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Abstract 

The conditions of energy availability from different resources is depending on myriad factors like 

technological innovation, geographical prerequisites and market dynamics. In, microgrids, where often 

multiple energy resources are combined, managing only the generation side of the energy system is not 

always the most cost effective and sustainable approach. In this light, demand side management (DSM) has 

shown to bear great potential for additional improvement of microgrid (MG) performance. In this master 

thesis, three DSM strategies for the MG at Tezpur University (TU) are developed and evaluated regarding 

their potential for technical, financial and sustainability improvement. During a two-week visit to TU 

campus in the North-East of India, extensive studies (interviews, surveys, etc.) were conducted to establish 

the required knowledge, based on which DSM potential could be identified. The MG at TU consists of a 

grid connection, a PV installation and Diesel generators (DG). The development of DSM strategies is 

focused on the operation of DGs as they are subject to high operational cost. Major barriers for DSM 

applicability are the absence of detailed operational data, the complexity of required control systems and 

load prioritization. Office air conditioning (AC) units, the student hostels and the water treatment plants 

(WTP) have been found to provide suitable environments for implementation of DSM measures. The air 

conditioning outage energy control (AC-OEC) is a strategy for automatic AC unit shut-down during grid 

outages using wireless switches. The hostel daytime energy control (H-DEC) is a time-based approach to 

manage hostel loads during the absence of students. The water pumping energy control (WP-EC) establishes 

an alternative pumping schedule which allows the deferral of pump operation from DG to grid supplied 

time periods. By applying all three strategies, annual energy savings of 26.7% (49.3 MWh) of the DGs can 

be achieved. This corresponds to an equal share of CO2 emissions reduction (175.4 t) and reduction of 

operational cost (11,200 €). The total annual energy consumption of TU can be reduced by 4.4% (213 

MWh), what corresponds to a reduction of 5.3% (24,600 €) of total annual spending on electricity and 4.3% 

of greenhouse gas emissions reduction. Over a lifetime of 25 years, accumulated monetary savings of 

493,200 € at a payback period of the investment of 0.9 years are expected.  

2019-11-07



-3- 
 

Table of Content 

Abstract ........................................................................................................................................................................... 2 

Nomenclature................................................................................................................................................................. 5 

Table of Figures ............................................................................................................................................................. 6 

List of Tables .................................................................................................................................................................. 6 

1 Introduction .......................................................................................................................................................... 8 

1.1 E4T Project Background ........................................................................................................................... 8 

1.2 Goals and Scope of this Thesis ...............................................................................................................10 

1.3 Methodology ..............................................................................................................................................10 

2 Microgrids ............................................................................................................................................................11 

3 Demand Side Management ...............................................................................................................................13 

3.1 Types of Demand Side Management .....................................................................................................14 

3.1.1 Energy Efficiency .............................................................................................................................15 

3.1.2 Demand Response ...........................................................................................................................16 

3.1.2.1 Habitual Behavior as Hurdle for Demand Response ............................................................20 

3.1.2.2 Demand Response in University Environments ....................................................................21 

3.1.2.3 Thermal Comfort as Limitation for Demand Response .......................................................22 

3.2 Monitoring/Controlling in Microgrids ..................................................................................................23 

3.2.1 Controlling Techniques ...................................................................................................................24 

4 Documentation of Findings of the Field Trip ...............................................................................................26 

4.1 The Microgrid at Tezpur University ......................................................................................................26 

4.1.1 The Generation (Supply) side at Tezpur University ...................................................................26 

4.1.1.1 Grid Connection..........................................................................................................................26 

4.1.1.2 (Back-Up) Diesel Generators ....................................................................................................31 

4.1.1.3 Distributed Solar PV Plant ........................................................................................................35 

4.1.2 The Distribution System at Tezpur University ...........................................................................36 

4.1.3 The Demand Side at Tezpur University .......................................................................................36 

4.1.3.1 Student Hostels ............................................................................................................................37 

4.1.3.2 Appliances at TU .........................................................................................................................39 

4.2 Monitoring/Controlling at Tezpur University Campus MG .............................................................40 

5 Identification of Potential DSM Applications ...............................................................................................41 

5.1 Survey on Energy Consumption in Offices ..........................................................................................41 

5.2 Definition of DSM Strategies ..................................................................................................................43 

6 Performance Analysis of DSM Strategies ......................................................................................................44 

6.1 Superordinate Assumptions ....................................................................................................................45 

6.2 Air Conditioning Outage Energy Control (AC-OEC) ........................................................................46 

6.3 Hostel Daytime Energy Control (H-DEC) ...........................................................................................49 



-4- 
 

6.4 Water Pumping Energy Control (WP-EC) ...........................................................................................53 

7 Results and Discussion of the Performance Analysis of DSM Strategies .................................................56 

7.1 Uncertainty Analysis of Results ..............................................................................................................61 

8 Conclusion ...........................................................................................................................................................63 

9 Future Work ........................................................................................................................................................63 

Bibliography .................................................................................................................................................................65 

Appendix 1: Campus Maps ........................................................................................................................................69 

A: Classification of Facilities .................................................................................................................................69 

B: List of Facilities ..................................................................................................................................................70 

C: Appliances Map .................................................................................................................................................71 

D: Distribution of Appliances ..............................................................................................................................72 

Appendix 2: Single Line Diagram Tezpur University ............................................................................................73 

Appendix 3: Additional Graphs of Grid Outage History Analysis .....................................................................75 

Appendix 4: List of Substations and Connected Load ..........................................................................................76 

 

  



-5- 
 

Nomenclature 

AC Alternating current LSC Load shape change 

AC Air conditioning MCCB Molded case circuit breaker 

AC-OEC Air conditioning outage energy control MG  Microgrid 

ACB Air circuit breaker NMH  Nilachal mens hostel 

APPCPL Arunachal Pradesh Power Corporation 

Private Limited 

NWH New womens hostel 

avg Average O&M Operation and maintenance 

BWH Bordoichilla womens hostel PMCWH Pabitora womens hostel 

CFL  Compact fluorescent lamp PMH Patkai mens hostel 

CHP Combined heat and power PV Photovoltaic 

CMH Charaideo mens hostel PWH Pragiyotika womens hostel 

CPP Critical peak pricing RES Renewable energy sources 

CWP Clear water pump RESCo Renewable energy service company 

CWT Clear water tank RMG Rural microgrid generation  

DC Direct current RTP Real time pricing 

DG Diesel generators RWP Raw water pump 

DGU Distributed generation unit RWT Raw water tank 

DR Demand response SA Summer afternoon 

DSM Demand side management SCRMH  Saraighat mens hostel 

DWH Dhansiri womens hostel sd standard deviation 

EE  Energy efficiency SEA  Swedish energy agency 

H-DEC Hostel daytime energy control SGRC Smart Grid Research Consortium 

HPSVL High pressure sodium vapor lamp SM Summer morning 

HVAC Heating, ventilation & air conditioning SR Spinning reserve 

ICE Internal combustion engine SWH Subansiri womens hostel 

iR Indian Rupee ToU Time of use 

kiR Thousand Indian Rupees TP Time period 

KMH Kanchanjungha mens hostel TR Ton of refrigeration (1TR = 3.5kW) 

KTH Royal Institute of Technology, 

Stockholm  

TU Tezpur University 

KWH Kopili womens hostel VPP Virtual power plants 

k€ Thousand Euro WA Winter afternoon 

LED Light emitting diode WM Winter morning 

LM Load management WP-EC Water pumping energy control 

LMU Load management unit WTP Water treatment plant 

  



-6- 
 

Table of Figures 

Figure 1: Classification of buildings at Tezpur University campus ....................................................................... 9 

Figure 2: Simplified structure of a microgrid (Doosan GridTech, 2019) ...........................................................12 

Figure 3: Typical load profiles for residential, commercial and industrial consumers (Jardini, Tahan, Gouvea, 

Ahn, & Figueiredo, 1998) ...........................................................................................................................................12 

Figure 4: Potential for load shifting as percent of total hourly consumption in the residential, commercial 

and industrial sector in Germany (Schäfer, Schuster, Kasper, & Moser, 2015) ................................................14 

Figure 5: Potential of power and energy DSM in different applications and processes in the residential, 

commercial and industrial sector in Germany (Schaefer, 2012) ..........................................................................14 

Figure 6: Long and short run impact of different types of DSM measures, own creation on the basis of 

(Saad, 2016) and (Next Kraftwerke, u.d.) ................................................................................................................15 

Figure 7: Levelized cost of energy efficiency and new electricity generating technologies per MWh in 2016 

(Gilleo, 2017) ................................................................................................................................................................16 

Figure 8: Effect of different DR actions on a characteristic load curve (Lampropoulos, Kling, Ribeiro, & 

van den Berg, 2013) ....................................................................................................................................................17 

Figure 9: Categorization of demand response programs (Lampropoulos, Kling, Ribeiro, & van den Berg, 

2013) ..............................................................................................................................................................................19 

Figure 10: Theory of planned behavior (Fogg, 2009) ............................................................................................20 

Figure 11: Theory of habitual behavior (Fogg, 2009) ............................................................................................21 

Figure 12: Schematic structure of a three level control hierarchy (Mahmoud, 2017) ......................................25 

Figure 13: Distribution of power-cuts among different times of the day in 2018 ............................................28 

Figure 14: Range, average and standard deviation of power-cuts during different times of the day (2018) 28 

Figure 15: Distribution of power-cuts among different times of the day in (2019) .........................................29 

Figure 16: Range, average and standard deviation of power-cuts during different times of the day (2019) 29 

Figure 17: Segmentation of power-cuts according to their respective duration intervals (2018) ...................30 

Figure 18: Segmentation of power-cuts according to their respective duration intervals (2019) ...................30 

Figure 19: Power-cut duration distribution among times of day and length of power-cut (2018) ................30 

Figure 20: Distribution of power-cuts per month (2018) .....................................................................................31 

Figure 21: Distribution of DG operations among different times of the day ...................................................33 

Figure 22: Duration range and average duration of DG operation ....................................................................33 

Figure 23: Part load operation behavior of the Diesel generators .......................................................................34 

Figure 24: Distribution of DG runtime into duration ranges ..............................................................................34 

Figure 25: Campus monthly total electricity consumption and cost of generation in 2017 ............................36 

Figure 26: Hostel monthly electricity consumption November 2016 until October 2017 ..............................38 

Figure 27: Total and student specific energy consumption of five hostels November 2016 to October 2017

 ........................................................................................................................................................................................38 

Figure 28: Office occupation throughout the day ..................................................................................................42 

Figure 29: Sensitivity analysis of the influence of the hardware replacement period .......................................58 

Figure 30: Sensitivity analysis of the H-DEC performance towards hardware replacement period .............59 

Figure 31: Campus Map – Classification of Existing Facilities on TU Campus ...............................................69 

Figure 32: Campus Map – Numbering of Individual Facilities ............................................................................70 

Figure 33: Campus Map – Location of Relevant Appliances ...............................................................................71 

Figure 34: Campus Map – Distribution of Relevant Appliances .........................................................................72 

Figure 36: Single line diagram of TU grid connection...........................................................................................74 

Figure 37: Power-cut duration distribution among times of day and length of power-cut (2019) ................75 

Figure 38: Distribution of power-cuts per month (2019) .....................................................................................75 

List of Tables 

Table 1: Summary of grid outage history analysis 2018 and 2019 (until April) .................................................27 



-7- 
 

Table 2: Overview of the Diesel generator runtime analysis ................................................................................32 

Table 3: Overview of compliance of DG operation and power-cuts in 2018 ...................................................35 

Table 4: Coverage of power-cuts during different times of the day ...................................................................35 

Table 5: List of appliances considered for evaluation of DSM potential ...........................................................37 

Table 6: List of hostels and occupants .....................................................................................................................37 

Table 7: Availability and deferability of office appliances.....................................................................................42 

Table 8: Superordinate assumptions for the elaboration of DSM strategies .....................................................45 

Table 9: Properties of assumed complete DG operation profile (DG1-5) ........................................................46 

Table 10: Technical properties of “Sonoff Pow R2” smart wireless switch (Sonoff, 2019) ...........................48 

Table 11: Types and number of appliances in the hostels and their corresponding load................................50 

Table 12: Time restrictions for H-DEC ..................................................................................................................50 

Table 13: Assumptions on left on appliances in the student hostel ....................................................................51 

Table 14: Technical specifications of the “Sonoff Basic R2” smart switch .......................................................52 

Table 15: Existing water pumping schedule (based on experience) ....................................................................53 

Table 16: Water pump power and pumping capacity ............................................................................................54 

Table 17: Daily, peak and off-peak water consumption .......................................................................................55 

Table 18: Required water storage level and pumping time for peak period supply ..........................................55 

Table 19: Results of the performance analysis of the AC-OEC for different Tlim ...........................................57 

Table 20: Results of the performance analysis of the H-DEC for different shares of appliances being left on

 ........................................................................................................................................................................................59 

Table 21: Results of the performance analysis of the WP-EC .............................................................................60 

Table 22: Combined results of the performance analyses of the DSM strategies ............................................61 

Table 23: List of Facilities ..........................................................................................................................................70 

Table 24: List of connected loads at the substations .............................................................................................76 

  



-8- 
 

1 Introduction 

Against the background of an ever-increasing electricity demand in all sectors of society and economy, not 

only novel electricity generation methods need to be developed and conventional ones improved, also 

innovations in energy management and distribution are essential for meeting future demands. In this light, 

microgrids (MG) obtain an immense importance in the transition to a more flexible and sustainable energy 

supply. MGs combine distributed generation units (DGU) with storage technologies and local distribution 

systems, tailored to the specific requirements of the respective application. A main feature of MGs is that 

they (often) are designed to be able to operate independently of the main power grid in islanded mode. 

However, in most cases the MG is still connected to the main grid and isolates from it only in critical 

situations like outages or failures. (Farhangi, 2009) (Hatziargyriou, Asano, Iravani, & Marnay, 2007) 

Depending on the legal framework and the electricity tariffs, usually electricity generated by the DGUs is 

primarily used on site to satisfy the local loads. The remaining demand is covered with electricity from the 

grid. In islanded mode, the MG is required to cover all local loads by its own means. In the case of not 

meeting the demand, parts of the loads must be disconnected to lower the demand and recover stability of 

the prioritized components. In order to be able to distinguish between loads and divide them into levels of 

priority, one must have a deeper knowledge about the existing loads and their dynamics and importance. 

Demand side management (DSM) measures can be implemented to control loads in a way that reduces their 

energy consumption during targeted time periods or defers then to later points. Regardless of the operation 

mode (grid connected or islanded) of a MG, DSM measures are always considered a very effective tool to 

improve its overall performance regarding sustainability and profitability. They can help maximize the MG’s 

auto consumption share of renewable energy sources (RES) and thus contributes to making the system 

more independent from the main power grid. Additionally, power security and the lifetime of the DGUs 

and appliances can be positively affected. (Engie, 2019) 

This thesis aims at developing appropriate DSM strategies for the MG at Tezpur University (TU) Campus 

and determining the necessary control infrastructure for it. The DSM strategies will be analyzed and 

evaluated regarding their performance and profitability. The motivation is to lower the power consumption 

during times of outage of the utility grid (islanded mode) to lower the operational cost.  

1.1 E4T Project Background 

This master thesis project is based on the project “E4T Microgrid Pilot for Tezpur University Campus”. 
This project is carried out collaboratively by Pamoja Cleantech, Rural Microgrid Generation (RMG), Royal 
Institute of Technology Stockholm (KTH), Tezpur University (TU), INRESOL and LuminGo. The 
facilitator of the project is the Swedish Energy Agency (SEA). This project aims to design and implement a 
pilot microgrid at Tezpur University Campus to support stability of supply in place and for demonstration 
purposes.  
The project is structured into four parts, each ending with a milestone, spread over the course of four years 

(2016 – 2020). After successful termination of the project, the microgrid will consist of 500-750kWp solar 

photovoltaic installation, 70 kVA integrated gasification Stirling engines and 90 kWh of battery storage. 

Furthermore, the campus is connected to the main power grid and 5x500 kVA back-up diesel generators 

are already available. Supplementary to the physical generation system, a smart monitoring and control 

system is will be designed for energy management purposes. This management system will incorporate 

demand side management strategies. (Pamoja Cleantech, 2017) Due to recent changes in the project 

consortium, a drop out of INRESOL (which were developing the Stirling engine component), the project 

scope and goals are currently being restructured. The Stirling engine will be replaced by a conventional gas 

engine, for which gas shall be produced and cleaned with a novel electrostatic filter technology. 

Furthermore, more work focus will be shifted to the energy management system. The foundation 

(development of the DSM strategies) of the energy management work package will be laid in this thesis. 
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Project Site 

TU campus consists of a multitude of separate buildings, distributed on an area of about one square 
kilometer. There are little more than 3,000 students and around 500 teaching and administrative staff 
currently studying, working and living on the university premises. The students are accommodated in hostels 
in single or shared apartments. There are seven women and 5 men hostels. The staff lives in quarters. The 
remaining buildings make up teaching, research administration, sports and retail facilities. A map of the 
campus can be seen in Figure 1. (Tezpur University, 2014) (Google Maps, 2019) The campus is connected 
to the utility grid via a transformer station. From there, the electricity is distributed across the campus with 
a system of substations. The MG, developed in this joint project will, once finished, supply electricity, heat 
and cooking gas to these buildings. For the scope of the project, the capacity of the MG will not cover the 
total demand of the campus. Thus, the plan is to install a functioning system that supports individual parts 
of the campus in becoming more independent from power from the grid and the back-up Diesel generators 
(DG). Another value of the microgrid is to use it as demonstration site for students and industry. Once this 
goal is achieved and the project is completed successfully, further expansion planning can be conducted if 
the required funds will be available. (Pamoja Cleantech, 2017) 
 

 
Figure 1: Classification of buildings at Tezpur University campus 

The project site is perfectly suitable for a MG system with solar and biomass as renewable energy sources 
being available throughout the year. Biomass is available in the campus vicinity in the form of paddy (rice) 
husk from local agricultural facilities. This paddy husk is available at low cost because there is, up to now, 
no other use of it. Alternative biomass crops are also available or possible to be cultivated. The site is located 

Red: Academic/Administrative 
Orange: Hostels/Quarters 
Blue: Water Tower 
Green: Sports Facilities 
Yellow: Restaurants/Retail 
Black: Transformer Station 
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remotely about 15 km outside of the city of Tezpur in the Assam region in North-East India. The power 
grid that the campus is connected to is relatively unreliable, what calls for actions making the campus more 
autonomous. TU is conducting research on the potential for combined agricultural plantation of food and 
biomass against the background of a responsible and sustainable food/biomass balance. The use of a Stirling 
engine was initially chosen because it is externally fired, what makes it more flexible in the fuel quality used 
for its operation. (Pamoja Cleantech, 2017) However, since the project scope is being restructured and the 
Stirling engine technology is no longer part of it, focus will be laid on novel filter technologies that purify 
the gasification products up to a point where they can be used in conventional internally fired gas engines. 
(Pamoja Cleantech, 2018) 

1.2 Goals and Scope of this Thesis 

The main goal of this thesis is to identify, elaborate and evaluate demand side management strategies, 

designed to improve the electricity consumption at TU campus, especially in Diesel supplied operation 

mode. Therefore, the MG must be investigated first to understand its working principle and locate areas 

with improvement potential.  

The DSM measures will be developed based on state-of-the-art approaches. As there is only little data 

available about campus appliances and consumption of the buildings, first potential areas must be identified 

which contain appliances that are deferrable and/or adjustable. Afterwards, DSM strategies will be designed 

according to their specific applications and the environments of them. Required investment and operational 

cost will be estimated for implementation of the DSM strategies. Not only energy and financial savings will 

be considered when designing the DSM measures but also student/staff comfort and security of supply 

must always be kept in mind. Finally, the DSM strategies will be technically and financially evaluated 

resulting in statements about their feasibility and adequacy as well as contributions to system sustainability 

improvements. Finally, areas that require a more in-depth elaboration will be defined to set a basis to forward 

the DSM strategies from theory to implementation.  

1.3 Methodology 

Literature research 

A thorough understanding of the state of the art is an essential prerequisite in academic work for making 

appropriate decisions to find suitable solutions. Literature research will be conducted on the state of the art 

of microgrid development, demand side management and microgrid monitoring and controlling. For the 

demand side management research, special focus will be put on its application in university environments 

and the limitations in this area. 

Field Trip to Tezpur University 

A field trip to TU is a necessary means to create proper understanding of the operation of the microgrid as 

well as the energy consumption patterns and limitations. During the two weeks visit, following activities 

were carried out: 

• Documentation of: System components/operation strategy/grid outage history/diesel generator 

runtime history 

• Identification and classification of electric loads 

• Energy consumption data gathering of various appliances (pumps, lights, etc.) 

• Interviews with students and stuff 

• Survey on the attitude towards energy consumption and demand side management 

In this report, an analysis of the historical grid outage and diesel generator operations data will be presented. 

