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ABSTRACT

DEMAND SIDE MANAGEMENT USING SETPOINT CONTROL AND PV
SYSTEMS

Syed Mohammad Meesam Raza
Master of Science, Sustainable Environment and Energy Systems
Supervisor: Assoc. Prof. Dr. Murat Fahrioglu
Co-Supervisor: Assoc. Prof. Dr. Onur Taylan

September 2021, 79 pages

The turn of the 21% century has seen a positive change in the attitude towards
sustainable energy. The focus on awareness and implementation of renewable energy
has improved. However, it is also important to study the energy usage. Demand Side
Management (DSM) and Demand Response (DR) are not new ideas. They were
introduced during the 1970s when the world was rife with energy crises. However,
with population growth, increased dependence on electricity and introduction of
renewable energy, these ideas are more relevant than ever. One of the biggest problems
energy systems face is their efficiency. DSM and DR provide a viable solution to
increase energy efficiency by reducing the peak demand and improving the demand
and supply. HVAC systems generally prove to be the highest consumers of electricity.
In this study, the efficiency of cooling systems is improved by setting the setpoint
temperature based on an adaptive thermal comfort model in Middle East Technical
University Northern Cyprus Campus and its effect on the demand is studied. The cases
considered are based on the setpoint being controlled at all times, setpoint control on
a schedule, setpoint control when demand peaks and setpoint control based on when
demand exceeds an aggregate forecasted demand. Furthermore, this is employed in
conjunction with PV systems with net metering to shift loads to periods with lower

demand from the grid to improve grid stability. It is found that when setpoint is



controlled at all times, energy consumption from cooling systems is cumulatively
reduced by 55.7% for May, July, September and October with a minimum peak
demand decrease of 1.55% for October, while when setpoint control is employed only
when demand rises above the aggregate forecasted demand, the energy consumption
by cooling systems is reduced by 30.3% cumulatively for May, July, September and
October with a minimum peak demand decrease of 1.55% for October. Furthermore,
with the cooling system improvements and PV system load shift, the peak demand
reduction increases to 10.46% for October. Moreover, for winters, which have a
comparatively higher rise in peaks, due to lower demand during the day, load shifting
using PV decreases the peak demand by 25%, 18% and 14% for November, December

and January respectively.

Keywords: DSM, Setpoint Control, PV systems
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AYAR NOKTASI KONTROLU VE FOTOVOLTAIK SiISTEMLERI
KULLANARAK TALEP YONETIMI
Syed Mohammad Meesam Raza
Yuksek Lisans, Surdurdlebilir Cevre ve Enerji Sistemleri

Tez YdrGtucusu: Dog. Dr. Murat Fahrioglu
Ortak Tez Yurutucusi: Dog. Dr. Onur Taylan

Eylul 2021, 79 Sayfa

21. yiizyila girilen siiregte yenilenebilir enerjiye karsi sergilenen tutum olumlu yonde
degigsmektedir. Yenilenebilir enerjinin farkindaligina ve uygulanmasma odaklanma
iyilesmistir. Buna ragmen, enerji kullanimini incelemek de dnemlidir. Talep Tarafi
Yonetimi (TTY) ve Talep Yanitt (TY) yeni fikirler degildir. 1970'lerde, diinyanin
enerji krizleriyle dolu oldugu zamanlarda tanitilmislardir. Ancak niifus artisi, elektrige
olan bagimliligin artmasi ve yenilenebilir enerjinin kullanilmaya baslanmasiyla bu
fikirler her zamankinden daha c¢ok giindemdedir. Enerji sistemlerinin karsilastigi en
blylk sorunlardan biri verimlilikleridir. TTY ve TY, en iist sinir talebi azaltarak, talebi
ve arzi iyilestirerek enerji verimliligini artirmak i¢in uygun bir ¢6ziim sunar. Isitma,
Havalandirma ve Klima sistemleri genellikle en fazla elektrik tiketen sistemlerdir. Bu
¢aligmada, ODTU KKK'da uyarlanabilir bir termal konfor modeline dayali olarak
istenen deger sicakligi ayarlanarak sogutma sistemlerinin verimliligi artirilmis ve
talebe etkisi incelenmistir. G6z 6niinde bulundurulan durumlar, her zaman kontrol
edilen istenen deger, bir programdaki istenen deger kontrolii, talep zirve yaptiginda
istenen deger kontrolii ve talebin toplam tahmini talebi astig1 zamana dayal1 istenen
deger kontroliine dayanir. Ayrica, bu, sebeke stabilitesini iyilestirmek amaciyla
yukleri sebekeden daha diisiik talep olan donemlere kaydirmak i¢in net 6l¢tiimlii
Fotovoltaik sistemleri ile birlikte degerlendirilmistir. Istenen deger her zaman kontrol
edildiginde, sogutma sistemlerinin enerji tiikketiminin kiimiilatif olarak Maysis,
Temmuz, Eylill ve Ekim i¢in %55,7 oraninda azaldigi ve Ekim i¢in minimum tepe

talebinin %1,55 oraninda diistiigli, yalnizca istenen deger kontrolii talebin toplam

vii



ongoriilen talebin tlizerine ¢ikmasi durumunda kullanildiginda, sogutma sistemlerinin
enerji tilkketiminin Mayis, Temmuz, Eyliil ve Ekim aylarinda kiimiilatif olarak %30,3
oraninda azaldigi, Ekim i¢in minimum tepe talebin %1,55 oraninda distigi
bulunmustur. Ayrica, sogutma sistemi iyilestirmeleri ve Fotovoltaik sistem ylk
kaymastyla birlikte, Ekim ay1 i¢in en yiiksek talep diisiisii %10,46'ya yiikselmektedir.
Ayrica, giin i¢indeki disiik talep nedeniyle piklerin nispeten daha fazla yiikseldigi
kislar i¢in, Fotovoltaik kullanilarak yiik kaydirma, pik talebini Kasim, Aralik ve Ocak

icin sirastyla %25, %18 ve %14 oraninda azaltmaktadir.

Anahtar Kelimeler: TTY, Istenen Deger Kontrolii, Fotovoltaik sistemleri
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CHAPTER 1

INTRODUCTION

Every year, the population of the world increases by 81 million people, which amounts
to a rate of 1.16% [1]. As the population increases, energy demand is also increasing
when compared to the previous decades. To produce energy, fossil fuel is commonly
used, and in 2011, 82% of the energy of the world was produced by fossil fuels [2].
The problem arising from burning fossil fuel for energy is the greenhouse gases
emitted, which leads to global warming, causing an increase in the earth’s surface
temperature. Furthermore, fossil fuels are also a finite resource, therefore, it is also

important to conserve these resources.

Due to the finite and hazardous nature of fossil fuels, all countries have looked for
greener and more sustainable alternatives. With seemingly infinite resources,
renewable energy posed as a suitable alternative to fossil fuels [3] and with
technological advancements, they have become more accessible and economically
feasible [4]. Following the alarming rate at which global warming was affecting the
world, the United Nations enforced, through the Kyoto Protocol, to decrease
emissions, causing renewable energy patents to increase [5]. Of these, implementation

of PV plants have one of the highest growths, with an yearly growth rate of 60% [3].

Implementation of renewable energy with energy from fossil fuels focuses on meeting
demand using supply side management, which includes efficient generation,
transmission and distribution which can prove to be expensive [6]. Another way to
curb this increasing demand is reducing the demand on the demand side. Development,
application and assessment to modify the consumption pattern, such that the peak
demand and timing of demand is affected, is called Demand Side Management (DSM)
[7]. This method is heavily reliant on energy efficiency and load management, such
that demand is moved to off-peak times [7]. Usually this is overlooked, since it can be
complex, i.e. the number of DSM projects increase with the number of buildings to

produce significant change [6]. Furthermore, human behavior is a big factor in



implementing DSM projects [6]. However, DSM programs can be successful, saving

between 10% to 30% energy in existing buildings [6].

DSM focuses on 6 techniques to influence the electricity consumption shown in Figure
1.1 [8]. These methods are described below :

1. Peak Clipping: Peak demand loads are reduced, such that there is a reduction
in demand and the need for additional generation is removed.

2. Valley Filling: Loads which are previously run on non-electric fuels are added
where electric demand is low. This causes the peak demand to be unaffected
while the total consumption increases.

3. Load Shifting: Peak loads are shifted to off peak periods such that peak demand
is reduced, while there is no change in total energy consumption.

4. Strategic Conservation: Reducing the end-use consumption by applying
efficiency techniques, such that there is a decrease in total energy consumption
and peak demand.

5. Strategic Load Growth: Conserving the load profile shape in the event of an
expected growth in consumption (due to new consumers).

6. Flexible Load Shape: Interrupting loads by the utility whenever necessary,
aiming to reduce the peak demand. Since this affects the reliability of service,

it requires a contractual agreement with consumers.



Peak y Strategic
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Figure 1.1. The 6 Demand Side Management Techniques [8]

Demand Side
Management

The application of PV has been considered as a DSM tool previously. Using PV, it is
possible to manage and reduce peak loads. Furthermore, dispatchable PV can also be
used as an emergency power [9]. Hybrid PV-Battery systems are also considered,
especially since PV cannot produce energy during night times, making the system

more effective [10].

One of the core contributors to demand is the use of heating, ventilation and air
conditioning (HVAC) systems [11]. HVAC systems are used to maintain thermal
comfort, however, without active control by users, HVAC systems keep running, even
when not needed [12]. Moreover, 90% of users never adjust the thermostat based on a
certain programs [13]. Therefore, setpoint control of HVAC systems can prove to be
vital in increasing energy efficiency. The idea behind setpoint control is to change and
control the setpoint temperature in thermostats which regulate the indoor temperature.
This approach varies from controlling HVAC systems to switch between on and off
states, to scheduling precooling or preheating such that peak demand can be reduced

by taking advantage of setpoint scheduling [14] [15].



1.1. Motivation

The rising electricity demand has imposed the need for more fossil fuel and renewable
energy driven generators. This poses a concern since fossil fuel resources are
diminishing, renewable sources of energy are variable and can prove to be expensive.
Furthermore, addition of more fossil fuel based generators also increases the
greenhouse gas emissions. DSM provides an important opportunity for sustainable and
efficient energy use, such that the demand can be reduced and this can reduce the need
for more electricity generation in Northern Cyprus. This approach can be employed by
studying the load profile to find the possible opportunities to reduce demand. In
general, HVAC systems contribute to the demand excessively and since users do not
actively control these systems, this can be seen as an opportunity to reduce demand,
especially in Northern Cyprus due to hot days and cooler nights. Owing to the high
solar resources in Northern Cyprus, PV system installations are common. Since PV
systems generate energy during the day, day time peak loads can be mitigated through
PV, especially since cooling loads are high during the day due to higher outdoor
temperatures. Integration of PV systems with HVAC systems setpoint control can have
a significant effect on the demand of buildings in Northern Cyprus, since it has the
possibility to increase the energy efficiency of the building and provides an
opportunity to shift peak loads to off peak hours. However, another challenge which
arises from setpoint control is making sure user comfort is maintained, which is key

for HVAC systems to complete their purpose while also saving energy.

1.2. Objectives of the Study

There are three main objectives of this study which are derived from the gaps
mentioned in Chapter 2. In general, the three aims of this work are based on a case
study set in METU NCC.

