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Abstract 

Demand Side Management (DSM) is a term coined to describe the control of demand to optimize energy 

usage in a way beneficial to both users and utilities. There are different technologies and policies designed 

for DSM, and one of them is Direct Load Control (DLC) which refers to a utility directly controlling 

demand. In this thesis, an analysis of DLC for air conditioning units during summer in the Indian state of 

Karnataka is carried out. A new control mechanism is proposed, based on the local generation capacity, 

which seems to reduce until the monsoon season arrives, as the lack of rain reduces water levels in hydro 

power plants. The direct load control of ACs using this mechanism allows for 0.88% energy savings in a 

state where only around 5% of all households seem to have AC units and electricity is available for only 

37% of the population. The mentioned savings could have significant economic impacts for both users and 

utilities, reduce the fossil-based energy consumption and/or improve issues such as blackouts and the lack 

of capacity to cover peak loads. Continuous improvements in both energy access and the economic 

conditions of the state will lead to a larger number of AC’s installed, meaning that a mechanism that reduces 

AC consumption could be of great utility for all stakeholders of the electricity sector. 

 

Keywords: Demand side management, Direct load control, India, Air conditioners 

 

  



-3- 

 

Sammanfattning 

Styrning av Efterfrågan (från Demand Side Management, DSM) är ett begrepp som myntats för att beskriva 

konsumtionskontroll för att optimera energianvändning på ett sätt som är fördelaktigt för både användare 

och samhällsservice. Det finns olika tekniker och taktiker utformade för DSM, och en av dem är Direkt 

Belastningskontroll (från Direct Load Control, DLC), vilket är ett verktyg för att direkt kontrollera 

efterfrågan. I denna avhandling genomförs en analys av DLC för luftkonditioneringsenheter under 

sommaren i den indiska delstaten Karnataka. En ny kontrollmekanism föreslås baserat på den lokala 

produktionskapaciteten, som verkar minska fram tills monsunsäsongen, eftersom bristen på regn minskar 

vattennivån i vattenkraftverk. Den direkta belastningskontrollen hos luftkonditioneringsenheter med denna 

mekanism möjliggör en energibesparing på 0,88% i ett stadium där endast cirka 5% av alla hushåll tycks ha 

luftkonditionering och elektricitet är tillgängligt för endast 37% av befolkningen. De nämnda besparingarna 

kan ha betydande ekonomiska effekter för både användare och samhällsservice, minska den fossilbaserade 

energiförbrukningen och/eller förbättra problem som strömavbrott och brist på kapacitet för att täcka 

toppbelastningar. Ständiga förbättringar av både energitillgång och de ekonomiska förhållandena i staten 

kommer att leda till att ett större antal luftkonditioneringsenheter installeras, vilket innebär att en mekanism 

som minskar konsumtionen hos luftkonditioneringsenheterna kan vara till stor nytta för alla intressenter i 

elsektorn. 

 

Keywords: Styrning av Efterfrågan, Direkt Belastningskontroll, Indien, Luftkonditioneringar 
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Glossary 

AC Air conditioning 

BESCOM Bangalore Electricity Supply Company Limited 

CAGR Compound annual growth rate 

CESC Chamundeshwari Electricity Supply Corporation Limited 

CFC Chlorofluorocarbons 

CSG  Central Sector Generation 

DLC Direct load control 

DR Demand response 

DSM Demand side management 

GESCOM Gulbarga Electricity Supply Company Limited 

HESCOM Hubli Electricity Supply Company Limited 

HFC Hydrofluorocarbons 

HFO Hydrofluoroolefins 

KEB Karnataka Electricity Board 

KERC Karnataka Electricity Regulatory Commission  

KPCL Karnataka Power Corporation Limited. 

KPTCL Karnataka Power Transmission Corporation Limited 

KSNDMC Karnataka State Natural Disaster Monitoring Centre  

MESCOM Mangalore Electricity Supply Company Limited 

PPA Power purchase agreements 

RTPS Raichur thermal Power Station 
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1 Introduction 

The idea of climate change caused by human activities has moved from a theory accepted by few, to a global 

reality, scientifically proved [1] that could have catastrophic consequences [2]. This has led governments to 

change or issue new policies that target the reduction of greenhouse gases emissions. One of the major 

policy targets is the electricity sector, since it is the largest CO2 emitter [1]. In this sector one of the fastest 

growing demands is space cooling, which has tripled since 1990, and now accounts for 10% of the electricity 

consumed globally [3], a demand that is expected to grow even further. 

Around 37% of all the inhabitants of the world live in the areas with uncomfortably high temperatures , and 

even if around 55% of the households have some form of cooling mechanisms like fans, only 8% currently 

possess air conditioning (AC) systems [3]. This is due to the fact that the majority of those 2.8 billion people 

live in developing areas and, therefore lack the means to reach the same AC coverage (of up to 90%) enjoyed  

in developed countries like Japan or the USA [3].  

However, the average wage in developing countries is constantly increasing [4], which leads to an increasing 

middle class population [5]. It is expected that this middle class will opt to reach the living standards of 

developed countries, which will eventually mean a large increase in the energy demand in countries that 

most likely lack enough infrastructure to cope with the extra demand. Furthermore, in most countries space 

cooling can be a large part of the peak electricity demand, further stressing the energy infrastructure. This 

effect is strongly increased during extremely hot days or hot waves [3], climate extremes that will be increased 

by global warming [2].  

Therefore, controlling AC electricity demand seems to be a strategic option for the developing countries, 

especially in high temperature areas, where energy infrastructure is underdeveloped and where the effects 

of climate change can be extreme.  

In this thesis, a way to regulate the energy consumption of ACs will be studied via using direct load control 

(DLC). DLC is  an enabling mechanism of demand side management (DSM), where power consumption is 

controlled by utilities, and controls the usage of certain appliances under the agreement with the end users 

[6]. The place selected to carry out this study has been the Indian state of Karnataka, located at the southwest 

of the subcontinent and selected because of its data availability, its electricity share and interesting electricity 

sector structure. Furthermore, India has already started implementing programs to develop smart grids (as 

seen in India’s National Smart Grid Mission [7]) and promote DSM initiatives [8], [9] and are thus prone to 

adopting novel control systems. 

1.1 Demand side management 

Demand side management or DSM is a term that encompasses all technologies and initiatives that encourage 

consumers to optimize their energy use, which benefits both the customer (by reducing the electricity bill) 

and the energy system (subject to less stress due to a reduction in peak demand and a reduction in the usage 

of expensive peak-covering generation technologies) [10]. The idea was first introduced in the 1970s, at the 

heat of the 1973 oil embargo and its integration into electricity markets has been gradually increased since 

then [11].  

There are multiple concepts and schemes classified as DSM: strategic load growth, energy efficiency and 

demand response (DR) [11]. The latter category is considered to be further divided into: frequency-based, 

utility equipment direct control, end-user equipment direct control, price-based, market-based and model-

based [11]. Historically, demand response was set as a way of keeping grid stability during emergency 

situations, using mainly load shedding. However, nowadays DR is seen as an incentive-based alternative for 

reducing peak loads where it has been implemented, rather than a last resort measure, as its costs are much 

lower than new peak-covering generation [12].  
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For this study, end-user equipment direct control is considered as it is suitable for AC load profile 

management Direct load control (DLC) enables utilities to manage certain appliances (i.e. lighting, 

refrigerators, pumps or heating) if customers sign up for this mechanism, usually in agreement with a utility 

based on the incentive mechanism [6].  

2 Literature review 

In the following chapters it will be explained in detail why Karnataka was chosen as a region and the 

intricacies of its electricity sector. A review of demand side management will also be carried out, including 

the usage of air conditioning in DSM schemes and the existing impact of DSM in Karnataka. 

2.1 Air conditioning direct load control 

Air conditioning systems are one of the major contributors of electricity demand in residential areas, and 

thus, it has been an interesting option for carrying out demand response control [13]. The idea of controlling 

ACs to manage electricity loads has been considered as early as 1983 [14] and extensive research can be 

found ever since. 

In the late 1980’s proposals were made to use the duty cycle of AC units to determine the impact of DLC 

policies [15]. Other proposal in the early 1990s started considering the thermal comfort of users. 

Experiments were made by carrying out peak shaving using AC units while keeping in mind the buildings 

thermal mass, showing that ACs could be turned off during peaks without affecting the comfort of many 

users [16], an idea expanded in later in the early 2000’s [17]. The complexity of AC load control has been 

rising over the years, due to the improvements in electronics and computational power, allowing   balancing 

of intra hour-loads [18] and also supporting the integration of renewable energies [19]. Studies have also 

been made to determine the most optimal ways to carry out the DLC control considering both the duty 

cycle and the thermal comfort of users [20], [21]. 

Control mechanisms have fluctuated since its initial states, from patching the negative effects of AC load 

shedding [14] to preset variations in the duty cycle of AC units [22] to automatic, algorithmic based 

thermostats [21], [23]. The results from research  show that AC load control can reduce up to 37% of the 

cost of energy devoted to air conditioning [24], and it can achieve an approximately 15% reduction of the 

peak power demand [22]. Furthermore, carrying out demand response policies for the residential air 

conditioners (by using temperature set points and precooling strategies) could reduce power consumptions 

by more than 26% on summer days [13]. 

An example of a successful implementation of DLC for air conditioning is seen in the Taiwanese electricity 

system. Taipower, the state utility, has been working with load management since the late 80’s, and air 

conditioning duty cycling load control measures since 1991 (only in central AC units of customers like office 

buildings or schools, though). AC control was an action that, together with others, was able to reduce the 

daily peak load by 3,830 MW (around 10% of the total) [25].  

2.2 Karnataka 

Karnataka is one of the 29 states of India, its capital city being Bangalore. The state is inhabited by 

approximately 62 million people, making it the 8th most populous state of India. The state’s GDP is around 

$ 220 billion, the 4th largest economy in the country [26]. The per capita GDP is ₹ 207,062, or around $ 

3,000, making it the 7th richest state of India, well above the country average of $ 1,800 [27].  
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Due to its location in the south west part of the country, the region receives one of the largest amounts of 

global horizontal solar irradiance [28]. Moreover, Karnataka has the second largest wind potential when 

compared to other states in India [29], making it very attractive for renewable energy developments. 

