operating at the peak AC usage on an
average day. A total of 14 schedules were created for the flats initially. The model was simulated on an
hourly basis to find the cooling load profile of the flats during the summer month (April). The hourly
total cooling load profile of the simulated model was compared with the actual cooling load profile of
the flats. Figure 7.7 shows the hourly comparison between the cooling load profile of the initial
simulated data and the actual data. It shows the total hourly consumption of flats during the time of

the day. There is a huge variation in the overall cooling profile.
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Figure 7.41 Initial cooling load schedule
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Figure 7.42 Comparison of initial simulated cooling load.

Tuning was performed on the number of operating indoor units and their schedules of each flat.
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For tuning, the schedules were rearranged to match the cooling load profile of the actual measured
data. Figure 7.8 shows the tuned flatwise cooling schedule along with the number of zones. The final
cooling load profile of the simulated model and the actual profile was shown in Figure 7.9. The daily
average cooling consumption of the actual operation and simulated model resulted in a consumption
of 12,702 kWhg, and 13,688 kWhy, during the April month. The difference between the average daily

cooling load of actual and simulated models was 7.2%.
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Figure 7.43 Final cooling load schedule.
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Figure 7.44 Validation of simulated model

The calibrated model was then used to simulate the cooling load of residential buildings in other
cities also. The weather file of Delhi was chosen for calculating the cooling load potential of a similar
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residential building. The daily average cooling load of Delhi was 7,984 kWhy,. It shows a reduction
of 37% cooling load during the month of April.
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Chapter 7

8. Conclusions

This study provides insights into the total AC consumption of 387 houses in Hyderabad throughout
the year. The ownership and usage of ACs have increased in India, particularly in urban areas, due to
the growing middle class and rising incomes. As the number of ACs increases, the demand for
electricity is bound to increase. Understanding the characteristics of cooling load demand in building
is very important for the better design and operation of air conditioning and energy storage systems.
By analyzing the operational data of residential DCS, the cooling load profile of flats and the

electrical load profile of DCS were prepared for different seasons in a year.

8.1. Summary

¢ Key outcomes of AC usage analysis: The daily average thermal usage per flat during summer,
monsoon and winter was 26.4 kWhg, 9.4 kWhg, and 4.7 kWhy, respectively. The hourly average
probability of a flat using AC during summer, monsoon, and winter was 0.35, 0.17 and 0.10.
Considering only the flats using AC, the daily average AC load per flat during summer is 1.3
times more than in monsoon and 1.4 times more than in winter. The weekend AC usage is
higher compared to the weekdays, but the midnight peak is higher during weekdays.

The daily average overall AC usage during summer, monsoon, and winter was 10,449 kWhg,
3,768 kWhy, and 1,859 kWhy, respectively. The AC usage of common places during summer,
monsoon, and winter was 2.3%, 3.4% and 2.8% of overall AC usage respectively. The
maximum hourly thermal load in summer, monsoon and winter was 1492 kW4, 556 kW, and
429 kWy. There is a clear positive correlation between outdoor temperature and thermal
energy. The thermal energy consumption by residents is higher in monsoon than in winter
even for the same daily average outdoor temperature.
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Key outcomes of DCS electricity consumption analysis: The daily average electrical usage by
the chiller during summer, monsoon, and winter was 3,144 kWh,, 1,597 kWh,, and 1,196 kWh.,
respectively. The chiller efficiency is higher and energy consumption is lower during thermal
storage operation compared to normal operation.

The daily average electrical usage by the DCS during summer, monsoon, and winter was 4.96

MWh,, 3.1 MWh,, and 2.49 MWh,, respectively. Pumps and auxiliary equipment contribute
around 45%, 54% and 41% of the total consumption of DCS during summer, monsoon, and
winter, respectively.
Peak month analysis: The average hourly thermal load per flat during the peak month was 1.43
kW and the maximum thermal load was 3.1 kWg. The average thermal load during different
times (average over the month of May) is as follows: early morning - 2.17 kW, forenoon - 1.07
kW4, afternoon - 1.11 kW, and night - 1.36 kWy. The mean daily thermal consumption of a flat
during peak month was 34 kWhy. The distribution of monthly AC consumption of flats higher
than the mean value is sparser than flats with lower AC consumption. The interquartile
distribution of the monthly AC consumption of the flats ranges between 13 kWhy, (3.7 TRh) to
51 kWhy, (14.5 TRh).

The average daily electricity consumption of DCS during peak month was 5,910 kWh. with a
single active chiller meeting the load. This indicated that for the apartment of 387 flats, the
average daily energy consumption of DCS was 15.3 kWh, per flat. The maximum hourly
electrical load of the DCS was 481 kW.. The average electrical load of DCS during different
times (average over the month of May) is as follows: early morning - 330 kW, forenoon - 200
kW,, afternoon - 212 kW, and night - 243 kW.. The daily average COP during the peak month
was 2.2.

Significant load diversity among different flats: The non-coincident cooling load for the
design of indoor units was 4080 TR. The installed chiller capacity was sized for coincident
cooling load, amounting to 1320 TR. The peak thermal energy demand was 1492 kW, (424
TR), which was effectively managed using a single chiller. Compared to the installed capacities,
the actual peak demand represented 10.4% of the total indoor unit capacity and 94.3% of the
primary chiller capacity.

Simulation model: Occupancy schedule for the flats was created using the analysis of flat AC
usage. Building energy model for the residential DCS was created and simulated to match the
actual cooling load profile during a summer month (April). The percentage error between the
daily cooling load of actual and simulated is 7%. This calibrated model was then used for the
simulation of residential thermal load in Delhi. It shows a cooling load reduction of 37% during April.
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8.2, Future scope of work

District cooling requires a strong policy framework for addressing risks and promoting financial
and physical viability. It is recommended to update the building codes to support centralize cooling
with a possibility of thermal storage to help decarbonizing nighttime residential cooling energy
consumption.

There is immense potential for further exploration in this study. By optimizing and evaluating the
simulation model, engineers can uncover a range of additional operational strategies. These strategies
will prove invaluable in the design and operation of DCS, particularly for residential users.
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