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SUMMARY 
 

Energy consumption in buildings accounts for up to 40% of total energy 
consumption. In an effort to improve energy and environmental sustainability, 
buildings have been the target of a number of energy demand reduction strategies. 
Occupant behaviour in buildings is a key factor that significantly influences the energy 
consumption of buildings. Whilst researchers have focused considerable effort into 
understanding and developing strategies that address the impact of occupant behaviour 
on building energy consumption, the high-energy demand of buildings is considered a 
useful source of demand-side energy flexibility for the smart-grid. In addressing the 
influence of occupant behaviour in buildings and in harnessing the energy flexibility 
potentials of buildings, building energy management systems play a vital role. 
Traditional building energy management systems are however static and lack input of 
dynamic factors such as occupancy as well as occupant preference. In addition, 
traditional building energy management systems are limited in their ability to optimally 
coordinate the use of buildings energy flexibility without compromising occupant 
comfort on the room-level.  

This research thus aims to explore the use of increased sensor data and 
computational support for enhancement of energy management and energy flexibility 
in buildings. Specifically, the research focuses on the application of fine-grained 
information on building occupancy as well as multi-agent systems in enhancing the 
performance of traditional building energy management systems in office buildings.  

The research includes a thorough survey of existing systems in use in buildings for 
collection of occupancy information as well as a survey on multi-agent systems 
application in buildings for energy management and coordination of building’s energy 
flexibility for grid support services. Field experiments were conducted in an office 
building to evaluate alternative methods for obtaining fine-grained occupancy 
information that enhance energy management. Furthermore, a multi-agent system 
coordination framework was developed and assessed in the test-bed office building for 
coordination of occupant behaviour on the room-level and the building’s energy 
flexibility.  

The results from the research indicate that the availability and utilization of fine-
grained building occupancy information particularly on the building room-level can 
facilitate worthwhile energy savings. In addition, it also indicates that the use of multi-
agent systems in buildings can enhance coordination of occupant behaviour to achieve 
improved energy management and facilitation of buildings energy flexibility for grid 
support while maintaining comfort. 
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  INTRODUCTION  
 
 

 
The chapter provides the background 
and context of this research. It provides 
details of the scope, goals, objectives 
and outline of the thesis. The particular 
focus of this investigation is on the use 
of fine-grained occupancy information 
and multi-agents systems in enhancing 
energy management and utilization of 
buildings energy flexibility. 
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  INTRODUCTION  
 
 

1.1. Buildings, the Smart Grid and, energy and environmental sustainability  

Growing population and the corresponding increasing demand for electricity[1], 

climate change[2][3], rapid depletion of non-renewable energy sources and price 

volatility[4] are few amongst a number of factors that have fueled the drive for global 

improvement in energy and environmental sustainability within the built environment. 

These factors have in recent times compelled policy makers, engineers and researchers 

to rethink the structure, composition and future of the entire energy supply and 

demand infrastructure[5][6][7]. Hence in this direction, there has been growing focus 

on the development of strategies aimed at reducing emissions and improving energy 

efficiency in the built environment in the past few decades[8][9][10][11][12][13]. 

Given the energy-environment nexus and its impact on economic development, social 

development and environmental protection, various governments across the globe have 

also rolled out a number of initiatives and legislations to support the fight against 

environmental degradation and rapid depletion of non-renewable energy sources. In 

the United States for example, the Energy Information and Security Act (EISA) was 

enacted in 2007. The primary aim of EISA was “to move toward greater energy 

independence and security, increased production of clean renewable fuels, increased 

efficiency of products, buildings, and vehicles,”[14]. Similarly, the European Union in 

2009 enacted a similar set of legislations contained in “the 2020 climate and energy 

package” that aims to achieve 20% cut in greenhouse gas emissions (from 1990 levels), 

20% renewables and 20% improvement in energy efficiency by 2020[15]. More recently 

in April of 2016 in Paris[10], in a bid to combat climate and in support of environmental 

sustainability measures, 175 governments agreed to a long-term goal of keeping the 

increase in global average temperature to well below 2°C above pre-industrial levels. 

Though these legislations by itself do not improve energy and environmental 

sustainability, it has prompted actions that are contributing towards improved delivery 

of across board energy-efficiency measures. It has also contributed towards the 

proliferation of renewable and distributed energy resources within the existing energy 

infrastructure. 
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Within the built environment, buildings are responsible for a significant amount of 

energy consumption. As noted by the Energy Information Administration (EIA), 40% of 

total energy consumption in the United States in 2015 was in residential and commercial 

buildings, while in the European Union; about the same amount was also consumed in 

buildings[16][17][18][19]. Furthermore, with anticipated population and economic 

growth in developing and developed countries respectively, the energy demand of 

buildings is projected to increase by up to 50% if concrete steps are not taken to reduce 

energy demand and increase energy efficiency[20][21][22]. The building sector has thus 

being the target of a number of energy and environmental sustainability improvement 

strategies[23][24][25]. 