 

Figure 1. States of India, Karnataka is shown in red ([26]) 

Owing to the extension of the state, roughly two times the size of Portugal, it experiences large climatic 

variations from arid and semi-arid to humid tropical in the coastal area. In summer (from March to May) 

the weather becomes dry and hot, reaching an average high temperature of 34ºC, and in winter (from January 

to February) the temperature reduces considerably [30]. This climatic variation makes Karnataka an 

interesting case to study, as the impact of potential AC installations on the electricity grid varies with the 

ambient temperature, and it can make it difficult to cover the peak demand during summer hot days [31]. 

Another potentially interesting factor is the rise of the middle class, which has been increasing in size at an 

accelerated rate. From 2000 to 2012 the improvements in the state’s economic conditions has led to an 

increase in the number of households (28.4%) and population (15.7%) [32], as well as the share of middle 

class population, which has increased from 25.8% to 55.7% of the total [33]. It is estimated that the number 

of AC units installed due to the increase in the economic condition of Karnataka’s inhabitants will be 

constantly rising [34] [35] [36]. 

This economic growth is not fully covered by the electricity supply. This can be considered an endemic 

issue, as Karnataka has a history of struggling to meet its rising electricity demand. Despite significant 

capacity enhancements made since the 1990’s, the electricity supply in the state still falls short of the demand 

[32]  

Furthermore, focalizing the case study in the state in Karnataka can be highly interesting for the state itself, 

as it is pushing to be one of the global leaders of the Information Technologies sectors. Bengaluru itself has 

received the nickname “the Silicon Valley of India”. The city concentrates around 70% of all IT 

professionals and almost half of India’s IT industry (worth approximately 50 billion USD). [37] [38]. 

Electricity availability is vital for this sector, and any possible blackouts (and several of them have happened 

in the state and in the city [39] [40] [41]) can be hindering its further development. 

It is relevant to mention that the state officials are taking steps in solving this issue while keeping in mind 

climate change, and as for today the region is the leading state for renewable energy in India, with the largest 

share of installed production coming from solar energy [42]. However, the gap to cover is huge and can take 

several years. Therefore, the state is the one of the most important location to study a scheme that is able 

to reduce electricity demand, and thus reduces the stress existing in the electricity sector. 



-12- 

 

Finally, another fact that makes the study of this Indian state is that electricity production, demand and load 

related data is easily accessible on the Karnataka Power Transmission Corporation and State load dispatch 

center, which simplifies the data gathering process used to develop this thesis [43]. 

Working on an Indian state regarding the control of air conditioner units is nowadays more relevant than 

ever, since the power ministry of the country is pushing towards savings in the demand for cooling, via 

advisories to AC manufacturers to put the default setting on 24ºC. These measures were developed based 

on the projections that show that India is set to become the largest consumer of ACs by 2050 [44].  

2.3 Climate conditions in Karnataka 

Due to the large size of the Indian state it is hard to properly quantify average conditions [30]. Nonetheless, 

there are three major climate zones with similar seasons starting at similar times [45], as seen in the following 

lines. 

 Semi-Arid: Summer (Mid-March to Mid-June): The region experiences very hot and dry summer. 

Monsoon (Mid-June to October): The region has a very long monsoon season with mild 

temperatures and high humidity. Winter (November–February): The region experiences very mild 

winter 

 

 Tropical wet: Summer (Mid-March to Mid-June): The region experiences a moderate summer. 

Monsoon (Mid-June to October): The region has a very long monsoon with high humidity. Winter 

(November – mid February): The region experiences a mild winter. 

 

 Tropical wet and dry: Summer (Mid-March to Early June) Hot Summers. Monsoon (June–

October): Heavy rains with very high humidity. Winter (November–February): The region 

experiences mild winter.  

 

Figure 2. Karnataka climate zones [45] 

The study is carried out in the whole state. Therefore, in spite of there being three climate zones, averages 

will be used to determine the start and end dates of each of the three seasons. It is important to note that 

the climate is subject to variations, and that this simplification is considered as an approach. The start and 

end dates that will be considered for every season are: 
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 Summer: from the first week of March (01/03) to the first week of June (07/06). 

 Monsoon: from the second week of June (08/06) to the third week of September (20/09). 

 Winter: from the fourth week of September (21/09) to the last week of February (28/02). 

To further validate the estimates mentioned above and to look for data that will be needed in the following 

chapters, research is carried out to obtain temperature data for the state. The results, obtained from the 

Karnataka State Natural Disaster Monitoring Centre [46], only show the maximum (red) and minimum 

(blue) temperatures for the Karnataka each day, as displayed in Figure 3. 

 

Figure 3. Maximum, minimum and average temperatures in 2018 [46] 

In order to see if the dates approximation followed above is true to what happened in 2018  a comparison 

of the average temperature of each day to the global average temperature of 26.36ºC (the dashed line on 

Figure 3) is carried out.  

At March, the average temperature starts to raise above the average, which could be translated as the 

beginning of the summer season. Monsoon would start at around June, as the daily average temperature 

returns to around 26.36ºC, with some oscillations, during the whole season. Finally, a decrease of the average 

temperatures around the start of October could be the start of the winter season. The dates seen in this 

analysis are similar to the ones estimated above, which implies that the assumptions are valid. 

2.4 Karnataka electricity sector 

In the following chapters a brief explanation of the history of the electricity sector will be covered, as well 

as its yearly demand and generation variation and the influence of weather on them. Finally, customer tariffs 

will be discussed. 

2.4.1 Overview 

The first efforts towards the electrification of the country were carried out at the beginning of the 20th 

century. In 1902 a dam was built in Shivanasamudra to power the Kolar Gold Fields, at the south east of 

the state. Electrification of cities followed soon after, in 1905 for Bengaluru and in 1908 for Mysuru [47].  

All power produced in the region originated from hydroelectrical sources until 1985, when Raichur thermal 

Power Station (RTPS) started operations. In 1970 an independent company, Karnataka Power Corporation 

Ltd. (KPCL) was created to manage the generation, while a different company, the Karnataka Electricity 

Board (KEB) managed the transmission and distribution grid [48]. 
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In 1999 major reforms to the electricity sector were made, as the Karnataka Electricity Reform Act, passed 

on that year. Reforms led to the creation of an independent regulatory commission (the Karnataka 

Electricity Regulatory Commission or KERC) and the restructuration of KEB into a corporation under the 

name of Karnataka Power Transmission Corporation Ltd. (KPTCL) [49]. The distribution business was be 

unbundled from the latter to form several independent distribution companies. 

 

Figure 4. Karnataka distribution companies [50] 

According to the latest KERC report, the largest distribution company by surface is HESCOM, while the 

largest by population is BESCOM, as around 20.7 million people live in its area (approximately 33% of the 

62.27 inhabitants of the state). Access to electricity is still low, as only 37.16% of the population can use 

electricity all throughout the state [51]. The share of population with access to electricity is the highest in 

BESCOM too, since 51.67% of the population has access, and the lowest can be found in the area covered 

by GESCOM.  

When analyzing the data, it is found that that the largest number of consumers are in the area covered by 

BESCOM, the quota being 46.22% of the total of 23.14 million consumers. When translated to energy units, 

BESCOM also represents almost half of the 53.93 TWh of demanded electricity in 2018/19, followed by 

HESCOM, GESCOM and CESC [51]. 

All the required energy for the state is usually purchased from power plants in the form of long-term power 

purchase agreements (or PPAs). Private owned generation is present in the state, categorized as Independent 

Power Producers or IPPs. Furthermore, power can also be provided via an interstate electricity market or 

by power plants owned by the Indian central government, so called CSG (Central Sector Generation) 

imports. CSGs are majorly from thermal and nuclear power plants, either present in the state or in 

neighboring ones [52]. The total generation capacity of the state is 27,593.64 MW [53], [54] and is divided 

as shown in Figure 5. 
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Figure 5. Power generation sources in Karnataka [53], [54] 

Renewable energies account for a large part of the installed power capacity, and that it is constantly 

increasing. As an interesting remark, renewable generation has been on the rise during 2018. At the 

beginning of the year around 1.5 GW of solar and 3.8 GW of wind were installed in the state, whereas at 

the end of the year solar energy power reached 5.2 GW and wind 4.7 GW, resulting in an increase of 232 

% and 25% respectively [42]. 

It is important to note that the most concerning issue the state has to face to this day is the deficit present 

both at peak demand and at supplying enough energy, as mentioned in chapter 2.2. In the 2016/17 fiscal 

year, the peak deficit reached 6.8%, while the energy deficit was 5.2%. The results show an improvement 

over previous years, since in 2013 the deficit in power oscillated around 14% [32], and as on 31 March 2015, 

the electrical energy deficit was almost 10%, and the peak deficit was 15% [45]. This explains the reason for 

rapid expansion of renewable energy in the state along with growing environmental concerns [55]. 

2.4.2 Annual demand 

An analysis of the electricity demand in Karnataka is carried out in order to determine peak and base loads, 

as well as the seasonal variation. Hourly data of demand, corresponding to the year 2018, has been 

downloaded from the KPTCL webpage [53] via a Python code that facilitates the process. In spite of the 

data being obtained from official sources, there are missing days that could not be added to the analysis, as 

it will be shown on the graphs. Further in the thesis, missing data will be assumed to be linearly related to 

the before and after values in order to get an average value for it. 
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Figure 6.Maximum (red), average (black) and minimum (blue) hourly demand [53] (missing data kept blank) 

According to the data obtained, the maximum demand observed was 11,233 MW (corresponding to 12 am 

of the 13th of November) and the minimum was 4,623 MW (at 4 am the 21st of August). The average value 

of the observed demand is 7,883 MW. To determine an average peak and base load, averages for the 

maximum and minimum values are calculated, being 9,831 MW and 7,704 MW respectively. It is interesting 

to note that there are huge variations in the value of demand from one day to the next one, reaching a 

maximum variation  between of up to 2,340 MW in between the 8th and 9th of September (as a reference, 

that amount of power equals the whole installed power in Belgium [56]). 

Regarding seasonal variations, the division described in chapter 2.3 between seasons is considered, and the 

demand is compared to the state’s average temperature, obtaining the following results. 

Summer. During the summer, the average load value is 8,578 MW, higher than the average. Maximum 

power was reached the 31st of March at 10,802 MW and minimum power of 5,398 MW took place the 26th 

of June.  