The first objective is to determine the peak demand and the load shift opportunities in

METU NCC with the current PV plant energy production. This is dependent on the



load profile created from the electricity demand of METU NCC. Demand data of 2017,
2018 and 2019 are studied, and a mean hourly load profile are created to study how
the demand varies between each hour. Since cooling systems are a focus in this study,
the effect of the ambient temperature on the average daily demand is studied to find

opportunities to reduce demand.

The second objective is to reduce the demand as a whole, on the basis of setpoint
control of cooling. User comfort is also kept in mind as the setpoint temperature is
controlled so that the cooling systems provide thermal comfort while being efficient.
For this purpose, indoor temperatures need to be maintained based on the outdoor
temperatures at a comfortable level. Furthermore, the effect of this change on the
demand needs to be analyzed with two scenarios being kept in mind; setpoint control
running throughout the day, and setpoint control running when energy production is

low/demand is rising.

Finally, the effect of using PV with setpoint control is studied, with the goal of
reducing the overall load and decrease the peak load. Using TMY data, PV production
can be predicted such that this energy can be used to shift loads from peak hours to
periods of lower demand while also applying setpoint control.



CHAPTER 2

LITERATURE REVIEW

In this chapter, studies concerning the current state of DSM and general strategies for
DSM implementation is reviewed. Furthermore, demand reduction and peak shaving
methodologies are examined. Finally, approaches to improve HVAC efficiency were

also assessed.

2.1 Demand Side Managemant

As mentioned before, DSM is the design, application, and assessment of utility such
that electricity consumption patterns are modified in terms of level of demand, energy
and time of use. This is generally achieved by either energy saving programs, which
entails encouraging consumers to switch to more energy efficient systems and decrease
energy use by changing consumer behavior, or load management programs where
demand peak periods are reduced to manage existing resources [7]. The main
methodologies for DSM are peak clipping, valley filling, load shifting, strategic
conservation, strategic load growth and flexible load shapes [7]. General methodology
to implement DSM programs begins with a planning stage, followed by
implementation and evaluation of the program [6][7].According to Pina, Silva and
Ferrao [16], demand management strategies are important for sustainability in the long
run, furthermore, load shifting can be employed to improve capacity factors of
generators. Several studies discussed the emergence of DSM strategies and assessed
the technical and economical feasibility of DSM for residential consumers. For
instance, Mahin et al. [17] studied the impact of applying direct load control, load
shifting and energy efficiency on residential load profiles numerically in Dhaka. By
creating a load profile using questionnaires from residents based on daily use, they
applied these demand management strategies after studying this load profile. They

found that energy efficient appliances decrease average daily energy consumption by



19.76% while 1.42% of daily average energy consumption can be shifted from peak

hours to off peak hours.

2.2 DSM with PV systems

With the meteoric rise of PV system technologies, numerous studies have employed
PV systems as a viable DSM tool. Byrne et al. [9] examined the economic feasibility
of implementing PV systems as a DSM tool. Using TMY data from Sacramento,
Austin and the East Coast, they developed an economic model for the cost-benefit
analysis by simulating a PV-DSM system. In their study, they found that integrating
such systems offers consumers a chance to manage peak demands and are closer to
being feasible commercially. Rahman and Kroposki [18] investigated the performance
of PV modules as a DSM tool in Virginia, U.S.A. Using demand data and PV energy
data from their test centers, they found that the academic building load peaks coincided
with the PV production providing a viable option for DSM. However, on simulating
energy produced by 2 axis tracking, they found that the energy generated only
improved by 12.2% during the peak demand periods, meaning 2-axis tracking may not
be cost effective. On the other hand, more recent studies show more promising signs
due to the lower prices of PV systems. A 2017 technoeconomic analysis of PV and
energy storage systems in Germany use a simulation model to study the effects of PV
and energy storage systems on standard German load profiles. Owing to lower capital
costs of PV and energy storage systems, price of electricity drops from 37 cents/kWh
to 32 cents/kWh for standard German load profiles and had a significant effect on
consumer load profiles, improving self consumption rates by 58% [19]. Phiri and
Kusakana [20] studied on an energy management model based on Hybrid Optimisation
Model for Energy Renewable, optimizing a hybrid Wind-PV-Battery system for an
industrial load in South Africa while taking part in a time of use DSM program. finding
that the developed model can significantly reduce cost of operations and can open to a
possibility of selling back power to the grid. Similarly, Williams, Kelm and Binder
[21] studied the effect of adding heat pumps and thermal storage systems to domestic



PV systems in Stuttgart, Germany, by simulating using numerical methods to find that

self-consumption increased from 55% to 65%.

2.3 HVAC Optimization Methods

Several studies have studied optimizing HVAC systems and improving efficiencies of
HVAC systems. Schibuola, Scarpa and Tambani [11] studied the introduction of
variable speed drive technology in HVAC systems to match actual load requirements
for a building in Venice. Using experimentally obtained data based on heating and
cooling demand trends, they simulated an HVAC system which would work on the
basis of diverting water flow to return when fan coils are shut based on heating and
cooling needs. They achieved a global energy saving of 38.9%. Crumpler [6] followed
a different approach by studying usage data and identifying unexpected energy
consumption to improve HVAC systems by removing unnecessary operations in the
University of Virginia. To achieve this, a Building Automation System was used to
determine opportunities where energy could be saved. Once these opportunities were
determined, the Building Automation System was used to improve the system, by
reducing precooling and preheating, reducing air flow rate and removing
humidification in summer months, and the results were metered consequently. He
achieved a 42% reduction in electricity usage. In another study, Wang, Pattawi & Lee
[12] employed the usage of occupancy driven thermostats to save energy for residential
households. Using a building energy simulation tool, EnergyPlus, they subjected a
thermostat control based on schedule and occupancy in 5 cities of America, namely,
San Francisco, Miami, Pheonix, New York and Fairbanks with fixed and variable
setpoints for 2020. Figure 2.1 shows the results they received for energy consumption
and comfort level they achieved based on Fixed Setpoint and Adaptive Control
methodologies for New York. They observed that energy usage decreased from 20
MWh to 13 MWh when HVAC systems were always on and Adaptive Control was
used. Similarly, Energy usage decreased from 15 MWh to 11 MWh for schedule based
case when Adaptive Control was employed.
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Figure 2.1. Results of annual comfort and energy consumption using Fixed Setpoint
and Adaptive Control in New York [12]

Ghofrani, Nazemi and Jafari [22] produced a methodology to define HVAC operation
such that they save energy and level the load. They studied on US based buildings such
as offices, hotels and supermarkets as a community. Using numerical methods, their
work was based on thermal inertia such that the temperature setpoints were variable
across time to keep air conditioning in human comfort zone. Their design controlled
the setpoint such that it alternated between 23°C and 25°C in a sinusoid showing 12.5%
savings in electricity consumption and a reduction of 10% in peak demand. This can

be seen in Figure 2.2.
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Figure 2.2. Net HVAC Demand of the community over a 12 hour period [22]

Dejvises and Tanthanuch [31] numerically modelled the performance of a cooling
system in a room in Thailand, and experimentally compared these simulation results
using a data logger and digital power meter. They compared two scenarios; an always
on approach and the switching off the system for 15 minutes. Figure 2.3 shows the
comparison between the experimental and model outputs which shows similar
behavior between the experimental and simulated model. However, the power

estimated by the model is overestimated by 20%.
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2.4 DSM in Cyprus

Several studies have explored PV systems and hybrid energy systems in Cyprus,
however, they have not been explored as a DSM tool. Sadati et al. [24] conducted a
study on the application of PV/wind hybrid systems with battery storage for Northern
Cyprus, finding thata 2 MW PV, 3.75 MW wind system with a 1 MWh battery system
is 0.02 cents/kWh cheaper than compared to a system without a battery system.
Furthermore, Ilkan and Cirak [25] discuss the importance of energy education in
Northern Cyprus and the significance of the implementation of DSM programs in
Northern Cyprus. Arfaei [26] discussed the importance of important energy regulations
which are not being implemented in North Cyprus and studied the base of energy
efficient design suggesting regulations for the case of Northern Cyprus. He found that
the US regulations would be suitable for Northern Cyprus owing to the regulations
being adaptable to different climate conditions. Atikol, Dagbasi and Guven [27]
suggested a method to show residential end-use load analysis by conducting surveys
to produce a residential load profile. They also found that DSM plans could reduce the
peak demand by 53 MW in winter, assuming the current peak is 110 MW based on
their DSM options which included promotion of storage space heaters, implementation
of fluorescent lamps, preset timers for water heaters and selling of electric water
heaters. Dakyen, Dagbasi & Murat Ozdenefe [28] developed residential reference
building energy models by modelling 5 different types of residential reference
buildings for Northern Cyprus. They found the thermal energy required to keep
buildings at a cooling setpoint of 25°C and a heating setpoint of 20°C as shown in
Figure 2.3. As shown a residence with 8 dwellings and 4 floors has an annual thermal
energy requirement of 54000 kWh/year of while the cooling thermal energy required
is almost 28000 kWh/year.
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2.4 Gaps in the Literature

One of the most important aspects of planning for DSM studies is acquiring a load
profile to identify opportunities to reach energy efficiency and shaving peaks. The
literature lacks load profile based on metered data in Northern Cyprus. Furthermore,
there is the lack of literature for operation of DSM programs in Northern Cyprus, with

HVAC improvements in conjunction with PV systems.
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CHAPTER 3

THEORY AND METHODOLOGY

3.1 PV Energy Estimation

3.1.1 Solar Geometry

To begin with energy from the currently installed PV needs to be estimated. For this
purpose it is important to calculate the amount of solar radiation on the tilted panel.
This can be done by finding the incident angle of the solar radiation. Since the angle
of this incidence changes throughout the day, the amount of solar radiation falling on
the panel changes with respect to the location on Earth and time across the year. This
time is known as the solar time, which is the apparent angular motion of the sun. To
simplify it, it shows the position of the sun in the sky. Solar time is used for geometric
solar relations rather than the standard time. Solar time is dependent on the longitude,
time zone and equation of time, where, the first two constants are based on the location.
The equation of time changes with the day of the year such that it ranges between 1
and 365. The equation of time, E, can be found using Equations 3.1 and 3.2 while solar

time, ts, can be found through Equation 3.3 [29].

(n—1)360
B=———— 3.1
365 31
E = 229.2(0.0000075 + 0.001868 cos(B) — 0.032077 sin(B) (3.2)
— 0.014615 cos(2B) — 0.04089 sin(2B) ) '
4(Lgrg — Lipe) + E
ts — tstd + std 6Oloc (3.3)

where, n is the day number, tsq is the standard time, Lioc is the longitude and Lst is the
time zone, of the position in question.

The angular position of the sun and the equatior is known as the declination angle, o,
where North is assumed to be positive, ranging between +23.45° and -23.45°. The

declination angle can be found using Equation 3.4 [29].
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5 = 23.45si 360(284+n) 3.4
= 23.45sin 365 (3.4)

The angle describing the angle between South and the projection of the normal on a
horizontal to the surface is known as the surface azimuth angle, y. It ranges from +180°
to -180° where positive values are in the West, while negative values are in the East.
Hour angle, w, is the representation of solar time in an angular form as shown in
Equation 3.5 [29].
w = (ty —12) x 15 (3.5)

The zenith angle, ;, is the angle between the beam radiation and zenith. It can be found
from Equation 3.6 [29].

cos(8,) = cos(¢) cos(6) cos(w) + sin(¢) sin() (3.6)
where ¢ is the latitude of the position in question.
The solar azimuth angle is the angle between the projection of the beam radiation on a
horizontal surface and South. Solar azimuth angle, y;, ranges from +180° to -180°, like

the surface azimuth angle. It can be found using Equation 3.9 [29].