Toward efforts to improve energy performance and sustainability in the built 

environment, there has been growing emphasis on the application of decentralized 

renewable energy sources, storage sources as well as Demand Side Management (DSM) 

strategies in buildings. DSM as described by Palensky and Dietrich(2011)[26] and by the 

authors in [27] includes everything that is done on the demand side of an energy system 

to improve energy efficiency. From the perspective of buildings, these include measures 

such as: innovative building design[28], improved building insulation[29][30], use of 

energy efficient systems and strategies such as Light Emitting Diodes (LED), heat 

pumps, low temperature heating, high temperature cooling[31][32][33][34], as well as 

the use of sophisticated building control and management tools[35][36][37]. These 

measures also form the individual component part of the five step-method depicted in 

Figure 1-1[38].  

The five-step method is being promoted as an improved building design 

methodology over the Trias Energetica[39][38]. The Trias Energetica is a model 

commonly used in the Netherlands as a guide when pursuing energy efficiency and 

sustainability goals in the built environment. As depicted in Figure 1-1, the Trias 

Energetica method is composed of three steps in which various initiatives connected to 

efficient and sustainable use of energy in buildings are organized in order of priority. 

The proposed five-step method introduces two additional steps namely[38][40]:  
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Figure 1-1: The Trias Energetica method and the Five step method[38] 

I. Implement energy exchange and storage   

The proliferation of distributed energy resources and storage systems on the demand 

side of the energy infrastructure and in buildings in particular, has given  rise to the 

concept of the smart grid. Within the smart grid, prosumers (a consumer who also 

produces energy)[41] are expected to able to trade and exchange energy with the 

electrical grid. Though the concept of the smart-grid differs for different discipline, 

within the context of energy and environmental sustainability, it is considered the 

future electrical power infrastructure. It is also considered a solution to the current 

environmental as well as energy sustainability challenges[42][43]. The so-called ‘smart-

grid’ in this context would need to accommodate and support more renewable and 

cleaner generators with stochastic output, distributed energy resources, storage systems 

and new loads such as electric vehicles[43][44]. The smart-grid would also facilitate 

Building-to-Building (Bu2Bu), Building-to-Grid (Bu2G) and Vehicle-to-Grid (V2G) 

integration.  

The transition to the smart-grid is however not without its own challenges.  In this new 

era, keeping the balance between demand and supply, as well as using transmission and 

distribution capacity as economically as possible without overloading and blackouts 

become major challenges[44][45]. Guaranteeing the reliability and stability of the grid 

in the face of these challenges thus demands additional flexibility in the power system, 
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both in terms of transmission and  distribution capacities as well as flexible 

production[44][46][47].   

Flexibility in the context of power systems engineering as described by Ulbig 2014[48] 

and Lund et al. 2015[49] is the ability to cost effectively balance electricity supply and 

demand continually while also maintaining an acceptable service quality to connected 

loads. In the traditional electrical grid, flexibility is mostly obtained from supply side 

sources and large industrial consumers, aggregators and electrical storage 

systems[49][50][51]. Nevertheless, with growing demand for power flexibility due to the 

increasing share of renewable energy sources in the new/future greener and cleaner 

energy infrastructure, buildings are being considered as viable sources of energy 

flexibility[52][53][54][55]. The interest in buildings is centred on its significant energy 

demand and its consideration as a cost-effective and/or environmentally beneficial 

means for sourcing the required additional energy flexibility for the smart-

grid[56][57][58]. 

Buildings, both residential and commercial are thus increasingly being promoted as 

viable sources of useful and essential flexibility for support of the smart-grid through 

participation in demand response programs and other grid support programs[53][57]. 

Demand response is one of the mechanisms within demand side management[59]. As 

described by Siano 2014[43], it refers to “changes in electricity  use by customers from 

their normal consumption patterns in response to changes in the price of electricity 

over time, or to incentive payments designed to  induce lower electricity use at times of 

high wholesale market prices or when system reliability is jeopardized”. Buildings are 

considered a viable source of energy flexibility due to its huge energy demand and 

buildings are also increasingly becoming the target for demand response 

interventions[59][60][61][62]. As noted by the Universal Smart Energy 

Framework(USEF)[62], demand response is beneficial to energy providers as it: reduces 

investment in facilities specifically designed for peak-demand management, 

reduces grid congestion, avoids expensive grid upgrades, limits any penalties for failing 

to balance supply and demand. In addition, it is also beneficial to the consumer because 

it results in reduced electricity costs[63].  
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II. adapt building energy demand to its users 

Building occupants and their behaviour in buildings is considered a key factor that 

significantly influences buildings energy demand[64][65]. Occupants presence, actions 

and inactions in buildings can lead to a reduction or increment of up to one-third in the 

design energy performance of buildings[66][67]. The actions of occupants in buildings 

is also considered as one of the most significant sources of uncertainty in the prediction 

of building energy use[68]. In recent years, strict legislations and advancements in 

building envelope design technology has resulted in improved energy efficiency of 

buildings in most advanced countries[23][69]. 