The system components and the energy consuming appliances will be identified. The results of the surveys 

and the interviews of personnel of the engineering cell and staff and students will be presented. Direct 

communication with many of the operations personnel was not possible due to language barriers. Personal 

interviews were conducted with translation support from English-speaking university staff.  
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Development of Demand Side Management Strategies  

Based on the information collected during the field trip, demand side management strategies that suit the 

operational patterns at TU campus will be elaborated. The DSM measures will be tailored to the specific 

energy loads that can be managed. The consideration steps taken to identify DSM strategies are the 

following: 

• Evaluation of personal interviews and surveys with TU staff and students 

• Elimination of appliances that cannot be managed by demand side management 

• Brainstorm (together with colleagues from the Department of Energy at TU) 

• Consideration of application of state-of-the-art DSM strategies 

• Definition of DSM strategies to be further elaborated and preliminary qualitative evaluation 

The methodology used here is in line with approaches used in relevant comparable research work and with 

the SGRC’s four step roadmap to effective demand response programs. (Smart Energy International, 2015) 

Performance Analysis of the Demand Side Management Strategies  

The previously defined DSM strategies will be analyzed regarding their potential impact on the overall 

system performance. In this context, following three areas will be focused on: 

• Technical feasibility (necessary system adaptions and control hardware, possible energy savings) 

• Financial feasibility (investment cost, operational cost, possible savings) 

• Sustainability impact (reduction of greenhouse gas emissions) 

Within the technical feasibility part, necessary system adaptions and control devices for the implementation 

will be identified and the possible energy savings will be calculated. In the financial feasibility part, upfront 

investment and operational cost will be evaluated against the potential created savings to make an estimation 

about the profitability of each respective strategy. The sustainability analysis will cover the reduction of 

greenhouse gas emissions. 

Discussion of Results and Outlook 

After finalizing the performance analyses of the DSM strategies, a discussion of the outcomes of the 

strategies’ performances and level of relevance and uncertainty of the results will be made. Finally, a well-

founded outlook will be given describing future work to be done for verification and implementation of the 

developed DR strategies.  

2 Microgrids 

A microgrid is an independently controllable energy system. In the standard case, it consists out of 

distributed generation units, an energy demand side, energy storage and an energy management (control) 

system. The MG can be connected to the grid or stand-alone (not connected to the grid). However, even if 

connected to the grid, the MG must be able to operate grid independently in cases of outages or faults. This 

operation mode is called island mode. In island mode, energy can only be generated within the MG using 

the available DGUs and/or energy storage. The control system must be able to detect generation-load 

mismatches in the system and shut down loads automatically, in order to keep the most essential loads 

satisfied as long as possible. (Fusheng, Ruisheng, & Fengquan, 2016) 

Typical renewable energy technologies used in a MG are photovoltaic panels (PV), wind turbines, fuel cells, 

micro turbines, etc. A simplified MG structure is depicted in Figure 2. (Doosan GridTech, 2019) Energy 

storage systems, applicable in MGs, can be of various types – mechanical storage systems (e.g. Flywheel), 

electrochemical storage systems (e.g. Li-Ion battery), chemical storage systems (e.g. hydrogen fuel cell), 

electrical storage systems (e.g. supercapacitor) or thermal storage systems (e.g. hot water tank). Both the 
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renewable energy technologies and the energy storage technologies must be selected carefully according to 

the environment of the MGs location and its load to cover. (Faisal, o.a., 2018) 

 

Figure 2: Simplified structure of a microgrid (Doosan GridTech, 2019) 

Additionally, just as the DGUs and energy storage, the loads can be classified. Standard classification for 

electricity loads distinguishes between residential loads, industrial loads, commercial loads and 

transportation loads. Typical load profiles for residential, commercial and industrial consumers are shown 

in Figure 3. The consumption trend is depicted as a ratio of the standard consumption defined for each 

sector. Depending on the load class that is predominant in a MG, the system components must be sized 

accordingly. For example, a MG for a dwelling complex must match only residential loads, which typically 

have peaks in the morning and evening. Thus, the MG must be designed to provide most and reliable 

electricity in the early and late hours of the day. In this case, solar PV is only considerable with a properly 

sized storage technology. Additionally, a dispatchable DGU like a micro turbine might be necessary to 

provide secure energy supply. Compared to that, an industrial load is characterized by a rather flat peak and 

base load from evening to morning hours. Thus, a different MG configuration might be more appropriate. 

(Moran, 2016) 

 

Figure 3: Typical load profiles for residential, commercial and industrial consumers (Jardini, Tahan, Gouvea, Ahn, & Figueiredo, 
1998) 
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Furthermore, a MG must contain an energy management system. This control system can be more or less 

sophisticated depending on the needs of the MG. In many rural applications, where the sole availability of 

energy in some form is of high importance, a not so elaborate control system is required since outages or 

mismatches between generation and demand cannot be avoided. Also, it reduces the technological 

complexity, as well as cost and operation and maintenance efforts. However, when talking about an 

interconnected MG as part of a highly advanced smart grid, as it is often seen as the future of modern energy 

systems in developed countries, control systems become essential to ensure a stable operation and minimize 

the risk of outages and mismatches. (Moran, 2016)  

Last but not least, the grid connection plays an important role when considering non-stand-alone MGs. If 

connected to the grid, the MG follows the main power grid’s operation conditions (voltage, frequency etc.). 

The MGs generation is mainly supplementary to the main power grid. The more demand can be covered 

by the DGUs the better. However, remaining discrepancies can be balanced with power from the grid. In 

grid connected mode, the MG can be operated in order to meet the most effective performance, regarding 

sustainability as well as economic efficiency. (Mahmoud, 2017) 

3 Demand Side Management 

The demand side of an energy system is a very complex structure and managing it has effectively been 

almost neglected until about a decade ago when big scale intermittent renewable capacity was added to 

electricity grids all around the world. This addition of non-dispatchable capacity can lead to a critical 

mismatch of energy production and consumption during characteristic times of the day and week. As 

complex as the demand side is, as multifaceted are the approaches to manage it more effectively and smart, 

according to the given generation patterns of renewable energy resources. Demand side management is a 

superordinate term that, as the name literally implies, describes a set of activities focusing on managing the 

demand side of an energy system in order to achieve an increase in performance. This increase in 

performance can be of various natures, for example higher economic performance, lower environmental 

impact or higher system components lifetime, stability or reliability. (Energy Market Authority, 2018) (Franz, 

o.a., 2006) 

As it is important for the proper design of a MG to have detailed knowledge about the loads that it is 

designed to be covering, the same accounts for the development of DSM measures. Different sectors of 

energy consumers are characterized by the specific appliances they use and their time of consumption 

(compare Figure 3 & Figure 5). Keeping this in mind, there are specific requirements for DSM strategies in 

each sector that need to be satisfied – For example, in the residential and commercial sector, one must 

always keep in mind individual habitual behavior as barrier for effective DSM as well as personal comfort – 

In the industrial sector one must take into account that many processes are only executable as a self-

contained entity and precise time management is essential to ensure maximum profitability. (Schäfer, 

Schuster, Kasper, & Moser, 2015) (Kohler , Agricola, & Seidl, 2010) (Cees & Bruel, 2017) 

Due to the specific application areas and methods of DSM in the different sectors, the expected potential 

of manageable load varies among them. It is a difficult encounter to generalize the potential of DSM for 

each sector since it is highly dependent on the specific situation of the load to be managed. When developing 

DSM strategies, various system specific factors like seasonal differences for HVAC systems will come into 

play and influence the overall appropriateness of DSM in a significant way. Thus, individual studies must 

be carried out considering, technical and financial feasibility as well as user comfort and other social aspects. 

However, when making a statement about the overall potential for DSM in the different sectors, Schäfer et. 

al. came to following result (Figure 4). The average total potential for DSM application in all three considered 

sectors here, residential, commercial and industrial lies below 15% of adjustable/deferable loads. The 

industrial sector has the highest potential, while the residential sector bears the lowest. However, it must be 

mentioned that the DSM potential in the residential sector is expected to increase with increasing market 
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penetration of smart home appliances such as smart appliances and smart meters. (Schäfer, Schuster, 

Kasper, & Moser, 2015) 

 

Figure 4: Potential for load shifting as percent of total hourly consumption in the residential, commercial and industrial sector in 
Germany (Schäfer, Schuster, Kasper, & Moser, 2015) 

Figure 5 shows the potential for power DSM and energy DSM of certain fields of appliances in the before 

mentioned sectors of interest, residential (household), commercial and industrial. The numbers in Figure 5 

represent the results of a study focusing on the German electricity market. However, while the industrial 

sector may need to be evaluated for each country specifically, the correlations for the residential and 

commercial sector are expected to be representative for those sectors in general. It can be seen, that 

refrigeration and freezing appliances as well as cooling processes in commercial areas have the biggest 

impact on the potential for energy DSM. Air control has the biggest impact on power DSM potential. 

(Schaefer, 2012) 

 

Figure 5: Potential of power and energy DSM in different applications and processes in the residential, commercial and industrial 
sector in Germany (Schaefer, 2012) 

There are various activities and strategies used to perform DSM in the different sectors. These different 

types of demand side management and their application potential are named and elucidated in the following 

section. 

3.1 Types of Demand Side Management 

In general, DSM strategies can be classified into two subordinate groups, namely energy efficiency (EE) and 

demand response (DR). Additionally, spinning reserve (SR) and virtual power plants (VPP) must be named 

in this context. These groups are strongly spoken flexible measures, not directly taken on the demand side. 

However, their behavior can influence a system without addition of further power generating capacity and 

thus is included in the following figure 6 alongside the classical DSM measures DR and EE. The individual 

categories differ significantly in the way they affect the demand side. Two parameters, namely the long run 

and the short run effectiveness of a DSM measure, can be used to distinguish them and evaluate their 

appropriateness of certain strategies for specific application cases. The first parameter, the long run effect 

of a DSM measure, describes how long-lasting the effect of a taken action is. More specifically, it describes 

if a specific DSM action entails a one-time effect on the demand side or a repeating improvement. The 
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second parameter, the short run effect of a DSM measure, describes the duration of the individual effect, 

independent of it being a one-time or a recurring effect. The short run effect can be within the range of 

milli-seconds up to permanent improvements. The before mentioned subgroups of DSM strategies, EE, 

DR, SR and VPP are classified according to their long-run and short-run effect in Figure 6. A detailed 

description of the categories EE and DR will be given in the following section (SR and VPP are not being 

further assessed due to irrelevance for this reports scope). (Saad, 2016)  

In Figure 6, demand response (DR) is further subdivided into, time of use (ToU), market DR and physical 

DR. ToU represents DR actions incentivized by a time dependent electricity tariff system with higher 

electricity prices at typical peak hours of the day and lower electricity prices at low demand times. Like this, 

consumption redistribution on the consumer side is indirectly triggered. (Wang & Li, 2013) Market DR 

comprises actions on the wholesale market level for example bidding of load curtailment as an operating 

reserve in the spot market. (Wang, o.a., 2017) Physical demand response encompasses all measures, targeting 

direct consumer action to reduce the instantaneous consumption. (Shao, Pipattanasomporn, & Rahman, 

2013) 

 

Figure 6: Long and short run impact of different types of DSM measures, own creation on the basis of (Saad, 2016) and (Next 
Kraftwerke, u.d.)  

3.1.1 Energy Efficiency 

Energy efficiency is an important factor of performance in any type of environment, be it residential, public, 

commercial or industrial. However, in these times of fast-paced innovation in any field of technology, almost 

every electrical appliance is outdated regarding their energy efficiency within months or at least years. This 

kept in mind, when talking about buildings or factories that are inhabited or operated for decades, it is 

obvious that adaptions and/or retrofits are essential to keep energy demand to its state-of-the-art optimum. 

However, in the individual case, identifying such devices and taking action to retrofit or replace those takes 

a lot of effort compared to the economic advantages that they bring. In big scale industrial appliances, this 

is less the case due to a profit-oriented operation and maintenance of industrial systems. In small-scale 
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environment, one’s individual effort and absence of knowledge and interest often bears a barrier too high 

to be taken by the average end user. (Apajalahti, Lovio, & Heiskanen, 2015) (Saad, 2016) 

Energy efficiency DSM measures can be as simple as changing a light bulb or replacing the air filter in the 

air conditioning unit. These adaptions usually do not require high investment, here rather convenience or 

ignorance is the hurdle. Another EE adaption on the household level could be replacing old windows with 

newer, better-isolated ones. This measure, however, requires a much higher initial investment as well as 

research about which windows to choose and who to contract for replacement works on the house. In 

commercial buildings, for example office buildings, classic energy efficiency improvements are upgrading 

of light bulbs and air conditioning devices. In the industrial environment, energy efficiency improvements 

could include certain process machines or installing own production plants tailored for the specific 

consumption of the facility. (Saad, 2016) 

When talking about future energy trends and investments, energy efficiency enjoys a high level of 

importance. According to Bank of America, EE is the most cost-effective source of energy per MWH 

compared to generation technologies. Of course, EE measures do not create an addition of generation 

capacity to the power sector, however, it decreases energy consumption and with that ensures availability of 

the saved energy elsewhere. In the USA, 50-60% of electricity is lost due to erroneous transmission lines 

and obsolete infrastructure. The levelized cost of energy of EE and other generating technologies is depicted 

in Figure 7. (Apajalahti, Lovio, & Heiskanen, 2015) (Gilleo, 2017) 

 

Figure 7: Levelized cost of energy efficiency and new electricity generating technologies per MWh in 2016 (Gilleo, 2017) 

3.1.2 Demand Response 

Demand response programs include all actions taken on the consumption side as response to changes in 

the availability of energy. These changes can be of financial nature, but also other incentives can play a role 

to induce the change of consumption. In general, the idea of DR is to influence the demand side by pricing 

electricity supply with different tariffs throughout time. This is supposed to motivate the end users to take 

action and adapt their consumption to the price variation. Within the field of demand response, one 

distinguishes between five main demand changing actions that can be triggered by the change in electricity 

price. (Saad, 2016) (Li, Chiu, & Sun, 2017) 

• Peak clipping (shaving) (LM) 

• Valley filling (LM) 

• Load shifting (LM) 

• Strategic load conservation – energy efficiency (LSC) 

• Strategic load growth (LSC) 
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Here, LM stands for load management actions and LSC stands for load shape changing actions. Load 

management measures are generally directly related to deliberate behavior enforced by utilities, whereas load 

shape change measures can also be linked to natural behavior of the consumers. (Li, Chiu, & Sun, 2017) 

Effects of the individual demand changing actions on a characteristic load curve are depicted in Figure 8. 

 

Figure 8: Effect of different DR actions on a characteristic load curve (Lampropoulos, Kling, Ribeiro, & van den Berg, 2013) 

Peak clipping aims at reducing energy consumption on the demand side at peak load times. The energy 

clipped in this way will not actively be redistributed to other times before or after. This measure is important 

if the installed capacity is not sufficient to cover the demand. Valley filling is an action performed to create 

higher load factors in predefined off-peak times where generation facilities would have to run at part load 

otherwise. Like this a decrease in cost per kWh can be achieved while utilities increase their profit. Load 

shifting can be seen as a combination of the two latter. In this case, a specific amount of deferrable energy, 

usually consumed during peak time, is shifted to an off-peak period before or after the peak. Like this a 

more uniform consumption profile can be achieved which lowers the requirement of installed generation 

capacity. Flexible load shaping can be seen as the optimum goal of demand side management research. It 

assumes that the entire demand side is completely flexible in its amount of consumption and time 

requirement. Strategic load growth actions are useful in case of available surplus power on the utility level. 

This can be the case if big consumers, like factories, unexpectedly drop out of operation for example. As a 

result to this, consumers are encouraged to strategically increase their load which can be met at a lower price 

per kWh. Strategic load conservation is generally achieved by retrofitting erroneous and outdated appliances 

and infrastructure with more efficient devices. Like this, the same service can be provided to the end-user 

with a lower energy consumption. (Javor & Janjic, 2016) (Lampropoulos, Kling, Ribeiro, & van den Berg, 

2013) 

As mentioned before in in the context of MG design and DSM overview, the consumers targeted in DR 

programs are also divided into four categories, industrial, commercial, residential and transportation. For 

each of them, different aspects must be considered, as they all are more or less prone to react on different 

specific incentives in different ways. A brief elucidation is given in the following. 

• Industrial: Typically, a high consumption, high voltage connection and significant peak load. 

However, consumption origins are often subject of confidentiality and processes can be very time 

sensitive. At the same time, relatively small adjustments can lead to significant energy and money 

savings as they often affect high energy consumption processes. 

• Residential: Very complicated consumer group due to the high number of individuals involved and 

the level of distribution. Also, there is almost no homogeneity in the characteristics of residential 

consumers Furthermore, consumer personal satisfaction plays a crucial role regarding limitations 

of DR potential as well as habitual behavior patterns which are hard to break even with financial 

incentives. 
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• Commercial: Relatively uniform consumption patterns, and origin of consumption generally 

known. The most important consumers here are HVAC, computation power and lighting, but also 

appliances as elevators and escalators play a big role in certain types of buildings. Here, a high level 

of automation can be achieved using smart appliances and control systems. (Patrao, Rivet, Fong, & 

de Almeida, 2009) 

• Transport: Bears huge potential in automated DR programs using electric vehicles as distributed 

energy storage on demand. Charging stations at home and at work or in public spots can be 

interconnected to facilitate smart (dis-)charging overnight and at the workplace. However, this 

sector will no further be involved in this report since it is of no importance for the MG at Tezpur 

University. (Finn, Fitzpatrick, & Connolly, 2012) 

Independent of the scale of a DR strategy that is to be developed or implemented, a thorough investigation 

on the specific target groups’ energy consumption must be conducted. Points of interest in this investigation 

are the type and consumption of appliances/processes that are used by the target group, as well as how 

often and when they are used/performed. Another important factor is how the operation of the targeted 

devices can most likely be influenced by incentives or by a control system. This can be a more or less 

complex task depending on the availability and amount of information. For a big scale, utility wide DR 

program, customers need to be clustered according to their consumption patterns and levels. Based on this 

knowledge, specific incentives and possible actions can be defined and developed. In contrary to that, in the 

case of a DR program for a small isolated system, especially in remote locations and/or developing 

countries, hurdles for understanding of the consumption can rather be expected to be found in the 

availability of information about the system composition and operation. (Biswas & Abraham, 2019) 

Just as the energy consumer can be classified, electric loads can also be classified into two categories, namely 

deferability and adjustability. 

Deferrable load ↔ Non-Deferrable load 

Adjustable load ↔ Non-Adjustable load 

Deferability of a load defines if the occupied time of a load caused by an appliance can be modified or not, 

whereas adjustability describes whether the total electricity consumption of an appliance can be modified or 

not. A deferrable load can be interrupted, restarted or shifted with a predefined outcome requirement and 

within a predefined time horizon. Within deferrable loads, one can further distinguish between continuous 

loads and blockwise loads. Continuous loads can be adjusted in their level of consumption and redistributed 

over a different time interval. Blockwise loads can be shifted in time, however, once started they must follow 

a predefined consumption profile that cannot be compromised. Examples for continuous loads are electric 

vehicles and HVAC appliances. Examples for blockwise loads are generally most industrial processes. 

Adjustable loads are characterized by the fact that they are flexible in their level of consumption. These load 

reductions often come with a compromise in comfort, for example by resetting the heating temperature to 

20 instead of 23 °C. In this case, the comfort requirement boundaries must be known. (Li, Chiu, & Sun, 

2017) (Schäfer, Schuster, Kasper, & Moser, 2015)  

Finally, DR approaches can be categorized in the context of DSM in six groups regarding their incentive 

and control mechanisms. A depiction can be seen in in Figure 9. 

A. Frequency based DR control uses electronic devices that automatically sense the dynamic of system 

frequency and respond to dropping frequencies with load shedding and restoration as an 

operational strategy. This is often used as an emergency control measure to avoid initiation of 

rolling blackouts or overloading of specific devices. In the so-called Dynamic Demand Control for 

example, Short et al. use a frequency responsive control device (FAPER – “Frequency Adaptive 

Power Energy Rescheduler”) that performs governor-type control actions on the respective loads. 

Like this, a large amount of frequency sensitive loads can be managed. (Short, Infield, & Freris, 

2007) 
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B. Direct control over utility equipment uses control techniques on utility assets as transformers and 

feeders to affect the demand side and to make it more resistant under critical conditions. By 

employing remote controlled protection relays, for example, quick load shedding can be activated 

to prevent blackouts. However, this technique is mostly used for system overload protection in 

critical situations. (Lampropoulos, Kling, Ribeiro, & van den Berg, 2013) 

  

Figure 9: Categorization of demand response programs (Lampropoulos, Kling, Ribeiro, & van den Berg, 2013) 

C. Direct control over end-user equipment uses separate or implemented control devices connected 

to the end-user appliances to control them in any way. The emergence of smart appliances especially 

for households is expected to accelerate the development of more sophisticated control methods. 

By using these control mechanisms, either the end user can automatize the controlling of an 

appliance or the utility can directly take control on the demand side by a communication system. 

Like this, utilities can react immediately on changes in energy supply in the grid. (Lampropoulos, 

Kling, Ribeiro, & van den Berg, 2013) Within the OpenADR Alliance, directly controlled DR 

strategies are developed and standards are defined. (OpenADR, 2019) 

D. Price based control works mostly on the basis of creating financial incentives, aiming to trigger 

direct reaction on the end-user side. These incentives come normally in the form of dynamic energy 

tariffs that are adjusted specifically by the utilities according to the source and availability of energy. 

The most popular energy tariff schemes are time of Use (ToU), Critical Peak Pricing (CPP) and 

Real Time Pricing (RTP). These control strategies come with a bi-directional communication 

system between power utilities and end-users. ToU tariff schemes are set time schedules with lower 

electricity prices during off-peak times than peak hours. CPP is a dynamic pricing method that 

includes a critical price offset during times of high system stress (peak hours). RTP schemes have 

entirely fluctuating (dynamic) energy prices normally changing every hour. RTP pricing methods 

require a high level of communication and engagement between utilities and end-users. 