 

Figure 7. Summer loads and temperatures [53] (missing data is kept blank) 
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The loads show a very small correlation1 to the average state. The variation between the maximum and 

minimum demand compared to the average load is approximately ±10%. 

Monsoon. During the Monsoon period, the average load value is 7,374 MW, lower than the year average. 

A peak of 10,090 MW was reached on the 7th of September and the minimum power was 4,623 MW, on 

the 21st of August.  

 

Figure 8. Monsoon loads and temperatures [53] (missing data kept blank) 

When comparing the loads to the regional temperature results show also a small correlation between both 

values. The variation between the maximum and minimum demand compared to the average load is 

approximately 15%. 

Winter. During the winter season, the average load value is 8,298 MW, slightly higher than the average. 

Maximum demand happened on the 13th of November, reaching 11,232 MW, and the minimum demand 

was 5,124 MW, recorded on the 19th of October.  

 

Figure 9. Winter loads and temperatures [53] (missing data kept blank) 

                                                      

1 The correlation was calculated based on the correlation coefficient between two arrays, whose formula is 

𝐶𝑜𝑟𝑟𝑒𝑙 (𝑥, 𝑦) =
∑(𝑥−�̅�)(𝑦−�̅�)

√∑(𝑥−�̅�)2 ∑(𝑦−�̅�)2
 , �̅� and �̅� are the mean averages of the arrays, in this case demand and temperature 
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In winter, the load is more directly and negatively related to temperature., which agrees with the research 

[57].. It is also interesting to note that the gap between the daily maximum and minimum demand is larger 

during this season. The maximum differential happens the 19th of December, were the gap reaches 2,544 

MW. The average variation is also the maximum compared to the other seasons, at ±19%. 

2.4.3 Annual generation 

Using the same approach as in the previous chapter an analysis is carried out for a brief study of the State’s 

generation. As seen in chapter 2.4.1, there are different sources of generation, like state owned generation, 

IPPs, centrally owned power plants and so on.  

Since the technology, and not ownership, of the generation is relevant for this study, IPP and KPCL 

generation has been combined. The categories are thermal, hydro, solar, wind, biomass and ‘CGS imported’. 

“Thermal” includes the large state-owned coal power plants, the smaller UPCL power plant and other small 

thermal, captive and cogeneration power plants present in the state. “Hydro” comprises KPCL’s Hydel 

power plants and the smaller mini-hydroelectric power plants. “Solar” again combines both KPCL’s and 

N.C.E sources. Finally, the IPP owned “Wind” and “Biomass” power plants are considered, as well as the 

energy imported from C.G.S. power plants.  

An extra category, “Others”, comprising correction factors to accurately calculate CGS imports and 

including generation from IPPs, has been added to represent other exchanges and C.G.S adjustments. The 

results of the year long analysis are shown in the following figure: 

 

Figure 10. State generation by sources [53] 

The analyzed data clearly shows that thermal and hydro power generation is basic for the generation of the 

state, accounting for more than half of the state generation. It is also interesting to note the high dependency 

of Karnataka on state owned generation, since C.G.S. electricity (state owned thermal and nuclear power 

plants mostly [52]) accounts for around 27% of all generation. Renewable sources, such as solar, wind and 

biomass are starting to have a weight in the electricity generation, but its share is still low and only accounts 

for a total of 12 % of the yearly generation (combined). This result could show that the large amount of 

installed capacity for solar and wind seen in chapter 2.4.1 exists in the form of distributed generation, as its 

large share is not represented in the Figure 10, and it could mostly be used to cover domestic demand, and 

it is not used as a source of energy  for base load. 

Similarly, to the previous chapter, the division described in chapter 2.3 for seasonal variations is considered. 

For this study, generation is compared to the water reservoirs of the three main hydroelectric power plants 

of the state as a share of their total capacity (as it is the only available data concerning the water level of 
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hydro power plants). The reason behind this comparison is the drastic change in the share of hydro power 

at approximately the start of the monsoon season, as observed in Figure 10. 

Summer. In 2018’s summer the generation was mostly provided by thermal power plants (40%), followed 

by C.G.S exchanges (26%). Hydro power only accounted for 16% of the total generation. 

 

Figure 11. Summer generation and water levels [53] 

It is interesting to note here that there seems to be a correlation between the total generation and the level 

of water at the three main hydro power plants of the state. As a matter of fact, the correlation coefficient 

calculated for both arrays is 81.66%, which shows that there is indeed a very high correlation between both 

values. Hydro generation seems to be kept at constant levels throughout the season. By the end of summer, 

water levels reached 20.8% of its total capacity, which is very low. 

Monsoon. Monsoon is characterized by heavy rains, and it is easy to see its effects in the electricity supply. 

Hydro power becomes the largest source, covering almost half of the generation. It is followed by C.G.S 

imports at 26% and thermal generation at 21%. It is interesting to note that generation from renewable 

sources, especially solar energy, considerably diminishes, probably due to the weather conditions. 

 

Figure 12. Monsoon generation and water levels [53] (the dotted line indicates the maximum water level) 

During the monsoon period, the large availability of water increases hydro production, allowing for a large 

reduction of thermal electricity generation. The availability of hydro power seems to increase the amount of 

electricity generation. However, during this season the correlation coefficient is lower, of only 51.93%. This 
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number could explain that generation is not as closely dependent on water levels as it was on summer, which 

could be attributed to an increase of the water reservoirs. It is possible to see in Figure 12 that after the rains 

end (at the start of September approximately) hydropower generation returns to a lower level of production. 

Winter. In winter, thermal electricity returns to its prime position in the generation mix, with a 30% share, 

closely followed by C.G.S imports at 29%. Water is reduced to 18% of the mix, similar to the summer 

values, and renewable energies are at its maximum, especially solar, which covers 11% of the generation. 

 

Figure 13. Winter generation and water levels [53] (The grey line represents the end/beginning of the year) 

The above graph shows that once the rains have stopped, the generation coming from hydro power plants 

start to decrease, following the water level in the dams. This is especially visible at the beginning of the year 

(shown in Figure 13 as the last part of the graph), where hydro generation approaches the same level as in 

summer. However, due to the still somewhat high water levels (particularly during the first part of the graph) 

there is no correlation between water levels and generation. 

2.4.4 Electricity tariff 

The electricity sector in Karnataka is regulated by Karnataka Electricity Regulatory Commission (KERC). 

Prices are not based on free market, but set by the Commission, which means that in some cases tariffs are 

below the average cost of electricity supply [58].  

For that reason, there are multiple tariff categories, covering every possible customer, both high voltage 

(such as industries, commercial complexes, hospitals and more) and low voltage ones (small commercial 

business, water treatment plants or even small-scale plantations or religious buildings). For the present study, 

the most relevant tariff is the one applied to residential consumers. 

It is important to note that tariffs are not necessarily the same for each distribution company. Different 

socio-economic situations may lead the commission to adjust prices differently at some regions. An average 

of the existing tariff for residences for the entire state of Karnataka, considering prices of each of the 

distribution companies, is calculated and can be seen in Figure 14. 

 

Urban tariff Fixed charges First kW  ₹                60.00  per kW 

   additional. kW  ₹                70.00  per kW 

 Energy charges 0 to 30 Units  ₹                  3.72  per Unit 

   31 to 100 Units  ₹                  5.20  per Unit 
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   101 to 200 Units  ₹                  6.75  per Unit 

   above 200 Units  ₹                  7.80  per Unit 

Rural tariff Fixed charges First kW  ₹                45.00  per kW 

   additional. kW  ₹                60.00  per kW 

 Energy charges 0 to 30 Units  ₹                  3.62  per Unit 

   31 to 100 Units  ₹                  4.90  per Unit 

   101 to 200 Units  ₹                  6.45  per Unit 

   above 200 Units  ₹                  7.30  per Unit 

Figure 14. Residential electricity tariffs [59]–[63] 

The retail rate tariffs for residential consumers are based on a tiered rate or inclining block rate, tiers 

increasing with increasing energy consumption. There is a tariff difference between urban and rural dwellers. 

It is also observed that there are no hourly distinctions, no peak or valley hours where prices fluctuate, which 

means there are no time based or dynamic tariffs and hence  no incentives to reduce peak demand for this 

kind of consumer (dynamic tariffs exist for  some high voltage consumers) [59]–[63]. 

2.4.5 Demand side management in Karnataka 

Demand side management has been catching the attention of Indian officials since the beginning of the 

century. Most of the Indian states face energy and peak demand deficits [8], including Karnataka [55], and 

thus, methods for solving said issues are being actively explored. In 2001 the Energy Conservation Act was 

enacted with the objective of coordinating energy efficiency activities, which was followed by the 2003 

Electricity Act. The latter allowed for the creation of the National Electricity Policy, where DSM is first 

mentioned. After this, numerous initiatives and pilot projects were enacted in different Indian states [8]. 

In Karnataka, DSM projects are based on three different branches: increasing energy efficiency, reducing 

peak load management and investing in demand response. Using BESCOMs DSM brochure [9] it is possible 

to determine the details of those measurements, which were first deployed in 2005, when two major pilot 

projects started: 

 The Efficient Lighting Program (2005-2006): Users were encouraged to purchase compact 

florescent lamps, much more efficient than conventional incandescent lamps, via instalment 

payments in the electricity bill, which led to a 10.5 MW base demand reduction. 

 The Efficient Irrigation Pump Sets Program (2005-2006): To encourage rural workers to purchase 

more efficient pumps. 

Both measures, focused on energy efficiency, which were followed by an official order from the Karnataka 

Government that made the purchase of solar water heaters mandatory for large buildings, which was 

focused towards reducing peak load demand. The order saw a drastic increase (of over 56 times in the 

BESCOM area alone) of solar water heating systems.  

In order to keep increasing energy efficiency a pilot campaign with an NGO was developed in 2009, 

targeting lifestyle changes, which was followed by a project with the objective of replacing old pumps in the 

agriculture sector for more efficient sets The project was devised in 2009 and started in 2011. Another 

project that started that year consisted on replacing copper chokes [9]. Both projects allowed for important 

energy demand reductions both in rural and urban areas. Other projects left out of the list included 

awareness programs and the replacement of old appliances for new, more efficient ones. 