 
Figure 1-2: Energy related components of occupant behaviour in buildings 

Occupants’ actions and behaviour in buildings nonetheless are considered the major 

cause of large discrepancies between predicted and actual building energy 

performances. This typically averages around 30% and reaches as high as 100% in some 

cases[70][71]. Although having no specific definition, occupant behaviour in buildings 

is often described in relation to activities that influence building energy 

consumption[72][73]. User presence, the use of building appliances and systems as well 

as the use of building controls as depicted in Figure 1-2 are typical activities used in 

describing occupant behaviour[64][74]. These actions directly and indirectly influence 

the energy use and energy performance of a building. 

Occupancy

• Presence
• Location
• Activity
• Identity
• Count
• Track

Use of 
building 
Controls

• Use of thermostats
• Use of lighting controls
• Use of operable windows
• Use of shadings

Use of 
Appliances

• Use of equipment
• Plug loads
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Occupant behaviour in buildings is in general a complex issue and has been the subject 

of a large body of academic research in the past few years[73][74][75][76]. The Energy 

in Buildings and Communities (EBC) annex 66 programme of the International Energy 

Agency (IEA)[77] was specifically established to investigate and provide better 

understanding of the influence of occupant behaviour in buildings. The Annex also aims 

to formulate solutions that address the negative impact of occupant behaviour on 

building energy performance. Even though a number of solutions such as provision of 

occupants with feedback[78][79], use of interventions  and encouraging behavioural 

changes[80][81] have been proposed in literature, solutions that make buildings less 

sensitive to negative occupant behaviours have  drawn more attention[38][82][83]. 

This is because unlike solutions that aim to change occupant behaviour in 

buildings[79][84][85], these solutions adapt building operations in such a manner that 

tend to diminish/counter the negative effect of  occupant behaviour on energy 

consumption with little or no additional burden on occupants. This solutions also 

eliminate rebound effects which is common with solutions that tend to try to encourage 

behavioural changes in occupants. In this context, the role of the Building Energy 

Management System (BEMS) is quite significant as the general objective of the BEMS is 

to satisfy occupants’ requirements for comfort while reducing energy consumption 

during building operation[66][82].  

 Building Energy Management System & Multi-agent system  

Building Energy Management systems noted by the EN 15232[37] standard, can lead 

to increased operational and energy efficiencies in buildings. BEMS provides 

information for operation, maintenance and management of buildings especially for 

energy management. BEMS as depicted in Figure 1-3 enables complex and integrated 

energy saving functions and routines that can be configured based on the actual use of 

a building subject to real user needs. Hence, avoiding needless energy use and carbon-

dioxide emissions[36][66][86]. Given the significance of occupant behaviour on 

building energy consumption, BEMS are in particular a useful building tool that 

facilitates adaptation of building energy demand to users as depicted in Figure 1-3.  

 



 

 

 8 

  INTRODUCTION  
 
 

 
Figure 1-3: The BEMS functions as indicated by EN 15232  

Although initially limited in scope to only the core building domains, with 

advancement in building technology and adoption of smart grid technologies, today’s 

BEMS provides coordination of other aspects such as: distributed energy resources, 

thermal and electricity storage systems[87][88](see Figure 1-4). These additional 

domains increase buildings value and energy flexibility potential.  

 
Figure 1-4: Increasing input and operational domain of BEMS 

Notwithstanding the introduction of these additional functions in buildings, the core 

functionalities of traditional BEMS has largely remained the same and undeveloped over 

the years[89][90][91][92]. While the communication and hardware technology of 

building controls has improved over the years, the control functions are still 

rudimentary, with very little use of supervisory control or embedded 

intelligence[25][86][90]. Traditional BEMS in most buildings are thus static and limited 

in their ability to process constantly changing and dynamic inputs such as occupant 
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behavior and user preferences. In addition, traditional BEMS are limited in their ability 

to effectively coordinate buildings interaction with the smart-grid [83][89][93][94]. 

A distinctive and common example is the use of fixed schedules and coarse-grained 

occupancy information in the operation of comfort systems in buildings[95][96]. 

Heating Ventilation Air-conditioning and Lighting (HVAC&L) systems account for 

more than 50% of the energy consumed in buildings[97][98]. Worthwhile energy 

savings can however be obtained from buildings when its operation is tailored to actual 

building occupancy information[99][100]. The utilization of fine-grained occupancy 

information for control of lighting systems in buildings for example, has been shown to 

have the potential to facilitate reduction in lighting energy use in by up to 50%[101][102]. 