E. Market based control measures enable end-users to participate in specifically created DR programs 

such as ancillary service markets using the energy market. In those programs, DR energy resources 

can directly compete with supply side resources. In a demand bidding market, large-scale consumers 

can directly offer load curtailment according to their current needs. (Oh & Thomas, 2008)  

F. Model based control uses control algorithms that use predefined equations to optimize the demand 

in a given situation. This method is expected to become of immense importance for automated 

control of smart appliances in the future decades. The computational control models can be 

classified in centralized and decentralized architectures. In general, it can be said that centralized 

architectures are less dynamic and precise than decentralized ones. However, decentralized control 

architectures are often connected to the requirement of very complex and ultra-fast communication 

infrastructure that are very cost intensive and error/intrusion-prone. (Lampropoulos, Kling, 

Ribeiro, & van den Berg, 2013) (Li, Chiu, & Sun, 2017) 
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3.1.2.1 Habitual Behavior as Hurdle for Demand Response  

In order to understand why and how habitual behavior can be a hurdle for implementing DR programs, 

especially in the residential sector, one must learn about the psychological theories behind reasoned actions 

taken by individuals. The field of behavioral psychology is vast and oversaturated with theories and 

approaches on strategies to influence them. However, in this report, a short overview shall be given about 

the most applicable theories regarding behavior focused on energy consumption. There are many 

misconceptions about how decisions for action are derived by an individual. The most popular but at the 

same time probably most criticized version is the theory of planned behavior, developed by Icek Ajzen in 

1988. (Ajzen, 1988) In this theory, Ajzen assumes that to predict a specific behavior of an individual, one 

must simply ask for his intention. The intention is defined by one’s attitude, subjective norm and perceived 

behavioral control, which themselves are influenced by various background variables such as demographics 

and social level. Once the behavior (action) has been carried out, a feedback loop is created which adjusts 

the main influential attributes, attitude, subjective norm and perceived behavioral control to optimize one’s 

behavior for the next decision-making process. A scheme of the theory of planned behavior is depicted in 

Figure 10. 

 

Figure 10: Theory of planned behavior (Fogg, 2009) 

This theory, among others, falls into the category of “rational choice models”, which is what most of the 

critiques are based on. Rational choice models assume that human behavior is explained by a perpetual 

rational deliberation that seeks to maximize one’s net profit. This assumption, however, has been 

contradicted by numerous scientists in the last decades by taking into account a considerable influence of 

social, moral and altruistic factors. Furthermore, habits and routines can be excluded from cognitive 

deliberation to a certain extent, as (Simon, 1957) refers to them being a result of procedural rationality. 

Finally, emotions and affective parameters may change rational deliberation.  

Habitual behavior has a very big impact on sustainable decision-making potential, especially in the residential 

sector. It has been shown, that close to 95% of the actions connected to energy consumption in households 

are based on habitual behavior. (Wagenaar, 1992) A scheme of the theory of habitual behavior can be seen 

in Figure 11. 
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Figure 11: Theory of habitual behavior (Fogg, 2009) 

In contrast to the previously presented theory, habitual behavior theory assumes that actions are taken 

mostly because they are easy, comfortable or rewarding. There is no rational deliberation of positive and 

negative expected outcomes every time a decision for behavior is made. An initial evaluation of pros and 

cons leads to the definition of a behavior in a certain situation. This behavior results in a behavioral loop, a 

habit, decoupled from the rational influences. In order to perform a repeated cognitive deliberation about 

the habit, the loop must be broken. To interrupt the behavioral loop, one must remove the incentives that 

support the habitual behavior, make the consumer aware of their habitual behavior and the positive and 

negative consequences and/or give them an alternative approach to control their behavior in a way that 

increases personal and external profit. External profit, in this case, can be environmental sustainability 

aspects for example. (Fogg, 2009) 

In conclusion, the field of behavioral science is still in its infancy and often disregarded when developing 

technological applications. Therefore, it is important to take it into account when designing demand 

response strategies that include direct ed-user engagement.  

3.1.2.2 Demand Response in University Environments 

As learned before, in order to design effective DR strategies, one must obtain detailed understanding about 

the system properties and performance. This mainly accounts for the energy consumption patterns of the 

considered system. In the case of Universities, a multitude of different load types can be expected to be 

found. Most university campuses consist of a combination of administrative buildings, academic buildings 

and research facilities (laboratories). Many universities additionally provide apartments for students and 

contain retail facilities and restaurants. When thinking about these different types of buildings, it becomes 

apparent that their individual load demand will represent typical patterns of the three before mentioned 

sectors residential, commercial and industrial, which are depicted in Figure 3. Student apartment loads are 

expected to comply most with the residential load pattern while the academic and administrative buildings 

as well as the retail and restaurant facilities rather match commercial loads. Research labs, depending on the 

energy intensity of the used appliances, follow an industrial load pattern. (Prabhu, Trikande, Sheik, & Gadh, 

2015)  

To identify the load pattern of the university of interest, various techniques are applicable. The most precise 

way is to install smart energy meters, which record the real electricity consumption of a building or a specific 

device. In modern smart meters, one can adjust the measurement resolution to match the specific 

requirements. The gathered data can then be analyzed in graphs and important characteristics can be 

deducted. However, this method is very time and investment intensive. To install smart meters at every 

location of interest in a university campus comes with high investment cost and complex data management 

during the time of measurement. Also, using real data, the time of measurement should be at least one year 

in order to have representative values for each season. These factors often eliminate the sole use of smart 

meters for load identification. A very well applicable alternative approach is called bottom-up load modeling. 

In bottom-up load modeling, one derives the load profile of a system (building, office, lab, etc.) by 

aggregating all its included appliances and predicting their usage. Like this, load profiles can be predicted 
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more or less precisely depending on the available information. However, estimations can always be made 

and further improved with additional data at a later stage. Also, this approach is very labor and money 

inexpensive. (Bsumatary, Singh, & Gore, 2018) 

A model called ARGOS has been developed by Capasso et al. with which the impact of DSM programs on 

the energy consumption in specific residential areas can be estimated. The model was building up on 

aggregation of individual appliances and their consumption and subsequently gathering of data on consumer 

behavior and energy consumption. However, this model is limited to the availability of information from 

the users and the reliability of it. Expressed planned behavior and habitual behavior are often very different 

from each other. (Capasso, Grattieri, Lamedica, & Prudenzi, 1994) The necessity of detailed and reliable 

direct behavior information can be bypassed by using average statistical data from comparable 

communities/systems. This has been done by J. V. Paatero and P. D. Lund in a bottom-up approach using 

the ARGOS model. (Paatero & Lund, 2006) A. C. Menezes et al. used bottom-up load modeling for 

predicting energy consumption of small office equipment by assuming four different usage profiles – 

transient, strict hours, extended hours and always-on hours. Their results have been found to be accurate in 

most cases when compared to real data from smart meters. (Menezes, Cripps, Buswell, Wright, & 

Bouchlaghem, 2014) 

Once the load profiles of respective buildings are elaborated and understood, DSM measures must be 

identified and developed targeting their specific appliances. As universities often include a multitude of 

different loads, it cannot be expected to find an overall solution for all buildings. Rather many small systems 

will be appropriate to tackle individual load peaks. In academic and administrative buildings, most 

commonly HVAC and lighting bear an extensive DR potential, while the potential in research labs strongly 

depends on the lab appliances used and their temporal sensitivity. (Lawrence, Aghniaey, Watsen, & 

Boudreau, 2018) 

Work done in this field includes the study of S Kumar and T. Kaur, who conducted an energy audit at the 

National Institute of Technology in Hamirpur in India. They collected consumption data from devices, such 

as fans, lights and computers and estimated potential energy savings by retrofitting occupancy sensors for 

lighting and fans leading to a payback period of only 0.32 years. (Kumar & Kaur, 2013) In a similar 

framework, T. F. Ng et al. performed a survey about lighting usage in student hostels at the University Sains 

in Malaysia. By using utility bills from 7 months and comparing them to the outcomes of the conducted 

survey it became apparent that the majority of students were unaware of their energy consumption and did 

not care about waste of energy. This is most likely to be explained by the fact that in most student 

accommodations, the student pays a fixed fee for energy and water usage per month and thus does not have 

a direct financial incentive towards reducing on energy use. As a result, bypassing the active student 

engagement by retrofitting LED lights for example, energy can be saved without adjustments of the 

occupants’ behavior. (Ng, Shabudin, Hassan, Muslim, & Kamarulazizi, 2017) A more complex and 

impactful measure has been implemented at the University of Edinburgh in Scotland. A Diesel CHP system 

has been installed on the university premises. This back-up power system is switched on during high peak 

periods in the Scottish electricity system to decrease the dependency on buying electricity from the grid. 

The system to predict high peak demands is called Triad management where the high demand times in the 

whole UK region are forecasted using statistical data. Using the Triad management, the University of 

Edinburgh was able to save approximately £108,000 in three years. (Energycloud.com, 2018) 

3.1.2.3 Thermal Comfort as Limitation for Demand Response 

Thermal comfort of occupants in a building, be it commercial or residential, is deemed more and more self-

evident. At the same time, according to many studies, HVAC operation in buildings makes up around 50% 

of their energy consumption. (Perez-Lombard, Ortiz, & pout, 2008) Considering this number, it is obvious 

that effective HVAC control bears immense potential for energy management optimization using automated 

control techniques combined with a demand response strategy. Against the background of thermal comfort 

requirements, such control systems cannot only consider energy and financial factors but must also satisfy 
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predefined indoor climate parameters. International standards for indoor thermal comfort were defined in 

ASHRAE55 (ASHRAE, 2004) and EN15251 (CENELEC, 2006) and pose clear boundaries which should 

be kept at all time. Many countries or organizations follow their own thermal comfort standards which are 

adapted to the specific location and requirements. In application, there is a variety of factors to be considered 

when defining the thermal comfort of a person. Also it is a subjective matter that may vary from person to 

person as “there is no absolute reference point or threshold on comfort continuum”. (de Dear & White, 

2008) In general, main factors on thermal comfort determination can be named as demographics, context, 

environmental interaction and cognition and the individuals’ recent thermal history. (Lawrence, Aghniaey, 

Watsen, & Boudreau, 2018) 

The correlation of (automated) demand response and thermal comfort in the context of the built 

environment has been subject of a multitude of scientific publications. The overall consensus, which is 

confirmed by most of the studies, is that relevant energy savings can be achieved without compromising on 

thermal comfort. In this framework, E. H. Mathews et al. developed a simulation tool for prediction of the 

effect of changing the indoor temperature control strategy on thermal comfort and energy insensitivity. 

(Mathews, Arndt, Piani, & Van Heerden, 2000) An operation optimization of variable air volume AC has 

been elaborated by M. Mossolly et al. and subsequent thermal comfort changes and indoor temperature 

drop have been analyzed. (Mossolly, Ghali, & Ghaddar, 2009) Information on personal thermal preferences 

is key for the proper compliance with thermal standards of occupants. Since thermal standards are a 

subjective matter, more direct information from occupants leads to more precise operation management 

systems. However, the more data is taken into account the more complex the control strategy will be, leading 

to a requirement of sophisticated control algorithms. Particle swarm optimization has been used by Wang 

et al. to develop a temperature set point optimization based on personal thermal comfort restrictions. (Wang, 

Yang, Wang, Green, & Dounis, 2011) By analyzing the expected room occupancy schedule of a building 

and feeding it into their evolutionary algorithm, Kusiak et al. developed optimized ventilation strategy while 

achieving a reduction of CO2 concentration and energy cost. (Kusiak & Li, 2009) Lawrence et al. have tested 

automated demand response strategies on the thermal control at the University of Georgia. Most of the 

campus buildings are connected to a chilled water distribution network for cooling purposes. The water 

tank itself is a potential thermal energy storage. Changes in the HVAC systems of several buildings have 

been applied and the impact on thermal comfort perception has been analyzed. The changes included, 

temperature zone set point changes, supply air flow and temperature and chilled water temperature. 

Furthermore, a pre-cooling of the chilled water tank was scheduled in the mornings during off-peak hours. 

By applying just very small temperature adaptions of 1.7°C for both the supply air and zone air, a reduction 

of 11.1% in total energy consumption and 11.5% in peak demand could be achieved compared to a baseline 

day (with comparable weather conditions). Thermal comfort experiences for the respective test period has 

been surveyed and found not have been affected by the changes in HVAC control. This shows significantly 

that even higher savings can be expected to be achievable with no effective compromise on thermal comfort. 

(Lawrence, Aghniaey, Watsen, & Boudreau, 2018) 

3.2 Monitoring/Controlling in Microgrids 

In any kind of energy system, there must be a balance of production and consumption. The first law of 

thermodynamics already shows that energy can neither be created nor destroyed, only can it be converted. 

Keeping this in mind, an energy system is a composition of devices that convert energy among different 

states of existence. (Lucas, 2015) In a microgrid, energy can occur in various forms like electricity, heat, 

cooling, etc. In this report focus will be laid upon electricity. As can be seen in any electric device, energy 

conversion is substance to a variety of inefficiencies that result in energy losses to the environment. To keep 

track of the still available and usable energy, precise monitoring must be done on the basis of which a system 

operator can make decisions on how to distribute the energy among the consumers in a system. (Mahmoud, 

2017) 

Depending on the composition of a microgrid, the control system has to be designed to meet an optimum 

operation state according to the specifications. Often, the sizing of the components leads to operational 
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malperformance. The standard microgrid that we assume in this case consists of one or more renewable 

energy technologies (PV, wind, hydro, etc.) a grid connection and a fossil fired back up generator (ICE, 

Microturbine, etc.). This type of microgrids often face operation issues due to a high peak-to-average load 

ratio. That means, that the backup generator must be designed for a much higher load than it will run at 

most of the time in average load conditions. (Wichert, 1997) Because of this condition, the generator is 

operated at a low load factor most of the time (non-peak hours). Low load factors are accompanied by low 

fuel efficiency and can even lead to an increase in component failure frequency. (Nayar, 2012) Traditionally 

to keep the generator above a reasonable load factor, either power from the generator must be dumped or 

the renewable generation gets curtailed, leading to a loss of energy in both cases. (Tonkoski, 2014) 

Depending on the system size, this sizing problem can be mitigated by using a set of backup generators, 

which can be switched on one after another in parallel. Like this, low electrical loads can be supplied at high 

engine efficiencies. However, this option often leads to a drastic increase in equipment cost as well as 

maintenance and replacement effort to counteract the increased prone for error. The most appropriate 

solution for the part load dilemma of MGs is the installation of a storage system. If properly sized, the 

storage system can be used to dump the excess generation from either the generator or the renewable 

sources and release it in time of need. Depending on the requirement, a thermal storage might be appropriate 

as well, however, the most common storage technology is batteries. While batteries can bring potential to 

optimize operational performance of the MG, they often lift the initial investment to a higher level. 

Furthermore, batteries have a limited energy throughput and must be properly disposed or recycled 

afterwards. In the design of a MG, a trade-off between battery lifetime and fuel consumption and efficiency 

must be found. (Pelland, Turcotte, Colgate, & Swingler, 2012) (Chalise, Sternhagen, hansen, & Tonkoski, 

2016) 

Regardless the composition of the MG, its energy must be managed by a superordinate control system. The 

approaches for such a system can be various. While many simple systems or systems in regions with low 

labor cost are operated manually with barely any monitoring of data, others are controlled by highly 

sophisticated control systems equipped with state-of-the-art algorithms using real time data measurement 

and transmission. Of course, the level of sophistication of the monitoring/control system has direct 

influence on the investment cost and operational complexity. Therefore, again, a tradeoff must be found 

between technical requirements of the system, operational flexibility and precision of the control system 

and available financial resources. (Hirsch, Parag, & Guerrero, 2018)  

3.2.1 Controlling Techniques 

As mentioned before, in order to control a MG system, more or less knowledge about the condition of its 

process parameters is necessary in a defined temporal resolution. What parameters are required (voltage, 

current, power (active, reactive), frequency, etc.) and in which resolution depends on the applied control 

strategy and the precision in which it is supposed to be operated. In state-of-the-art technology, three level 

hierarchic control strategies are very common. The three levels are the following. (Mahmoud, 2017) A 

schematic overview of the control hierarchy can be seen in Figure 12. 
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Figure 12: Schematic structure of a three level control hierarchy (Mahmoud, 2017) 

 

• The primary control level operates locally for each distributed component individually. It is 

responsible for voltage and frequency stabilization of each distributed generation unit 

• The secondary control level balances the mismatches of power, voltage frequency between the 

primary control of each component and the reference conditions defined by the tertiary control 

• The tertiary control level defines reference states for each distributed generation unit according to 

the condition given by the main grid and the loads currently active in the system. This control layer 

also facilitates communication among the individual DGUs and the utility grid and is thus often 

called master controller.  

Depending on the level of sophistication of the control system, the automatization of the three control 

levels varies. In very simple applications often tertiary and secondary control is performed manually by 

designated personnel, while in complex microgrid structures all control hierarchies often must be 

automatized.  
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4 Documentation of Findings of the Field Trip 

The field trip to Tezpur University was conducted from the 19th of April until the 5th of May 2019. During 

these two weeks, the microgrid at the University campus was studied regarding its components, functionality 

and usage. Additionally, the mentality of TU staff and students towards DSM and energy conservation was 

analyzed. This was necessary because it was found to be very difficult to gather relevant and reliable 

information from afar and get an understanding of the system structure and operation.  

The methods used to gather information were the following: 

• Interviews with students and employees of TU 

• Visiting relevant system components, such as grid connection, substations, water pumps, etc.  

• Surveying energy usage patterns and the opinion towards energy conservation and DSM 

• Analyzing data sheets (kept by the engineering cell)  

• Gathering and digitalizing of operational data 

While being at TU, those tasks turned out to be very time intensive. However, the main parts and 

functionalities of the electricity system could be identified and understood and will be presented in this 

chapter. Based on that knowledge, a selection of DSM strategies is defined which will be explained and 

elaborated in the next chapters. 

4.1 The Microgrid at Tezpur University 

The MG at TU campus consists of a grid connection, Diesel generators, and a distributed rooftop solar PV 

system on the generation side. The demand side is composed of a multitude of different loads distributed 

over the buildings and the campus. The MG is mostly controlled manually by dedicated personnel and 

supervised and maintained by the engineering cell of the university. The engineering cell is a team of 

engineers and technicians. Electricity is distributed over a system of substations that make up the interface 

between the generation and the demand side.  

4.1.1 The Generation (Supply) side at Tezpur University 

The three power supplying components, the grid connection, the distributed solar PV plant and the back-

up Diesel generators are described in the following sections. 

4.1.1.1 Grid Connection 

The campus is connected to the utility grid via a grid connection point on the south boarder of the campus 

premises (see appendix 1A for exact location). There are two transformers, each with a capacity of 2.5 MVA 

that convert the 33 kV three phase AC current into 11 kV three phase AC current that can be further 

distributed to the substations. After passing an isolator, the current of the incoming electricity is measured 

with a current transformer (set of three, 1 per phase). Following, it passes a sulfur hexafluoride (SF6) circuit 

breaker, before it is split in three parallel streams, one of which is connected to the potential transformer 

for voltage (and energy) measurement. The remaining two are connected to the two parallel transformers 

with another set of current transformers, circuit breaker and lightning arrestors interposed. After passing 

the transformers, the 11 kV electricity is distributed to the substations. The transformer station is controlled 

manually by the powerhouse personnel via a DC control system. The DC control system has a 180 kWh 

battery bank that ensures steady functionality. The powerhouse is manned in day and night shifts to react 

to grid outages and other contingencies if necessary. The single line diagram of the transformer station can 

be seen in appendix 2. (Kalita, 2019)  

Tezpur University buys electricity from the grid at a tariff of 6.80 iR/kWh (0.0816 €/kWh). Throughout 

this report an exchange rate of 0.012 €/iR (1st of March 2019) is used. (XE, 2019). To the different 

consumers on campus, electricity is sold at different rates. For all academic and administrative buildings as 

well as the student hostels, electricity is provided for free. A fix fee for power usage is included in the rent 



-27- 
 

of the student hostels. To domestic users, electricity is sold at three different tariffs, the first 120 kWh at 

5.45 iR/kWh, the second 120 kWh at 6.70 iR/kWh and every additional kWh at 7.70 iR/kWh. 

Shops/vendors buy electricity from the university at a fix rate of 7.90 iR/kWh. (Borkotoky, 2019) 

Analysis of grid outage history 2018 and 2019 

As mentioned before, the transformer station is operated manually by dedicated personnel. Every grid 

outage is recorded in a logbook. The grid outages of 2018 and 2019 (January to April) have been digitalized 

and analyzed. The results are presented in the following. Here, the terms grid outage and power-cut are used 

interchangeably. 

In 2018, a total of 372 grid outages have occurred, with a total duration of 259 hours. This corresponds to 

1.02 power-cuts per day and a share of 2.96% of the total hours of the year. For 2019, data until the end of 

April is available. In these first four months, a total of 118 power-cuts with a total duration of 102.5 hours 

occurred. This corresponds to 0.99 power-cuts per day and a share of 3.59% of the total hours of the first 

four months. For better comparison, if one now considers only the first four months of 2018, there has 

been 90 outages recorded, with a combined duration of 94.5 hours. This corresponds to 0.76 power-cuts 

per day and a share of 3.31% of the total time up to end of April 2018. A summary of the statistics of the 

grid outages in in 2018 and 2019 can be seen in Table 1. Additionally, maximum, minimum and average 

duration as well as the standard deviation of the data sets are shown. 