It is also interesting to mention the efforts Karnataka is undertaking to install PV panels all throughout the 

state. Furthermore, in 2015 KERC issued a draft for DSM regulations which is still being discussed among 

stakeholders [64] and distribution companies have implemented a form of hourly variation, pre-set the year 
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before, to encourage high voltage consumers to reduce (or increase) consumption on certain hours of the 

day [59]–[63]. 

It is relevant to note that, in spite of the state and stakeholders’ efforts to implement DSM measurements, 

no DLC measurements have been adapted by the electric utility. 

 

When observing the state of the demand in Karnataka, it is possible to see that winter loads are higher than 

summer loads, in spite of being a warm climate country, where literature [57] shows that for mild and hot 

weather countries higher summer temperatures lead to an increase of electricity demand. It is relevant to 

note that electricity consumption is often curtailed in the state, as the electricity sector is not able to cope 

with its total energy and peak demand [55].  

Based on the analysis of the generation on the state, it seems that the reason behind the curtailment could 

be the limiting factor of generation, which might be caused by the level of water in Karnataka’s hydroelectric 

power plants and it may be possible that this factor alone could be the reason behind the peak and energy 

deficits mentioned before. This hypothesis is supported by a quick research on news about blackouts and/or 

power cuts in the region, which brought up several news articles [39][40][41]. The referenced articles were 

able to confirm that blackouts tend to happen in the region at summer, and it is usually due to both a 

deficient electricity grid and the lack of enough generation (often referring to a deficiency of required water 

levels for hydro power plants. 

This hypothesis is further supported by the fact that during summer the thermal power plants are working 

close to its maximum capacity, at 81.7%, while in winter the percentage is 67.4% and only 39.3% in monsoon 

season (values calculated as the average generation of the technology during the month compared to its 

yearly maximum). Meanwhile, generation coming from C.G.S imports, the most more relevant source, 

remains approximately equal throughout the seasons (at around 48%, which is coherent with the fact that 

the amount is predetermined by the Indian state). Thus, it is assumed that water is the liming factor for the 

Karnataka electricity sector, which leads to demand in summer being constrained. 

It is important to note that maintenance works due to a fragile transmission and distribution power grid are 

also mentioned in the referenced articles [39][40][41], which denotes that the electricity grid is sometimes 

uncapable to withstand the demanded loads, being subjected to high stress. This weakness becomes more 

apparent when peaks happen. In summer, this power surges are reported to happen due to cooling needs, 

such as fans or air conditioning [65]. 

Therefore, summer is a critical season for Karnataka, due to two critical reasons. On one hand, the lack of 

water leads to energy deficits. On the other hand, the electricity grid, especially in major cities, can become 

overcharged easily due to cooling peaks.  

While Karnataka has already started a path of demand reduction by enabling some of the DSM measures, 

the lack of DLC measures means a lost opportunity at controlling peaks in cooling demands coming from 

the AC units, which would lead to power cuts and an overuse of the electricity resources. Therefore, it seems 

logical to target AC demand, which will constantly increase in upcoming years [3], [7], especially when 

considering all the potential positive effects of demand response seen in chapters 1 and 2.1. Furthermore, a 

reduction in AC demand will also enable water savings by reducing hydro power generation, which could 

further improve electricity availability. 
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3 Research objective and scope 

The objective of the thesis is to analyze the potential impacts produced by regulating AC demand with DLC 

measurement in the Indian state of Karnataka, both on generation and on consumers. The control will be 

further defined as a dynamic air conditioning load control mechanism. The study will consider the aspects 

of comfortability of the consumers while evaluating peak load reduction and the effects on generation. To 

limit the scope of the thesis. 

3.1 Research questions 

The research questions that this thesis will try to answer are:  

 What would be a possible control mechanism that would allow for a viable implementation of a 

DLC control for ACs on residential households? 

 

 What are the possible savings obtained when applying a DLC control for ACs on residential 

households?  

 

 What would be the effects on the generation mix if DLC for ACs on residential households is 

applied? The study will be focused on the most relevant central generation technologies, this is, 

thermal and hydropower generation 

 

 What are the implications of the study in energy policy for the state of Karnataka?  

 

3.2 Scope 

This thesis is constrained both by time and data limitations. Several parameters of the ACs, as its duty cycle 

or the user are assumed to be the same for all ACs in the state of Karnataka. The proposed control 

mechanism will be simple, and a detailed description of the inner workings of the mechanism and/or the 

communications with the utilities is considered to be out of the scope.  

The literature review has shown that the electricity sector suffers the most during the summer season. 

Therefore, and in spite of AC being used throughout the year (i.e. during the monsoon season to reduce 

humidity), summer is the season when the focus of the paper will be set. Some limitations, specially 

concerning the data availability, have further supported this decision. 
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4 Methodology 

The following sections are devoted to the determination of data necessary for the simulations. An analysis 

of the present situation of air conditioning in Karnataka will be followed by the characterization of ACs for 

the simulations and the design of a new control mechanism, dependant on the state’s generation capacity 

rather than user tariffs, as they are fixed and do not encourage DSM. A summary of the methodology can 

be found in Figure 15. 
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There are two relevant sets of data for the thesis, both controlled and uncontrolled AC demand, being the 

controlled AC demand its consumption once a DLC mechanism is active. To obtain this value, multiple 

variables need to be considered. The first set of variables are the number of ACs in the state of Karnataka, 

followed by their average power and daily usage, this is, how many ACs are active at any given hour. 

The data of average power alone is not enough to determine the demand of an AC, as full power during an 

hour would erroneously represent a never stopping AC. In order to obtain an accurate value of the average 

AC demand a duty cycle determination is necessary.  

The duty cycle represents the share of time an AC is working at its nominal power in a single hour. It was 

found that the duty cycle depends mainly on the differential between the set temperature of the AC and the 

exterior temperature [75]. Therefore, it is necessary to obtain both the exterior temperatures (in an hour by 

hour interval) and the temperatures at which the users set their ACs in the state. 

Considering that the main driver behind AC demand was the mentioned temperature differential, it has 

been estimated that, in order to reduce demand, the differential would have to be reduced. For that reason, 

the proposed control will be based on increasing the set temperature of the ACs. In order to determine the 

optimal temperature increase, it is necessary to obtain the ideal comfort temperature in residences. Once an 

optimal temperature is found, it is possible to estimate the hourly values of both the controlled and 

uncontrolled duty cycles.  

The uncontrolled duty cycle, when multiplied by the AC’s hourly daily usage, it’s average power and the 

total number of ACs in the state, allows for the obtention of the uncontrolled AC demand. This value is 

then subtracted to the state’s hourly load profile to obtain a load profile without the influx of AC demand. 

The steps necessary to determine the controlled AC demand are similar, but there is a missing value, the 

threshold at which the control is enabled. 

An optimization of the control factor is used to determine the threshold. Several simulations are needed to 

optimise the factor considering both the amount of savings achieved and the least inconvenience for users. 

Once the factor is optimised, new simulations will be carried out to obtain the optimal summer savings 

based on the DLC control, which will be then studied so as to determine the effects on demand and impacts 

on users. The obtained values will be compared to the summer generation of the state in order to calculate 

the impacts on generation (more specifically on thermal and hydropower generation) and what are the policy 

implications. 

4.1 Air conditioning in Karnataka 

The most relevant values of an AC, used for its characterization needed for the simulations, are described 

below. The characterization will be carried out considering the limitation regarding the data found for 

Karnataka.  

4.1.1 Average power of AC 

Due to differences in the socio-economic position of the inhabitants of the region, the large variations in 

households’ size and material composition and the uncertain presence of ACs, an approximation is needed 

to determine the average power of the AC’s considered for the study.  

This will be calculated based on the average power and presence of the different AC units in the country 

for the years 2005 and 2008 [66], assuming that the result reflects the average power of AC’s in the studied 

region to this day. 

Type Size (tons) 
Power 
(2008) 

Share 
(2005) 

Window 1.0 1,342 W 45.0% 
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Window 1.5 1,982 W 22.0% 

Window 2.0 2,557 W 10.0% 

Split 1.0 1,238 W 12.0% 

Split 1.5 1,857 W 6.0% 

Split 2.0 2,489 W 4.0% 

Whole house 10.0 15,384 W 1.0% 

Figure 16: Air conditioners power consumption and sales mix [66] 

The average power, when considering both the power of every type of AC and the share of each different 

type of AC, is estimated to be 1,809.02 W. The calculated value is similar to the data provided by BESCOM 

[67].  

4.1.2 Air conditioning units in Karnataka 

According to the CSTEP report “Karnataka electricity demand forecasting” [68] the number of domestic 

ACs in the state reached 216,000 in 2011. Considering that the number of households in the same year was 

13,179,911 [69], the rate of ACs per household (when considering one AC per household, which might not 

be the case always) is only 1.64%, a very small number, especially when compared to the United States, were 

domestic ACs where present in 87% of all households in 2009 [70]. 

The estimated CAGRs for ACs were 13.6% for the period 2012-2017 [34], 10% for the period 2015-2020 

[35] and 17% for the period 2018-2023 [36]. Therefore, in order to estimate the current number of ACs the 

CAGR growth of the AC market was assumed to be representative for the number of ACs in Karnataka. 

 

Figure 17. Domestic AC Growth [34] [35] [36] 

After carrying out the calculations, the 2019 estimated number of ACs is 579,950, a 167% increase over the 

2011 values. Nonetheless, in spite of the large growth, the ratio of ACs per household would only be 4.38%. 

4.1.3 Usage of air conditioners in Karnataka 

The usage of air conditioners represents how many ACs are working at a given hour out of all the units 

present in the region. It depends on the external climatic conditions and on the human and societal behavior 

of the inhabitants of the state. The lack of available information makes it difficult to carry out simulations 

in that regard. 
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Therefore, a consumer survey developed by BESCOM is used as the basis for this study. The survey [71] 

allows for the definition of a typical summer load curve divided according to the different utilities used. 

 

Figure 18. Share of ACs working throughout a day [71] (peak load is assumed to represent that 90 % of all ACs are working) 

The profile of the share of ACs working shows pattern worth describing. It is low at night and keeps 

decreasing until 8h, where consumption spikes to around 82%. Consumption rises again at 13h and does 

not decrease until 18h. There is a final spike at 21h. The first increase is easily understandable, as it 

approximately coincides with the sun rising and people starting to wake up. However, the load keeps 

increasing from that point onwards, which means that at working hours, houses in Karnataka do not remain 

empty, as housewives and elderly parents usually stay at home, which is typical in India. The final spike can 

represent the cooling needs for bedrooms, where ACs will be working until 24h for most users. 