. -1, <0
sign@)={" © 3, 3.7
cos(6,) sin(¢p) — sin(6) 6. %0
Ys = sin(6,) cos(¢) ' z (3.8)
1, 6,=0
_ fsign(@)|cos'(y) |, v #1

The angle at which the beam radiation lands on the surface is known as the angle of
incidence, 6, and to maximize this, panels are usually tilted, known as the tilt angle, .
The angles described above are used to find the angle of incidence shown in Equation
3.10 [29].

cos(0) = cos(8,) cos(B) + sin(6,) sin(B) cos(ys — y) (3.10)

3.1.2 Solar Resources

The three components of insolation that fall on a tilted PV panel are known as beam,
diffuse and reflected. In this analysis, reflected insolation is neglected. Using TMY

data, hourly beam, DNI, and diffuse insolation, l4, was found. Through these values,
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the beam insolation on a tilted surface, Iy T, is found using Equation 3.11 and diffuse
insolation on a tilted surface, lq1, using Equation 3.12 asssuming the isotropic sky
model. Consequently, the total insolation on a tilted surface, It, can be found as shown
in Equation 3.13 [29].

Ipr = DNIcos (8) (3.11)
I;(cos(B) + 1)

ar =2 ; (3.12)

IT = Ib,T + Id,T (313)

The type of PV module is also important in this estimation as the energy produced is
dependent on the peak power and efficiency of the panel. The efficiency is dependent
on the cell temperature, and hence the ambient temperature. The performance of a PV
panel is dependent on many external factors such as the ambient temperature, Tamb,
and hence the cell temperature, Tcen. The normal operating cell temperature, NOCT, is
the cell temperature when a PV cell is tested at the NOCT irradiance, Gref, NocT, at an
ambient temperature, Trer, NocT, and wind speed of 1 m/s under no load. The
temperature coefficient, Srer, demonstrates how the maximum power and efficiency,
npv, changes as the cell temperature changes by 1 degree Celsius. These are reported
at standard test conditions of cell temperature, Tsrc, and irradiance, Gsrc. The
efficiency at STC is #pv, ret. Using the ambient temperature from the TMY dataset, the
cell temperature is found as shown in Equation 3.14 [29].

(NOCT — Tyep nocr)!

Gref

Teenu = Tamp + (3-14)

The efficiency of the panel can be found through Equation 3.15 [29].
Npy = UPV,ref(l - .Bref(Tcell — Tsre)) (3.15)
Following this, the insolation on the tilted surface, cell efficiency, Area, Am, and
number of modules, Nmodues, and system efficiency factors, #other (0.85% for this
research [30]) are used to find the total energy generated as shown in Equation 3.16
[29].
Egen = NpyIrAmNmodutesTother (3.16)
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For this campus, the PV panel used is Axitech 250W. Its specifications are shown in
Table 1 [31].

Table 3.1. Specifications of Axitech 250 W PV Module [28]

NPV, ref 0.1537
Area (m?) 1.63
Peak Power (W) 250
Gstc (W/m?) 1000
Tstc (°C) 25
NOCT (°C) 45
Gret, NocT (W/m?) 800
Tref, nocT (°C) 20

Bref (1/K) 0.0042

3.2 Thermal Model of a Building

In houses and buildings, thermal processes can be modelled, such that they can be seen
as a resistor-capactor network, where heat transfer and temperature are modelled as
current and voltage respectively. Resistances are dependent on the thermal
conductivity of the walls and window, while capacitances indicate the thermal inertia
of the material [32]. For this case study, only cooling systems are considered since
heating systems are gas powered. Figure 3.1 shows the base thermal model of the
building on MATLAB with the thermostat, AC and Building Subsystems. Here, the
base setpoint is set as 20°C and the outdoor temperature comes from the TMY dataset

and it outputs the energy consumption, indoor and outdoor temperatures.
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Figure 3.1. Base Thermal Model in Simulink

The basic idea of an air conditioning system is to make sure that the indoor air
temperature is kept at a set temperature, known as the setpoint temperature, Ts. This is
regulated by a thermostat. This is given as one of the inputs to the system such that the
indoor temperature can be regulated accordingly. The heat removed by the air
conditioner, dQac/dT, can be described as shown in Equation 3.17 where, T, is the
indoor temperature, Tc is the cooler air temperature, m is the mass flow rate of air and
c is the specific heat capacity of air at constant pressure [23]. The initial condition set
is for temperature of the room to be 20°C.
dggc = (T,(t) ~ T.(t)) -1 c (317)
Finding the indoor temperature variations requires the equivalent resistances from

the thermal conductivity, such that the change in heat lost to the surroundings,
(dQgain)/dt, can be found as shown in Equation 3.18. Following this, the change in the
temperature of the room, (dT,)/dt, can be found as shown in Equation 3.19, where Mair

is the mass of air in the room [23].

ngain _ (Tamb (t) - T (t))

oaun _ - (3.18)
dT, _ dQgain dQac) 1 (3.19)
dt dt dt ) Mgy - c

where, Tamp IS the ambient temperature, Reqis the equivalent thermal resistance for

composite materials or composite material configurations. The thermal resistance for
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a material and equivalent thermal resistance is found through Equation 3.20 and 3.21
[33].

R, = L S (3.20)
m hinA klAl knAn houtA
i=i+...+ 1 (3.21)
Req Ry, R,

where A is the area of the surface, hin is the indoor convective heat transfer coefficient,
hout is the outdoor convective heat transfer coefficient, ki is the thermal conductivity
of the nth material and I, is the thickness of the nth material. These parameters are

dependent on the building properties which are given in Section 3.4.2 in Table 3.4.

Figure 3.2 shows Equations 3.18 and 3.19 in MATLAB where Qpotac Signifies
dQac/dT while 1/s signifies the indoor temperature integrating over time. This
subsystem finds the indoor temperature variations by taking into account the heat
removed by the cooling systems and the heat gained from the surroundings.

C1 ), > 1/(M*c) > 1/s

QDot Temp
AC Tr
1/Mc
1/Req

Heat Losses

(2)

QOutdoor Temp
Tamb

Figure 3.2. Heat Loss Model in Simulink

Using the above model, the heat removed by the cooling system from the room is

calculated based on the room temperature and setpoint temperature. Using this heat
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removed, the energy consumed by the cooling system is calculated. The Energy
Efficiency Ratio (EER) (given in Section 3.4.2) is a ratio of the output cooling energy
in BTU and the energy in Wh, which is shown in Equation 3.22 [34].

EER = % (3.22)

Consequently, the indoor temperature changes based on the heat removed by the
cooling system, and the heat lost to the surroundings, which is based on the outdoor
temperature, that is the ambient temperature in this case. In this model, heat gained
due to radiation is not considered. There may also be heat given by appliances used in
the room such as laptops and refigerators, and also by occupants inhabiting the room.
Since, it is difficult to estimate the heat gains, internal heat gains from occupants and
appliances is neglected. It is also assumed that heat is being removed from each room

at an equal rate.

3.3 Adaptive Thermal Comfort Model

It is essential to analyze where cooling is needed to reach a thermal comfort level. This
can be achieved by applying a thermal comfort model such that air conditioning
systems can adjust the setpoint temperature to reduce the energy consumed. ASHRAE
55 has calculated a thermal adaptive comfort standard based on a predictive mean vote
model. Based on a static model, it points towards a perspective of building occupants
of thermal comfort. Built on a percentage of people dissatisfied-percentage mean vote
model (PMV-PPD), it provides an empirical answer to thermal comfort needs, such
that an adaptive comfort model could be defined based on the outdoor temperature.
Figure 3.3 shows a detailed indoor setpoint temperature for cooling systems based on
the outdoor temperature, where the blue zone shows a comfortable indoor temperature,
while yellow zones show acceptable zones. It can be observed that after outdoor
temperatures of 22°C, traditional setpoint may be less than what is needed [12].
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Based on this, the European thermal adaptive comfort standard BS EN15251 was
calculated. The adaptive thermal comfort temperature can be calculated as shown in
Equation 3.23 [35]. Therefore using this model, rather than having a fixed setpoint
temperature, the setpoint temperature input varies based on the outdoor temperature,
such that the heat removed by the system can be reduced. Furthermore, setpoint
temperature values were limited to 25°C since temperature setpoint variation is known
to add additional loads to the system [22]. Furthermore, recommended design values
of BS EN15251 also suggest to keep a maximum operative temperature of 25°C-27°C
[36].

T, = 18.8 + 0.33 - Tymp (3.23)
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3.4 Case Study: METU NCC

METU NCC is located in the northwest of Cyprus, a country which has typical
Mediterranean climate. It is an island located between Middle East and Europe, it is
the third largest island Mediterranean Sea [37]. However, since the island does not
have conventional energy resources, Northern Cyprus resorts to importing fossil fuels
to produce energy for the country [38]. Diesel plants at Kalecik and Teknecik make up
78.5% of energy, while Teknecik steam power plants produce 21.39% of energy in
Northern Cyprus [38]. Due to this, electricity generation in Northern Cyprus results in
850 million kg of CO2 emissions annually [39]. Moreover, it is predicted that
electricity consumption will rise from 1374 GWh in 2014 to 2350 GWh by 2025 [40].
Since the island has generally sunny days, amounting upto 300 days a year, it proves
to be rich in solar energy [41] [42] [43]. To reduce the dependency on fossil fuels, CO-
emissions and demand of the country, renewable energy resources have been studied
across the country in the past decade. Due to this Serhatkoy Solar PV plant was
commissioned, producing 0.11% of the energy in Northern Cyprus [38]. However,
DSM has only recently been implemented in the country, where KIBTEK has
implemented Time of Use pricing, by increasing electricity prices at peak times [44].
This causes a behavioral change in consumers, so that users reduce electricity
consumption at peak times, reducing peak loads [45]. Unfortunately, this does not
affect demand in METU NCC, since Time of Use pricing does not apply to the campus
and a fixed tariff rate of 0.175 $/kWh is applicable.

As mentioned before, METU NCC is located in northwest of Cyprus, in Glzelyurt
(33.017°E and 35.2°W), boasting an average daily global horizontal insolation (GHI)
of 5.48 KWh/m? per year [46]. Figure 3.4 shows the average annual GHI for METU
NCC from 2004 to 2010 [46].
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Figure 3.4. Average Annual GHI for METU NCC from 2004 to 2010 [47]

METU NCC can be considered as a community with the potential of having its own
micro grid, housing almost 3000 students and staff. The campus has a significant
electricity demand which was completely supplied by the grid until 2016, which is
based on fuel based generators, resulting in high energy costs and greenhouse gas
emissions and low energy security. Furthermore, due to an unstable grid in the northern
parts of the country, blackouts are a frequent occurrence, which add expense to the
campus due to diesel generators as a back-up electricity source [46]. Due to the high
renewable energy resources, METU NCC has installed a1 MW Solar PV plant in 2016.