Table 1: Summary of grid outage history analysis 2018 and 2019 (until April) 

  2018 
2018 (Jan 
to Apr) 

2019 (Jan 
to Apr) 

Number of power-cuts [-] 372 90 118 

Power-cuts per day [1/d] 1.02 0.76 0.99 

Total time [h] ([d]) 
259.0 
(10.8) 

94.5 
(3.9) 

102.5 
(4.3) 

Share of year [%] 2.96 3.31 3.59 

Maximum duration [hh:mm] 09:35 07:53 12:30 

Minimum duration [hh:mm] 00:01 00:01 00:01 

Average duration [hh:mm] 00:41 01:03 00:52 

Standard deviation [hh:mm] 01:09 01:27 01:33 

 

In some cases, the reason of the fault has been recorded. The most common reason for a power-cut is a 

fault in the 33 kV utility grid line that the campus is connected to. In this case, the university does not receive 

power and cannot influence the situation in any way. Other reasons for power-cuts are faults in the 

transformer station or distribution system on campus or shutdowns for maintenance work. These faults are, 

at least partially, influenceable/avoidable/controllable by the TU in order to minimize the drop of supply. 

However, the amount of grid outages initiated by faults in the TU electricity system or maintenance work 

have been only 15 cases (4.0%) in 2018. Thus, most power-cuts are unavoidable and must be compensated 

for with power supply from the Diesel generators. A fault in the utility grid line was named as source of a 

power-cut 36 times (9.6%) in 2018. For the remaining 86.4% of the power-cuts, no cause has been 

documented.  

For a deeper understanding of the situation, additional analyses had to be conducted. In order to evaluate 

the grid outage history against the background of a potential implementation of DSM measures, the power-

cuts have been structured according to their time of occurrence and their time of duration. In the first 

consideration, the grid outages were segmented in four periods, night (00:00h to 06:00h), morning (06:00h 

to 12:00h), afternoon (12:00h to 18:00h) and evening (18:00h to 24:00h) regarding their starting time. In the 

second consideration they were structured according to their time of duration in following groups: Shorter 

than 5 minutes, 5 to 10 minutes, 10 to 30 minutes, 30 to 60 minutes, 1 to 4 hours and longer than 4 hours. 

Finally, the outages have also been analyzed regarding their occurrence throughout the months of the year. 
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Figure 13 shows the distribution of the power cuts in 2018 among the different times of the day. 

 

Figure 13: Distribution of power-cuts among different times of the day in 2018 

Additionally, the share of total time is indicated that is occupied by the grid outages during the respective 

times of the day. With 153 power-cuts, 41% of all power-cuts in 2018 occurred in the morning. Another 

107 (29%) happened during the afternoon and only 54 (15%) and 58 (16%) power-cuts during night and 

evening times respectively. It can be seen that the power cuts during the night, even though they only make 

up 15% of the total, account for 22% of the total duration of grid outage. 67% of the total duration of grid 

outages happen during the morning and afternoon hours and another 11% during the evening. This 

information is important when it comes to evaluating the potential for demand side management strategies 

because some appliances might rather be used only during daytime while some might be used during night 

time or at all times. This will be further elaborated in chapter 5. Figure 14 shows the range of the grid outage 

duration (minimum and maximum) during the different times of the day as well as the average and the 

standard deviation. The minimum duration of power-cuts in the night and morning is 2 minutes and 1 

minute in the afternoon and evening. The longest power cut happened in the morning with a length of 

09:35h. The longest power cuts in the night, afternoon and evening were 07:00h, 07:53h and 02:36h 

respectively. The average grid outage time is the highest in the night, amounting to 01:03h, and the lowest 

in the evening, amounting to 00:32h. It can be seen that the standard deviation is quite low (maximum 01:38 

during nighttime). That indicates that there are many power-cuts with a rather short duration and some few 

very long-lasting power cuts. This is why additional analyses have been conducted regarding the duration of 

the power-cuts.  

 

Figure 14: Range, average and standard deviation of power-cuts during different times of the day (2018) 

In the 2019 data, similar correlations could be found regarding the distribution of the power-cuts among 

their respective time of the day. Figure 15 and Figure 16 show the corresponding graphs.  
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Figure 15: Distribution of power-cuts among different times of the day in (2019) 

As can be seen in Figure 15, the distribution of the power-cuts among the different times of the day is quite 

similar to the one shown before for 2018. Also, the share of total time occupied by the grid outages is 

comparable (night: 22%, morning: 44%, afternoon: 27%, night: 6%). When talking about the range, average 

and standard deviation (Figure 16), the duration maxima are slightly differently distributed than in 2018. 

However, this can be easily explained by one very long grid outage that starts at a different time of the day 

than the year before. The averages (avg) and standard deviations (sd) are comparable to the values of 2018 

(night: avg 01:05h, sd 02:03h; morning: avg. 00:56h, sd 01:51h; afternoon: avg. 00:41h, sd 00:51h; evening: 

avg. 00:42h, sd 00:29h). The similarity of the values shown here leads to the conclusion that 2018 data can 

be expected to be representative and can be used for the design and evaluation of DSM strategies.  

 

Figure 16: Range, average and standard deviation of power-cuts during different times of the day (2019) 

Another important parameter that has been analyzed is the length of the power-cuts. All grid outages have 

been sorted according to their duration. The distribution can be seen in Figure 17. The power-cuts shorter 

than 30 minutes make up 63.2% of all power-cuts. However, the occupied time of all of them combined 

makes up only 14.9% of the total downtime of the grid. Power-cuts longer than 1h contribute 69.5% of the 

total time of grid outage with only 21.2% of the number of power-cuts. The remaining power-cuts are 

between 30 min and 60 min of duration (number: 58, duration share 15.5%). This shows that the majority 

of the total downtime is caused by a small number of incidents. However, the Diesel generators must cover 

grid outages regardless of their duration but rather according to their time of occurrence. When thinking 

about potential system improvements, one must take into account not only the sole duration of all power 

cuts combined, but also the duration of each single one because a Diesel generator start-up takes a 

considerable amount of time in which it operates at low efficiency. Further evaluation of this circumstance 

will be performed in chapter 4.1.1.2.  
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Figure 17: Segmentation of power-cuts according to their respective duration intervals (2018) 

For comparison, Figure 18 shows the corresponding distribution of power-cuts in 2019 into their respective 

length intervals. It can be seen that the share of short duration power-cuts (<10 min) is smaller than in 2018. 

However, the trend of the total grid outage time stays the same. 71% of the grid outage time in 2019 comes 

from power-cuts longer than 1 hour, which make up only 25% of the total number of power-cuts.  

 

Figure 18: Segmentation of power-cuts according to their respective duration intervals (2019) 

The two previous analyses have been combined to make a more detailed statement about how the power-

cuts at different times affect the entirety of grid downtime. Figure 19 shows the segmentation of power-

cuts into times of the day and according to their duration range. This comparison confirms that a small 

share of power-cuts with long duration makes up the majority of total grid downtime. The corresponding 

graph for 2019 data shows a similar correlation (can be seen in appendix 3) 

 

Figure 19: Power-cut duration distribution among times of day and length of power-cut (2018) 
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Finally, an analysis regarding the distribution of power-cuts among the months of the year was performed 

on the grid outage data. The results can be seen in Figure 20. It shows that there is an increase in number 

of power-cuts during the summer months. However, this does not directly correlate with the share of total 

downtime duration in the respective months. This is because of the huge difference in duration of the 

individual outages. The data of the 2019 grid outages show a similar trend of an increasing number of power-

cuts from January to April. However, here as well, the share of power cut duration does not correlate with 

the number of power cuts due to the big deviation in their individual length. The corresponding graph of 

2019 can be seen in appendix 3. 

 

Figure 20: Distribution of power-cuts per month (2018) 

4.1.1.2 (Back-Up) Diesel Generators 

There are five back-up Diesel generators (Make: Cummins®; Model KTAA19-G10), available at TU, with 

each 500 kVA nominal power. The generators operate at 50 Hz and 415 V. The generators are started up 

in times of shortage or uncertainty of electricity from the grid. These times can be, among others, general 

power cuts due to defects in the utility grid or due to maintenance of the transformer station or of the 

feeders/substations (compare chapter 4.1.1.1). The five generators are distributed in two locations, one has 

three generators and is located quite central on the main campus and the other one is located close to the 

school of engineering in the north-west corner of the campus. The three generators on the main campus 

are connected to all five substations and thus can supply energy for the entire campus. The two generators 

at the school of engineering are only connected to substation 5, that supplies power to the school of 

engineering. The school of engineering consists of seven separate buildings and contributes significantly to 

the overall energy consumption during peak hours. The exact locations of the generators, the substations 

and the individual buildings can be seen in appendix 1B. (Borkotoky, 2019) (Cummins, 2018) 

The setup of both generator stations is identical with the only difference in the substations connected to 

them. The generators are 8-cylinder internal combustion engines from the company Cummins. The 

generators are connected to a bus coupler from which they are connected to the substations. Between the 

generators and the bus coupler, there are two circuit breakers interposed, one molded case circuit breaker 

(MCCB) and one air circuit breaker (ACB). At each substation, there is a manual switch that controls the 

flow of energy, either from the transformer station or from the Diesel generator stations. There used to be 

automatic switches but all of them were damaged due to lightning strikes. At each generator, there is a 

control panel for power and current regulation and measurement. (Borkotoky, 2019) 

Like the powerhouse, the generator stations are manned in day and night shifts to minimize the response 

time in case of a grid outage. The average response time is 5 minutes from notifying the generator station 

personnel to supply of the required power. In this time, the generators must be started up (ca. 2 minutes) 

and a person must be sent to the substations to operate the switches in the substations to redirect the power 

flow from the generator stations to the substations instead of from the transformer station. The generators 

are started up one after another according to the momentary load. On the control panels, the connected 

load can be seen and according to that the generators are operated to keep an even energy balance. 
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According to the engineering cell and the DG operations personnel, not all five generators must be operated 

at all times. During off-peak times, sometimes two generators at the main campus station plus one generator 

at the school of engineering station are sufficient. During half peak, and peak times, all three generators at 

the main campus station and one or two of the generators at the school of engineering must be operated 

usually. Every start of each generator is monitored and documented in the logbook of the respective 

generator station. The average cost of power generation of the DGs amounts to 19 iR/kWh. (Kalita, 2019) 

(Borkotoky, 2019) The Diesel generator operation history of 2018 from the logbooks was digitalized and 

analyzed. Following patterns and correlations were found. 

Analysis of the Diesel generator operation history 2018 

Of the five diesel generators at TU campus, the operational data of 2018 of the three diesel generators on 

the main campus was gathered and analyzed and compared to the grid outage history of 2018. Interesting 

information in this analysis is for example how often they are operated and for how long, as well as the load 

at which they usually run and how much their operation overlaps with the power-cuts that occurred in 2018. 

Table 2 shows an overview of the outcomes of the Diesel generator runtime analysis of 2018.  

Table 2: Overview of the Diesel generator runtime analysis 

    DG1 DG2 DG3 

General Statistics 

Start-ups [-] 300 285 261 

per day [1/d] 0.82 0.78 0.72 

Total runtime [hhh:mm] 258:11 234:46 224:21 

in days [d] 10.76 9.78 9.35 

in % of year [%] 2.95 2.68 2.56 

Duration of Operation Statistics 

Maximum [hh:mm] 08:15 06:50 07:00 

Minimum [hh:mm] 00:03 00:03 00:03 

Average [hh:mm] 00:51 00:49 00:51 

Deviation [hh:mm] 00:59 00:52 00:55 

Engine Load Statistics 

Reported loads* [-] 261 258 226 

Maximum [kW] ([%]) 468 (117) 355 (89) 295 (74) 

Minimum [kW] ([%]) 17 (4) 16 (4) 17 (4) 

Average [kW] ([%]) 176 (44) 175 (44) 171 (43) 

Deviation [kW] 66 55 54 

Energy produced*  [MWh] 42.2 41.4 38.7 

Diesel Refill Statistics 

Number [-] 41 38 31 

Liters [L] 10,200 7,600 6,500 
*The engine load is not given for every DG operation. The energy produced 

corresponds only to the time of operation where the engine load was reported. 

 

With 300 start-ups, DG1 had the most operations of all three generators in 2018. DG2 and 3 had 285 and 

261 start-ups respectively. Corresponding to that, DG1 also has the longest total runtime duration of 

258:11h, followed by DG2 with 234:46h and DG3 with 224:21h. The total runtime of the generators is in 

the same magnitude as the total time of grid outage (2.96% of the time of the year). However, when it comes 

to coverage of power-cuts, these two numbers can not directly be compared because the generators are not 
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always running at the same time and sometimes also in periods where there is no power-cut. The maximum 

runtime duration for the DGs is 08:15h, 06:50h and 07:00h respectively. The minimum runtime is the same 

for all DGs (00:03h) and the average duration of operation is very similar for all three DGs at 00:51h, 00:49h 

and 00:51h respectively. Compared to that, the average duration of a grid outage was 00:41h in 2018. For 

88% of the DG operations that were recorded, the engine load at which the DGs ran was given in the data. 

The average load at which the generators where operated amounts to 176 kW, 175 kW and 171 kW 

respectively. That corresponds to 44%, 44% and 43% part load respectively (these numbers were calculated 

using the reported load of operation and dividing it by the nominal load of the generator which is given as 

400 kW in the specifications sheet of the manufacturer (Cummins, 2018)). During the operation with 

reported DG load, DG1-3 generated 42.2 MWh, 41.4 MWh and 38.7 MWh respectively. Finally, the fuel 

refill of the generators was included in the data. DG1 has been refilled the most times (41) and consumed 

the most fuel (10,200 L). DG2 and 3 got refilled 38 and 31 times and consumed 7,600 L and 6,500 L of fuel 

respectively. This  

First, more detailed analysis is done on the operation of the three DGs individually, before merging their 

operational data and comparing it with the power-cuts in 2018. As for the power-cuts, the distribution of 

DG operation among the times of the day was analyzed. Figure 21 shows the results. 

 

Figure 21: Distribution of DG operations among different times of the day 

It can be seen that a marginal share of the DG operations occurs during nighttime. Most operation happens 

during morning and afternoon. This is where about 78% of the runtime of the generators takes place. 

Another 13% takes place during the evenings and only 9 percent during the night. The low operational time 

during the night can be explained by the fact that, even if a power cut occurs during this time, the Diesel 

generators are not necessarily required to be started since there might be no or only low energy demand at 

that time that needs to be covered. In Figure 22, the range and average of duration of operation during the 

respective times of the day is depicted. 

   

Figure 22: Duration range and average duration of DG operation 
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Here, one sees that the average time of operation is highest during the night (01:20h). That supports the 

hypothesis that for minor outages during the night, no DG is started up. However, if there is a major grid 

outage, one or more DGs are operated. In those cases, the duration of operation is rather long. The average 

operation during morning, afternoon and evening amount to 00:53h, 00:45h and 00:45h respectively.  

When talking about operation efficiency, it is also very interesting in which engine load the generators run. 

Usually at 50% load and lower, the engine efficiency drops considerably, resulting in higher specific fuel 

consumption. The trend of the part load efficiency of a state-of-the-art Diesel generator set (comparable to 

the ones used at TU) is shown in the orange line in Figure 23. (HOMER Energy, 2019) Against that, the 

share of the total runtime of the individual DGs at different engine loads is depicted in the diagram. It can 

be seen that the generators are barely operated at loads higher than 70%. 66% of all operation is at a load 

equal or smaller than 50%, of which, 15% is even equal or below 30%. The remaining 34% are operated 

around 60% to 70% of engine load. (The load has been calculated using the nominal capacity of the DGs 

500 kVA and assuming a power factor of 0.8 which leads to a nominal power generation of 400kW) 

(Cummins, 2018) 

 

Figure 23: Part load operation behavior of the Diesel generators 

Figure 24 shows the distribution of DG operations into distinctive duration ranges (<5 minutes, 5 – 10 

minutes, 10 – 30 minutes, 30 – 60 minutes, 1 – 4 hours and >4 hours).  

 

Figure 24: Distribution of DG runtime into duration ranges 
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Finally, the compliance of DG operation and power-cuts in 2018 was investigated. The number of 

operations and total duration does not equal to the sum of the individual operations since the DGs are often 

operated in parallel. The outcomes of the analysis are shown in Table 3. 

Table 3: Overview of compliance of DG operation and power-cuts in 2018 

  Number Time 

Total DG operation 361 355:50h 

share of year   4.06% 

Correlation to Power-cuts     

direct response 214 196:00h 

early/delayed response 53 57:28h 

independent 94 102:22h 

 

In 2018 there have been 361 operations of one, two or three DGs at a time. These 361 operations 

correspond to a total runtime of 355:50 hours, what makes up 4.06% of the total hours of the year (1.10% 

more than the share of the time of the year that is subject to power-cuts). 267 of the DG start-ups happened 

in direct or indirect response to a power-cut. Direct response (214) means that the DGs have been started 

up in a time span of less than 20 minutes after the power-cut occurred. Indirect response (53) relates to 

start-ups longer than 20 minutes after the occurrence of the power-cut or prior to the power-cut. The 

remaining 94 operations of the DGs were independent from the power-cuts. The time for direct response 

ranges between 0 and 17 minutes and takes 3 minutes on average. These three minutes are expected to be 

needed for communication between the transformer station that tracks the power outages and the 

operations personnel of the DGs. 

When analyzing the 267 covered power-cuts more in detail, one can see that there is a difference in coverage 

between nighttime power-cuts and daytime power-cuts. Table 4 shows the results. Nighttime power-cuts 

are covered only at a rate of 48% while the coverage rate of power-cuts during the morning and evening are 

around 70%. The coverage of power-cuts during the afternoon reaches even 83%. As before, this can be 

explained by the fact that short time power-cuts in the night are not necessarily being responded with 

starting up of a generator since the load at this time might be negligible. 

Table 4: Coverage of power-cuts during different times of the day 

 Total Night Morning Afternoon Evening 

Number of power-cuts 372 52 151 109 60 

covered by DG 267 
25 110 90 42 

48% 73% 83% 70% 

 

4.1.1.3 Distributed Solar PV Plant 

In 2018, a 1000 kWp distributed rooftop solar PV plant has been installed on some of the buildings on 

campus. The plant was installed and is owned and operated by APPCPL (Arunachal Pradesh Power 

Corporation Private Limited) in a RESCo model (Renewable Energy Service Company). RESCo model 

means that all initial investment and operation cost are covered by APPCPL, however TU is bound by 

contract to buy the power generated by the PV plant at a fix tariff of 2.48 iR/kWh from APPCPL. The PV 

plant is installed under a net metering scheme. That means that first all electricity generated is injected into 

the grid. TU can then obtain energy up to the amount of the injected energy from the PV plant from the 

grid for free. 
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The PV installation is distributed over 15 buildings with 3076 poly silicon Vikram Solar modules with each 

325 Wp. The total covered area is 5967 m2. The installation is structured into 20 strings with each a 50 kW 

inverter which are connected to multiple substations on campus.  

The operation of the photovoltaic plant is not further analyzed as there is no data available. 

4.1.2 The Distribution System at Tezpur University 

Electricity is distributed at TU campus via five substations with a setup of each 2x315 kVA and a voltage 

ratio of 11 kV/0.433 kV and two substations with 1x100 kVA and the same voltage ratio. The substations 

are distributed over the campus so that the loads can be evenly distributed among them. The substations 

are included in the single line diagram in appendix 2. From the transformer station, two feeders (and one 

spare feeder) distribute the electricity to the substations. A list of the substations and their connected loads 

can be seen in appendix 4. The feeder work at 11 kV. At the substations the electricity is transformed down 

to 0.433 kV at which it is distributed to the buildings. The substations are also the place where the Diesel 

generators and the distributed PV plant are connected to. 

4.1.3 The Demand Side at Tezpur University 

As mentioned before, the campus consists of various types of buildings with different electricity demand 

profiles. The student hostel loads are expected to follow a residential load pattern, whereas the office 

buildings, laboratories and administrative buildings have rather industrial load profiles. So far, only few 

attempts have been made to gather consumption data in higher resolution than monthly or annual values. 

The monthly load pattern of TU campus for 2017 can be seen in the following graph (Figure 25) and is 

deemed representative for any year. (Pamoja Cleantech, 2018) Apart from the electricity consumption, the 

cost of generation is represented on the secondary axis in kiR (thousand Indian Rupees).  

 

Figure 25: Campus monthly total electricity consumption and cost of generation in 2017 

Among the campus there is a multitude of different appliances available that contribute to the electricity 

demand. Of course, the type and number of appliances varies among the building types and areas of 

application. There are some appliances (like lights, fans, etc.) that are available in almost every type of 

building and some that are only installed in specific environments. Latter accounts for mostly highly specific 

laboratory equipment that is available in the department buildings. The laboratory equipment however, due 

to its high requirement of stable and time specific operation, has been excluded from the DSM application 

considerations.  