It is important to mention that the report source [71] indicates that the summer load profile of Figure 18 

reported differences in consumption values when compared to a feeder level analysis, which means that 

data provided in the survey might not be completely reliable. 

4.1.4 User temperatures of ACs in Karnataka 

Research shows that temperatures are set much lower than what theory shows is needed. In a document 

about tips for energy savings by BESCOM [67] it is mentioned that temperatures are set at around 22ºC. A 

national government notice from 2018 [72] indicates that the conventional average temperature set by users 

is estimated to be around 20ºC to 21ºC. Both sources mention the major savings that can be achieved by 

setting temperatures higher, to the 24-26ºC range. The reduction, according to BESCOM, could lead to 3% 

to 5% savings per 1ºC increase in the AC set temperature [67]. According to the Indian government, 

increasing the temperature could result in around 25% increase in the average energy savings [72]. 

4.2 AC Control characterization 

In this chapter a method to control AC units in Karnataka will be explained. This method will be preceded 

by a short analysis describing the operating principles and simplified mechanisms of ACs. 

4.2.1 Working principles of an AC 

Air conditioning is a type of air treatment in which control is exerted over some of its variables, such as 

temperature, humidity, ventilation and/or cleanliness. An AC unit is a device that allows for this control 

(mainly by refrigerating the air), by using basic thermodynamic laws. 
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When evaporation occurs, liquid becomes vapor through an endothermic process, as the change of phase 

is driven by the absorption of energy, usually heat. On the other hand, condensation happens when vapor 

loses heat which drives a change of state in an exothermic process.  

One of the variables that influences this process is pressure, since the lower the pressure, the easier a liquid 

boils, and the higher the pressure the faster the rate of condensation is. When all these concepts are 

combined it is possible to create a basic refrigeration cycle:  

 

Figure 19. Basic refrigeration cycle [73] 

As observed in Figure 19, a refrigeration cycle uses a substance in the form of a low-pressure liquid to 

absorb heat by evaporating it into a gas. In order to enable the condensation of the substance a compressor 

is needed to increase the pressure of the gas. The process releases a certain amount of heat. In order to 

connect both sides of the circuit an expansion valve is needed to reduce the pressure of the condensed 

liquid [73].  

There are multiple variations to this basic cycle such as multistage cycles or absorption cycles, but the basic 

working principles are the same. There are also multiple substances used as working fluids, such as CFCs 

(chlorofluorocarbons), halons and so on. Some of the cooling fluids are not environmentally friendly, as 

they can cause the depletion of the ozone. Therefore, some of them, like CFC’s were mostly banned by the 

signatories of the Montreal Protocol. The industry is continuously taking steps towards developing 

alternatives that have less impact on the environment, like HFCs (hydrofluorocarbons) or, more recently, 

HFOs (hydrofluoroolefins), since HFCs are greenhouse gasses emitters [74].  

The cycle present in Figure 19 applies for a refrigeration cycle but, for it to become an AC unit, extra 

elements are needed. In its most simplified form, those elements are fans. The first fan would be needed to 

blow air towards the evaporator and, due to the achieved forced convection heat exchange, cool down the 

air prior to introducing it into the interior of a building, car, etc. The second fan would use the same 

mechanism to refrigerate the condenser, transferring its heat to the air and removing it by pushing it to the 

exterior, as shown in Figure 20. 
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Figure 20. AC unit simplified diagram [73] 

The fans and compressor need to be connected to a power source. Since there are multiple types of ACs, 

the power required can greatly vary. For that reason, it is necessary to estimate the average power of ACs in 

Karnataka. 

4.2.2 Duty Cycle 

The considerations mentioned in chapter 4.1.1 are important to determine what the maximum power of an 

AC unit is, but an air conditioning unit will not be operating at maximum throughout the day. Multiple 

parameters determine the working time of an AC, such as potential leaking, recirculation rates, the cooling 

capacity of the system, temperature differentials with the exterior, thermostat settings and others related to 

both the AC design and maintenance and the working environment (this is, insulation of walls, space to be 

cooled, etc.). 

The amount of time an AC is working during an hour is called duty cycle. Due to the lack of data regarding 

those parameters in Karnataka, a study by Stephens et al. [75] will be used to estimate the duty cycles. In the 

2011 study, the research team characterised and measured 17 small air conditioning systems in Austin, Texas. 

The 17 sites were built at different years and were exposed to different environmental temperatures, ranging 

from 20ºC to 40ºC.  

In the study, a strong positive correlation (ρ =0.66) was found when comparing the hourly fractional 

operation (this is, the duty cycle) to the average hourly outdoor-indoor temperature difference in ºC. The 

researchers identified a median increase in hourly operation fraction of about 6% per every ºC increase, and 

results showed that around 60-80% of the duty cycle hourly variations are explained by the temperature 

differential alone. Therefore, the following formula will be used in order to determine the hourly duty cycle 

in the simulations: 

 

𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 = (𝑇𝑜𝑢𝑡𝑠𝑖𝑑𝑒 − 𝑇𝑐𝑜𝑛𝑡𝑟𝑜𝑙) ∗ 0.06 =  ∆𝑇 ∗ 0.06 (1) 

 

Where 𝑇𝑜𝑢𝑡𝑠𝑖𝑑𝑒 is the value of the outdoors temperature, and 𝑇𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the value of the temperature set 

by the user, which is assumed to be equal to the inside temperature. 
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Figure 21. Duty cycle compared to the temperature differential [75] 

In Figure 21 it is possible to compare the results obtained by the study [75] to the graphical representation 

of equation 1. When temperature differential between the user control and the outside is equal, the AC unit 

does not require to work and thus the duty cycle is zero. The duty cycle increases linearly: the larger the 

temperature differential is the higher the duty cycle. When the duty cycle reaches a value of 1, (∆𝑇 = 16.5º𝐶 

or beyond) it means that the AC will work continuously. 

4.2.3 AC comfort temperature 

The level of user comfort is affected by exogenous factors, such as the temperature differential, humidity 

levels or the temperature at prior days, and it is also affected by endogenous factors, such as the metabolic 

level of activity or the clothing level. This results in each person having a different personal comfort level. 

Therefore, to determine the average thermal wellbeing two indexes are considered: PMV (Predicted Mean 

Vote), which determines the average value of the subjective feeling of comfort of a group of people, and 

the PPD (Predicted percentage dissatisfied), this is, the number of people that feels uncomfortable at a given 

temperature [76]. 

The definition established by the normative ISO 7730 is usually used to determine the optimal interior 

temperatures. However, it is contested by Peeters et. Al, who states that different calculations should be 

used to determine the optimal  residential comfort temperature [77]. The authors defend that conditions in 

that type of buildings are different to the ones used to calibrate the PMV and PPD equations, changing both 

the clothing value and the activity level, as well as the occupation level and “the fact that the occupant of 

the home has to pay for the electricity” which enlarges the temperature range. 

The article carries out studies for different rooms, out of which bedroom parameters are the most restrictive, 

and thus, will be the ones considered for this thesis. The first step used to determine the range of comfort 

temperatures is to calculate the reference external temperature using the following formula2: 

 

𝑇𝑒,𝑟𝑒𝑓(º𝐶) =
(𝑇𝑡𝑜𝑑𝑎𝑦 + 0.8𝑇𝑡𝑜𝑑𝑎𝑦−1 + 0.4𝑇𝑡𝑜𝑑𝑎𝑦−2 + 0.2𝑇𝑡𝑜𝑑𝑎𝑦−3)

2.4
(2) 

 

                                                      

2 All equations in this chapter were obtained from the article by Peeters et. al [77] 
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Where 𝑇𝑡𝑜𝑑𝑎𝑦 is the arithmetic average of the considered day’s maximum and minimum temperatures, 

𝑇𝑡𝑜𝑑𝑎𝑦−1 is the same average for the previous day and so on. The reference temperature allows for the 

determination of the neutral temperature:  

 

𝑇𝑛(º𝐶) = 0.23𝑇𝑒,𝑟𝑒𝑓 + 16 𝑓𝑜𝑟 0 <  𝑇𝑒,𝑟𝑒𝑓 < 12.6º𝐶 (3) 

 

𝑇𝑛(º𝐶) = 0.77𝑇𝑒,𝑟𝑒𝑓 + 9,18 𝑓𝑜𝑟 12.6 <  𝑇𝑒,𝑟𝑒𝑓 < 21.8º𝐶 (4) 

 

𝑇𝑛(º𝐶) = 26 𝑓𝑜𝑟 𝑇𝑒,𝑟𝑒𝑓 ≥ 21.8º𝐶 (5) 

 

Two constant parameters are defined which depends on the PPD: 𝛼 and 𝜔. For a PPD of 10%, being this 

the most restrictive setting, the values are 0.7 and 5ºC respectively. The final determination for the upper 

and lower temperature limits for a residence bedroom are:  

𝑇𝑢𝑝𝑝𝑒𝑟(º𝐶) = min(26º𝐶, 𝑇𝑛 + 𝜔 ∙ 𝛼) (6) 

 

𝑇𝑙𝑜𝑤𝑒𝑟(º𝐶) = max(16º𝐶, 𝑇𝑛 − (1 − 𝜔) ∙ 𝛼) (7) 

 

It is possible to see that calculation for the upper and lower limits are highly dependent on the exterior 

temperatures, as observed in the Figure 22. Moreover, the values are not only limited to that day’s 

temperature, but temperatures from up to three days prior have to be considered. 

 

 

Figure 22. Temperature ranges for thermal comfort, with a 10% PPD [77] 

Temperatures in Karnataka in summer have an average maximum of 38.3ºC and an average minimum of 

19.5ºC, and therefore, the average of both values (29.5ºC) could indicate that the upper limit of the comfort 

temperature would be limited by the 26ºC described in the formula. When increasing the PPD to 20% the 

upper limit disappears, meaning that temperatures could be set as high as 28.8ºC.  
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It is important to remark that temperatures set by users in Karnataka might need to be lower than the 

theoretical one to counter the heat of a large occupation of the residence or the low quality isolation 

materials. The recommended comfort temperature upper limit for a 10% PPD will be used. 