Similarly, the application of fine-grained occupancy information for heating, ventilation 

and air conditioning systems has been demonstrated to have the potential to facilitate 

reduction in HVAC energy use by up to 40%[103][104].   

Furthermore, in equipping buildings for their role within the smart-grid, BEMS is 

required to facilitate the integration and interoperation of the various information 

sources within and outside buildings that have to interoperate as one homogenous 

system. As noted by Becker et al. (2015)[105], the BEMS is a key tool that can enhance 

buildings participation in grid support activities such as demand response. The low level 

of sophistication of current BEMS does however limit the scope and level of 

participation in grid support and interaction with the smart-grid[106]. Hence, toward 

efforts to improve the operational scope and level of sophistication of traditional BEMS, 

there has been emphasis recently on the application of increased sensor-data and 

computational intelligence tools in building energy management[83][107][108].  

Advancement in information and communication as well as low-cost sensor 

technologies such as wireless sensors[109][110][111] have accelerated interest in the 

application of increased sensor data and computational intelligence in building energy 

management systems[89][107][112][113][114]. The application of increased sensor-data on 

one hand facilitates better monitoring and management of buildings’ demand for 

energy based on inputs from actual building occupants and users[56][109][115]. In 

building operation, information on occupants’ presence is one of the key sensory data 
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that is essential for energy efficient operation of building systems[116]. Occupancy 

information is also one of the key components of occupant behavior that influences the 

energy performance of buildings[117][116]. Building occupancy varies throughout the 

day and it varies from building to building and organization to organization. In 

commercial office buildings in particular, occupants do not arrive and leave at the same 

time and occupants move through floors and spaces in a stochastic manner[116][118]. 

The use of increased sensor data and fine-grained building occupancy information can 

therefore lead to tailored delivery of comfort to occupants on the room level and 

enhancement of building energy management.  

The application of computational intelligence tools on the other hand  facilitates near 

real-time intelligent reasoning, processing and application of the obtained information 

to achieve optimal building performance with limited operator input[25][119][120]. The 

application of computational intelligence tools in building operation can in general be 

grouped under three main categories[35][107][121]: 

• Learning and prediction- These include tools such as expert systems[122], artificial 

neural networks[123][91][124], support vector machines[125], fuzzy tools[126] and 

Multi-agent based solutions[127] 

• Process optimization- These include a number of  linear and non- linear 

techniques[128][129][130][131] as well as  Multi-agent based solutions[132]  

• Energy management, control and diagnostics- This includes techniques such as 

fuzzy systems[133],model predictive systems[134][135], rule-based and supervisory 

control systems[136][137], as well as Multi-agent based solutions [138].  

1.2.1. Multi agent systems 

Multi-agent system (MAS) is a paradigm derived from the distributed artificial 

intelligence. MAS allows an alternative way to design distributed control systems based 

on autonomous and cooperative agents, exhibiting modularity, robustness, flexibility, 

adaptability and re-configurability[139]. Although there is no universally accepted 

definition of MAS, it is in general described as a loosely coupled network of software 

agents that interact to solve problems that are beyond the individual capacities or 
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knowledge of each problem solver[140]. Russel and Norvig[141] define an agent as an 

entity that can be viewed as perceiving its environment through sensors and acting 

upon its environment through effectors. Wooldridge and Jennings[142] state that an 

agent is a hardware and/or software-based computer system displaying the properties 

of autonomy, social adeptness, reactivity, and proactivity. Agents are highly distributed 

and have been suggested as a viable tool for solving complex control and coordination 

problems such as the coordination of the various elements of the  smart-grid in a 

rational and natural way[143][144].  

The concept of multi-agent systems is at an intriguing stage in its development as 

commercial strength intelligent agent applications have been developed in a number of 

sectors including buildings[108][140][145][146]. MAS has been proposed in buildings for 

enhancement of energy management and occupant comfort[89][147][78][148]. As noted 

by Huber et al 2015[149], the MAS approach guarantees an automated and self-learning 

commissioning process that could help improve buildings’ energy efficiency on a large 

scale. Furthermore, MAS is promoted as a viable tool for overall management of the 

smart-grid[143][150] and its use has been explored in buildings for coordination of 

buildings energy flexibility for grid support services[93][105][151][152]. Even though MAS 

is considered a viable computational intelligence tool for use in buildings for enhancing 

energy management and facilitating integration with the smart-grid, there are still very 

limited empirical studies that have demonstrated its added-value in buildings for 

enhancing energy management and coordination of building processes during 

participation in grid support activities.   