Table 5 gives an overview of the appliances which were included in the considerations regarding the 

potential for implementing DSM measures. Further classification of the individual appliances against the 

background of their potential for DSM measures will be performed in chapter 5.  
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Table 5: List of appliances considered for evaluation of DSM potential 

Appliance Facilities  Number Load [W] 

Computer (Stationary) 
Academic Buildings, Administrative Buildings, 

Library, Powerhouse, Medical Center 
- - 

Laptop (Charger) All Buildings - - 

Smartphone Every Student 3500* - 

Tube Lamp All Buildings 5,137** 40 

Compact Fluroescent 
Lamp (CFL) 

Hostels, Guest Houses, Staff Quaters 4,606** 36 

High Pressure Sodium 
Vapor Lamp (HPSV) 

Hostels, Guest Houses 13** 150 

Air Conditioning 
Academic & Administrative Buildings, Guest 

House, Library, Health Center 
552 
(23) 

1,200 – 5,440 

Ceiling Fan All Buildings 
11,488 

(3,162**) 
60 

Printer  Academic & Administrative Buildings, Library - - 

Aqua Guard (Water 
Puryfier) 

All Buildings - - 

Router 
Academic Buildings, Administrative Buildings, 

Library 
- - 

Water Pumps Water Treatment Plants, Swimming Pool 15 5,500 – 14,700 

Floodlights Swimming Pool, Sports Facilities, Gate, School 94 100 – 1,500  

Fly Traps  Hostels, Cafeteria 30* - 

Exhaust Fan  Hostels, Cafeteria 239** 60 

6 A Socket All Buildings 4,939** 100 

16 A Socket All Buildings 599** 1,000 

* Assumption based on field trip observations; ** Number of appliances solely in the student hostels 

4.1.3.1 Student Hostels 

There are twelve student hostels at TU campus, a list of them can be seen in Table 6. 

Table 6: List of hostels and occupants 

 Name Abbr. Room type Rooms Students 

Mens’ 
Hostels 
(MH) 

 

Nilachal NMH double 219 438 

Patkai PMH double 233 466 

Saraighat SCRMH single 368 368 

Kanchanjungha KMH double 221 442 

Charaideo CMH double/triple 114 285 

Womens’ 
Hostels 
(WH) 

Pabitora PMCWH single 316 316 

Dhansiri DWH double/triple 76 190 

Pragiyotika PWH double 77 154 

Subansiri SWH double 102 204 

Kopili KWH double 104 208 

Bordoichilla BWH double 72 144 

New NWH double 123 246 

   Total 2,025 3,416 
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The monthly consumption from November 2016 to October 2017 of five of them, namely NMH, PMH, 

DWH, PMCWH and SCRMH, is depicted in Figure 26. It must be pointed out that the hostels 

accommodate different numbers of students and have different room structures (single/double/triple). This 

data is shown to give an understanding of the order of magnitude of the electricity consumption in the 

hostels. There is no clear annual trend for all hostels observable in the graph. NMH, PMH and DWH have 

their peak consumption during August while PMCWH and SCRMH have their peak consumption in June. 

On average, the summer months, April to September (with an exception in June and July where many 

students and staff are on leave during vacation 10th of June to 24th of July), have a higher consumption, 

peaking in August. This might be explained by higher temperatures and higher humidity during summer 

seasons in North-East India what leads to a higher usage of ceiling fans and additional personal fans. The 

remaining months of the year, October to March, have relatively constant low consumption compared to 

the peak months). In order to make a reliable statement about an annual consumption profile in the student 

hostels, more detailed data must be collected for each hostel individually. (Pamoja Cleantech, 2018)  

 

Figure 26: Hostel monthly electricity consumption November 2016 until October 2017 

The total energy consumption and the specific consumption per student of each of the considered hostels 

is depicted in Figure 27.  

 

Figure 27: Total and student specific energy consumption of five hostels November 2016 to October 2017 

Total consumption seems to be mainly influenced by the number of students that live in the hostel. The 

highest consumption (160.8 MWh) has PMH, which also accommodates the most students (416). The 

lowest consumption (66.9 MWh) has DWH, which also has the lowest number of tenants (280). However, 

if one considers the specific consumption per student, it becomes apparent that there are large differences 

between the hostels. SCRMH has the lowest specific consumption (298.9 kWh/stud.) and PMCWH has the 

highest (474.0 kWh/stud.). This may be affected by whether a hostel has shared rooms or single rooms and 

partly by the fact that some hostels have more equipment (fans, light bulbs, etc.) than others.  
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In December 2018, 8 Lumingo load management units (LMUs) have been installed at substation 1. The 

LMUs measure voltage, current and power of some of the loads that are connected in this substation. The 

LMUs are connected to the loads of the hostels PWH, DWH, KMH and NMH (two LMUs) as well as to 

the swimming pool, the auditorium and the B-type quarters (staff residences). The data monitored by the 

LMUs from December 2018 to April 2019 is not further used in the elaboration of the DSM strategies as it 

is does not include data for the high consumption periods in summer and fall. Furthermore, for a preliminary 

evaluation of DSM potential the high resolution of the LMU data is not necessary and was expected to 

complicate the calculation methodology while not increasing the value of the results. In potential future 

considerations, high-resolution long term data from the LMUs is expected to be very appropriate to 

elaborate more detailed performance analyses of each individual strategy. 

4.1.3.2 Appliances at TU 

1. Air Conditioning Units 

Distributed over (mostly) the academic and administrative buildings, there are 575 air conditioning (AC) 

units installed at TU. The exact distribution of the AC units among the buildings of the campus can be seen 

in in appendix 1D. 552 of the AC units have a cooling capacity of 0.75 – 3 TR (1 TR = 1 ton of refrigeration 

= 3.5 kW). The remaining 23 AC units have a capacity of 5 – 12 TR. The average electricity consumption 

of an AC unit (0.75 – 3 TR) is 1.2 kW. Some of the AC units are used in offices for personal comfort 

regulation while some AC units have an integral role, cooling down labs to specific temperature/humidity 

levels that are required to be constant for certain experiments. In further considerations AC units with a 

cooling capacity of 5 – 12 TR are being excluded as there is no detailed information available on their usage 

patterns. (Borkotoky, 2019) 

2. Ceiling Fans 

Ceiling fans are available in almost every room as they are crucial to maintain a minimum standard of 

comfort in times of high temperature and humidity. In total, there are 11,488 ceiling fans installed at TU. 

The average power consumption of a ceiling fan is 60 W. (Borkotoky, 2019) 

3. Lights 

Like ceiling fans, lighting is available in almost every room at TU campus as well. There is no number 

documented about how many light bulbs and what kind of light bulbs are installed in total. (based on 

appliance data from the hostels, there are mostly tube lights, CFLs and HPSVLs available) The average 

electricity consumption of a standard light bulb (tube light) is 40 W, of a CFL is 36 W and of a HPSVL is 

150 W. (Borkotoky, 2019) 

4. Computers, laptops, smartphones 

Computers, laptops and smartphones are available at TU campus in high numbers. It can be estimated that 

every student and staff owns a smartphone (ca. 3500). Many students and staff have laptops and in the 

academic and administrative buildings as well as the library and some other smaller facilities stationary 

computers are available. However, there is no exact number of computers and laptops available. The level 

and location of electricity consumption for charging of laptops and smartphones is hard to be estimated as 

every person has a different charging rhythm and can charge their device wherever there is a power outlet. 

That could be during the day in one of the buildings in which they work or study or during the night at 

home. The average consumption of these devices is not documented.  

5. Other Appliances 

A multitude of other appliances/devices were found to be available at TU. These devices are printers, Aqua 

Guards (water purifiers), exhaust fans, WIFI routers, fly traps, power sockets (6 A and 16 A), fridges, 

washing machines, TVs. For most of those appliances, there is no exact data documented about their 

numbers and electricity consumption.  



-40- 
 

6. Water Treatment Plants 

There are two water treatment plants on TU campus, both of which use the same underlying setup. 

However, there is little differences between them in the equipment used. Water tower 1 is equipped with 

two raw water pumps (operated alternating), three clear water pumps (operated simultaneously) and one air 

blower pump while water tower 2 is equipped with two raw water pumps (operated alternating), two clear 

water pumps (operated alternating) and one air blower pump. Each water treatment plant has a raw water 

and a clear water storage tank.  

The water treatment consists of an aeration step and a sedimentation step. First ground water is pumped 

up to the raw water tank. From there it is pumped to the aeration unit where dissolved gases and volatile 

compounds are being removed. Afterwards the water passes a sedimentation pond where particles are being 

sedimented and filtered out. Finally, the clear water is being pumped up into the storage towers from where 

it is distributed to the individual buildings via gravitation. Water from both water towers is mixed at a central 

point and distributed together.  

7. Swimming Pool 

The swimming pool facility includes two main types of appliances, namely water pumps and flood lights. 

The 12 LED flood lights installed, have a power consumption of 100 W each. Four pumps with each 7.4 kW 

of power are available for filtration and circulation of water.  

The pool gets filled once a year (around February) by water from the water treatment plants. The swimming 

pool facilities are closed from November/December to February/March (depending on weather 

conditions). Due to evaporation, the pool must be partly refilled multiple times throughout the season. The 

filtration/circulation pumps are operated alternating, two at a time, for at least 8 to 10 hours per day. The 

alternation frequency is 1 h with 1 h break in between. The pumping operation is controlled manually. The 

swimming pool is open daily from 15:00 to 20:30. From 17:30 to 20:30 the flood lights are switched on.  

8. Flood Lights 

There are 94 flood lights installed at TU campus, distributed over several facilities. Most flood lights are at 

the sports facilities (48) and the swimming pool (12). The remaining 34 flood lights are installed at the gate 

and the administrative building of the university and the school. All flood lights apart from the LED lights 

at the swimming pool have a power consumption of 1.5 kW each.  

The flood lights at the sports facilities (except the swimming pool) are operated every day from 17:30h to 

21:30h and additionally during special sports events on demand. The flood lights at the gate, the 

administrative building and the school are operated throughout the entire night for security purposes and 

thus shall not be included in further considerations for DSM measures. 

4.2 Monitoring/Controlling at Tezpur University Campus MG 

The microgrid at TU campus has a very low level of automation. As mentioned in some parts of this chapter 

already, most parts of the MG are operated entirely manually by designated operations personnel that is 

working in day and night shifts. This accounts for the grid connection (powerhouse), the diesel generators, 

the water treatment plants and the substations. For individual appliances in all buildings there is also no 

central control available. The operations personnel of the diesel generators is also responsible for operating 

the substations.  

There is no digital monitoring and analyzing of historical operation data being conducted. All data collection 

is done in logbooks. At the powerhouse, grid outages are documented, at the DGs, runtime of the individual 

generators is recorded and at the water treatment plants the operation time of the water pumps is noted 

down.  

Since December 2018, there are 8 LMUs installed at substation 1 for high resolution load monitoring. The 

coverage of LMUs for more substations and loads on TU campus is planned to be expanded in the near 
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future. The data gathered with the LMUs is expected to be of great value for further development of the 

DSM strategies that will be described in chapter 5 and 6. As mentioned before, the data that is available 

from the LMUs will not be used in this thesis out of before mentioned reasons (compare chapter 4.1.3.1). 

5 Identification of Potential DSM Applications 

In order to identify and justify the appropriateness of the implementation of DSM measures for certain 

appliances, some considerations must be conducted first. These considerations include following aspects: 

• Deferability/adjustability of appliance operation  

• Ease of building the required infrastructure for controlling/monitoring 

• Profitability of the DSM strategy 

• Acceptance among the students/staff 

As mentioned before, certain appliances (lab appliances, 5 – 12 TR ACs and certain flood lights) have been 

excluded of DSM considerations from the beginning. The profitability of the DSM strategies will be 

evaluated in the performance analyses in chapter 6. A preselection based on the other three criteria will be 

done in this chapter. Interviews with students and academic as well as administrative employees were 

conducted to obtain an overview of what can be done. Furthermore, a survey about the usage patterns of 

office appliances was conducted. The results of the survey will be presented in the following.  

5.1 Survey on Energy Consumption in Offices 

The survey consists of 11 questions aiming at general information about the participants energy 

consumption, opinion towards DSM and personal motivation and level of engagement in energy 

conservation measures. The survey is exclusively directed to TU employees. The questions are the following. 

Q1 Which department/establishment do you work in? 

Q2 What is your occupation in this department? 

Q3 What time do you usually spend in the department per day? 

Q4 Have you ever heard of ‘demand side management’, more precisely ‘demand response’? 

Q5 Which appliances do you have in your office/in your lab that are deferrable (can be 

interrupted)/adjustable in case of a grid outage? 

Q6 Please assign the appliances to their average duration of use. 

Q7 Would you accept an automatic emergency control system for AC units? (Automatic shut down in 

case of grid outage to reduce Diesel consumption) 

Q8 Would you be interested in contributing to a demand response program in order to make your 

campus more sustainable and efficient? 

Q9 If yes, which of the following motivate you the most? (Please rank: 1=low to 5=high) 

Q10 Do you think feedback on the consumption performance of each department and/or comparison 

among them with a ‘sustainability scoring’ system will positively affect the motivation of the staff 

to adapt their consumption patterns? 

Q11 How do you prefer to be notified about required actions from your side to adjust the electricity 

consumption in an urgent case like a grid outage? 

Here, the most important findings, that influenced the identification of DSM strategies, will be presented. 

In total 131 surveys were distributed among all departments and administrative buildings. 50 results were 

obtained. This corresponds to a response rate of 38%. Of the 50 participants, 48% are engaged in purely 

academic tasks, 30% in purely administrative tasks, 18% in both academic and administrative tasks and 4% 

are technical staff. Employees from all major institutions, namely the administrative building, the school of 

engineering, the school of science, the school of humanities and social sciences and the school of 

management and business and the library were participating in the survey. This shows that the results of the 

survey represent a good cross section of all TU employees.  
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Figure 28 shows the office occupation (share of participants that is in their office during a certain hour of 

the day) throughout the day as it is stated by the participants of the survey (Q3). This information is 

important as it gives an impression at what time office appliances are being used and thus might be available 

for deferral/adjustment. It can be seen that the great majority of staff is in the office from 09:00h to 17:00h. 

After 17:00h the office occupation is gradually decreasing. From 22:00h on and before 09:00h there is only 

a very small share of the offices occupied. 

 

Figure 28: Office occupation throughout the day 

As a response to Q4, 44% of the participants said they have heard of demand side management before, 50% 

have not heard of it and 6% have not given a response. However, Q8 was answered with “yes” (the 

participant is interested in contributing to a demand response program) from 98% of the participants. Only 

one participant (2%) did not answer this question. After Q4, the definition of demand response was given 

and explained, using examples of two potential applications at TU university. 

Table 7 shows the answers to Q5, specifically the number of participants with certain appliances in their 

offices as well as their willingness to accept deferral/adjustment of their operation and for how long this 

can be done.  

Table 7: Availability and deferability of office appliances 

 
Available 

Deferrable/
Adjustable 

Share 
Average Time of 

Deferral/Adjustment 

AC 36 26 72% 3.3h 

Computer 48 23 48% 3.3h 

Light 48 28 58% 4.6h 

Ceiling Fan 48 28 58% 4.0h 

Printer 13 8 62% 6.0h 

Aquaguard 3 2 67% 7.0h 

Router 1 0 0% NA 

 

Additionally to Q5, many participants added comments about restrictions to the 

use/deferability/adjustability of mentioned appliances. The comments were: 

• AC units are only used in the summer months 

• Computers may only be deferred or adjusted during lectures 

• Lights may only be deferred or adjusted during day 

While only 36 participants (72%) have AC units in their offices, 72% of them are willed to defer/adjust their 

operation in case of a grid outage. On average those participants are willed to waive the AC units’ operation 

for 3.3 hours. Computers, lights and ceiling fans are available in almost every office. However, the approval 

for deferral/adjustment of them is lower than for AC units at 48%, 58% and 58% respectively. Combined 

with the restrictions that are stated for the computers’ and the lights’ deferral/adjustment, including them 

in DSM measures is expected to be very difficult. For computers, the control system would have to be 
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adjusted to every participant’s personal schedule. For lights, use of lights during the day (where it could be 

controlled) is expected to be too low to have a big impact in terms of energy savings. Regarding ceiling fans, 

according to interviews and conversations with administration personnel of TU, they must be available at 

any time (especially during the summer). Therefore computers, ceiling fans in office spaces and lights in 

office spaces have been eliminated from further considerations. The same accounts for printer, aquaguards 

and router. For those devices, the impact in terms of potential energy savings is expected to be too low to 

justify the investment effort.  

Q7 was answered predominantly in favor of an automatic emergency control for AC units. 68% of all 

participants answered they would accept such a measure. 28% declined it and 4% did not give an answer. 

This result, combined with the high consent for deferability/adjustability and the willingness to waive the 

use of the AC units for 3.3 hours on average, shows that there is potential for application of DSM measures 

in the AC devices. The high average power consumption of a single AC unit of 1.2 kW strengthens this 

conclusion. 

Of the remaining appliances that were presented in Table 5, laptops and smartphones are also excluded 

from further considerations regarding DSM application. This is mainly due to the fact that either of them 

runs on batteries which can be charged at any socket what makes it very difficult to develop a control system 

without having to actively engage the students/staff to take action during specific times of interest. These 

times of interest are times of DG operation. However, as mentioned in chapter 3.1.2.1, engaging people in 

demand response actions is a very complex task on the psychological level. Since TU is more interested in 

measures that can be controlled directly, this approach was discarded.  

From an interview with the engineering cell, it became apparent that inefficient use of appliances in the 

hostels causes major wastage of energy. This has been a known fact for years, but no action has been taken 

so far. The waste of energy is caused by students keeping appliances running when leaving the hostel. The 

problem involves all appliances that are available in the student hostels. That includes mainly lights, fans 

and additional appliances that are plugged into power sockets. Inferred from this information, there is 

potential for DSM implementation in the hostel appliances to manage their operation during times where 

the students are not present in their rooms to reduce energy wastage (Borkotoky, 2019) 

The power consumption of the water pumps at the water treatment plants sum up to 89.9 kW. As described 

in chapter 4.2, the pumps are operated manually by designated personnel that is working in shifts day and 

night. From the water treatment process (see chapter 4.1.3.2), it is apparent that a change in pumping time 

and duration does not necessarily cause a drop in water supply because the water is first pumped into two 

water towers where it is stored in tanks for later distribution to the end users. In the interviews with the 

water treatment plant operations personnel, it was found out that the water pumps are operated during fix 

hours every day with just little daily deviation according to the demand. In this operation schedule, it is not 

taken into account if power is supplied by the grid or the diesel generators at a specific time of operation. 

Based on this information it is assumed that there is potential for DSM application in the water pump 

operation.  

Initially, the big amount of non-LED flood lights was expected to bear potential for DSM measure. 

However, retrofitting of LED lights has already been investigated by the engineering cell and found to be 

not financially profitable. Thus, this approach is not to be further investigated on request of TU.  

5.2 Definition of DSM Strategies 

In the following, three particular demand side management strategies are going to be defined around the 

appliances of interest that have been identified in the latter paragraphs. The appliances of interest are AC 

units in offices, hostel appliances during student absence and water pumps during DG operation.  

As the title of this thesis implies, focus of the demand side management strategies is laid upon times of grid 

outage. This is the focus of the thesis because a grid outage implies that electricity must be supplied by the 

DGs at a higher cost per energy than electricity from the grid. Furthermore, operating the diesel generators 
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is a source of greenhouse gas emissions. From the analysis of the power-cut history and the diesel generator 

runtime history in chapter 4.1.1.1 and 4.1.1.2, it can be concluded that DG operations don’t only occur due 

to grid outages. Out of 372 power-cuts, only 267 have caused the DGs to be started up. Additionally, the 

DGs have been operated 94 times independently from a grid outage. Resulting from this finding, all DG 

operations instead of only the ones during power-cuts are taken into account as target time for the DSM 

strategies to maximize the improvement in financial and sustainability terms. In the case of the DSM strategy 

targeting the hostel appliances, periods of grid supplied electricity is also considered. This has been decided 

because reducing energy consumption in the absence of the students will not compromise any personal 

comfort. 

DSM strategy 1: Office air conditioning units 

This strategy targets the use of air conditioning units during periods of Diesel generator operation. 

According to the findings in the survey, the majority of staff accepts a control system that automatically 

controls the AC units during these periods. AC unit operation can be adjusted for up to 3.3 hours. When 

comparing the office occupation (Figure 28) with the operation time of the DGs (Figure 21) it becomes 

apparent that there must be a significant overlap in operation. In order to evaluate the savings potential of 

this strategy, estimations must made about when AC units are used during DG operation and what energy 

consumption reduction it would bring to cut their operation during those periods.  

DSM strategy 2: Hostel appliances energy wastage 

DSM strategy 2 focusses on reducing the energy wastage in the student hostels during absence of the 

students. In order to simplify the calculation of potential savings, the absence of students is assumed to be 

equal to the class hours. All students have the same class schedule. This measure is based on the assumption 

that a considerable number of students leave some of their appliances switched on, like lights or ceiling fans 

when they leave the building. As mentioned before this strategy will target all class hours, whether energy is 

supplied by the grid or by the diesel generators. To analyze its performance, the exact class schedule must 

be determined, as well as the share of appliances being left on during the respective times of the day/year.  