4.2.4 Proposed control mechanism 

Nowadays the existing system that controls the temperature, a thermostat, is present in almost all the 

residential ACs. The user sets a temperature (𝑇𝑢𝑠𝑒𝑟) which is compared to the temperature of the room 

(𝑇𝑟𝑜𝑜𝑚) via a sensor (𝑇𝑠𝑒𝑛𝑠𝑜𝑟). If the 𝑇𝑢𝑠𝑒𝑟 is lower than the 𝑇𝑠𝑒𝑛𝑠𝑜𝑟 a controller acts over the compressor 

of the AC unit. This action will increase the production of cold air flow which will in turn reduce the 

𝑇𝑟𝑜𝑜𝑚 to the point where there is no difference between 𝑇𝑢𝑠𝑒𝑟 and 𝑇𝑠𝑒𝑛𝑠𝑜𝑟. However, the action will 

increase the demand for electricity, which will lead to an increase of generation. 

 

Figure 23. Existing control for ACs 

The proposed control mechanism consists of a device installed in the user’s AC system and connected to 

the AC control system. The control of the device will be carried out by the distribution company (to allow 

the system to be installed, a fee payment to the user can be considered). Whenever the company needs a 

reduction in the electric demand, the regulation device would be activated and it would overrun the 𝑇𝑢𝑠𝑒𝑟 

input, substituting it with a 𝑇𝑐𝑜𝑛𝑡𝑟𝑜𝑙 signal. 

As shown in chapter 4.1.4, users set their ACs at a much lower temperature than needed. Therefore, this 

control would cause almost no inconvenience to the user and would in turn it reduce the electricity demand, 

which translates into a reduction of generation and, depending on the type of control, a reduction in the 

peak load, saving the utilities’ money concerning the distribution grid infrastructure. 

Communications between the regulation device and the distribution company will be handled through one 

of the communications networks present in utility.  
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Figure 24. Proposed control mechanism 

As it can be of interest for the simulations, it will be assumed that the regulation device  is able to measure 

the exterior temperature (𝑇𝑢𝑠𝑒𝑟), in order to properly determine 𝑇𝑒,𝑟𝑒𝑓, which would translate to a higher 

comfort level for the user (since the 𝑇𝑐𝑜𝑛𝑡𝑟𝑜𝑙 would be tailored to the local weather conditions). However, 

in a more realistic approach, the 𝑇𝑐𝑜𝑛𝑡𝑟𝑜𝑙 would be predetermined by the distribution company. 

Furthermore, if the regulation device is advanced enough, in a realistic setting the distribution company 

could handle the set temperature value, further increase the energy savings when needed (i.e., by increasing 

the control temperature up to 29.5ºC, the upper limit of the 20% PPD, when deemed necessary). 

For the control mechanism to be activated, a trigger needs to be designed. The system could be similar to 

the one described in [23]. However, there are little economic incentives for the users to reduce peak loads, 

so it could not be based on electricity pricing. Therefore, the system would have to be based on something 

of interest for distribution companies, as they have to purchase electricity. One potential solution could be 

to activate the trigger when demand reaches its peak load, as the cost of generation is usually higher when 

it is used to cover peak demand.  

By using this approach, the system designed to activate the control mechanism will be triggered whenever 

the energy demand of the whole state approaches the maximum generation capacity, which will be called 

“theoretical peak generation”. 

4.3 Theoretical peak generation determination 

The theoretical peak generation is defined as the maximum demand that the system is able to withstand. 

This approach is based on the assumption of the electrical capacity of the state being limited by the water 

level in hydro power stations. Therefore, the value of this peak generation will decrease all throughout the 

summer.  

Since there is no data regarding the control carried out by the state utilities, the determination of the peak 

generation will be based on the observed summer demand reduction. For that reason, the first step is to 

analyse all summer maximums and select the most relevant local values that can help develop a peak 

generation model, as seen in Figure 25. 
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Figure 25. Summer peak load top regional values [53] 

The selected points allow for the determination of a 2nd grade polynomic regression line that will be used to 

determine the peak load day by day. The determined regression line, found in Figure 26, has an 𝑅2 value of 

0.9945. 

 

Figure 26. Peak load regression line 

The maximum value for summer happens on March 31st, which will be assumed to be the point where 

limitations for consumption start to apply. Based on the assumption it is possible to define the theoretical 

peak generation as that maximum value for the days prior to the 31st of March. The analysis renders the 

following theoretical peak load value curve, which can be seen compared to the average, maximum and 

minimum loads in Figure 27. 
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Figure 27. Summer Maximum, minimum and average loads compared to the calculated peak load 

Calculations of the correlation coefficient between the determined peak load and the water level values from 

the 31st of march onwards (the point when the regression line is set to start) show a value of 93.9%, which 

points towards the relation between maximum generation and the water levels in the state. 

4.4 Mathematical model 

One all data has been gathered it is possible to determine a mathematical model that will be implemented 

in MATLAB. The first calculations will be carried out to determine the nominal power of all ACs in 

Karnataka (𝑃𝐴𝐶) using the data regarding the average nominal power of ACs in the state, which renders a 

value per AC of 1.80902 kW (𝑃𝐴𝐶,𝑎𝑣𝑔), and the total estimated number of ACs (𝑛𝐴𝐶).  

 

𝑃𝐴𝐶 = 𝑃𝐴𝐶,𝑎𝑣𝑔 · 𝑛𝐴𝐶 (8) 

 

The total power of all ACs in the state is 1,049.14 GW. To obtain an accurate value of the hourly 

uncontrolled demand (𝐷𝐴𝐶,𝑢𝑛) several values have to be considered. One of these values is the uncontrolled 

duty cycle (𝐷𝐶𝑢𝑛), defined in section Error! Reference source not found., which represents how much o

f the AC’s nominal power is being used. The formula defining its value is: 

 

𝐷𝐶𝑢𝑛 = {
(𝑇𝑜𝑢𝑡𝑠𝑖𝑑𝑒 − 𝑇𝑠𝑒𝑡,𝑢𝑛) ∗ 0.06 𝑖𝑓 𝐷𝐶 < 1

1 𝑖𝑓 𝐷𝐶 ≥ 1
(9) 

 

Where 𝑇𝑜𝑢𝑡𝑠𝑖𝑑𝑒 is the exterior temperature at any given hour. Due to lack of data, 𝑇𝑜𝑢𝑡𝑠𝑖𝑑𝑒 has been 

considered to be the maximum temperature of the state during the day, as described in chapter 2. 𝑇𝑠𝑒𝑡,𝑢𝑛 

represents the value at which the AC temperature has been set. In the case of Karnataka, it has been 

estimated that, on average, users set their temperature at around 21ºC, determined in section 4.1.4. Another 

value needed to calculate 𝐷𝐴𝐶,𝑢𝑛 is the amount of ACs being used at any given hour (%𝐴𝐶). The share has 

been defined in section 4.1.3.  

The formula employed to obtain 𝐷𝐴𝐶,𝑢𝑛 for each hour is set as follows: 
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𝐷𝐴𝐶,𝑢𝑛 = 𝑃𝐴𝐶 ·  𝐷𝐶𝑢𝑛 · %𝐴𝐶 (10) 

 

The calculations needed to obtain the AC controlled demand (𝐷𝐴𝐶,𝐷𝐿𝐶) are similar to the ones described 

above. The only difference is related to the duty cycle (𝐷𝐶𝐷𝐿𝐶 ), since the control mechanism is due to 

change the 𝑇𝑠𝑒𝑡,𝑢𝑛. The temperature would no longer be the temperature set by users but by the control 

mechanism itself. The new 𝑇𝑠𝑒𝑡,𝐷𝐿𝐶 is determined by the equations already described in section 4.2.3. To 

increase the demand reduction, only the upper limit defined in the mentioned section is chosen, using the 

10% PPD upper limit of 26ºC. 

 

𝐷𝐴𝐶,𝐷𝐿𝐶 = 𝑃𝐴𝐶 ·  𝐷𝐶𝐷𝐿𝐶 · %𝐴𝐶 (11) 

 

The control is only activated whenever a share (called factor or 𝑓) of the theoretical peak maximum (𝑇𝑃𝑀, 

estimated in section Error! Reference source not found.) is reached. TPM was defined as: 

 

𝑇𝑃𝑀 = {
10,802 𝑖𝑓 𝑒𝑎𝑟𝑙𝑖𝑒𝑟 𝑡ℎ𝑎𝑛 31/3/2018

−0.4457𝑥2 − 10.223𝑥 + 10,802 𝑖𝑓 𝑒𝑞𝑢𝑎𝑙 𝑜𝑟 𝑙𝑎𝑡𝑒𝑟 𝑡ℎ𝑎𝑛 31/3/2018
  

 

Finally, the hourly AC demand (𝐷𝐴𝐶) is defined by the following equation (being 𝐷𝐾𝑎𝑟 the total demand of 

the state at a given hour): 

 

𝐷𝐴𝐶,𝐾𝑎𝑟 = {
𝐷𝐴𝐶,𝐷𝐿𝐶  𝑖𝑓 𝐷 𝐾𝑎𝑟 > 𝑓 · 𝑇𝑃𝑀

𝐷𝐴𝐶,𝑢𝑛 𝑖𝑓 𝐷𝐾𝑎𝑟 ≤ 𝑓 · 𝑇𝑃𝑀
 

 

The factor (𝑓) will be calculated in the following chapter, on section 5.1. The calculations for the demand 

are, as stated before, only calculated for the summer season, whose duration has been defined in section 

2.3. 

5 Simulations and results 

An hour by hour analysis of the ACs demand in summer is carried out. The simulations use the control 

mechanism proposed in section 4.2.4.The control mechanism will be activated whenever the total generation 

of each hour reaches a certain percentage (determined in the upcoming chapter 5.1) of the theoretical peak 

generation.  

5.1 Peak generation factor control 

To carry out all the required calculations several iterations on MATLAB are required3. The objective of the 

simulations will be to reduce the peak load by enabling the control mechanism once the electricity demand 

reaches a limiting value close to the calculated theoretical peak load. The limiting value is defined as a 

                                                      

3 Code attached in Annex 1 
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percentage of the theoretical peak generation and has been called peak generation factor control, and the 

first step of the simulations will calculate its value. 