 Scope, context and contribution of this research  

Within the commercial building sector, office buildings as depicted in Figure 1-5 have 

the highest relative floor space and energy use in most countries[24][66][93]. In 

addition, commercial buildings are also usually equipped with more actuation and 

control possibilities. Furthermore, commercial office buildings are increasingly 

becoming host to a large number of renewable, electrical as well as thermal storage 
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systems thereby further increasing their value and importance within the smart-grid for 

demand-side energy flexibility.    

 

Figure 1-5: Energy use of Commercial buildings [EIA[153]] 

Therefore, the scope of this study is limited to commercial office buildings, 

particularly the traditional BEMS in office buildings. As noted earlier, the performance 

of traditional BEMS is limited by a number of inadequacies such as[86][89][132]: 

• Lacking input of dynamic information on occupant behaviour, articulate user 

preference and system behaviour - occupant behaviour, which includes building 

occupancy, occupants’ use of controls and appliances, are key parameters that 

influence the energy performance of buildings. Compared to the other attributes of 

occupant behaviour, building occupancy is a dominant factor in building energy 

evaluation because use of controls, lighting and plug loads, HVAC equipment 

utilization, fresh air requirements and internal heat gain greatly depend on the level 

of occupancy within a building[117]. The use of detailed  fine-grained occupancy 

information  in the energy management of buildings systems can thus yield energy 

savings of between 20-50%[154]. In addition, the availability of detailed information 

on building occupancy can also be exploited by the BEMS in the determination and 

utilization of a buildings useful available flexibility[155][156][157]. 
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• Lacking level of sophistication required for coordination of building systems and 

occupants in relation to buildings interactions with the smart-grid- The use of 

buildings flexibility for grid support services such as demand response often leads to 

conflicting and contradictory requirements. This is because buildings demand for 

energy primarily serves the purpose of providing a comfortable, healthy and safe 

indoor environment. Grid support services such as demand response do however 

often require reduction in the energy demand of building comfort systems, which 

might degrade comfort[157] i.e., visual, thermal and indoor air quality. In 

commercial office buildings in particular(which is the focus of this research),where 

a strong link between user comfort and productivity has been established[158], 

participation in grid support might not be beneficial to the building when 

considered directly in terms of user comfort, cost and efficient operation of the 

building[50]. 

 Research methodology 

Built 
Environment 

Building

Floor/Zone

Room

Workplace

Users 

Architectural systems and functional abstraction levels  

 
Figure 1-6: Building functional abstraction levels 

A typical office building equipped with a traditional BEMS was selected as test-bed 

for the study with the room-level as the core focus. This is because the room-level as 

depicted in Figure 1-6[159], is where occupants needs and behavior, system response and 

orientation effects give rise to contradictory requirements. Furthermore as noted by the 
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authors in [160], balance between occupant comfort and energy efficiency can as a first 

step be effectively achieved on the room-level.  

The hypothesis of this research is thus:  

a combination of fine-grained occupancy information and multi-agents 

coordination can enhance energy management and preservation of occupants 

comfort during buildings participation in demand response.    

Given the stated aim of this research, the methodology was divided into two parts: The 

first part was focused on occupancy detection techniques in building energy 

management, while the second part focused on the use of multi-agent coordination for 

enhancing energy management and buildings interaction with the grid. As depicted in 

Figure 1-7, lighting is the singular major electricity end user in commercial office 

buildings. Therefore, this study focuses on the use of fine-grained occupancy 

information for control of lighting to enhance energy management.   

 

Figure 1-7: Major electricity End users in commercial buildings[EIA[153]] 

Both analytical and empirical methods were applied in testing the research questions 

posed in each part outlined below: 

 



 

 

 15 

  INTRODUCTION  
 
 

I. Occupancy detection systems application in enhancing building energy management  

• What are the limitations of current existing and commonly used occupancy 

detection systems? -  

 This question was addressed through a detailed and analytical review of 
 literature; the strengths and limitations of commonly used occupancy detection 
 systems in building operations were outlined and summarized.   

• What alternative methods are available and applicable in buildings for obtaining 

fine-grained occupancy information? - 

 This question was addressed using the outcome of the literature survey as well as 
 through design and experimental evaluation of occupancy detection systems in 
 an office building. Based on the literature review outcome, three experiments 
 were defined to test specific methodologies to obtain fine-grained occupancy 
 information. 

II. Multi-agent systems application in enhancing building energy management 

• What are the benefits of multi-agent systems as a computational support tool in 

building operation and interaction with the smart-grid? – 

 This question was addressed through a detailed and analytical review of 
 literature; benefits of multi-agent systems in enhancing energy management and 
 utilization of buildings flexibility for demand response were outlined and 
 summarized. Based on the outcome of the survey, three experiments were 
 formulated to evaluate the advantages of MAS coordination for energy 
 management and demand response in a test-bed office building.  