DSM strategy 3: Water pumping deferral 

This strategy aims at changing the water pumping schedule in a way that the pumps are, to the maximum 

extent possible, operated during times where electricity is supplied from the grid. This is not expected to 

have an impact on water availability at any time since water is indirectly supplied via an intermediate storage 

in the water towers. In Figure 24 it can be seen that a great share of the power cuts is shorter than 1 hour 

(71.5%). Especially during these short-term DG operations, water pumping is expected to be deferable 

without compromising the water storage level in the tanks. For longer-term power-cuts however, individual 

calculations must be conducted to ensure security of supply. In order to analyze this strategies impact, the 

current water pumping schedule must be analyzed and adapted to prioritized operation during grid supplied 

periods.  

In order to make a statement about the overall profitability of each individual strategy, the necessary 

investment for hardware and labor as well as O&M cost must be estimated and put into contrast with the 

monetary savings potential that comes with the energy consumption reduction. Finally, a sustainability 

analysis shall be conducted to evaluate the reduction of CO2 emissions. 

6 Performance Analysis of DSM Strategies 

In this chapter, the calculation methodology for the performance analysis of each of the DSM strategies will 

be described. First, the required assumptions will be stated and justified before the calculation 

methodologies will be shown. The results of the performance analyses will be presented and discussed in 

chapter 7. 
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6.1 Superordinate Assumptions 

To be able to elaborate and estimate the performance of the DSM strategies, a set of assumptions are 

required to be made. While some assumptions are only made for the individual strategy (will be mentioned 

in the respective paragraph), many assumptions are superordinate and must be used uniformly for all 

strategies to ensure comparability of the results. These assumptions and their underlying reasoning will be 

introduced in the following. Table 8 shows an overview. 

Table 8: Superordinate assumptions for the elaboration of DSM strategies 

Assumption Value Unit Source 

Specific Diesel consumption of DGs; v(Diesel) 0.32 L/kWh 
(Pamoja 
Cleantech, 2018) 

Cost of electricity from DGs; c(DG) 19 
(0.238) 

iR/kWh 
(€/kWh) 

Cost of electricity from grid; c(grid) 6.8 
(0.085) 

iR/kWh 
(€/kWh) 

(Borkotoky, 2019) 
Cost of Diesel; c(Diesel) 67 

(0.838) 
iR/L  
(€/L) 

Currency conversion rate; CCR 0.012 €/iR (XE, 2019) 

Specific CO2 emissions from DGs; e(DG) 0.84 kg/kWh (Ecoscore, 2019) 

Specific CO2 emissions from electricity from the 
grid; e(grid) 

0.82 kg/kWh 
(Bhawan & 
Puram, 2018) 

Annual total electricity consumption; V(TU) 4,979 MWh 

(Pamoja 
Cleantech, 2018) 

Annual total spending for electricity; C(TU) 38,891 
(467) 

kiR 
(k€) 

Annual total CO2 emissions, EM(TU) 4,086 t 

 

In chapter 4.1.1.1and 4.1.1.2, the analysis of the grid outages and the operation of DG1-3 has been 

presented. Operation data of DG4-5 is not available. While only 72% of all grid outages are covered by the 

Diesel generators, the Diesel generators are often additionally operated when there is no grid outage 

happening (94 times in 2018 → 26% of all DG operations). These operations are being performed to 

provide reliable electricity that may not be interrupted by a power-cut. This is required in cases of big 

announcements or festivities (gatherings in the auditorium, sport tournaments, etc.). In such cases, only the 

substation of interest (the substation where the respective load is connected to) will be connected to the 

DG bus. The remaining substations will continue running on electricity provided form the grid. However, 

this means that not only during power-cuts, but also during special events, parts of the campus are supplied 

with electricity from the DGs. The goal of the DSM strategies is to decrease the usage of the DGs not only 

during grid outages but whenever the DGs are operating. For a proper evaluation of the performance of 

the DSM strategies, a full DG operation profile was derived using following data and assumptions. The 

assumptions are based on statements about the DG operation from the engineering cell of TU. (Borkotoky, 

2019)  

• Data:  Operation data from DG1-3 (that has been presented in the analysis in chapter 4.1.1.2) 

• Assumption 1: Missing load data is substituted by the average load of the respective DG1-3 

• Assumption 2: DG4-5 are not operated alone (only when at least one of DG1-3 is operated) 

• Assumption 3: DG4-5 are only operated during daytime (6am-12pm) 

• Assumption 4: DG4-5 are only operated during grid outages  

• Assumption 5: Load of DG4-5 (when operated) is equal to average load of DG1-3 at the respective 

time of operation 

• Assumption 6: If all of DG1-3 are operated → Both DG4 and DG5 are operated 

• Assumption 7: If one or two of DG1-3 are operated → One of DG4-5 is operated 
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• Assumption 8: In case of operation of DG4 and/or 5, start and end time of operation are equal to 

average start and end times of DG1-3 

The resulting DG operation profile shows following properties (Table 9).  

Table 9: Properties of assumed complete DG operation profile (DG1-5) 

 Value Unit 

Total DG generation  184.4 MWh/year 

Total cost of DG operation 42.0 k€/year 

Total DG CO2 Emissions 154.1 t(CO2)/year 

Number of operations 361 - 

Average duration of operation 00:54 hh:mm 

 

For each DSM strategy individually, it will be elucidated if only power-cut-induced DG operations or also 

event-induced ones are of importance to its performance. This varies among the strategies depending on 

which substation the appliances of interest are connected to. 

6.2 Air Conditioning Outage Energy Control (AC-OEC) 

The AC-OEC is a strategy that aims at reducing the air conditioning load during times of grid outages. AC 

units have a high relatively average consumption of p(AC) = 1.2 kW and, as presented in the outcomes of 

the survey (chapter 5.1), they are used on a regular basis and can be deferred for 3.3 hours at a time on 

average.  

In this it is important to mention, that in the case of the AC-OEC, only power-cut-induced diesel generator 

operations are of interest (not event-induced DG operations). This is the case because event-induced DG 

operations supply electricity exclusively to substation 1 where the sports facilities and the auditorium are 

connected to. As can be seen in appendix 4, apart from those two, only hostels, quarters and the central 

water treatment plant are connected to substation 1. In these facilities however, there are barely AC units 

available (compare appendix 1D) which’s consumption would be subject to the AC-OEC. 

In order to compute the expected performance of the AC-OEC, first a correlation between the hour of the 

day (of every day of the year) and the amount of AC units expected to be used during this hour is required 

to be made. Subsequently, using this correlation and combining it with data from Tezpur University about 

the operation of DGs, number of AC units available and consumption of them, the AC energy savings 

potential during each power-cut-induced DG operation can be derived. Using these energy savings and 

applying the before mentioned superordinate assumptions, the corresponding monetary savings and 

emissions reduction can be calculated. To be able to evaluate the profitability, investment and operational 

cost must be estimated and contrasted with the monetary savings. Using this, the payback period and project 

lifetime savings can be deduced. The detailed calculation methodology is presented in the following  

1. Correlation of AC usage and the hour of the day 

In order to estimate what share of the available AC units are being used at a specific hour of the year, 

following assumptions had to be made. 

• The office occupation throughout the day is represented by the data shown in Figure 28 

• There is a specific temperature comfort limit above which AC units are being switched on 

The daily office occupation has been presented in Figure 28 in chapter 5.1. It gives a representation of what 

percentage of offices are occupied during every individual hour of the day. The office occupation is assumed 

to be equal to the maximum percentage of AC units that can be switched on during the respective hour of 

the day. The temperature comfort limit is being evaluated against the hourly average temperature in Tezpur. 

The annual temperature profile is available from (Weatherspark, 2019). Using these assumptions, for every 

hour of the year, the amount of AC units being used can be calculated using following equation (1). 
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 𝑁(𝐴𝐶)𝑖,𝑘 = {
𝑇𝑖,𝑘 ≥ 𝑇𝑙𝑖𝑚:   𝑂𝑂𝑘 ∗ 𝑁(𝐴𝐶)𝑡𝑜𝑡
𝑇𝑖,𝑘 < 𝑇𝑙𝑖𝑚:   0                          

 (1) 

With i = month, k = hour of the day, N(AC)i,k = number of AC units in use during a specific month i and 

a specific hour of the day k, Ti,k = temperature during month i and hour k (in °C), Tlim = temperature 

comfort level (in °C), OOk = office occupation during hour k (in %) and N(AC)tot = total number of AC 

units included in the AC-OEC strategy. 

2. Definition of N(AC)tot 

In total there are 552 AC units (0.75 – 3 TR) installed at Tezpur University (appendix 1D). To define the 

share of those AC units that can be included in the AC-OEC (→ N(AC)tot) strategy following assumptions 

were made.  

• 100% of AC units in residential buildings are deferable 

• 100% of AC units in administrative buildings are deferable 

• 80% of AC units in academic buildings with computer laboratories are deferable 

• 70% of AC units in academic buildings (non-biology/-chemistry) with laboratories are deferable 

• 50% of AC units in academic buildings (biology/chemistry) with laboratories are deferable 

This distinction is required to be made due to the fact that different laboratories have different temperature 

and humidity requirements. This leads to a total number of AC units of N(AC)tot = 466 being available for 

the AC-OEC. 

3. Calculation of energy savings 

Following, for every power-cut-induced DG operation, the respective energy consumption of AC units can 

be calculated. Therefore, following properties must be available for every DG operation: 

• Start time of the DG operation T(start)n 

• End time of the DG operation T(end)n 

• DG engine load during the operation L(DG)i,j,k 

With j = day of month and n = number of a specific power-cut-induced DG operation. n is characterized 

by its start and end time, T(start)n and T(end)n, as well as its month of the year in and day of the month jn. 

The start and end time of the DG operation are essential to evaluate over which and how many hours of a 

day a DG operation spans. This affects the number of AC units N(AC)i,k in use at that time. The duration 

t(AC)i,j,k of the AC operation during each hour of any DG operation can subsequently be derived from 

T(start)n and T(end)n. The total AC load during a specific hour of a DG operation can be calculated using 

equation (2). 

 𝑃(𝐴𝐶)𝑖,𝑗,𝑘 = 𝑁(𝐴𝐶)𝑖,𝑘 ∗ 𝑝𝐴𝐶  (2) 

The engine load is required to introduce an important constraint. At no time, the AC consumption during 

DG operation can be higher than the DG generation. The constraint limits the AC consumption to 80% of 

the total DG generation since the ACs are never the only active load. The 80% share has been defined in 

consultation with TU engineering cell. The constraint is expressed in equation (3). 

 𝑃(𝐴𝐶)𝑖,𝑗,𝑘 = {
𝑁(𝐴𝐶)𝑖,𝑘 ∗ 𝑝𝐴𝐶 ≤ 0.8 ∗ 𝐿(𝐷𝐺)𝑖,𝑗,𝑘:       𝑁(𝐴𝐶)𝑖,𝑘 ∗ 𝑝𝐴𝐶  

𝑁(𝐴𝐶)𝑖,𝑘 ∗ 𝑝𝐴𝐶 > 0.8 ∗ 𝐿(𝐷𝐺)𝑖,𝑗,𝑘:       0.8 ∗ 𝐿(𝐷𝐺)𝑖,𝑗,𝑘
 (3) 

The energy consumed by AC units during any power-cut-induced DG operation n can now be calculated 

using equation (4). 

 
𝐸(𝐴𝐶)𝑛 =∑ 𝑃(𝐴𝐶)𝑖𝑛,𝑗𝑛,𝑘 ∗ 𝑡(𝐴𝐶)𝑖𝑛,𝑗𝑛,𝑘

𝐾

𝑘
 (4) 
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𝑊𝑖𝑡ℎ 𝑘 =  𝑓𝑖𝑟𝑠𝑡 ℎ𝑜𝑢𝑟 𝑜𝑓 𝑛  

𝑎𝑛𝑑 𝐾 =  𝑙𝑎𝑠𝑡 ℎ𝑜𝑢𝑟 𝑜𝑓 𝑛 

By summing up the AC energy consumptions during all power-cut-induced DG operations N, the total 

annual energy savings potential from AC units during power-cut-induced DG operations can then be 

computed using equation (5). 

 
𝐸(𝐴𝐶)𝑦𝑒𝑎𝑟 =∑ 𝐸(𝐴𝐶)𝑛

𝑁

𝑛=0
 (5) 

4. Calculation of monetary savings 

Using the annual energy savings, the cost of electricity from DGs c(DG) and the currency conversion rate 

CCR, the annual monetary savings S(AC)year can be calculated in iR and € using equations (6) and 

equation (7).  

 𝑆(𝐴𝐶)𝑦𝑒𝑎𝑟,𝑖𝑅 = 𝐸(𝐴𝐶)𝑦𝑒𝑎𝑟 ∗ 𝑐(𝐷𝐺) (6) 

 𝑆(𝐴𝐶)𝑦𝑒𝑎𝑟,€ = 𝑆(𝐴𝐶)𝑦𝑒𝑎𝑟,𝑖𝑅 ∗ 𝐶𝐶𝑅 (7) 

5. Calculation of emissions reduction 

In a similar manner, the annual emissions reduction can be calculated, using the annual energy savings and 

the specific CO2 factor e(DG) from DGs. Equation (8) shows the mathematic correlation. 

 𝐸𝑀(𝐶𝑂2)𝑦𝑒𝑎𝑟 = 𝐸(𝐴𝐶)𝑦𝑒𝑎𝑟 ∗ 𝑒(𝐷𝐺) (8) 

6. Calculation of investment and O&M cost 

To give a precise estimation for the investment and O&M cost necessary to build the required control 

infrastructure as well as operate and maintain it, first suitable hardware must be found. The main 

requirements to the control hardware are the following: 

• Operation in hot and humid conditions 

• Simple and wireless control (on/off) 

• Withstand maximum power (of an AC unit) of 2,400 W (240 V, 10 A) 

• Low price 

After thorough market research, the Chinese company Sonoff was identified to provide the most 

appropriate solution with its wireless switch “Sonoff Pow R2”. Compared to other products of e.g “Xiaomi 

Mijia” (Xiaomi, China) or “Sensibo Sky” (Sensibo Inc. Israel), Sonoff fulfills all requirements at the lowest 

cost. The “Sonoff Pow R2” wireless switch has following properties (Table 10). 

Table 10: Technical properties of “Sonoff Pow R2” smart wireless switch (Sonoff, 2019) 

Property Value Unit 

Voltage 90-250 V 

Power 3,500 W 

Current 16 A 

Temperature 0-40 °C 

Humidity 5-90 % 

Cost* c(Pow R2) 1,250 (15) iR (€) 

Control features Wireless control (WiFi), 
manual control, timer, 

trigger, overload 
protection, energy 

monitoring 
*cost for one “Pow R2” device in the Sonoff India 
online store 
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Due to the physical distance between the AC units and the technical limitations to the maximum power, 

each AC unit has to be equipped with one “Sonoff Pow R2” device. This results in a total of N(Pow R2)tot 

= N(AC)tot = 466 devices. The labor cost c(labor) is expected to be negligible as it will be installed by 

personnel of the TU engineering cell. O&M cost c(O&M) is assumed to be 10% of the initial investment 

cost per year. As there is no expected lifetime of the “Sonoff Pow R2” stated online and contacting Sonoff 

did give any result, a replacement period of 10 years is assumed. Due to the little detailed information on 

other additional cost factors, like e.g. shipping and extra cabling, an additional cost factor of 10% is being 

applied to the investment cost.  

The total investment cost and the O&M cost can be calculated using equation (9) and equation (10) 

respectively. 

 𝐶(𝐼𝑛𝑣) = 1.1 ∗ [𝑁(𝑃𝑜𝑤 𝑅2)𝑡𝑜𝑡 ∗ 𝑐(𝑃𝑜𝑤 𝑅2) + 𝑐(𝑙𝑎𝑏𝑜𝑟)] (9) 

 𝐶(𝑂&𝑀) = 0.1 ∗ 𝐶(𝐼𝑛𝑣) (10) 

7. Profitability of the AC-OEC 

Using the results of the calculation of the annual monetary savings and the investment and O&M cost, the 

profitability of the AC-OEC can be calculated in the form of the payback period of the investment and the 

project lifetime cashflow and accumulated cashflow. Here, the replacement period of 10 years must be taken 

into account. For this, a project lifetime of 25 years is assumed. Due to the limited scope of this master 

thesis, more elaborate project finance considerations e.g. the influence of taxes, depreciation and inflation 

are not considered. The results will be presented in chapter 7. 

6.3 Hostel Daytime Energy Control (H-DEC) 

This strategy’s goal is to mitigate the wastage of energy connected to left on appliances in the student hostels. 

Students not switching off their appliances accounts for the biggest waste of energy on TU campus 

according to the engineering cell. (Borkotoky, 2019) Since all students have the same class schedule, the H-

DEC strategy aims at lowering the energy waste by remotely switching off all appliances in the hostels during 

class hours. 

At this point it is important to mention that for the H-DEC all DG operations are taken into account, the 

power-cut-induced ones and the event-induced ones. While during power-cuts all hostels are supplied with 

electricity from the DGs, during event-induced DG operations, 4 out of 12 hostels (which are connected to 

substation 1) are provided with electricity from the DGs. The remaining 8 hostels (connected to substations 

2-5) are operated with electricity from the grid. This leads to the necessity of splitting the hostel load into a 

1/3 and a 2/3 share during event-induced DG operations.  

To derive a precise estimation of the performance of the H-DEC, first the hostels and their appliances must 

be analyzed to define the type, number and load of all appliances that shall be included in the strategy. 

Following, the days of the year and hours of the day (class hours) must be determined during which the H-

DEC will be active. Following, all DG operations are being evaluated regarding their date and time to find 

overlaps with the H-DEC periods. At the same time, the grid supplied H-DEC periods are being identified. 

Using the times and duration of the H-DEC during DG supplied operation and during grid supplied 

operation and combining it with the determined load of appliances at the respective time periods, the energy 

savings of the H-DEC can be calculated. Analogous to the AC-OEC calculation methodology, now the 

superordinate assumptions can be applied to calculate monetary savings as well as emissions reduction. 

Finally, in order to make an estimation about the profitability of the strategy, the control infrastructure and 

its corresponding investment and O&M cost must be determined and evaluated against the energy savings. 

In the following, the detailed calculation methodology is presented.  

1. Analysis of the types, numbers and loads of hostel appliances 

An inventory list of types, numbers and loads of appliances in 8 of the 12 hostels is available from TU. The 

missing data for the 4 remaining hostels has been estimated based on data from hostels with similar room 
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structure and based on the size of the hostel. The data and the results of the estimation are depicted here in 

Table 11.  

Table 11: Types and number of appliances in the hostels and their corresponding load 

Hostel Tube Lamp CFL HPSVL* Ceiling Fan 
Exhaust 

Fan 
6 A Socket 

16 A 
Socket* 

NMH 560 256   376 12 475 27 

PMH 560 256   376 12 475 27 

SCRMH 758 1,575   510 43 981 176 

KMH 552 249   376 12 488 29 

CMH 279 127   188 6 240 14 

PMCWH 525 1,656   384 23 685 127 

DWH 318 84 2 163 22 274 34 

PWH 319 74 1 134 17 179 36 

SWH 311 78 3 166 24 318 27 

KWH 325 99 3 189 26 326 38 

BWH 315 76 2 150 21 249 32 

NWH 315 76 2 150 21 249 32 

        

Sum 5,137 4,606 13 3,162 239 4,939 599 

Load [W] 40 36 150 60 60 100 1,000 

Total [kW] 205 166 2 190 14 494 599 

Orange font represents estimated; *HPSVLs and 16A sockets are excluded from the control strategy 

 

Based on this data, estimations about the share of appliances being included in the strategy and the share of 

appliances being expected to be left on can be made. For that, it is needed to define the times of the day 

and times of the year in which the H-DEC is supposed to be active.  

2. Defining the time frame of the H-DEC 

In general, the H-DEC will be operating every workday during class times (times where students are in 

class). The class schedule is the same for every student and matches the working hours of the PhD students. 

Weekend and vacation days are exempt from the H-DEC. The year is also divided into winter and summer 

season due to a higher use of ceiling fans in summer. Table 12 shows the time restrictions for the H-DEC. 

Table 12: Time restrictions for H-DEC 

Seasons 

Winter November to April 

Summer May to October 

Vacation 

Winter Dec. 15th - Jan. 15th 

Summer Jun. 10th - Jul. 24th 

Class Schedule 

Morning 09:00 - 13:30 

Afternoon 14:30 - 17:30 
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3. Defining the share of appliances being left on  

Based on the time restrictions, the share of appliances being left on must be divided into four time periods 

(TP): Summer morning (“SM” = TP 1), summer afternoon (“SA” = TP 2), winter morning (“WM” = TP 3) 

and winter afternoon (“WA” = TP 4). For each of the time periods the assumptions of appliances being 

left on are different. The assumptions are based on statements about the hostels’ energy usage patterns from 

TU employees of the engineering cell and the Department of Energy. They are shown in Table 13. 

Table 13: Assumptions on left on appliances in the student hostel 

 
Summer Winter 

 Morning Afternoon Morning Afternoon 

Appliance % # kW % # kW % # kW % # kW 

TubeLamp (1) 20% 1,027 41 10% 514 21 20% 1,027 41 10% 514 21 

CFL (2) 15% 691 25 10% 461 17 15% 691 25 10% 461 17 

Ceiling Fan (3) 20% 632 38 30% 949 57 0% 0 0 0% 0 0 

Exhaust Fan (4) 20% 48 3 30% 72 4 0% 0 0 0% 0 0 

6A Socket (5) 10% 494 49 10% 494 49 10% 494 49 10% 494 49 

 

The total load during each time period can be calculated using following equation (11). 