The potential control carried out by distribution companies can depend on numerous factors, not only 

related to demand but to technical or social limitations. Therefore, the final target of the simulation would 

be to find the best limiting value for maximizing savings and minimizing temperature variations for the 

users. 

To proceed with the calculations, the simulations are coded to first input all the relevant information related 

to ACs and temperatures, including the theoretical comfort temperature. The program records the AC 

demand for user and set temperatures and the first one is used to determine the state’s demand without the 

effects of ACs (by subtracting ACs untampered demand to the global demand). Then, it checks whether the 

overall demand of the state is close to the theoretical peak generation. If it reaches a certain threshold, the 

AC will work at its set temperature. The process is carried out for every hour of the day, and for everyday 

of the season, resulting in a total of 2,376 calculations (one per hour of the summer). 

The threshold is based on the peak generation factor. The simulations will make the percentage to vary in 

order to determine the most optimal one. To improve the optimization of the code, only two decimal points 

are considered for the limit, which starts at 50% (this is, 0.500) and finishes at 100% (1.000). This process 

requires a total of 50 iterations, raising the total amount of calculations to 118,800. 

 

Figure 28. Share of controlled hours and share of savings 

Figure 28 represents the results of the described simulation. It shows the percentage of hours during summer 

where users do not have control of their AC units (in red) and the amount of savings achieved by the 

distribution company (in blue). The higher the peak load factor is, the more control users have, since the 

AC control is activated for lesser duration. It is also observed from the chart that the share of savings 

achieved when carrying out the control could reach maximum savings of 2.2%. Due to the nature of 

Karnataka’s load profile, no control is observed until reaching a 0.61 peak load factor (this means that at 

any given hour, demand will always be equal or larger than 61% of the total generating capacity of the state). 

The ideal objective would be to determine the optimal point where the savings are close to maximum and 

the share of hours in which the ACs are under control of the company are minimum. Therefore, an analysis 

of the derivatives of both the curves should be carried out. However, both functions are discrete, and instead 

of derivatives, increments are analysed. 
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Figure 29. Hours and savings maximum variation analysis 

From Figure 29, it is observed that that both curves reach a maximum variation at a peak generation factor 

of 89%, and thus it is considered the optimum, at which both savings and the number of hours under 

control by the distribution company are most efficient. 

5.2 Control mechanism simulation for a 0.89 peak load factor control 

Simulations have been carried out to analyse day by day the result of having the control mechanism activated 

whenever the system load reaches 89% of the value of the theoretical peak generation for each day. After 

the 2376 simulations (one for every hour of the summer) have been carried out, the average value of the 

daily load with and without control is compared. 

 

Figure 30. Effects of controlling ACs on the average daily summer load 

It is observed in Figure 30 that the control has a positive effect on peak load reduction. The maximum 

average savings start first at 11h and then again 19h, and it achieves an average reduction of 19.5% on the 

AC load alone. The maximum reduction happens at 13h, where the savings are 1.98% of the total load, 

which is equal to removing an average 179.3 MW of demanded power at that hour. The average daily savings 

equals to 1,830.3 MWh, which represent average daily savings of 0.88%. 

The day where the most power is saved in this scenario is the 1st of May. The day is the 6th hottest one of 

the season and the second day with the largest demand when compared to the theoretical peak generation. 
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Figure 31. Daily load comparison for the 1st of May 

Due to the nature of the daily load on this specific day the control mechanism is enabled all throughout the 

day (Figure 31), excepting at 18h. The AC load reduction is 25.78%, higher than the average since it is a hot 

day. When looking at the largest overall load reduction it is possible to see that it peaks at 14h, reaching a 

peak load reduction of 3.29%, which is equivalent to 295.9 MWh of energy savings. The total energy savings 

of the day are 4,090 MWh, which is, 1.81% of the total daily demand. 

It has found that on the 1st of May almost all hours are under control of the distribution company, which 

may be an inconvenience for the users. However, based on the optimization algorithm performed (section 

4.2.4), such days are an exception. An analysis of the hours under control shows that out of the 2376 hours 

of the season, the control only takes place in 899, which represents 37.8% of the total. 

When looking at the total energy demanded during summer, Figure 32 is obtained. 

 

Figure 32. Total summer demand with and without control 

As the figure shows, the control is effective at reducing daily peaks, while it is essentially not used at ‘valley’ 

days, where the demand is lower. The total energy savings that occur during the month are equal to 0.88% 

of the total energy demand. When translating the percentage to energy units, it is possible to see that the 

savings amount to a total of 181,2 GWh. When considering the lowest possible average residential consumer 

tariff in Karnataka (this is, 3.72 ₹ per kWh, as seen in section 2.4.4) it is  estimated that savings for customers 
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would equal to ₹ 674,058,096.83, which roughly translates to $ 9.4 million. The savings per AC unit would 

be of 1,162.27 ₹/AC (this is, 16.70 $/AC per summer). 

5.3 Effects on the generation mix 

The reduction of energy demand leads to savings for final users, but it can also lead to savings for generation 

companies and specially for the distribution companies that have to purchase the electricity. To reduce the 

scope of this chapter we will only focus on the effects of state hydro and thermal generation, as they are the 

ones with larger impacts in the generation profile and the environment respectively.  

5.3.1 Effects on the coal generation 

In order to see the energy savings affecting coal generation the savings achieved by controlling AC demand 

are directly applied to the thermal generation defined in section 2.4.3, the following results are achieved. 

 

Figure 33. Thermal generation with and without AC control 

The results shown in Figure 33 allows us to see how the generation peaks are reduced. The total savings 

could represent 2.31% less generation, which could have an impact on costs for distribution companies, for 

the generation companies (achieving savings in fuel) and for the environment. 

 The operating variable cost of the thermal units is 4.2238 ₹/KWh [78]. Therefore, the savings 

achieved through reducing consumption would be of ₹ 765,345,857 or around $ 10.7 million. 

 

 According to KPCL’s annual report [79] the specific coal consumption of RTPS is 0.640 kg/kWh. 

RTPS is the largest thermal power plant in the state, and it accounts for around 1720 MW of 

installed power. The power plant was the largest generator in Karnataka in 2017 and therefore it is 

considered representative of the generation mix. This means that the AC control could lead to a 

reduction in consumption of 115,967 tons of coal. 

 

 The Central Energy Authority carries out CO2 emissions calculation [80]. In its latest report it is 

estimated that the weighted average specific emissions for coal-fired stations was equal to 0.98 

tCO2/MWh. If AC control savings directly impact thermal generation it would mean avoiding the 

emission 177,574 tons of CO2, equivalent of 37,700 passenger vehicles driven for one year [81], 

among other pollutants that are usually emitted by thermal power plants. If the current Indian 
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carbon tax is considered, avoiding the emission of the calculated amount of CO2 could lead to 

additional savings of approximately ₹ 71,029,600 or $ 568,236 [82].  

It is possible to see that reducing energy consumption by using AC control can lead not only to monetary 

savings, it could also provide large environmental improvements if the control directly impacts the state’s 

thermal power plants. 

5.3.2 Effects on the hydro generation 

In a similar fashion as in the previous section, impacts of the AC energy savings will be applied only to the 

hydro-power generation defined in chapter 2.4.3. 

 

Figure 34. Hydro power generation with and without AC control 

When applying the saving to hydro power it is possible to see in Figure 34 a peak reduction, similar to what 

happened for the thermal generation. Yet, due to hydro the power generation share being smaller in summer, 

the savings over the total are slightly higher, reaching 5.63%.  

Reducing water-based electricity generation has an economic impact. The operating variable cost of these 

type of power plants [78] varies widely throughout each one of them, but the average cost is 0.9491 ₹/KWh, 

which would allow for ₹ 171,975,413 or $ 2.4 million in savings for the distribution companies. It is clearly 

seen here that it is more directly profitable to encourage savings on thermal power plants, as it could allow 

to increase savings by $ 8 million. 

However, this would not take into account the lack of water by the end of summer, which has been 

considered as a limiting factor for the generation of electricity. For that reason, it is very interesting to see 

what the potential water savings of the AC control scheme are. 

To achieve it is first necessary to estimate how much water is used per unit of energy produced. The available 

data represents the water level of the three major dams, and it was assumed that it represented the whole 

hydro level. To determine water consumption, several more calculations and assumptions are needed to be 

made. Using the same source [53] it is possible to calculate the generation output of hydro power plants by 

averaging the output of the three major reservoirs, the result being 37.1 MCFT/MU, this is, 1,050.55 

m3/MWh. 

Assuming that the calculated average is representative of all hydro power plants, energy savings could be 

equal to 190,358,900 m3 of water, the equivalent of 50,800 Olympic swimming pools, which could mean 

an increase of 1.13% in the water levels by the end of the year. 
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5.4 Policy implications 

The results clearly show that an application of DLC to residential ACs are overall positive. It does sometimes 

hinder the capacity of users to set their preferred temperature, but it could allow them to save on the 

electricity bill, due to reduced consumption. The sum saved is considerable when looking at the aggregated 

data, but it translates to $16.70 per AC unit per day. It is also relevant to consider that the control mechanism 

would lead to increased installation and/or maintenance costs for ACs, possibly paid by distribution 

companies. Since individual savings may not be a strong enough incentive to lead consumers to push 

towards DLC of their AC units, the significant savings in electricity consumption could be a strong incentive 

for it to be addressed by the state government, especially when considering the issues regarding electricity 

coverage present in the state of Karnataka. Furthermore, it could reduce the level of stress reached at peak 

hours in an already overstretched grid.  

If the concept behind this thesis is implemented in the form of an energy policy it could also have large 

benefits in the form of harmful CO2 emissions and water savings, being this last a recurrent problem in the 

region. 

The study also implies that a DSM strategy can significantly impact the savings made in water level for a 

hydroelectric power plant. Hence, it would be important to consider the water savings that can be made 

while designing DSM policies judiciously in future.  

6 Conclusions 

The effects of demand side management on the power sector are considered to bring benefits to both 

utilities and customers. The creation of the concept dates from the 1970’s, but it was not considered by 

Indian authorities until the early 2000’s. Nevertheless, ever since, India has developed pilot projects and 

encouraged electricity stakeholders to consider it. 