 Thesis outline 

The thesis as shown in Figure 1-8 is comprised of seven chapters. This chapter has 

presented a general introduction, the scope, contribution as well as the aim and 

objectives of this study. Chapter two provides a detailed review on occupancy detection 

systems commonly used in commercial buildings for occupancy detection. Chapter two 

also provides a review on the application of multi-agent systems in buildings as a 

computational support tool. Emphasis was placed on the application of MAS in 

buildings for enhancing energy management and facilitating buildings integration with 

the smart-grid while maintaining occupant comfort.   
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Figure 1-8: Thesis Outline 

Chapters three, four and five are the methodology chapters. Chapter three provides 

details of the experiments on the design and evaluation of occupancy detection systems 

in the test-bed office building. In chapter four, details of the multi-agents frameworks, 

the performed experiments, the test-bed office building’s BEMS and the added-value for 

occupancy-based lighting control is presented. In chapter five, MAS application in 

coordination of the building’s energy flexibility is provided. Chapter six contains a 

discussion on the result from the experiments performed while the research outcome, 

conclusions and future research direction are provided in chapter seven.  

Chapter 
One 

•Introduction
•Scope, aim, hypothesis research questions and outline 

Chapter 
Two 

•Literature review
•Occupancy detection systems 

•Multi-agent systems application in building operation

Chapter 
Three

•Methodology part I
•Occupancy detection system design and evaluation

Chapter 
Four

•Methodology part II 
•MAS design and evaluation in occupancy-based lighting

Chapter 
Five 

•Methodology part III
•MAS design and application in building energy flexibility coordination

Chapter 
Six

•Results and discussion
•Effectiveness of  fine-grained occupancy information in building operation

•Benefits of MAS in building operation and for flexibility coordination

Chapter 
Seven

•Conclusion
•Answers to research questions

•Outcome  of  hypothesis
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1.6 Publication overview 

A substantial part of the text and results in this thesis was extracted from already 

published academic journals. Table 1.1 provides an overview of the various published 

articles. The contributions are to be considered joint with the respective co-authors.   

Table 1-1: Overview of publications 

Chapter Journal/Citation 
2 T. Labeodan, W. Zeiler, G. Boxem, and Y. Zhao, “Occupancy measurement in commercial 

office buildings for demand-driven control applications - A survey and detection system 
evaluation,” Energy Build., vol. 93, pp. 303–314, Apr. 2015. 
Y. Zhao, W. Zeiler, G. Boxem, and T. Labeodan, “Virtual occupancy sensors for real-time 
occupancy information in buildings,” Build. Environ., vol. 93, pp. 9–20, Nov. 2015. 
T. Labeodan, K. Aduda, G. Boxem, and W. Zeiler, “On the application of multi-agent systems 
in buildings for improved building operations, performance and smart grid interaction – A 
survey,” Renew. Sustain. Energy Rev., vol. 50, pp. 1405–1414, 2015. 

  
3 

 
T. Labeodan, K. Aduda, W. Zeiler, and F. Hoving, “Experimental evaluation of the 
performance of chair sensors in an office space for occupancy detection and occupancy-
driven control,” Energy Build., vol. 111, pp. 195–206, Jan. 2016 

  
4 T. Labeodan, C. De Bakker, A. Rosemann, and W. Zeiler, “On the application of wireless 

sensors and actuators network in existing buildings for occupancy detection and occupancy-
driven lighting control,” Energy Build., vol. 127, pp. 75–83, 2016 

  
5 K. O. Aduda, T. Labeodan, W. Zeiler, G. Boxem, and Y. Zhao, “Demand side flexibility: 

Potentials and building performance implications,” Sustain. Cities Soc., vol. 22, pp. 146–
163, Apr. 2016. 
K. O. Aduda, T. Labeodan, W. Zeiler, and G. Boxem, “Demand side flexibility coordination in 
office buildings: A framework and case study application,” Sustain. Cities Soc., vol. 29, pp. 
139–158, 2017. 
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This chapter provides a review of occupancy detection 
systems commonly used in buildings to enhance energy 
management as well as a review of multi-agents’ 
application in buildings for enhancing energy 
management. The chapter aims to provide answers to 
the first research question by identifying the drawbacks 
and limitations of commonly used occupancy detection 
systems. The chapter also discusses the benefits of MAS 
in building operation and interaction with the smart-
grid. A significant part of the content of this chapter is 
published in the following articles: 
T. Labeodan, W. Zeiler, G. Boxem, and Y. Zhao, 
“Occupancy measurement in commercial office 
buildings for demand-driven control applications - A 
survey and detection system evaluation,” Energy Build., 
vol. 93, pp. 303–314, Apr. 2015. 
T. Labeodan, K. Aduda, G. Boxem, and W. Zeiler, 
“On the application of multi-agent systems in buildings 
for improved building operations, performance and 
smart grid interaction – A survey,” Renew. Sustain. 
Energy Rev., vol. 50, pp. 1405–1414, 2015. 
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2.1 Occupancy information in building operation   

Traditional BEMS as noted in the preceding chapter lacks real time input of dynamic 

factors such as occupancy, occupant preference and information on use of appliances. 