3.4.1 METU NCC Demand

As mentioned in Section 1.2, studying the demand and load profile of the campus plays
an important part in this study. Figure 3.5 shows the average daily demand of METU
averaged across 2017, 2018 and 2019 and the mean monthly ambient temperature in
METU NCC. The demand data comes from KIBTEK, meanwhile the mean monthly
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ambient temperature data comes from the TMY dataset for Glzelyurt. These data show
the demand covered by the electricity utility KIBTEK, i.e., does not include the
demand covered by the electricity produced by the PV plant in METU NCC. It can be
seen from Figure 3.9 that the maximum demand in METU NCC is during October, the
beginning of the fall semester and July, when summer school begins. This can be
accounted due to the high temperatures in both months, therefore, cooling loads are at
a maximum, which are run by electrical airconditioning units. On the other hand,
heating loads in the colder months in larger buildings i.e. dormitories and educational
facilities, are provided by heaters running on fuel. It can also be seen that there is a
drop in demand during March and April since air conditioning units are closed.
Meanwhile, June and August have a considerably lower demand compared to July
even with comparable mean ambient temperatures due to semester break, causing
students to leave METU NCC for vacations.
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Figure 3.5. Average Daily Demand of METU NCC in in 2017, 2018 and 2019

The load profile was generated for 2017, 2018 and 2019, such that an average hourly
load profile for 2017, 2018 and 2019 is shown in Figure 3.6. The load profile is shown
as a box plot, averaged throughout each hour in every day of a month for the years
2017, 2018 and 2019, arranged according to seasons. Studying the load profile,
opportunities to decrease HVAC loads to decrease peak loads or shift peak loads to

times where loads are lower using energy produced by PV are found. From Figure 3.6,
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it can be seen that data from January and February are spread, meaning it contains
outliers. This can be explained due to different academic calendars in the 3 years.
Furthermore, a peak can be seen 6 pm and 8 pm owing to the heating loads in the
campus in the campus and lack of PV production at these times.

1.2
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Figure 3.6. Box plot for the load profile of METU NCC using Kibtek ‘17, ‘18 & ‘19

data averaged at each hour throughout the days of a month for a year for Winter

Figure 3.7 shows the hourly average demand in Spring. This data contains outliers as
it can be seen from the box plot. On further investigation, it was found that data for
2017 for these 3 months was incorrect since demand for each hour during these months
was constant which is impossible since demand should should vary across the days.

They were subsequently removed from the analysis.
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Figure 3.7. Box plot for the load profile of METU NCC using Kibtek ‘17, ‘18 & 19

data averaged at each hour throughout the days of a month for a year for Spring

Figure 3.8 shows how demand increases in the Summer months. This can be accounted

to cooling loads in the campus, since air conditioners are running in dormitories.

Furthermore, June and August do not have noticeable peaks, since students are not

present in campus, reducing demand considerably, when compared to July which

comprises of summer school. Notice that, between 8 am and 6 pm, demand is atleast 1

MW, even though, there is significant PV production. This can be accounted to the fact

that cooling loads are at maximum during this time.
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The load profile in Autumn, shown in Figure 3.9, shows that September exhibits a
bigger spread with outliers. Again, this can be accounted to the fact that academic
calendars in 2017, 2018 and 2019 differ, with the academic semester starting in
different periods. Notice the significant peak in October between 6 pm and 9 pm due
to lack of PV production and cooling loads in the month. Similar to December,
November also has a large trough followed by a high peak due to the heating loads in

campus.
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Figure 3.9. Box plot for the load profile of METU NCC using Kibtek ‘17, ‘18 & ‘19
data averaged at each hour throughout the days of a month for a year for Autumn

3.4.2 Building Scenario — Dormitory 1

In this study, it was decided to focus on one building in Campus, that is Dormitory 1.
One of the reasons for this was that Dormitory 1 accounts for 18% of the energy
consumption in METU NCC, which is the highest in campus as shown in Table 3.1.
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Table 3.2. Percentage Energy Consumption in METU NCC by Areas

PLACES Energy Consumption per year (%)

Dormitory 1 18
Dormitory 2 10

[EEN
\l

Dormitory 3
Dormitory EBI
Prep School

Administration
Engineering
Lab
R Building

S Building
GuestHouse
Sport Center
Health Center
IT Building
Residences

~N DD oo o1 wohs P o B~ADN

[HEN
o

Culture Center

Dormitory 1 has 3 blocks, each with their own electrical central air conditioning unit
that is Carrier 30RA series. This unit is only operational during the months of May,
June, July, August, September and October. However, it is assumed that for the months
of June and August, the system is not operational, since students are away on vacations
and systems are not used. For heating purposes, a gas powered heater is used, therefore
thermal adaptive comfort model will only be used for cooling purposes. Data for the
Air Conditioning Unit is given in Table 3.2 [48][49].
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Table 3.3. Dataset for the AC unit [48][49]

Nominal Cooling Capacity (kW) 157
Air Flow Rate (I/s) 11600

Cooler Air Temperature (°C) 10

Energy Efficiency Ratio (EER) 9.6

Since architectural designs for Dormitory 1 are not available, the dimensions of the
building is estimated using satellite images. The wall is assumed to be a concrete block
and the thermal conductivities were also found to make create the thermal model.

These dimensions and constants are shown in Table 3.3 [50] [51].

Table 3.4. Thermal model parameters [50] [51]

Length (m) 120

Width (m) 20

Height (m) 25

Roof Pitch (°) 30

Length and Height of Windows (m) 1
Wall thickness (m) 0.2
Window thickness (m) 0.01

Thermal Conductivity of Wall (W/m°C) [47] 0.19
Thermal Conductivity of Window (W/m°C) [47] 0.7

3.4.3 Demand Management Strategies

There were a number of strategies tested out during this study. In general, there were
5 different scenarios simulated. First, is the base case, that is the current scenario, when
cooling is always on at a fixed setpoint temperature of 20°C. The second case is the
setpoint control case, when the adaptive thermal comfort model adjusts the setpoint
temperature at all times, such that energy is conserved regardless of the demand or PV

production at that time. The third case is the schedule based case, which is defined
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between the times when there are instances of peak demand. The setpoint temperature
is adjusted based on the adaptive thermal comfort model only during specific times
during the day. The fourth case is the demand monitoring case, where the demand is
monitored in real time and the setpoint is controlled based on how the demand changes.
The fifth case is the forecasted demand case, where demand is forecasted on the basis
of the previous days demand and accordingly, the setpoint is controlled when demand
crosses a certain threshold. Finally, the sixth case is load shifting case, where setpoint
control strategy will be selected on the basis of the best performing case between the
2nd 31 4% and 5 case. Figure 3.10 shows the overall Simulink Model with the thermal
model of the building, adaptive thermal comfort model and the Case subsystems. Here
“Go-to from” blocks are used to simplify the figure so that the inputs/outputs can be
clearly seen. Therefore, for the Base Case, instead of [Case Letter], ‘In’ is used, for the
2" case, ‘ACTM’ is used, and letters C, D and E are used for Cases 3, 4 and 5

respectively.
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Figure 3.10. Overall Simulink Model
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3.4.3.1 Case 1 — Base Case

In this case, the cooling remains on at all times, at a fixed setpoint temperature that is
20°. In Dormitory 1, currently, setpoint temperatures cannot be adjusted and stay at

20°. It assumed that the air conditioning is switched on at all times for this case.

3.4.3.2 Case 2 — Setpoint Control Case

In this case, adaptive thermal comfort model actively controls the setpoint temperature
in the thermostat throughout the day based on the outdoor temperature. In the
simulation, the outdoor temperature is taken from the TMY data corresponding to that
hour. In a realistic scenario, this data will be taken from a sensor installed outside

Dormitory 1 and fed into the system to calculate and calibrate the setpoint temperature.

3.4.3.3 Case 3 — Schedule Based Case

As seen from Figures 3.6-3.9, the demand peaks during certain times in the day due to
the availability of energy from PV systems in METU NCC. Based on this, the adaptive
thermal comfort model can be used during these times to reduce the demand and
employ PV systems during midday to power excessive energy from cooling systems
running on lower setpoint temperatures. The system decides based on the hour of the
day to decide whether or not the adaptive control model should be utilized to adjust
the setpoint temperature. The schedule is decided based on studying the peak demand
periods based on the previously shown load profiles. As it can be seen from the load
profiles, demand peaks between 06:00 and 10:00 followed by 15:00 and 20:00. Figure

3.11 shows the flowchart of Case 3 system controller.
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Figure 3.11. Algorithm Flowchart for Case 3

Figure 3.12 shows the algorithm shown in the figure above on Simulink. Here the
Schedule block is imported from Excel where the times between 06:00-10:00 and
15:00-20:00 are set as 1 while the rest are set as 0. Here a switch is used to switch
between the adaptive thermal comfort model setpoints and base setpoints, depending

on what time of day it is.
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Figure 3.12. Case 3 implementation on Simulink

3.4.3.4 Case 4 — Demand Monitoring Case

Energy from PV systems installed in METU NCC create an imbalance between
demand met by the grid due to which a large rise is seen in peaks, as seen in Figure
3.6-3.9. In this case, demand is actively monitored, such that if the rate of change of
demand is above a certain threshold, such that incoming peak demands can be detected,
setpoint temperatures are adjusted based on the outdoor temperatures to keep thermal
comfort while also conserving energy. In this case, demand at time (t) will be compared
with demand at time (t-n), and will be minimized. In case of the simulation, since only
discrete data is available, a threshold value of 0.15 is set, based on studying the load
profile. Figure 3.13 shows the flowchart of Case 4 algorithm. Figure 3.14 shows the
algorithm shown above in the MATLAB Simulink environment where the threshold is
set as 0.15. Using a unit delay, a scenario with previous and current demand is
simulated as shown in Figure 3.14 and a switch is used to decide whether to use the

base setpoint or setpoint from the adaptive thermal comfort model.
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Figure 3.13. Algorithm Flowchart for Case 4
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Figure 3.14. Case 4 implementation on Simulink

3.4.3.5 Case 5 — Forecasted Demand Case

In this case, the hourly demand will be forecasted based on linear regression method
and based on this, calculate an aggregate demand. Based on this parameter, whenever
the demand rises above the aggregate demand, the adaptive thermal comfort model
will adjust the setpoint temperature to reduce the demand, incase the setpoint
temperature is more than what is required. If a long term dataset was available, a better
estimate could be calculated, through neural network techniques, however that is out

of the scope of this study. Figure 3.16 shows flowchart of Case 5 algorithm. Figure
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3.17 shows the the algorithm above in the Simulink environment on MATLAB. Here,
Dagg is imported from MS Excel after a linear regression analysis while D(t) is the
assumed to be the actual demand. Meanwhile, a switch is used to decide whether to

use the adaptive thermal comfort model or the base setpoint depending on the demand

f D(t-24) f

Y

received.

Forecast Demand

Y

Calculate Aggregate
Demand Dggg

/ Cooling Setpoint = 20° /

Cooling setpoint: adaptive control
Cutdoor Temperature model

Y

/ Cooling Sefpoint=T, /

Figure 3.16. Algorithm Flowchart for Case 5
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Figure 3.17. Case 5 implementation on Simulink
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3.4.3.6 Case 6 — Load Shifting Case

Net Metering is an energy policy which allows consumers to export some or all of the
energy they produce to the grid such that they may use this energy at any time instead
of the time of generation [52]. Through this policy, the need of battery installation,
which prove to be expensive, can be mitigated [52]. METU NCC can employ the net
metering scheme to reduce peaks, especially peaks which are present in the Winter
months, since heating systems in campus are gas powered and setpoint control cannot

affect the electricity consumption in this case.