One of the states where this concept has been put into practice is Karnataka. With more than half of its 

population lacking access to electricity and the growing importance of high energy intensity sectors, the state 

generation capacity is being pushed towards its limits. This has led to issues regarding the capacity of its 

power system to provide electricity for all, which meant that around 5.2% of the energy demand was left 

uncovered in the years 2016/17. This issue is exacerbated in summer, a time when hydro power plants 

appear to be unable to provide as much energy as they should, seemingly due to the lack of rainfall. This 

factor has led to the conclusion of the existence of a curtailment in electricity generation during the summer 

season, especially on peak hours, which is not only caused by the lack of generation but also due to an 

overstressed electricity grid. This statement is further corroborated by news articles speaking about load 

shedding and power cuts during the season.  

One of the causes of demand peaks in summer (and an increased energy consumption during summer 

season) is the cooling needs of Karnataka inhabitants, translated sometimes as an increased demand by the 

air conditioning units. In the case of residential ACs, the share of installed units only reaches 4.38% of all 

households, as determined in section 4.1.2. This penetration rate, far away from other more developed 

countries has increased, and it most likely will stop until the state reaches the level found in countries like 

the USA or Japan. 

According to own estimates, if the growth rate estimated in section 4.1.2 is assumed to follow an exponential 

curve (as it has the highest R2 value, at 0.9925) AC penetration rate could reach 50% of all households 

(around 6.7 million units) in Karnataka by 2040. In only 10 years, the amount of ACs could reach 1.8 million 

units, increasing AC units demand by more than 3.2 times, which will undoubtfully exacerbate the issues 

present in the state. 
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Therefore, a direct load control solution seems optimal. However, unlike many places where these solutions 

are carried out, residential electricity prices are determined by a commission rather than being market driven. 

To overcome this issue, a new control mechanism is proposed, based on the maximum generating capacity 

of Karnataka’s electricity system. According to it, AC’s will automatically increase their thermostat 

temperature whenever generation reaches 89% of its maximum (theoretical) capacity. The considered 

temperature increase is usually of about 5ºC (as 26ºC is estimated to be the comfort temperature, while user 

set temperatures oscillate around 21ºC), which accounts for around a 30% reduction in the AC duty cycle. 

When carrying out the simulations the results are as expected. The control mechanism is able to reduce peak 

loads, which reduces the electricity grid stress. Furthermore, the energy demand reduction allows for 0.88% 

savings for summer alone, which equals 181.2GWh or $ 9.4 million in savings (when considering customer 

tariffs).  

If the savings are used to achieve a reduction in thermal power plants usage, it could mean cost reductions 

of approximately $ 10.7 million and the saving of 116 tons of coal, which has its own environmental 

implications. If, on the other hand, the reduction is applied to hydro generation, the economic impact is 

much lower (of only $2.4 million), but it would mean that 190 hm3 of water are not used, further increasing 

the electricity capacity of the state. 

Details related to how the system could be implemented or what kind of incentive would users have to let 

their distribution company to control their AC are left for future studies, but it seems likely that an AC 

direct load control scheme would largely benefit the state of Karnataka and all its inhabitants, now and in 

upcoming years. 
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8 Annexure 

In the following chapters the codes used to obtain the results will be covered. 

8.1 Code used to download loads data from web pages (Python) 

import selenium 

import time 

 

from selenium import webdriver 

from selenium.webdriver.chrome.options import Options 

 

# Using Chrome to access web 

driver = webdriver.Chrome() 

 

# Open the website 

driver.get('http://218.248.45.137:8282/LoadCurveUpload/lcdownloadview.asp') 

 

MonthList = ['JAN', 'FEB', 'MAR', 'APR', 'MAY','JUN','JUL','AUG','SEP', 

'OCT', 'NOV', 'DEC'] 

DayList = 

['01','02','03','04','05','06','07','08','09','10','11','12','13','14','15'

,'16','17','18','19','20','21','22','23','24','25','26','27','28','29','30'

,'31'] 

 

for m in MonthList: 

     

    for d in DayList: 

 

        print (d, m) 

 

        # Open the website in the loop 

        

driver.get('http://218.248.45.137:8282/LoadCurveUpload/lcdownloa

dview.asp') 

 

        # Locate the lists 

        day_list = driver.find_element_by_name('Lstday') 

        month_list = driver.find_element_by_name('Lstmth') 

        year_list = driver.find_element_by_name('Lstyr') 

 

        # Locate the button 

        FileGen = driver.find_element_by_name('btnRpar') 
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        # set the desired date 

        for option in day_list.find_elements_by_tag_name('option'): 

            if option.text == d: 

                option.click()  

                break 

        for option in month_list.find_elements_by_tag_name('option'): 

            if option.text == m: 

                option.click()  

                break 

        for option in year_list.find_elements_by_tag_name('option'): 

             if option.text == '2018': 

                option.click()  

                break 

 

        # click on file generator 

        FileGen.click() 

        time.sleep(2) # time to load...maybe not needed 

 

        #find and click on download link 

        Download= 

driver.find_element_by_xpath("/html/body/form/table[1]/tbody/tr[2]/td[3]/em

/a") 

        Download.click() 

 

        time.sleep(5) #helps the PC not to collapse 

8.2 Code used for the simulations in MATLAB (M) 

 

%To run the code, it is necessary to add several compressed files to the 

"Current folder" 

 

%selection of the AC related data% 

 

ACnum = xlsread('ACs.xlsx','B2:B13'); % 1st one is 2019 

ACpower = xlsread('ACs.xlsx', 'B14:B14'); 

ACpower=ACpower/1000000;%in MW 

ACprofile = xlsread('ACs.xlsx','B16:B41'); 

 

coef = 0.9; % The maximum usage of ACs 
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ACprofile=coef*ACprofile; %AC profile redefined 

 

%selection of maximum temperatures of the day% 

 

Temp = xlsread('Temperature.xlsx','B2:CY3'); 

 

%selection of load related data% 

 

Load = xlsread('Loads.xlsx','E2:CY25'); 

PeakLoad = xlsread('Loads.xlsx','E26:CY26'); 

 

%Settings of user and control temperatures% 

 

Tuser = 21; 

 

%Tcontrol = 26; 

 

%NOTE. columns are for days (1 to 99) and rows are for hours (1 to 24)% 

 

for x=1:50 

 

limit = 0.50+(x/100); 

 

%This loop is only used to calculate the optimal peak generation factor 

control  

% For the rest of the simulations the loop  is deleted and and a variable 

is created with its value 

 

    for day=1:99  %99 

 

Tday=Temp(1,day+3); %there are 2 winter days in the array, to 

simulate Tcontrol 

 

        Ta=(Tday+Temp(2,day+3))/2; 

        Tb=(Temp(1,day+2)+Temp(2,day+2))/2; 

        Tc=(Temp(1,day+1)+Temp(2,day+1))/2; 

        Td=(Temp(1,day)+Temp(2,day))/2; 

 

        for hour=1:24 %24 
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            %calculates the control temperature 

 

            Teref=(Ta+0.8*Tb+0.4*Tc+0.2*Td)/2.4; 

            if (Teref < 12.6) 

 

                Tn = 0.23*Teref+16; 

 

            elseif (Teref>12.6)&& (Teref<21.8) 

 

                Tn=0.77*Teref+9.18; 

 

            else  

 

                Tn = 26; 

 

            end  

 

            Tcontrol= Tn +(0.7*5); 

 

            if (Tcontrol>26) 

 

                Tcontrol=26; 

 

            end 

 

            Thour(hour,day)=Tuser; 

 

            %select the hourly load 

            HourLoad(hour,day)=Load(hour,day); 

 

            %select the daily peak 

            DayPeak=PeakLoad(day); 

 

%select the AC load, using the Duty formula as per the 

literature 

            Duty(hour,day) = (Tday-Tuser)*0.063; 

 

            %controlling that the duty cycle is never lager than 100% 

 

            if Duty>1 
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                Duty=1; 

 

            end 

 

            %Calculation of the untampered AC demand 

 

            

ACdemand(hour,day)=ACnum(1,1)*ACpower(1,1)*ACprofile(hour,1)*Dut

y(hour,day); 

 

%In the original regional load, AC data is also 

included. To avoid it the program will subtract the 

AC demand values from the load,since there is no AC 

control present 

 

HourLoad_without_AC(hour,day)= HourLoad(hour,day)-

ACdemand(hour,day); 

 

            %The control algorithm sets the AC temperature to 26ºC when the 

            %hourly load reaches 90% of the maximum 

 

            if HourLoad(hour,day)>limit*DayPeak 

 

                %A new duty is set 

                NewDuty(hour,day) = (Tday-Tcontrol)*0.063; 

 

                %controling that the duty cycle is never lager than 100% 

 

                if NewDuty>1 

 

                    NewDuty=1; 

                end 

 

                

controlACdemand(hour,day)=ACnum(1,1)*ACpower(1,1)*ACprofile

(hour,1)*NewDuty(hour,day); 

 

%HourLoad_without_AC(hour,day)= HourLoad(hour,day)-

controlACdemand(hour,day); 

 

                Thour(hour,day)=Tcontrol; 

 

            else 
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                controlACdemand(hour,day)= ACdemand(hour,day); 

 

            end 

 

        end 

 

    end 

     

    totDemand(x)=sum(sum(HourLoad_without_AC)); 

    totACdemand(x)=sum(sum(ACdemand)); 

    totACdemandcontrol(x)=sum(sum(controlACdemand)); 

    totTempVar(x)= sum(Thour(:)==21); 

     

 

end 

 

 

xlswrite('Results.xlsx',totDemand,'B3:AZ3'); 

 

xlswrite('Results.xlsx',totACdemand,'B4:AZ4'); 

 

xlswrite('Results.xlsx',totACdemandcontrol,'B5:AZ5'); 

 

xlswrite('Results.xlsx',totTempVar,'B6:AZ6'); 

 

%Above data is used for the determination of the theoretical peak 

generation factor 

% To obtain the data for AC units the following lines are required: 

 

%xlswrite('Results.xlsx’, HourLoad_without_AC,'B3:CV26'); 

 

%xlswrite('Results.xlsx’, ACdemand,'B29:CV52'); 

 

%xlswrite('Results.xlsx’, controlACdemand,'B55:CV78'); 