 
𝐿𝑇𝑃,𝑡𝑜𝑡 =∑ 𝐿𝑇𝑃,𝑎

𝐴

𝑎=1
 (11) 

With TP = time period (1 = SM, 2 = SA, 3 = WM, 4 = WA), LTP,tot = total hostel load during specific TP, 

a = type of appliance (1 = tube lamp to 5 = 6A socket, as indicated in Table 13), A = amount of different 

hostel appliances and LTP,a = total load of specific appliance a during time period TP. 

4. Calculation of energy savings  

In order to evaluate the achievable monetary savings, three distinctions into scenarios must be made in the 

calculation of the energy savings:  

• Scenario 1: Times when all hostel appliances are operated using electricity from the grid 

• Scenario 2: Times when all hostel appliances are operated using electricity from the DGs (power-

cut-induced DG operations) 

• Scenario 3: Times when the hostel appliances are operated partially by electricity from the grid (2/3) 

and partially by electricity from the DGs (1/3) (event-induced DG operations).  

This distinction is important for a precise calculation of the cost reduction that comes with the energy 

savings due to different costs of electricity from the grid and the DGs.  

In each scenario, the times of operation of the H-DEC are additionally divided into the before mentioned 

time periods: SM, SA, WM and WA. For each scenario, the energy savings can be calculated by summing 

up the individual energy savings per H-DEC operation during the 4 different time periods. The amount of 

H-DEC operations during each of the scenarios and time periods is defined as NTP,s (with s = scenario). 

The duration of each individual H-DEC operation is represented by tn (with n = a specific H-DEC operation 

of NTP,s). Equation (12) for calculation of energy savings per scenario is depicted in the following. 

 

𝐸𝑠 = ∑ ∑ 𝐿𝑇𝑃,𝑡𝑜𝑡 ∗ 𝑡𝑛
𝑁𝑇𝑃,𝑠

𝑛=1

4

𝑇𝑃=1

 (12) 
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4. Calculation of monetary savings  

The calculation of the monetary savings corresponding to the energy savings during each scenario can be 

calculated using equation (13). By summing up the savings during each scenario, the total annual savings 

can be derived.  

 

𝑆𝑠 =

{
 
 

 
 𝑠 = 1:      𝐸𝑠 ∗ 𝑐(𝑔𝑟𝑖𝑑)                               

𝑠 = 2:      𝐸𝑠 ∗ 𝑐(𝐷𝐺)                                  

𝑠 = 3:      𝐸𝑠 ∗ (
2 ∗ 𝑐(𝑔𝑟𝑖𝑑)

3
+
𝑐(𝐷𝐺)

3
) 

 (13) 

5. Calculation of emissions reduction  

Analogous to the calculation of the monetary savings from the energy savings of each scenario, the CO2 

emissions reduction for each scenario can be calculated using equation (14). The total emissions reduction 

is derived by summing up the emissions reductions of the individual scenarios. 

 

𝐸𝑀𝑠 =

{
 
 

 
 𝑠 = 1:      𝐸𝑠 ∗ 𝑒(𝑔𝑟𝑖𝑑)                               

𝑠 = 2:      𝐸𝑠 ∗ 𝑒(𝐷𝐺)                                  

𝑠 = 3:      𝐸𝑠 ∗ (
2 ∗ 𝑒(𝑔𝑟𝑖𝑑)

3
+
𝑒(𝐷𝐺)

3
) 

 (14) 

6. Calculation of investment and O&M cost 

Analogous to the identification of suitable control hardware in the AC-OEC, appropriate equipment must 

be found that matches the specific requirements of the H-DEC strategy. The requirements are: 

• Operation in hot and humid conditions 

• Time based control 

• Withstand maximum power of 530 W (maximum power of all appliances in one room combined) 

• Low price 

As for the control of the AC-OEC, Sonoff was identified to offer the best option with its model “Sonoff 

Basic R2”. Compared to the “Sonoff Pow R2”, that is used in the performance analysis of the AC-OEC, 

the “Basic R2” has a lower maximum power restriction and lacks the energy monitoring feature. The 

technical specifications of the “Sonoff Basic R2” are shown in Table 14. 

Table 14: Technical specifications of the “Sonoff Basic R2” smart switch 

Property Value Unit 

Voltage 90-250 V 

Power 2,200 W 

Current 10 A 

Temperature 0-40 °C 

Humidity 5-90 % 

Cost* c(Pow R2) 515 (6.2) iR (€) 

Control features Wireless control 
(WiFi), manual 

control, timer, trigger 
*cost for one “Basic R2” device in the Sonoff 
India online store 

 

Other than in the AC-OEC, due to the big number of appliances not every appliance will be equipped with 

an own switch. It is being taken advantage of the fact that there is already a central power switch for every 

room in the hostels available. This switch will be replaced with the smart switch. Additionally, to cover 

appliances in public spaces, additional 5% of the amount of control devices for the rooms is assumed to be 
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necessary. This leads to a total number of required devices of N(Basic R2)tot = 2,126. Apart from this, 

assumptions regarding labor cost, O&M cost, replacement period and additional cost factor to make up for 

uncertainty in shipping and extra cabling cost are equal to the ones explained in the AC-OEC performance 

analysis. The total investment and O&M cost can be calculated using equation (9) and equation (10) and 

adjusting the inputs to the H-DEC. 

7. Profitability of the AC-OEC 

For the calculation of profitability of the H-DEC in terms of payback period and cashflow and accumulated 

cashflow, the methodology and assumptions described in chapter 6.2 can be applied. 

6.4 Water Pumping Energy Control (WP-EC) 

The WP-EC DSM strategy follows a slightly different approach than the AC-OEC and the H-DEC. In the 

case of the WP-EC, no investment cost is needed. As described in chapter 4.2, both water towers are 

operated manually by designated personnel. The water treatment plants are manned in day and night shifts. 

Thus, rapid adjustments in operation can be made without installing additional hardware.  

First, it must be pointed out that for this chapter, no distinction must be made between power-cut-induced 

DG operation and event-induced DG operation. This is not required in this case since the water treatment 

plants are both connected to substation 1, which is the substation being supplied by DG supplied power in 

case of an important event. 

The water treatment and distribution principle are described in chapter 4.1.3.2. Currently, the pumping 

operation follows a schedule that is based on experience. This schedule does not consider the source of the 

consumed energy (grid or DGs) in its decision making when water shall be pumped. The only objective of 

the schedule is to avoid water scarcity for the end-consumer. In the existing pumping schedule following 

assumption is made regarding the peak water consumption times. 

• Morning peak:  07:00 – 09:00 

• Afternoon peak:  17:30 – 20:00 

The current water pumping schedule (based on operation history) is shown in Table 15. The clean water 

pump operation (pumping water into the storage towers) is generally initiated around 1 hour before the 

morning peak and around 2 – 4.5 hours before the afternoon peak. This is due to the fact that during peak 

consumption, the pumping capacity of the clean water pumps is not sufficient to supply the demand. Thus, 

enough water must be available in the tanks ahead of peak consumption to make up for that discrepancy.  

Table 15: Existing water pumping schedule (based on experience) 

   Water Treatment Plant 1 Water Treatment Plant 2 

   Spring Summer Fall Winter Spring Summer Fall Winter 

Raw 
Water 
Pumps 

M
o

rn
in

g Start 07:05 07:07 06:55 07:14 05:54 05:56 05:46 06:01 

Stop 10:12 11:43 11:55 10:45 09:07 10:29 10:40 09:37 

Duration 03:06 04:36 04:59 03:31 03:13 04:33 04:54 03:36 

A
ft

er
n

o
o

n
 

Start 16:10 16:57 16:43 15:39 12:47 13:24 13:14 12:23 

Stop 20:20 20:54 22:00 20:06 20:34 21:08 22:16 20:20 

Duration 04:10 03:56 05:16 04:26 07:46 07:43 09:02 07:57 

Clean 
Water 
Pumps 

M
o

rn
in

g Start 06:00 05:42 05:30 06:05 06:23 06:05 05:52 06:29 

Stop 10:08 11:45 11:47 10:00 09:28 10:58 11:00 09:20 

Duration 04:08 06:02 06:17 03:55 03:04 04:52 05:08 02:50 

A
ft

er
n

o
o

n
 

Start 14:44 15:25 15:02 14:27 13:13 13:50 13:29 12:58 

Stop 20:23 20:52 21:50 20:13 20:59 21:29 22:28 20:48 

Duration 05:38 05:26 06:47 05:45 07:45 07:38 08:58 07:50 

Orange values are estimated based on correlations between seasons of water treatment plant 2 
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The idea behind the WP-EC is to shift the operation of water pumps that would be powered by power from 

the DGs to periods where electricity from the grid is available. To achieve this, a new operation schedule 

approach must be taken. The structure of pumping operation during fix periods as they are currently used 

must be replaced by a strategy that focusses on meeting predefined levels of water storage so that peak and 

off-peak water demand can be satisfied at any time. These predefined levels of water storage must preferably 

be achieved by pumping during grid energy supply instead of DG energy supply. This is possible by shifting 

the water pumping operation for restoring the storage level to hours right after the peak periods. Then, in 

case of a DG operation, the pumping operation can be shifted to a later time that might still be sufficiently 

early to build up the required storage level before the next peak consumption. In case of long-lasting DG 

operations, water pumping during DG operation is unavoidable. However, the share of water pumping 

during DG operation can be minimized with this approach. In this report, the technical feasibility and 

boundary conditions (like peak consumption, required storage levels and pumping duration to meet those 

storage levels) for such a new pumping schedule are being investigated and requirements are being defined. 

Due to limitations in the scope of this work, no detailed simulations could be developed to predict what 

share of water pumping operation during DG supplied energy can be shifted to grid supplied periods.  

To develop the new pumping schedule, first the daily water consumption and peak/off-peak consumptions 

must be determined. This is being done for each season using the water pumping schedule from Table 15 

and the pumping capacity data from Table 16. Latter also shows the storage tank capacities of the water 

treatment plants. The air blower pumps which are available at both water treatment plants are not taken 

into consideration for the WP-EC because they are only operated for short periods of time and there is no 

sufficiently detailed operation schedule available.  

Table 16: Water pump power and pumping capacity 

  Power Capacity 
Comment 

  kW L/h 

Water 
treatment 
plant 1 

RWP1 11.0 54,000 Operated 
alternating RWP2 14.7 72,000 

CWP1 5.5 18,333 
Operated 
simultaneously 

CWP2 5.5 18,333 

CWP3 5.5 18,333 

RWT1 168,000 L 

CWT1 300,000 L 

Water 
treatment 
plant 2 

RWP3 11.0 54,000 Operated 
alternating RWP4 14.7 72,000 

CWP4 11.0 54,000 Operated 
alternating CWP5 11.0 54,000 

RWT2 100,000 L 

CWT2 350,000 L 

RWP: Raw Water Pump; CWP: Clean Water Pump; RWT: Raw Water 
Tank; CWT: Clear Water Tank 

 

The daily water consumption for each season can be calculated using equation (15). 

 
𝑊(𝑑𝑎𝑦)𝑠 = �̇�(𝐶𝑊𝑃4) ∗ 𝑡𝐶𝑊𝑃,𝑊𝑇𝑃2,𝑠 +∑ �̇�(𝐶𝑊𝑃𝑖)

3

𝑖=1
∗ 𝑡𝐶𝑊𝑃,𝑊𝑇𝑃1,𝑠 (15) 

With s = season, �̇�(𝐶𝑊𝑃𝑖) = pumping capacity of clear water pump i, WTP = water treatment plant and 

tCWP,WTP,s = clear water pump operation duration of the respective water treatment plant and season 

(morning and afternoon operation combined). 
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To determine the difference between peak and off-peak consumption it is assumed that 70% of the daily 

water consumption is consumed during the peak periods in the morning and afternoon that make up 4.5 

hours of a day. The remaining 30% are consumed in the off-peak hours (13.5 hours a day; it is assumed that 

from 00:00h – 06:00h no water consumption is taking place). The results for daily as well as peak and off-

peak consumption can be seen in Table 17. 

Table 17: Daily, peak and off-peak water consumption 

 Spring Summer Fall Winter Unit 

Daily 1,119,467 1,297,682 1,465,515 1,107,355 L/d 

Off-peak 24,877 28,837 32,567 24,608 L/h 

Peak 174,139 201,862 227,969 172,255 L/h 

 

It can be seen, that indeed, the pumping capacity of the CWP1, 2, 3 and 4 combined is not sufficient to 

meet the peak consumption during no season of the year. The combined clear water pumping capacity is 

109,000 L/h while the lowest peak consumption (during winter) amounts to 172,255 L/h.  

To develop the new pumping schedule, it is necessary to determine the water storage level that is required 

to supply an entire peak period (morning and afternoon separately) solely by stored water from the CWTs 

(accounting for the worst case scenario where DGs are operating for the entire peak period). This can be 

done by dividing the total water demand during morning and afternoon peak respectively by the combined 

storage capacity of both CWTs. Furthermore, it is calculated how much time of pumping it takes to fill the 

CWTs to the required levels. The results are presented in Table 18. 

Table 18: Required water storage level and pumping time for peak period supply 

 
 

 Spring Summer Fall Winter 

Morning 
Peak 

Tank level L 348,279 403,723 455,938 344,510 

Share of tank capacity % 54% 62% 70% 53% 

Pumping time hh:mm 03:11 03:42 04:10 03:09 

Afternoon 
Peak 

Tank level L 435,348 504,654 569,923 430,638 

Share of tank capacity % 67% 78% 88% 66% 

Pumping time hh:mm 03:59 04:37 05:13 03:57 

 

Table 18 shows maximum required water tank level of 88% for the afternoon peak in the fall. This means 

that every peak period demand can theoretically be supplied solely by water from the storage. Assuming an 

empty clean water storage it takes between 03:09h and 05:13h to fill the storage to the level where the lowest 

demand peak period (morning peak winter) and the highest demand peak period (afternoon peak fall) 

respectively can be covered. This pumping time represents the minimum time that pumping needs to be 

initiated before a peak period. With 08:30h and 11:00h of time between the morning and afternoon peak 

and the afternoon and morning peak respectively, these results show that it is theoretically possible to 

operate the water pumps in a way that is independent from pumping operation during peak periods while 

satisfying its water demand. As mentioned before, elaborating a more detailed pumping strategy that gives 

precise decisions when to operate in order to minimize pumping operation during DG operation is out of 

the scope of this thesis. Only the technical feasibility of the approach is shown for the worst-case scenario 

(supplying peak period water demand solely by water from the storage and starting from an empty storage 

before each peak period). Chapter 9 will refer to required tasks to further elaborate all strategies in more 

detail. For executing the performance analysis of the WP-EC, from now on it is assumed that it is possible 

to shift 100% of pumping operation to times where electricity is supplied from the grid.  
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To evaluate the technical and financial performance of the WP-EC strategy, first the overlap of water 

pumping operation and DG operation must be determined. In this, it must be distinguished between the 

four different sets of pumps, RWP1/2 (a), CWP1/2/3 (b), RWP3/4 (c) and CWP4/5 (d) due to their 

differences in operation time and electricity consumption. Once that is done, the rest of the calculation 

methodology is analogous to the latter strategies. The energy savings potential is being calculated using the 

consumption of the pumps and the total operation duration. Applying the superordinate assumptions, 

monetary savings and emissions reductions can be determined and finally, the profitability of the strategy 

can be evaluated. As mentioned before, no additional control hardware is necessary for the WP-EC. Thus, 

no investment and O&M cost must be considered.  

1. Calculation of energy savings  

For each set of pumps, the number of their operations during DG operation must be determined as N(WP)g 

and the duration of each operation as t(WP)g,n (g represents the group of pumps a, b, c or d and n the 

specific operation of it). Following, the energy savings for each set of pumps can be calculated using 

equation (16). 

 
𝐸(𝑊𝑃)𝑔 =∑ 𝑃(𝑊𝑃)𝑔

𝑁(𝑊𝑃)𝑔

𝑛=1
∗ 𝑡(𝑊𝑃)𝑔,𝑛  (16) 

With E(WP)g = total energy consumption of water pump set g and P(WP)g = average pumping power of 

all pumps in the set of pumps g. 

By summing up the energy consumption of all sets, the total annual energy savings potential of the WP-EC 

can be determined.  

2. Calculation of monetary savings  

Since water pumping is not cut but deferred to times of grid supplied energy, the monetary savings must be 

calculated using the difference between the cost of electricity from the DGs and the cost of electricity from 

the grid. Equation (17) shows the correlation. 

 𝑆 = 𝐸(𝑊𝑃) ∗ (𝑐(𝐷𝐺) − 𝑐(𝑔𝑟𝑖𝑑)) (17) 

3. Calculation of emissions reduction  

Analogous to the calculation of the monetary savings, the emissions reduction is also calculated using the 

difference of the specific emissions between the DGs and the grid as shown in equation (18). 

 𝐸𝑀 = 𝐸(𝑊𝑃) ∗ (𝑒(𝐷𝐺) − 𝑒(𝑔𝑟𝑖𝑑)) (18) 

4. Profitability of the WP-EC 

In the case of the WP-EC, the payback period is not being determined because there is no investment to be 

made. However, the cashflow for a period equal to the project lifetime of the AC-OEC and the H-DEC 

can be presented.  

7 Results and Discussion of the Performance Analysis of 

DSM Strategies 

In this chapter, then results of the performance analysis of the DSM strategies are presented. This includes 

the three main pillars, energy savings, financial savings and emissions reduction. Furthermore, the 

profitability over the full project lifetime of the systems will be shown as well as a sensitivity analysis of the 

results to changes in input assumptions. The calculations have been conducted following the methodologies 

and using the assumptions described in chapter 6. 
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Results of the performance analysis of the AC-OEC 

Additionally to the superordinate assumptions and the specific assumptions for the AC-OEC, presented in 

chapter 6, a comfort temperature limit Tlim must be defined to predict the number of AC units operated at 

a specific time (compare equation (1)). The expected Tlim used in the performance analysis is 28 °C. This 

value is derived from experience of Tezpur university employees’ behavior with AC units. While the Indian 

government names 20 to 21 °C as office temperature setpoint for AC control, this value has found to be 

not accurate in the case of TU since there is no automatic control system in place. (Ministry of Power, 2018) 

In the results of the survey and in interviews, it has been shown that AC units are, in the vast majority of 

the cases, only used in summer where daytime temperatures vary between 25 and 35 °C. In order to show 

the influence of a variation of Tlim, the performance of the AC-OEC has been calculated for a temperature 

range from 22 to 32 °C. The results are depicted in Table 19. 

Table 19: Results of the performance analysis of the AC-OEC for different Tlim 

Temperature Comfort Limit 22 24 26 28 30 32 [°C] 
                

Statistics of AC-OEC Operation 

Number of Operations 210 197 177 138 102 41 [-] 

Minimum Duration 00:03 00:03 00:03 00:03 00:03 00:05 [hh:mm] 

Maximum Duration 04:48 04:48 03:33 03:00 03:00 02:10 [hh:mm] 

Average Duration 00:45 00:44 00:39 00:35 00:35 00:34 [hh:mm] 

Energy Savings 

Total Annual Energy Savings 54.8 51.1 42.7 32.4 25.2 11.9 [MWh] 

Share of total DG Generation 29.7% 27.7% 23.1% 17.6% 13.7% 6.4% [%] 

Share of total TU Consumption 1.1% 1.0% 0.9% 0.7% 0.5% 0.2% [%] 

Emissions Reduction 

Total Annual Reduction 45.8 42.7 35.7 27.1 21.1 9.9 [t] 

Share of total DG Emissions 29.7% 27.7% 23.1% 17.6% 13.7% 6.4% [%] 

Share of total TU Emissions 1.1% 1.0% 0.9% 0.7% 0.5% 0.2% [%] 

Financial Performance 

Total Annual Monetary Savings  
1,042.1 971.4 811.5 616.0 479.4 226.1 [kiR] 

12.5 11.7 9.7 7.4 5.8 2.7 [k€] 

Share of total Spending on DG 29.8% 27.8% 23.2% 17.6% 13.7% 6.5% [%] 

Share of total TU Spending 2.7% 2.5% 2.1% 1.6% 1.2% 0.6% [%] 
                

Total Investment Cost 7.7 [k€] 

Annual O&M cost 0,8 [k€] 
                

Payback Period 0.6 0.7 0.8 1.0 1.3 2.8 [years] 

Accumulated Savings Lifetime 270.3 249.1 201.2 142.5 101.5 25.5 [k€] 

 

For Tlim = 28 °C, there is 138 DG operations where AC units are being used in the offices and can be cut 

to reduce energy consumption. The maximum duration of these AC operations is 03:00 hours which is 

below the average willingness of staff to waive the use of their office AC (3.3h). The average duration of 

the AC-OEC is 35 minutes. The annual energy savings connected to the AC-OEC amounts to 32.4 MWh, 

which represents 17.6% of the total annual DG energy generation and 0.7% of the total annual TU energy 

consumption. The emissions reduction potential is 27.1 tons of CO2. The annual monetary savings are 7.4 

k€ (616 kiR). That is 1.6% of TUs total annual spending on energy. The initial investment of 7.7 k€ has a 

payback period of 1 year. Including the O&M cost and the hardware replacement every 10 years, a total of 

142.5 k€ in monetary savings can be generated with the AC-OEC over a project lifetime of 25 years.  
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Table 19also shows results of performance analysis of the AC-OEC assuming different values for Tlim. For 

Tlim < 28 °C, generally, higher energy and monetary savings, as well as emissions reduction are achieved. 