In this case, the objective is to minimize the demand peaks and use the energy produced
by solar PV to shift loads where the grid acts as a battery. Through this, the current PV
system can be utilized as a better demand management tool without increasing the
capacity of the current PV Plant and adding batteries, since currently, PV system does
not produce excess energy to be saved in batteries. As mentioned in Section 3.4.1,
demand met by the grid during the day is low due to the energy produced by the PV
plant, however, as solar irradiation decreases as night approaches, there is a large
imbalance between the PV energy production and demand met by grid, creating a
demand peak which leads to grid instability. Using the grid as a battery provides the
opportunity to shift nighttime peak loads to midday, when the load on the grid is much
lower. In real time, the algorithm compares the total electricity demand, D(t), with
previous demand met by the grid and PV, Ds(t-1), such that if the total electricity
demand is more, the energy from PV, I(t), is dispatched such that the demand met by
the grid is equal to the previous demand, while the rest is sent to the grid, G. If the
energy produced from PV at that time is not enough to equal the previous demand, the
energy sent to the grid is also dispatched to decrease the load. On a net basis, there is
no change in the cost of energy while the peaks in the demand are reduced, which
reduces the imbalances created by PV energy production, improving the grid stability.

Figure 3.18 shows the algorithm for Case 6.
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Figure 3.18. Algorithm Flowchart for Case 6
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Estimation of Energy Production of METU NCC PV Plant

The METU NCC PV Plant was installed on the campus to partially meet the electrical
demand of the campus [46]. Since the renewable resources change over seasons, it is
important to study the changes of the production of the PV plant over time. Figures
4.1-4.4, shows the estimated seasonal energy produced from PV using TMY data of
Guzelyurt statistically obtained at each hour in each month for a year. It can be seen in
Figure 4.1 that months in the winter have a narrower dome comparatively, due to
shorter days. Furthermore, the electricity generation peaks at 0.5 MW, producing
energy between 07:00 and 17:00. Referring to Figure 3.6, it is observed why the
demand decreases after 09:00 and increases after 15:00 since the PV production is low

during these times.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (Hours)

January —@—February —@—December

Figure 4.1. PV Production estimation using TMY Data of Guzelyurt (2004-2018)

averaged at each hour throughout the days of a month for a year for Winter
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Figure 4.2 shows the estimated PV electricity generation in Spring. As Spring
approaches, the days get longer, hence PV produces energy between 06:00 and 18:00.
Furthermore, the energy generation from the plant increases to 0.65 MWh.

0.7

0 . . T T T T T T T T T T T T T

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (Hours)

March —@— April May

Figure 4.2. PV Production estimation using TMY Data of Guzelyurt (2004-2018)

averaged at each hour throughout the days of a month for a year for Spring

Figure 4.3 shows that in summer days are the longest and PV produces electricity
between 06:00 and 19:00 with energy generation peaking at 0.7 MWh. Referring to
Figure 3.8 it can be seen that without PV energy production, the peak demand would
reach 1.4 MWh for the months of June and August. Meanwhile, for the month of July
the peak demand would rise to almost 1.7 MWh.
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Figure 4.3. PV Production estimation using TMY Data of Guzelyurt (2004-2018)

averaged at each hour throughout the days of a month for a year for Summer

Figure 4.4 shows the estimated energy production from PV in Autumn. It can be seen
that the peak production reduces from 0.7 MWh in September to 0.6 MWh in October
as the solar irradiation decreases at solar noon. As the days get smaller in October and
November, PV energy is only produced from 07:00 to 17:00. This explains why the
demand rises after 15:00 for the months of October and November when referring to

Figure 3.9.
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Figure 4.4. PV Production estimation using TMY Data of Guzelyurt (2004-2018)
averaged at each hour throughout the days of a month for a year for Autumn

4.2 Results of Demand Management Strategies

4.2.1 Case 1: Base Case

The results for the base case show the behavior of the estimated demand from the
HVAC systems based on the current scenario in Dormitory 1. Figure 4.5 shows the
estimated demand from the HVAC systems on 15" July, a typically hot day with
cooling on, with the outdoor temperature for Case 1. Since the setpoint temperature is
set at 20°C with a AT of £1.5°C, the indoor temperature fluctuates across this
temperature; however, from the period between 7 am and 8 pm, HVAC systems are
being used constantly. This can be corelated with the fact that temperature outdoors
starts rising over 25°C, therefore, the building gains heat from outdoors, since there is
a higher temperature gradient causing the system to run continuously to maintain a
temperature of 20°C. Another important observation also explains why demand is so
excessive in July is due to the fact that HVAC systems seem to be running consistently
during the day, causing the the load curve to be over 1.2 MWh excluding the demand

met by PV as shown in Figure 4.1. Furthermore, during night when the temperature

44



falls, a higher setpoint can be used to conserve energy, which presents an opportunity
to decrease the loads, especially since load peaks are generally visible between 15:00
and 22:00.

--------- Energy = = =|Indoor temperature Outdoor Temperature
180 35
1
60 30
140
25
__ 120 S
ey P
]
Z 100 20 5
~ )
% o
3 80 - 15 ‘é
“ 60 ko
- 10
40
20 | P oPiob i PEEETe
o Lo ¢ fo Fr HE LI 0
0 1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (h)

Figure 4.5. Estimated Demand from Cooling Systems on July 15" with Indoor and

Outdoor temperatures for Case 1

4.2.2 Case 2 — Setpoint Control Case

Case 2 controls the setpoint at all times, regardless of the demand at that time. It can
be seen that energy is only consumed during the day. Figure 4.6 shows the estimated
demand from the HVAC systems on 15" July, a typically hot day with cooling on, with
the outdoor temperature for Case 2. This plays a significant improvement in reducing
the demand peaks formed between 19:00 and 22:00. Furthermore, the system does not
work in between intervals, from 19:00 to 08:00. Therefore, the overall consumption
reduces. During this time, instead of indoor temperature fluctuating around 20°C,
temperature fluctuates between 22.5°C and 25.5°C, which keeps the temperature

comfortable on the basis of BS EN15251, while also conserving energy.
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Figure 4.6. Estimated Demand from Cooling Systems on July 15" with Indoor and

Outdoor temperatures for Case 2

On a macroscale, when considering the monthly energy consumption for cooling, July
has the highest energy consumed for the base case which is 88.11 MWh. This can be
explained due to the higher mean outdoor temperature of 28.23°C, which translates to
the need for cooling systems for longer periods of time. Table 4.1 shows these results.
On the other hand, May and October have considerably lower energy consumption of
32.55 MWh and 26.76 MWHh, since the mean monthly temperature is lower compared
to the other two months. As seen from Figure 4.2, it was expected that the energy
consumption would be lower than the base case, and it can be seen that especially for
the months of May and October, the onsets of summer and winter respectively, the
energy consumption is 73% and 67% lower compared to the base case. This can be
accounted to the fact that these two months have lower night time temperatures and
this can be used to conserve energy. On the other hand, in July, there is a 47% reduction
in energy consumption, and this change is lower compared to the other months owing

to the higher temperatures in the month.
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Table 4.1. Total Energy Consumption from cooling systems for Case 2, Average
Outdoor Temperature, Base Case Energy Consumptions from Cooling Systems and
the Change in Energy Consumption between Base Case and Case 2 for the months of
May, July, September and October

Month May July Sept. Oct.
Energy Consumption (MWh) 8.48 45.96 27.50 8.84
Temperature (°C) 22.47 28.23 25.05 18.89

Base Energy Consumption (MWh) 32.55 88.11 57.57 26.76
Change in Energy Consumption (%) -73.93 -47.84 -52.24  -66.96
Economic Savings ($) 4211.03 7375.77 5262.89 3135.34

Based on the previous findings, one can expect lower demand when considering the
overall demand. Figures 4.7-4.10 show the average hourly demand across the months
of May, July, September and October for Case 2. As seen in Figures 4.3-4.6, Case 2
exhibits a lower demand when compared to Case 1 in general. When considering the
month of May, periods between 23:00-07:00 show no change in demand due to lower
nighttime temperatures, meaning cooling systems do not use much energy at these
times, however, from 08:00 to 20:00, the demand reduces with a magnitude between
0.05 MWh and 0.1 MWh. Although not flattening the peaks, the efficiency during this
period improves. For July, due to higher outdoor temperatures even at night, the
demand profile completely offets by a minimum of 0.02 MWh, while significantly
decreasing the peak from 07:00 to 08:00 by 0.11 MWh. Although, this provides a more
efficient cooling system, the rate of change of demand remains the same. A similar
trend is seen when observing the demand profile of the month of September, albeit, a
smaller offset of 0.05 MWh. Similar to May, October exhibits similar demand profile
between 20:00-09:00, however decreases the peak demand by 1.55%. Notice that
during this month, the mean outdoor temperature falls to 18.89°C, meaning that at
nighttime there are lower temperature, which is why not much difference is seen in the
load profile after 20:00.
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Figure 4.7. Average Hourly Demand throughout the days of the month of May for
Case 1 and Case 2
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Figure 4.8. Average Hourly Demand throughout the days of the month of July for
Case 1 and Case 2
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Figure 4.9. Average Hourly Demand throughout the days of the month of September

for Case 1 and Case 2
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Figure 4.10. Average Hourly Demand throughout the days of the month of October
for Case 1 and Case 2
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4.2.3 Case 3 - Schedule Based Case

Case 3 considers the schedule to apply BS EN15251, such that setpoint is controlled
between 06:00-10:00 and 15:00-20:00 since these periods exhibit the highest demand.
Figure 4.11 shows the estimated demand from the HVAC systems on 15" July , a
typically hot day with cooling on, with the outdoor temperature for Case 3. One of the
biggest differences, when compared to Case 1 is that the high demand between periods
06:00-10:00 and 15:00-20:00 is reduced. However after this time, since the indoor
temperatures are high compared to the base setpoint, the energy consumed is more, as
seen in the base case. In this case, the setpoint is controlled only for situations when
the demand is usually peaking, and it can be visible from the indoor temperature that
during these periods, the temperature rises to 25°C and during the periods when
demand is generally low, the setpoint goes back to 20°C such that HVAC systems run

at normal usage.
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Figure 4.11. Estimated Demand from Cooling Systems on July 15th with Indoor and

Outdoor temperatures for Case 3
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For Case 3, as seen from the previous trends, July has the highest energy consumed
which is 67.68 MWh for cooling. Table 4.2 shows these results. On the other hand,
May and October have considerably lower energy consumption of 20.96 MWh and
41.37 MWh, since the mean monthly temperature is lower compared to the other two
months. When compared to the base case, May and October there is a reduction of
35.59 % and 36.44% in energy consumption, respectively. The reduction is attributed
to the periods between the schedule decided previously. Meanwhile, in July and
September which have higher outdoor temperatures, have comparatively lower change
in energy consumption of 23.19% and 28.14%, respectively when compared to the

Base Case.