In addition, if these information is available, traditional BEMS often lack the intelligent 

reasoning required for optimizing building processes based on these dynamic and 

distributed input[89][93]. Consequently, as noted in the preceding chapter, towards 

improving the level of sophistication of traditional BEMS, there has been focus on the 

use of increased sensor data providing particularly fine-grained occupancy 

information[21][101][161][162].  

Moreover, the use of fine-grained occupancy information is not only limited to the 

management of building processes for improved building energy performance. Fine-

grained occupancy information is also essential for the determination and exploitation 

of buildings’ energy flexibility for use in grid support services such as demand 

response[155][156][157][163]. Because of the growing importance of building occupancy 

information on both energy efficiency and flexibility related processes in buildings, 

researchers have been actively exploring possibilities for obtaining fine-grained 

information on building occupancy[99][154][164][165].  

Occupancy information can be obtained from various multiple sources in buildings 

and this includes explicit occupancy detection systems such as motion sensors and 

Carbon-dioxide(CO2) sensors[166][167], as well as implicit systems such as digital 

computers, Wireless fidelity(WI-FI) access points as well as temperature measurement 

systems[100][164][168]. Explicit occupancy detection systems though described in detail 

subsequently, in this context refer to systems installed in buildings for the primary 

purpose of occupancy detection.  Implicit occupancy detection systems on the other 

hand, refer to systems not installed primarily for occupancy detection, but from which 

information on building occupancy can be determined. Irrespective of the source,  the 

occupancy information provided by most occupancy systems is composed of one or 

more of six properties depicted in Figure 2-1 namely[169][170][171]: presence, location, 

count, activity, identity and track. 
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Figure 2-1: Components of fine-grained occupancy information  

• Presence- this relates to information on when occupants’ are present or absent in a 

particular space or room in a building   

• Location-refers to “Where” occupants’ are present in a building  

• Count- refers to information on the number of occupants present in a particular space, 

room or location within the building at any particular time 

• Activity- refers to information on the activity being carried out in a particular location, 

space or room at any particular time in a building 

• Identity- refers to information on who is present at particular location or space at any 

particular point in time 

• Track- refers to information on occupants' trajectory or movement history through 

locations within a building 

In addition to classification of occupancy detection systems based on the granularity of 

occupancy information provided, occupancy detection systems can also be classified 

using the following properties[96]:  

Method- This property refers to the detection technique utilized i.e., whether the 

detection system is device-free or not.  Some occupancy detection systems such as those 

based on wireless signals including devices equipped with Wi-Fi, Bluetooth, Ultra-

Wideband (UWB)[172][173][174] and others, usually require occupants to have a device 

on their person at all time[120][175]. On the other hand, detection systems such as 

Passive Infrared (PIR) and carbon dioxide systems do not require building occupants to 

be in possession of any device. The former systems are termed terminal based, while the 

latter are termed non-terminal or device free systems[176].  

Function- This property relates to the level of information provided by the occupancy 

sensor. While some detection systems are able to provide information on the occupants' 

identity and exact coordinates within the building, other detection systems are only able 
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to provide information on occupants’ presence and location. PIR sensors for example 

are only able to provide information on occupant’s presence and fixed coordinates 

whereas Radio Frequency Identity (RFID) tags are able to provide information on 

occupants’ identity as well as occupants coordinates in a mapped building[96][170].The 

former systems in this case are termed individualized systems while the latter systems 

are termed non-individualized systems[96].  

Infrastructure- This property relates to the primary function of the detection system. 

Some detection systems are installed for the sole purpose of occupancy detection in 

buildings and this includes PIR and ultrasonic sensors[101][166]. On the other hand, 

some systems such as smart-phones [100][177][178] provide the secondary function of 

occupancy detection. Systems with the primary function of occupancy detection are 

termed implicit systems[154].  

In the following sub-sections, using the descriptors discussed above, a review of 

occupancy detection systems commonly used in buildings to enhance energy 

management is analyzed and discussed.      

2.2 Occupancy detection systems  

I. Passive infrared sensors  

All objects with a temperature above absolute zero emit heat energy in the form of 

radiation. The emitted infrared radiation is invisible to the human eye but can be 

detected by electronic devices such as PIR sensors.  PIR sensors detect thermal radiation 

from the human body in the wavelength range 8μm to approximately 14μm[179] when 

a human object arrives in its proximity. In principle, PIR sensors detect the energy given 

off by objects within its line of sight[180].  