The reverse accounts for values of Tlim > 28 °C. With Tlim = 22 °C, a payback period of 0.6 years and total 

accumulated monetary savings of 270.3 k€ can be achieved. For Tlim = 32 °C on the other hand, the payback 

period rises to 2.8 years and the accumulated savings drop to 25.5 k€ over the entire lifetime.  

The variation of Tlim also shows an influence in the number and duration of the AC-OEC operations. At 

Tlim = 22 °C, the AC-OEC is controlling office AC units 210 time what corresponds to 78.7% of all power-

cut-induced DG operations. At Tlim = 28 °C this value accounts for only 51.7% and at Tlim = 32 °C only 

15.4%. At Tlim = 22 °C, the maximum cut of AC units due to the AC-OEC is 04:48 hours which is above 

the average willingness of staff to waive the use of their office ACs.  

Another sensitivity analysis is performed, varying the assumed replacement period of the hardware. 

Generally, 10 years is assumed as replacement period. However, deviations from this are expected to have 

a major influence on the total accumulated savings brought by the DSM strategy. Figure 29 shows the results 

of the performance analysis with a variation in replacement period of 2 to 10 years.  

 

Figure 29: Sensitivity analysis of the influence of the hardware replacement period 

It shows an exponential downward trend of the accumulated savings with a decrease in replacement period. 

At a replacement period of 2 years the accumulated savings drop to 50% of the initial value (10 years). At a 

replacement period of 6 years, the accumulated savings drop only 11%. 

Results of the performance analysis of the H-DEC 

In chapter 6.3, the assumption regarding the percentage of hostel appliances being left on during class hours 

was shown (see Table 13). These numbers of appliances being left on are the expected numbers of the TU 

engineering cell. A deviation in the number of left on appliances will lead to a difference in performance of 

the H-DEC. In Table 20, the results of the performance analysis of the H-DEC strategy is shown for the 

assumptions stated in Table 13 (100%) and for scenarios where less appliances than expected are being left 

on during class hours (80% - 40%).  

For the initially assumed number of left on appliances (Table 13), the H-DEC shows a total annual energy 

savings potential of 180.6 MWh of which 8.9 MWh are cut from DG generation. This amounts to a share 

of 4.8% of the total DG electricity generation and 3.6% of TUs annual energy consumption. In total, the 

emission of 148.2 tons of CO2 can be avoided (7.4 t of which from the DG operation). This represents 

3.6% of the total CO2 emissions of TU. The monetary savings potential amounts to 16.0 k€ per year (2.0 k€ 

of which due to reduction in DG operation). This is 3.4% of TUs annual spending on energy. With required 

investment of 14.5 k€ and O&M cost amounting to 1.4 k€ per year, a payback period of 0.9 years can be 

achieved and the accumulated financial savings account to 321.3 k€ during the lifetime of the system (for 

the base case). 
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Table 20: Results of the performance analysis of the H-DEC for different shares of appliances being left on 

Share of Appliances Left On 100% 80% 60% 40% [%] 
            

Energy Savings 

Total Annual Energy Savings 180.6 144.4 108.3 72.2 [MWh] 

Total Savings of DG Generation 8.9 7.1 5.3 3.6 [MWh] 

Share of total DG Generation 4.8% 3.9% 2.9% 1.9% [%] 

Share of total TU Consumption 3.6% 2.9% 2.2% 1.5% [%] 

Emissions Reduction 

Total Annual Reduction 148.2 118.6 88.9 59.3 [t] 

Total Reductions from Diesel 7.4 5.9 4.5 3.0 [t] 

Share of total DG Emissions 4.8% 3.9% 2.9% 1.9% [%] 

Share of total TU Emissions 3.6% 2.9% 2.2% 1.5% [%] 

Financial Performance 

Total Annual Monetary Savings 
1,336.1 1,068.8 801.6 534.4 [kiR] 

16.0 12.8 9.6 6.4 [k€] 

Total savings from DG operation 2.0 1.6 1.2 0.8 [k€] 

Share of total spending on DG 4.8% 3.9% 2.9% 1.9% [%] 

Share of total TU Spending 3.4% 2.7% 2.1% 1.4% [%] 
            

Total Investment Cost 14.5 [k€] 

Annual O&M cost 1.4 [k€] 
            

Payback Period 0.9 1.1 1.5 2.3 [years] 

Accumulated Savings Lifetime 321.3 241.2 161.0 80.8 [k€] 

 

In the 80% to 40% scenarios, the energy savings, the emissions reduction and the annual monetary savings 

show a decline that is directly proportional to the share of appliances considered to be left on. At 40%, the 

annual energy savings amounts to 72.2 MWh and the emissions reduction to 59.3 tons of CO2. The 

accumulated energy savings drop down to 80.8 k€ (25.2% of the value for the 100% scenario). This deviation 

inproportionality is due to the fact that the investment and O&M cost is constant throughout the scenarios.  

Fort the H-DEC, also the hardware replacement period was investigated as factor of sensitivity. In this 

strategy, hardware can be subject of faster wear because the inductive loads of lamps may stress the switches 

more than resistive loads. The sensitivity of the accumulated lifetime savings towards the replacement period 

can be seen in Figure 30. A similar downward trend of accumulated lifetime savings with lower replacement 

period as in the case of the AC-OEC can be seen. At 6 years replacement period, accumulated savings of 

292.4 k€ (91.0%) are achieved. At 2 years replacement period, 176.8 k€ (55.0%) are achieved.  

 

Figure 30: Sensitivity analysis of the H-DEC performance towards hardware replacement period 
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Results of the performance analysis of the WP-EC 

For this strategy, no additional assumptions had to be made to the ones described in chapter 6.4. With the 

assumption that 100% of the water pump operations during power-cuts can be deferred to times where grid 

electricity is available, following performance is achieved (Table 21). 

Table 21: Results of the performance analysis of the WP-EC 

Statistics of WP-EC Operation 

Number of Operations 292 [-] 

Minimum Duration 00:01 [hh:mm] 

Maximum Duration 04:32 [hh:mm] 

Average Duration 00:42 [hh:mm] 

Energy Deferral 

Total Annual Energy Savings 8.0 [MWh] 

Share of total DG Generation 4.3% [%] 

Share of total TU Consumption 0.2% [%] 

Emissions Reduction 

Total Annual Emissions Reduction 0.1 [t] 

Share of total DG Emissions 0.1% [%] 

Share of total TU Emissions 0.0% [%] 

Financial Performance 

Total Annual Monetary Savings 
97.8 [kiR] 

1.2 [k€] 

Share of total Spending on DGs 2.8% [%] 

Share of total TU Spending 0.3% [%] 
      

Total Investment Cost - [k€] 

Annual O&M cost - [k€] 
      

Payback Period - [years] 

Accumulated Savings Lifetime 29.3 [k€] 

 

The water pump operation is deferred for 292 times. That corresponds to 80.8% of all power-cuts. The 

average time of deferral is 42 minutes (minimum: 00:01 hours; maximum: 04:32 hours). With the WP-EC, 

8.0 MWh of energy (4.3% of DG generation, 0.2% of total TU consumption) can be deferred from DG 

generation to grid supplied energy. As shown in equation (18), the emissions reduction amounts to the 

difference in emissions produced by the DGs and the grid. Emissions reduction amount to 0.1 ton of CO2. 

The annual monetary savings are 1.2 k€. Due to the fact that no financial investment is necessary in this 

strategy, the payback period is equal to 0. The accumulated financial savings over 25 years have a value of 

29.3 k€.  

Combined results  

Combing, the expected scenarios (Tlim = 28 °C, 100% of assumed appliances left on, 100% of water 

pumping deferred to grid supplied time) of all three DSM strategies, following results can be achieved (Table 

22). 

 

 



-61- 
 

Table 22: Combined results of the performance analyses of the DSM strategies 

Energy Savings 

Total Annual Energy Savings 213.0 [MWh] 

Total Savings of DG Generation 49.3 [MWh] 

Share of DG Generation 26.7% [%] 

Share of TU Consumption 4.4% [%] 

Emissions Reduction 

Total Annual Reduction 175.4 [t] 

Total Reductions from Diesel 41.2 [t] 

Share of DG Emissions 26.7% [%] 

Share of TU Emissions 4.3% [%] 

Financial Performance 

Total Annual Monetary Savings 
2,049.9 [kiR] 

24.6 [k€] 

Total savings from DG operation 11.2 [k€] 

Share of DG spendings 26.7% [%] 

Share of TU Spendings 5.3% [%] 
      

Total Investment Cost 22.1 [k€] 

Annual O&M cost 2.2 [k€] 
      

Payback Period 0.9 [years] 

Accumulated Savings Lifetime 493.2 [k€] 

 

213.0 MWh (not including the energy deferred in the WP-EC) of combined energy can be saved from the 

AC-OEC and the H-DEC. Of this, 49.3 MWh (including the energy deferred in the WP-EC) of DG 

generated energy can be reduced. This corresponds to 4.4% of TUs total energy consumption and 26.7% 

of the total DG generation respectively. Following, 175.4 tons of CO2 emissions can be avoided, of which 

41.2 tons are related to DG operation. The annual monetary savings potential amounts to 24.6 k€ of which 

11.2 k€ of DG operational cost is saved (26.7%). With a combined investment and O&M cost of 22.1 k€ 

and 2.2 k€ per year respectively, a payback period of 0.9 years and accumulated financial savings (25 years) 

of 493.2 k€ can be achieved.  

7.1 Uncertainty Analysis of Results 

In general, the results obtained in this report represent estimations about the theoretical performance of the 

presented DSM strategies. These estimations shall be used for an evaluation, based on which decisions about 

future efforts towards implementation of demand side management at Tezpur university shall be made. All 

assumptions made during the calculation of the performance analysis have been made with the highest 

possible accuracy, given the data available in this report. However, in order to make more precise and reliable 

predictions about the technical, financial and sustainability performance of the individual strategies, 

additional efforts must be undertaken to collect more detailed input data (particular examples will be named 

in chapter 9). 

All calculations in this report are based on the historical data on water pump operation and DG operation 

(of 3 of the 5 DGs) from 2018. For the power-cut history, data from 2018 and 2019 has been analyzed. The 

level of representativeness of the data from 2018 for future years is a major area of uncertainty to the results 

of this work. Furthermore, it is assumed that the energy consumption, number of appliances and usage of 

appliances at TU stays constant in the future. This assumption was necessary to be made due to restrictions 

of the scope of this thesis. The same accounts for the superordinate assumptions that are presented in 
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chapter 6.1. Their values are also assumed to stay constant throughout the entire project lifetime of 25 years. 

Investment and O&M cost are based on online market research and may vary when negotiating with retailers 

or further analyzing the reliability and durability (influences the replacement period which has been 

investigated as matter of the sensitivity analyses for the AC-OEC and the H-DEC) of the devices.  

Within the AC-OEC particularly, the main matter of uncertainty is the comfort temperature limit. In the 

sensitivity analysis it has been shown how big the influence of Tlim is. Thus, for a reliable prediction of the 

savings from the AC-OEC, Tlim must be determined as precise as possible. For the performance of the H-

DEC, the number of appliances being left on during the respective time periods adds the biggest layer of 

uncertainty. The sensitivity of its impact has been shown in the results. In the WP-EC, the share of water 

pump operation that can be deferred to grid supplied time periods affects the potential savings. This share 

is depending on the development of a new flexible pumping schedule as it is described in chapter 6.4. 
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8 Conclusion 

The work presented in this report shows that there is considerable potential for energy savings, monetary 

savings and improvement of sustainability at Tezpur University by implementing demand side management 

strategies. The primary goal of this work was to identify and evaluate the potential for DSM strategies to 

reduce the generation of electricity from the Diesel generators because of its relatively high financial impact. 

The three strategies, AC-OEC, H-DEC and WP-EC, that were elaborated in this report are designed to 

minimize the operation of the DGs for the individual appliances targeted in them. At the same time, in the 

H-DEC, also savings potential during periods of grid supplied electricity is being estimated. 

With the three strategies combined, using the presented assumptions, the annual electricity generation by 

DGs can be reduced by 26.7%, from 184.4MWh to 135.1 MWh. This reduction can be achieved by 

compromising only on office air conditioning usage during 138 times of the year for only 35 minutes on 

average. The H-DEC does not compromise any level of comfort as it targets the energy wastage in the 

student hostels during class hours. The WP-EC is designed to defer all water pumping operation to times 

where electricity is provided form the grid. By implementing a new and more flexible pumping schedule, 

this is expected to be achievable without causing shortage of water at any time. Proportionately to the energy 

savings, emissions reduction from DG operation and financial savings of DG operations cost of 26.7% can 

be achieved. The total amount of CO2 emitted from burning Diesel at TU campus can be reduced from 

154.1 tons to 112.9 tons. The operational cost of the DGs can be reduced from 42.0 k€ to 31.8 k€.  

When including the energy savings that are additionally possible in the H-DEC during periods of grid supply, 

the total annual potential energy savings sum up to 213 MWh. This represents 4.4% of all energy consumed 

by TU university per year. For the CO2 emissions, 4.3% annual reduction can be achieved (175.4 tons). In 

terms of financial savings, 24.6 k€ in spending on electricity can be avoided annually. This corresponds to 

5.3% of the annual TU spending (467 k€). 

The DSM strategies AC-OEC and H-DEC combined are expected to require a total of 22.1 k€ of initial 

investment and 2.2 k€ of O&M cost annually. This leads to a payback period of the investment of less than 

a year (0.9 years). Over a lifetime of 25 years and with a hardware replacement period of 10 years, 493.2 k€ 

can be saved with the implementation of the proposed demand side management strategies.  

These results show the appropriateness to undertake further efforts to realize the implementation of one or 

more of the DSM strategies that are proposed in this work. As described earlier, all results are subject to a 

not negligible level of uncertainty due to the limited availability of data and the scope of this thesis. These 

uncertainties, however, can influence the results in both directions (better or worse performance of the 

DSM strategies). Required further steps to achieve better approximations regarding the performance of the 

strategies are presented in the final chapter. 

9 Future Work 

In this chapter, future steps are described that could lead to more reliable and more detailed results of the 

performance analyses of the DSM strategies. The main areas where further work is necessary are the data 

collection and analysis of operational data of TU campus. All operational data (power-cuts, DG operation, 

water pump operation, etc.) should be started to be monitored digitally. This is very easy to facilitate by 

having the operations personnel make notes in digital form instead of in logbooks. This allows to keep track 

of operational dynamics easier. However, since this is a rather long-term change, in order to make more 

precise statements about the DSM performance right away, more digitalization of available historical 

operational data must be done. This accounts for the power-cut history, the DG operation history and the 

water pump operation history. By analyzing a bigger dataset (of multiple years) the representativeness of the 

data can be evaluated, a historical trend can be identified and potentially extrapolated to predict the future 

operation conditions of the TU microgrid. Additionally, to the data collection that is already taking place at 
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TU campus, more data monitoring must be done. In this, the LuminGo LMUs can play a major role. More 

units must be installed in strategically important locations like: 

• Specific hostel appliances (to make better statements about the share of appliances being left on 

during class hours) 

• AC units (to evaluate the correlation of the use of ACs at specific temperatures) 

• Water pumps (to obtain detailed data necessary to develop a more flexible pumping schedule) 

• Diesel generators (to obtain more detailed data about the part-load operation of the DGs) 

• Distributed PV plant (to monitor the power generation from the PV plant) 

For the AC-OEC, additional consideration to be made include the evaluation of thermal comfort. This is 

important to ensure appropriate working conditions. Furthermore, investigations can be made about 

extending the approach towards a general AC control (also during times of grid connection) to optimize the 

energy consumption. For the WP-EC, flow measurement should be conducted to determine the exact water 

consumption during peak and off-peak periods. This is necessary to evaluate what share of water pump 

operation can be deferred during DG operation. For the H-DEC, additional investigations must be 

conducted to evaluate the impact of inductive and resistive loads on the durability of the control devices. 

Also, work must be done to group appliances together for centralized control. This is especially important 

for appliances in public spaces but can also mean that multiple rooms can be controlled with the same 

device in order to reduce investment and maintenance cost.  

Another consideration that should be investigated is to include a battery storage that can cover the short 

duration power-cuts which imply efficiency losses due to DG start-up. This can help reduce the number of 

DG start-ups what also reduces the wear of the generators.  

More market research must be done to confirm the selected hardware. Contact to manufacturers and 

retailers should be established to negotiate deals including bulk discounts and shipping.  

Finally, the calculation methodology to evaluate the lifetime savings and profitability of the DSM strategies 

must be adapted to potential predictions regarding the development of the energy consumption and the 

power-cuts at TU. More detailed project financing investigations can be made based on this additional data. 
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Appendix 1: Campus Maps 

A: Classification of Facilities 

 

Figure 31: Campus Map – Classification of Existing Facilities on TU Campus 
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B: List of Facilities 

 

Figure 32: Campus Map – Numbering of Individual Facilities 

Table 23: List of Facilities 

1 School of Eng. 17 School env. sciences 33 SCRMH 

2 Water tower 2 18 Economic buildings 34 PMH 

3 School of MBA 19 Academic building 35 Community hall 

4 Guest house 20 Cafeteria 36 Basketball court 

5 VC residence 

 

21 Auditorium 37 Sports field 

6 Staff quarters 22 Swimming pool 38 Activity center 

7 Academic building 23 Supermarket 39 Institute 

8 Powerhouse 24 Staff quarters 40 Library 

9 School of social sciences 25 Water tower 1 41 Dept. of chemistry 

10 Academic building 26 BWH 42 Administrative building 

11 SWH 27 PWH 43 Dept. of energy 

12 KWH 28 DWH 44 Volleyball court 

13 PMCWH 29 KMH 45 Tennis court 

14&b Diesel generators 30 NMH 46 School 

15 School of mass comm. 31 CMH 47 Residentail building 

16 School of MBBT 32 NWH 48 Health center 
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C: Appliances Map 

 

Figure 33: Campus Map – Location of Relevant Appliances 
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D: Distribution of Appliances 

 

Figure 34: Campus Map – Distribution of Relevant Appliances 
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Appendix 2: Single Line Diagram Tezpur University 

The single line diagram can be seen in an additional document that need to be requested from KTH. The 

Diagram is too big to fit it properly on a DIN A4 page.  
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Figure 35: Single line diagram of TU grid connection 
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Appendix 3: Additional Graphs of Grid Outage History 

Analysis  

 

Figure 36: Power-cut duration distribution among times of day and length of power-cut (2019) 

 

Figure 37: Distribution of power-cuts per month (2019) 

  

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

20%

Share of total duration

Share of number of power-cuts

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

0

5

10

15

20

25

30

35

40

45

P
er

ce
n

t 
[%

]

N
u
m

b
er

 o
f 

P
o

w
er

-C
u
ts

 [-
]

Number of power-cuts per month

Share of total power cuts duration



-76- 
 

Appendix 4: List of Substations and Connected Load 

 

Table 24: List of connected loads at the substations 

Substation 1 (2x315kVA) Substation 3 (2x315kVA) Substation 5 (2x315kVA) 

Connection Load [kW] Connection Load [kW] Connection Load [kW] 

RCC Women Hostel 54,1 CV Raman Hostel 140,0 Guest House 29,6 

Warden Quater 2,5 Workshop 12,4 Dept. of Mechanical Eng. 30,5 

Exchange Building 2,1 Laboratory 11,9 Dept. of Computer Science 39,1 

Central Water Treatment 34,2 TV Radio Studio 19,0 Dept. of Electr. and Comm. 28,8 

Warden Women Hostel 3,5 2 Stories Boys Hostel 73,0 Dept. of Food Processing 23,5 

Medical officer Quater No-1 3,0 Dept. of Chemistry 24,3 Cafeteria 5,0 

Medical officer Quater No-2 3,0 Dept. of Energy 24,7 Dept. of MBA 34,0 

Type VI Quater 4,2 Administrative Block 32,9 C-Type Quater 109,8 

Type VI Quater 4,2 Additional Load 80,0 Total 300,5 

Health Center 6,2 Security Lighting 3,8 Substation 1 (x100kVA) 

B-Type Residential Quater 64,0 Total 421,9 Connection Load [kW] 

Warden Quater 6,2 Substation 4 (2x315kVA) Type V No-1 5,8 

2 Stories Girls Hostel 51,2 Connection Load [kW] Type V No-2 5,8 

Sports Lighting 36,0 P&T Exchange 7,0 Type V No-3 5,8 

KBR 23,6 Academic Building-2 148,4 Type VI No-1 5,6 

Hostel 47,0 EPABX 8,9 Type VI No-2 5,6 

Total 344,9 Street Light 11,7 Security 0,5 

Substation 2 (2x315kVA) Shopping Complex 62,7 Type VI Colony 4,2 

Connection Load [kW] Dept. of MBBT 24,6 Type VI Colony 4,2 

Pabitora Madam Curie Host 120,0 Dept. of Environm. Sc. 24,6 D type Quater 15,1 

HSS Building 240,0 SAIL 24,0 Total 52,7 

Academic Building-1 97,5 Dept. of Mass Comm. 24,3 Substation 2 (x100kVA) 

C-Type Quater 48,8 Central Library 26,1 Connection Load [kW] 

Total 724,6 Total 362,3 Guest House  17,0 

      Guest House  9,0 

    Guest House General 8,9 

    Type V Quater 11,4 

    Total 46,3 
 

 

 