Table 4.2. Total Energy Consumption from cooling systems for Case 3, Average
Outdoor Temperature, Base Case Energy Consumptions from Cooling Systems and
the Change in Energy Consumption between Base Case and Case 3 for the months of

May, July, September and October

Month May July Sept. Oct.
Energy Consumption (MWHh) 20.96 67.68 41.37 17.01
Temperature (°C) 22.47 28.23 25.05 18.89

Base Energy Consumption (MWh) 32.55 88.11 57.57 26.76
Change in Energy Consumption (%) -35.59 -23.19 -28.14  -36.44
Economic Savings ($) 2027.34 3575.61 2835.37 1706.16

On the basis of the above findings, Case 3 is expected to lower the demand in general.
Figures 4.12-4.15 show the average hourly demand across the months of May, July,
September and October for Case 3. Between 06:00-10:00 and 15:00-20:00, it can be
seen that the demand decreases, however, at the end of the timed constraints, that is,
10:00 and 20:00, the demand rises. Especially at 8 pm, the demand rises by 0.1 MWh,
0.05 MWh, 0.1 MWh and 0.07 MWh for May, July, September and October
respectively. The rise in demand at these times can be accounted to internal gains.
Moreover, due to the scheduling, Case 3 causes peaks to be created at the onset of the
schedules, which may create grid instability.
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Figure 4.12. Average Hourly Demand throughout the days of the month of May for
Case 1 and Case 3
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Figure 4.13. Average Hourly Demand throughout the days of the month of July for
Case 1 and Case 3
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Figure 4.14. Average Hourly Demand throughout the days of the month of

September for Case 1 and Case 3
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Figure 4.15. Average Hourly Demand throughout the days of the month of October

for Case 1 and Case 3
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4.2.4 Case 4 — Demand Monitoring Case

Case 4 studies monitors demand such that when the demand starts to rise, setpoint is
controlled to reduce the demand. Figure 4.16 shows the estimated demand from the
HVAC systems on 15" July , a typically hot day with cooling on, with the outdoor
temperature for Case 4. It can be seen when observing the energy between 21:00-06:00
that the demand does not rise and remains constant across these hours. Therefore, the
base demand is unaffected, only the peak demand is affected. However, the issues with
this case rely when the peak demand remains constant for a longer period of time. As
seen between 12:00-17:00, when the peak demand stays constant, the system is unable
to detect the peak, and the setpoint is not adjusted such that energy is conserved. As

far as the indoor temperature is considered, it remains at a comfortable level when

compared to the outdoor temperature.
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Figure 4.16. Estimated Demand from Cooling Systems on July 15" with Indoor and

Case 4 improves on the Base Case however, does not improve the system significantly.
It can be observed that the base energy consumption for cooling and energy
consumption for cooling from Case 4 are almost similar. Since the demand varies

daily, thresholding detects when the peak is approached, however prolonged peaks

Outdoor temperatures for Case 4
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cannot be detected, causing Case 4 to behave similar to the Base Case. Table 4.3 shows
these results. It can be seen that for the months of May and July, the change in
consumption is about -7% since these months generally have prolonged peaks of high
demand due to the high temperatures during the day. Case 4 has a better performance
in September and October, with energy saved of 11% and 13.5% respectively, owing

to their sharper peaks due to lower PV production.

Table 4.3. Total Energy Consumption from cooling systems for Case 4, Average
Outdoor Temperature, Base Case Energy Consumptions from Cooling Systems and
the Change in Energy Consumption between Base Case and Case 4 for the months of

May, July, September and October

Month May July Sept. Oct.
Energy Consumption (MWHh) 30.09 81.75 51.27 23.15
Temperature (°C) 22.47 28.23 25.05 18.89

Base Energy Consumption (MWh) 32.55 88.11 57.57 26.76
Change in Energy Consumption (%) -7.54 -7.21 -10.94  -13.49
Economic Savings ($) 429.47 1111.84 1101.70 631.55

As mentioned previously, Case 4 in general does not improve performance
significantly. This is evident from Figures 4.17-4.20 showing the average hourly
demand for May, July, September and October. It can be observed that the hourly
demand for each month remains very similar to the base demand, and this can be
accounted due to the fact that in general, sharp peaks between hours are seldom
available, therefore, the system does not perform as intended. Furthermore, it also
proves that setpoint control does not affect systems if applied for a short period of time.
Rather it is important to run setpoint control for a considerable amount of time to see

a significant effect.
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Figure 4.17. Average Hourly Demand throughout the days of the month of May for
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Figure 4.18. Average Hourly Demand throughout the days of the month of July for
Case 1 and Case 4

56



1.6

0.6

Demand (MWh)

0.4

0.2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)

—a— Case ]l ==k=--Cased

Figure 4.19. Average Hourly Demand throughout the days of the month of

September for Case 1 and Case 4
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Figure 4.20. Average Hourly Demand throughout the days of the month of October
for Case 1 and Case 4
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4.2.5 Case 5 — Forecasted Demand Case

Case 5 forecasts the demand, such that above the daily aggregate demand, the setpoint
is controlled to reduced energy consumed from HVAC. Figure 4.21 shows the
estimated demand from the HVAC systems on 15" July, a typically hot day with
cooling on, with the outdoor temperature for Case 5. It can be seen in this case that
during hours with base demand, HVAC systems work at base conditions, however
during periods of higher demand, setpoint is controlled such that energy consumption
is reduced. This can be visible when referring to Cases 1 and 2, where the energy
between 09:00-18:00 is comparable to Case 2, while at other times, the behavior is
similar to Case 1. Notice that more energy can be conserved between 19:00-07:00,

however, that would also decrease the demand at these times, causing a peak to be

created.
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Figure 4.21. Estimated Demand from Cooling Systems on July 15" with Indoor and

Outdoor temperatures for Case 4

In terms of energy consumption for cooling, Case 5 shows results similar to Case 3.

Table 4.4 shows these results. The reduction in October is 44.78% which relates to the
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sharper peaks due to lower PV production in this month. Furthermore, the months of
May and September show significant improvement over the Base Case with a
reduction in energy consumption of 35% and 30% respectively. Due to the higher
average outdoor temperature in July, energy consumption in July dropped by 24%

compared to the other months.

Table 4.4. Total Energy Consumption from cooling systems for Case 5, Average
Outdoor Temperature, Base Case Energy Consumptions from Cooling Systems and
the Change in Energy Consumption between Base Case and Case 5 for the months of

May, July, September and October

Month May July Sept. Oct.
Energy Consumption (MWHh) 20.90 66.97 40.20 14.77
Temperature (°C) 22.47 28.23 25.05 18.89

Base Energy Consumption (MWh) 32.55 88.11 57.57 26.76
Change in Energy Consumption (%) -35.78 -23.99 -30.17  -44.78
Economic Savings ($) 2038.08 3699.44 3039.21 2097.13

Figures 4.22-4.25 show how Case 5 affects the mean hourly demand profile. In
general, it can be seen that peak demands are reduced, and the rate of change of demand
is also decreased. For the month of May, it can be seen that demand during the middle
of the day, i.e., the period when demand is low, has almost similar demand, however
later during the day, Case 5 reduces the peak by 0.05 MWh. Similarly, for July, apart
from the demand at 16:00, which is similar to the Base Case, the demand during the
peak period 15:00-18:00 is reduced by 0.08 MWh. It similarly flattens the peak
between 07:00-09:00. Similarly, for the month of September and October, the peaks
between 16:00 and 19:00 are flattened, such that the peak demand is reduced by 0.07
MWh and 0.06 MWh respectively. During other times, cooling systems run normally,

providing a cooler environment to residents.
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Figure 4.22. Average Hourly Demand throughout the days of the month of May for
Case 1 and Case 5
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Figure 4.23. Average Hourly Demand throughout the days of the month of July for
Case 1 and Case 5
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Figure 4.24. Average Hourly Demand throughout the days of the month of

September for Case 1 and Case 5
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Figure 4.25. Average Hourly Demand throughout the days of the month of October

for Case 1 and Case 5
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4.2.6 Summary of Results for Cases 2, 3,4 and 5

Table 4.5 show a summary of the main results of Case 2, 3, 4 and 5. It can be seen that
Case 2 shows the most reduction in energy consumption of cooling systems.
Meanwhile, Case 3 and 5 show comparable reduction in energy consumption of
cooling systems, however, Case 5 shows better results when compared to Case 3 for
the months of September and October, with 2% and 8% more reduction in consumption
respectively. Furthermore, Cases 3 and 4 increase the peak demands for the month of
May by 9.27% and 0.60%, respectively, which makes them ineffective especially for
this month. Cases 2 and 5 display similar results in terms of peak demand reduction.
Furthermore, the economic savings of Case 2 are clearly more, due to the fact that it
has the least energy consumption out of all cases with a total of $19,985 saved, while
Case 5 saves up to $10,873, which is over half of what Case 2 saved financially. This
is expected since Case 5 has lesser energy saved compared to Case 2.

Integration of Case 2 to the current system seems improve the energy efficiency the
most, however, this also keeps the indoor temperature at higher than the base of 20°C.
Although based on the literature, adaptive setpoint control keeps the temperature at a
comfortable level, it is still based on predictive mean vote, and residents may or may
not be content with this setpoint at all times based on the hypersensitivity of occupants
to changes in their living environments. On the other hand, Case 5 applies adaptive set
point control only at times when the demand is expected to be higher, such that at other
times, indoor temperature remains to be at a cooler 20°C especially at night time,
during which comfort is of the utmost importance. Furthermore, if economics are
considered, the general infrastructure is already available in METU NCC to apply such
a system. Smart thermostats, with a lifetime of 10 years, cost approximately $300, the
payback period should be around 5-6 years based on the economic savings shown in
Table 4.5 for Case 5. Although not as energy efficient as Case 2, Case 5 gives a solution
that provides an opportunity to reduce peak demand and energy consumption in
cooling while also preserving comfort to residents indoors. For this reason, Case 5 is

considered as the suggested configuration.
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Table 4.5. Summary of Main Results of Case 2, 3, 4 and 5

Month May July Sept. Oct.
Case 1 Energy Consumption (MWh) 32.55 88.11 57.57 26.76
Energy Consumption (MWHh) 8.48 45.96 27.5 8.84
Case 2 Change in Energy Consumption (%) -73.93 -47.84 -52.24  -66.96
Change In Peak Demand (%) -3.35 -4.16 -3.62 -1.55
Economic Savings ($) 4211.03 7375.77 5262.89 3135.34
Energy Consumption (MWHh) 20.96 67.68 41.37 17.01
Change in Energy Consumption (%) -35.59 -23.19 -28.14 -36.44
Case 3 Change In Peak Demand (%) 9.27 -1.37 -1.31 -1.95
Economic Savings ($) 2027.34 3575.61 2835.37 1706.16
Energy Consumption (MWHh) 30.09 81.75 51.27 23.15
Case 4 Change in Energy Consumption (%)  -7.54 -7.21 -10.94  -13.49
Change In Peak Demand (%) 0.60 -1.23 -0.31 1.17
Economic Savings (3$) 429.47 1111.84 1101.70 631.55
Energy Consumption (MWHh) 20.9 66.97 40.2 14.77
Case 5 Change in Energy Consumption (%) -35.78 -23.99 -30.17 -44.78
Change In Peak Demand (%) -2.25 -2.16 -4.77 -1.55
Economic Savings (3$) 2038.08 3699.44 3039.21 2097.13

4.2.7 Sensitivity Analysis for Case 5

Changing the base setpoint temperature selected affects the results obtained for Case

5 in Section 4.2.5. Therefore, the sensitivity of the system with different base setpoint

temperatures is investigated, such that the effect of different base setpoint temperatures

on the change in energy consumption and change in peak demand compared to the

Base Case can be observed.

Figure 4.26 shows the change in energy consumption in Case 5 with base setpoint

temperatures ranging from 18°C to 22°C. It is clear that as the base setpoint

temperature rises, the reduction in energy consumption also decreases. This is more
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apparent for the months with lower mean outdoor temperatures i.e., May and October.
In general, when the base setpoint temperature is between 18°C and 20°C, the change
in energy consumption does not vary, with the maximum variation being +1%. This
does not apply to the month of May, where the energy saved decreases by 3% at every
interval as the base setpoint temperature increases from 18°C to 20°C. A significant
effect is seen when a base setpoint of 21°C and 22°C is applied. For the months with
comparatively cooler outdoor temperatures i.e., May and October, a significant
reduction in energy savings can be observed. The reduction in energy savings of 4%
and 7% is seen during May and October, respectively, when the base setpoint
temperature is increased from 20°C to 21°C. This can be explained due to the fact that
cooler outdoor temperatures decrease the usage of cooling systems such that, lesser
energy is used, when compared to lower temperatures. A similar trend is visible in the
hotter months as well. In July and September, energy savings are reduced by

approximately 4% and 5%, respectively, at each interval after 20°C.
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Figure 4.26. The sensitivity of the change in energy consumption of Case 5 compared

to the Base Case with different base setpoint temperatures

Figure 4.27 shows the change in peak demand when base setpoint temperatures

ranging from 18°C to 22°C are used. One of the core observations from Figure 4.27 is

64



that the decrease in peak demand between each month does not follow a trend similar
to the one in Figure 4.26. This is due to the fact that each month exhibits its own
demand pattern. However, at a base setpoint temperature of 22°C, the change in peak
demand reduces to values between 0% to -1%. This correlates to the fact that peak
demand usually occurs during night time when cooler outdoor temperatures are
observed. Therefore, if a base setpoint temperature of 22°C is used, it becomes more
difficult to improve peak demands. In general, however, reduction in peak demand
decreases as the base setpoint temperature increases for the months of May, July and
October. For the month of September, however, the change in peak demand does not
change from a base setpoint temperature range of 18°C to 21°C. From Figure 4.24 it
can be seen that a peak is observed at 17:00 which coincides with lack of solar
irradiation when outdoor temperature is low and the same amount of energy is
consumed by cooling systems is the Base scenario between the range of 18°C-21°C,

causing a similar effect between base setpoint temperatures from 18°C to 21°C.
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Figure 4.27. The sensitivity of the change in peak demand of Case 5 compared to the

Base Case with different base setpoint temperatures
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4.2.8 Case 6 - Load Shifting Analysis with Case 5

The changes to current cooling systems causes the peak demands to reduce; however,
using the PV plant installed, the peaks between 17:00 and 21:00 can be further reduced.
Furthermore, for the winter months, when heating is sourced from gas powered
supplies in Dormitories, load shifting helps to reduce the peak demand. Using net
metering, energy from PV can be supplied to the grid to be used later, when PV may

not be available and the demand is higher.

Figures 4.28 and 4.29 show the average hourly demand of September and October
2019, comparing it with the average hourly demand of September and October after
shifting the load using PV and applying HVAC adjustments. From Figure 4.23, it can
be seen that the base demand of 2019 peaks between 16:00 and 21:00 while a trough
is observed between 08:00 and 15:00. As seen in the figure, the peak demand of 1.45
MW is decreased to 1.3 MW by shifting the load to the trough formed between the
trough. This stabilizes the demand at this peak. Similarly, from Figure 4.24, it can be
seen that the peak demand of 1.34 MW in October reduces to 1.2 MWh.
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Figure 4.28. Average Hourly Demand for the month of September with load shifting

and Case 5, compared with the base demand of 2019

66



=
)

g
iN

[
N

.-’..
:..

°
&
°
°
°
(X
.
o
[ X

Demand (MWh)

o
o

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)

«.-4@--+ October w/ SC and LS +++ 4.+ October - Base Demand

Figure 4.29. Average Hourly Demand for the month of October with load shifting
and Case 5, compared with the base demand of 2019

On the other hand, Figures 4.30-4.32 show average hourly demand of 2019 for the
months of January, November and December. It can be seen that load shifting
significantly improves the load profile. The peak demand at 19:00 decreases by 0.4
MWh due to the load shift in January. However, due to the lack of solar resources, it
can be seen that the peak rises to 0.95 MWh by 22:00. In contrast, demand in
November with load shifting remains stable, with the demand peaking at 0.68 MWh.
It is also seen that the peak demand at 18:00 decreases from 0.94 MWh to 0.6 MWh.
In December, the demand after load shifting exhibits a similar behavior to demand
after load shifting in January, since there is a lack in solar resources. However, it
decreases the peak demand at 18:00 by 0.4 MWh.
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Figure 4.31. Average Hourly Demand for the month of November with load shifting,
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Figure 4.32. Average Hourly Demand for the month of December with load shifting
and Case 5, compared with the base demand of 2019

Table 4.6 shows how the peak demand changes in each month for the load shifting
with Case 5. It can be seen that in general, the peak decreases for each month. Notice
that summer months exhibit the least reduction in Peak demand. This can be attributed
to the fact that though solar resources are high, the demand is also high during the day,
which means that most of the electrical energy from solar is used during the day. In
August, since students and faculty are away for vacations, the demand is lower,
therefore this trend is not followed in this month.
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Table 4.6. Change in Peak Demand through Load shifting, with Case 5 being applied

Month Change in Peak Demand (%0)

January -13.67
February -25.26
March -31.85
April -36.95
May -19.61
June -2.83
July -6.87
August -11.78
September -10.21
October -10.46
November -24.96
December -18.11
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CHAPTER 5

CONCLUSION

5.1 Conclusions

Several studies have looked at the effect of setpoint control as a method of demand
reduction; however, none of these studies are based in Northern Cyprus and neither
they integrate the systems with PV systems as a demand management tool. In this
study, setpoint control is used to make cooling systems more efficient while
maintaining human comfort such that demand may be reduced, especially at peak
periods for METU NCC. Furthermore, the effect of using PV with net-metering and
setpoint control on the demand profile of METU NCC is studied. For this purpose a
load profile for METU NCC is constructed such that peak demand periods and load
shifting opportunities can be found. PV production is estimated using TMY data on
MS Excel, while a model is created for Dormitory 1 using MATLAB such that setpoint
may be controlled based on outdoor temperatures using TMY data. Several cases are
discussed such as setpoint control case, schedule based case, demand monitoring case
and demand forecasting case and finally, based on their performance, the grid was used

as a battery to shift loads to reduce peaks.
Based on the findings, the following can be said;

e In terms of energy, the highest energy is consumed in July. However, due to
the availability of solar resources, this does not create a rise in demand from
the grid. On the other hand, September and October have a significant rise in
peaks due to incoming new students and lower energy resources compared to
summer months. Furthermore, during the winter months, since there is a low
demand during the day, and higher demand at night, there is a large rise in
demand from the grid between 17:00 and 20:00.

e As the outdoor temperature increases, the demand in METU NCC rises,
pertaining to the fact that cooling systems are one of the major causes of the

rise in demand during the summer months.

Based on the assumptions made, this study finds that;
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If setpoint is controlled at all times (Case 2), energy consumption from cooling
systems can be reduced by 55.7% cumulatively over the months of May, July,
September and October. Meanwhile, if setpoint control is only applied to
schedules between 06:00-10:00 and 15:00-20:00 (Case 3), the energy
consumption is reduced by 28.3% cumulatively over the months of May, July,
September and October. Finally, when setpoint control is applied when
demand is higher that an aggregate demand based on forecasted values (Case
5), the energy consumption from cooling systems can be reduce by 30.3%
cumulatively over these months.

In terms of peak reduction, Case 3 increases the peak demand in May by
9.27%. On the other hand, Case 2 and Case 5 exhibit comparable peak
reductions, ranging between 2-5%. Although, Case 2 is seen to be more
efficient that Case 5 in terms of energy consumption, Case 5 exhibits a better
peak reduction for the months of September and October and also keeps the
indoor temperature at 20°C when the demand is low, improving the living
environment for residents. Furthermore, most of the infrastructure is already
present on campus for such an implementation, with excess costs being covered
within a 5-6 year period. On the basis of this, Case 5 should be implemented.
Finally, when the load is shifted, peaks for November, December and January
decrease by 25%, 18% and 13.6% respectively. A significant improvement is
also observed for September and October, with peaks decreasing by 10% each.
Therefore, if Case 5 is coupled with a grid being used as a battery for PV,

significant peak reductions can be observed, which can be implemented.

5.2 Future Work

To build on this study, one of the most important steps is to conduct studies based on
the demand of the dormitories specifically, based on continuous data, furthermore,
cooling systems should be metered. This provides a better understanding of the
behavior of the demand in dormitories, and provides a better estimate of demand from
cooling systems. Another reason why continuous data needs to be used is since outdoor
temperature changes constantly across the day, and so does the demand over time,

therefore, it provides a better estimate. Moreover, with long term data, electricity
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demand can be predicted through neural networks and provide the option of day ahead

planning.

73



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

REFERENCES

"Population growth (annual %) | Data", Data.worldbank.org, 2021. [Online].
Available: https://data.worldbank.org/indicator/SP.POP.GROW. [Accessed:
27- June- 2021]

E. Information Adminstration - Department of Energy, “Monthly Energy
Review - September 2011.”

M. Carbajales-Dale, C. J. Barnhart, and S. M. Benson, “Can we afford storage?
A dynamic net energy analysis of renewable electricity generation supported by
energy storage,” Energy Environ. Sci., vol. 7, no. 5, pp. 1538-1544, 2014, doi:
10.1039/C3EE42125B.

P. Denholm and R. M. Margolis, “Evaluating the limits of solar photovoltaics
(PV) in electric power systems utilizing energy storage and other enabling
technologies,” Energy Policy, vol. 35, no. 9, pp. 4424-4433, Sep. 2007, doi:
10.1016/J.ENPOL.2007.03.004.

M. Miyamoto and K. Takeuchi, “Climate agreement and technology diffusion:
Impact of the Kyoto Protocol on international patent applications for renewable
energy technologies,” Energy Policy, vol. 129, pp. 1331-1338, Jun. 2019, doi:
10.1016/J.ENPOL.2019.02.053.

P. Crumpler, “Demand-Side Energy Management at the University of
Virginia,” J. Green Build., vol. 1, no. 3, pp. 58-68, Aug. 2006, doi:
10.3992/JGB.1.3.58.

A. Sallam and O. Malik, “Demand-Side Management and Energy Efficiency,”
Electr. Distrib. Syst. Second Ed., pp. 429-463, Oct. 2018, doi:
10.1002/9781119509332.CH16.

J. Prasad, T. Jain, N. Sinha, and S. Rai, “Load Shifting Based DSM Strategy for
Peak Demand Reduction in a Microgrid,” 2020 Int. Conf. Emerg. Front. Electr.
Electron. Technol. ICEFEET 2020, 2020, doi:
10.1109/ICEFEET49149.2020.9186983.

J. Byrne, S. Letendre, C. Govindarajalu, Y. D. Wang, and R. Nigro, “Evaluating
the economics of photovoltaics in a demand-side management role,” Energy
Policy, vol. 24, no. 2, pp. 177-185, Feb. 1996, doi: 10.1016/0301-
4215(95)00106-9.

Z. Wu, H. Tazvinga, and X. Xia, “Demand side management of photovoltaic-
battery hybrid system,” Appl. Energy, vol. 148, pp. 294-304, Jun. 2015, doi:
10.1016/J.APENERGY.2015.03.1009.

L. Schibuola, M. Scarpa, and C. Tambani, “Variable speed drive (VSD)
technology applied to HVAC systems for energy saving: an experimental
investigation,” Energy Procedia, vol. 148, pp. 806-813, Aug. 2018, doi:
10.1016/J.EGYPRO.2018.08.117.

C. Wang, K. Pattawi, and H. Lee, “Energy saving impact of occupancy-driven

74



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

thermostat for residential buildings,” Energy Build., vol. 211, Mar. 2020, doi:
10.1016/J.ENBUILD.2020.109791.

A. Meier, C. Aragon, T. Peffer, D. Perry, and M. Pritoni, “Usability of
residential thermostats: Preliminary investigations,” Build. Environ., vol. 46,
no. 10, pp. 1891-1898, Oct. 2011, doi: 10.1016/J.BUILDENV.2011.03.009.

M. Fadzli Haniff, H. Selamat, R. Yusof, S. Buyamin, and F. Sham Ismail,
“Review of HVAC scheduling techniques for buildings towards energy-
efficient and cost-effective operations,” Renew. Sustain. Energy Rev., vol. 27,
pp. 94-103, 2013, doi: 10.1016/J.RSER.2013.06.041.

K. X. Perez, M. Baldea, and T. F. Edgar, “Integrated smart appliance scheduling
and HVAC control for peak residential load management,” Proc. Am. Control
Conf, vol. 2016-July, pp. 1458-1463, Jul. 2016, doi:
10.1109/ACC.2016.7525122.

A. Pina, C. Silva, and P. Ferrdao, “The impact of demand side management
strategies in the penetration of renewable electricity,” Energy, vol. 41, no. 1, pp.
128-137, May 2012, doi: 10.1016/J.ENERGY.2011.06.013.

A. U. Mahin, M. A. Sakib, M. A. Zaman, M. S. Chowdhury, and S. A. Shanto,
“Developing demand side management program for residential electricity
consumers of Dhaka city,” ECCE 2017 - Int. Conf. Electr. Comput. Commun.
Eng., pp. 743-747, Apr. 2017, doi: 10.1109/ECACE.2017.7913001.

S. Rahman and B. D. Kroposki, “Photovoltaics and Demand Side Management
Performance Analysis at a University Building,” IEEE Trans. Energy Convers.,
vol. 8, no. 3, pp. 491-498, 1993, doi: 10.1109/60.257064.

J. Linssen, P. Stenzel, and J. Fleer, “Techno-economic analysis of photovoltaic
battery systems and the influence of different consumer load profiles,” Appl.
Energy, vol. 185, pp. 2019-2025, Jan. 2017, doi:
10.1016/J.APENERGY.2015.11.088.

S. F. Phiri and K. Kusakana, “Demand Side Management of a grid connected
PV-WT-Battery hybrid system,” undefined, 2016.

C. J. C. Williams, J. O. Binder, and T. Kelm, “Demand side management
through heat pumps, thermal storage and battery storage to increase local self-
consumption and grid compatibility of PV systems,” IEEE PES Innov. Smart
Grid Technol. Conf. Eur., 2012, doi: 10.1109/ISGTEUROPE.2012.6465874.

A. Ghofrani, S. D. Nazemi, and M. A. Jafari, “HVAC load synchronization in
smart building communities,” Sustain. Cities Soc., vol. 51, Nov. 2019, doi:
10.1016/J.SCS.2019.101741.

J. Dejvises and N. Tanthanuch, “A Simplified Air-conditioning Systems Model
with Energy Management,” Procedia Comput. Sci., vol. 86, pp. 361-364, 2016,
doi: 10.1016/j.procs.2016.05.099.

S. M. S. Sadati, E. Jahani, O. Taylan, and D. K. Baker, “Sizing of Photovoltaic-
Wind-Battery Hybrid System for a Mediterranean Island Community Based on

75



[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]
[38]

Estimated and Measured Meteorological Data,” J. Sol. Energy Eng. Trans.
ASME, vol. 140, no. 1, Feb. 2018, doi: 10.1115/1.4038466.

M. Ilkan and Y. Cirak, “Energy Education And Demand-Side Management of
Energy in Northern Cyprus,” Nov. 2004.

A. Arfaei and Aref, “Critical Approach to the Process of Energy Efficient
Building Constructing,” 2014.

Z. Hu, “Comments on &quot;Identification of residential end-use loads for
demand-side planning in northern Cyprus&quot; [Energy 24 (1999) 231-238].”

M. M. Dakyen, M. Dagbasi, and M. Ozdenefe, “Energy models for cost-optimal
analysis: Development and calibration of residential reference building models
for Northern Cyprus:,” Indoor and Built Environment, June 2021, doi:
10.1177/1420326X211013076.

J. A. Duffie, W. A. Beckman, and J. McGowan, “Solar Engineering of Thermal
Processes,” Am. J. Phys., vol. 53, no. 4, pp. 382-382, 1985, doi:
10.1119/1.14178.

L. Al-Ghussain, “Effects of short and long term storage systems on size
determination of renewable energy systems in micro-grids,” 2017.

“Axitec 60 cell polycrystalline photovoltaic modules Ingilizce | Manualzz.” .

J. A. Crabb, N. Murdoch, and J. M. Penman, “A simplified thermal response
model:,” http://dx.doi.org/10.1177/014362448700800104, vol. 8, no. 1, pp. 13—
19, Jul. 2016, doi: 10.1177/014362448700800104.

A. S. L. Frank P. Incropera, David P. DeWitt, Theodore L. Bergman,
“Fundamentals of Heat and Mass Transfer - 6th Edition Incropera .pdf,” p. 999,
2007.

G. Hailu, “Energy systems in buildings,” Energy Serv. Fundam. Financ., pp.
181-209, Jan. 2021, doi: 10.1016/B978-0-12-820592-1.00008-7.

L. Brotas, S. John, and C. Faculty, “Adaptive Comfort Model and Overheating
in Europe Re-Thinking the Future,” Plea 2015 Bol. Archit. (R)evolution, no.
September 2015, 2015.

E. Standard, “UNI Standard EN15251. Indoor environmental input parameters
for design and assessment of energy performance of buildings addressing
indoor air quality, thermal environment, lighting and acoustics. European
committee for Standardization,” 2007, [Online]. Available:
https://www.sysecol2.ethz.ch/OptiControl/LiteratureOC/CEN_06_prEN_1525
1_FinalDraft.pdf.

“Cyprus - Country Profile - Destination Cyprus - Nations Online Project.” .

Y. Kassem, H. Camur, and S. M. A. Alhuoti, “Solar energy technology for
northern Cyprus: Assessment, statistical analysis, and feasibility study,”
Energies, vol. 13, no. 4, 2020, doi: 10.3390/EN13040940.

76



[39]
[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]
[48]

[49]

[50]

[51]

[52]

“Istatistikler —- KIBRIS TURK ELEKTRIK KURUMU.” .

F. Al-Turjman, Z. Qadir, M. Abujubbeh, and C. Batunlu, “Feasibility analysis
of solar photovoltaic-wind hybrid energy system for household applications,”
Comput. Electr. Eng., vol. 86, p. 106743, Sep. 2020, doi:
10.1016/J.COMPELECENG.2020.106743.

D. Solyali and M. Redfern, “CASE STUDY OF CYPRUS: WIND ENERGY
OR SOLAR POWER? TUBITAK-Design of a Multifucnsinal Protection
System View project Smart Manufacturing for Industry 4.0 using Radio
Frequency Identification (RFID) Technology View project,” 2010, doi:
10.13140/2.1.5044.3849.

M. Ilkan, E. Erdil, and F. Egelioglu, “Renewable energy resources as an
alternative to modify the load curve in Northern Cyprus,” Energy, vol. 30, no.
5, pp. 555-572, Apr. 2005, doi: 10.1016/J.ENERGY.2004.04.059.

A. Poullikkas, “Parametric cost—benefit analysis for the installation of
photovoltaic parks in the island of Cyprus,” Energy Policy, vol. 37, no. 9, pp.
3673-3680, Sep. 2009, doi: 10.1016/J.ENPOL.2009.04.037.

“Ug¢ Zamanl Tarife — KIBRIS TURK ELEKTRIK KURUMU.” .

A. Molderink, V. Bakker, M. G. C. Bosman, J. L. Hurink, and G. J. M. Smit,
“Management and control of domestic smart grid technology,” IEEE Trans.
Smart Grid, wvol. 1, no. 2, pp. 109-119, Sep. 2010, doi:
10.1109/TSG.2010.2055904.

S. M. S. Sadati, “Assessment of renewable energy based micro-grids for small
communities,” 2016.

“Solar resource maps and GIS data for 200+ countries | Solargis.” .

Carrier, “Air-Cooled Liquid Chillers with Integrated Hydronic Module 30RA
040-240 ‘B.””.

“SCROLL COMPRESSORS - HIGH EFFICIENCY COMPRESSION FOR
COMMERCIAL AND INDUSTRIAL APPLICATIONS,” New York, Oct.
2004.

H. Bastida, C. E. Ugalde-Loo, M. Abeysekera, M. Qadrdan, and J. Wu,
“Thermal dynamic modelling and temperature controller design for a house,”
Energy  Procedia, vol. 158, pp. 2800-2805, 2019, doi:
10.1016/J.EGYPR0.2019.02.041.

"Google Maps Area Calculator Tool", Daftlogic.com, 2021. [Online].
Available: https://www.daftlogic.com/projects-google-maps-area-calculator-
tool.htm.

K. Sedghisigarchi, “Residential solar systems: Technology, net-metering, and
financial payback,” 2009 IEEE Electr. Power Energy Conf. EPEC 2009, 2009,
doi: 10.1109/EPEC.2009.5420778.

77



APPENDIX

A.1 Simulink Diagrams

Figure A.1 shows Equation 3.17 in effect in MATLAB Simulink. Depending on the
temperature indoors, the thermostat turns the air switch on or off. Furthermore, a

saturation limit is added based on the cooler’s cooling capacity.

1
(D Thermostat Command (On/Off)
On/Off

& @ Hx_l—’f

i . Flow
Tr Air Switch  Cooling Capacity
10 J

Cooler Air Temperature

Figure A.1. Cooling/AC Subsystem in Simulink

Figure A.2 shows the application of Equation 3.22 in MATLAB. The values were
capped at 25°C to avoid internal gains, to reduce demand overshoot. This is caused

due to extensive temperature setpoint variation.
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Figure A.2. Adaptive Thermal Comfort Model in Simulink

Figure A.3 shows the thermal model of the building on MATLAB with the thermostat,
AC and Building Subsystems. Here, the adaptive thermal model subsystem can be seen

to provide the setpoint temperatures instead of a traditional fixed setpoint.

— d
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Figure A.3. Thermal Model with Adaptive Thermal Comfort Model in Simulink
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