Table 2-1: PIR sensors  
 
 

PIR 
sensors 

Presence  Location  Count Activity Identity  Track 
            

Method Function Infrastructure 
 

Non-terminal 
 

Terminal 
Non-

individualized 
 

Individualized 
 

Explicit 
 

Implicit 
            

 

http://en.wikipedia.org/wiki/Absolute_zero
http://en.wikipedia.org/wiki/Heat
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PIR sensors, due to their ease of installation, low maintenance and power consumption, 

small form factor, as well as the unobtrusive and privacy-preserving interaction, are one 

of the commonly used occupancy detection system in buildings[166][181][182]. Despite 

their popularity, PIR sensors however have a few drawbacks that hamper their use in 

buildings for occupancy detection[183][184]. 

A common drawback of PIR sensors is ‘False-off’ or ‘False-negative’ errors[101][103]. 

These errors occur mostly when occupants are still for a long-time and do not make any 

movement. Furthermore, false motion alarms may be caused by moving masses of air, 

heat as well as trees blowing in the wind and reflection from cars passing. Secondly, PIR 

sensors are only capable of providing information on occupants’ presence and absence 

in a space[185] as heterogeneous detection systems. Although additional information 

such as track[181][166] and count[186] as outlined in Table 2-1 can be obtained from the 

sensors, it does however requires the use of multiple sensors and advanced 

computational support techniques.  

II. Ultrasonic and sonar based detection systems 

Ultrasonic detectors are another technology used in commercial buildings. Unlike their 

PIR counterparts, ultrasonic sensors are active devices: they emit ultrasonic sound 

waves, and receive the sound energy reflected back to the sensor from the 

environment[187][188][189]. The time of arrival, strength and angle of arrival of the 

reflections in the environment are some of the parameters used by the sensor to 

determine occupancy[190][191]. Even though these qualities offer improvements over 

PIR sensors, the sensors also have some drawbacks.   

Table 2-2: Ultrasonic sensors  
 
 

Ultrasonic 
sensors 

Presence  Location  Count Activity Identity  Track 
            

Method Function Infrastructure 
Non-terminal Terminal Non-

individualized 
Individualized Explicit Implicit 

            
 

The emitted signals from the sensors are attenuated significantly by obstructions like 

walls and may create difficulties for estimating actual location of human object[180]. 
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Ultrasonic detection systems are also susceptible to false positives errors  triggered by 

vibrations such as the air turbulence from HVAC systems or  printers[192]. In addition, 

as outlined in Table 2-2, the sensors are also only able to provide occupancy information 

on user presence and cannot provide information on track, count and identity. 

III. CO2 based detection systems 

Exhalation of CO2 is a natural phenomenon for humans. The concentration of CO2 in a 

space can hence provide an indication of occupancy in a space provided humans are the 

only major source of CO2 production[193][194]. CO2 sensors are also used in buildings 

as an indicator for indoor environmental quality as it is one of the most commonly 

available gas in polluted air[98][195]. The measurement of the CO2 concentration in a 

space as outlined in Table 2-3 can hence be used in determining occupancy information 

on presence[167][196], count[197] as well as user activity level[176][195]. CO2 based 

occupancy detection systems do however have a few drawbacks as well.  The main 

drawbacks of CO2 sensors are its susceptibility to environmental factors and its slow 

reaction time[180]. The authors in [198] showed the reaction time of CO2 sensors as 

typically between 10–20 minutes. In addition, factors such as the space layout, 

ventilation rate, sensor location, wind, pressure and temperature difference can 

adversely affect the reaction time of the sensors[176][199].  

Table 2-3: CO2 sensors  
 
 

CO2 
sensors 

Presence  Location  Count Activity Identity  Track 
            

Method Function Infrastructure 
Non-terminal Terminal Non-

individualized 
Individualized Explicit Implicit 

            

 

IV. Image detection systems 

With growing interest in the development of detection systems having the ability to 

provide fine-grained occupancy information in buildings, the use of imaging devices 

such as cameras have also been investigated by a number of researchers 

[200][201][202][203]. The authors in [200], developed an image-based method for 

unsupervised real-time room occupancy detection with room. The developed system 
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was able to detect and track multiple persons of various heights moving in different 

directions within the camera’s field of view. In another study, the authors in [202] 

developed an image-based occupancy detection system using a low-cost thermal 

infrared sensor co-located with a wide-angle camera. The developed system provided 

improvement to the tracking capability of image-based systems as it was concluded to 

be capable of robustly tracking people in indoor environments over long periods. 

 Table 2-4: Image based detection systems  
 
 

Image 
sensors 

Presence  Location  Count Activity Identity  Track 
            

Method Function Infrastructure 
Non-terminal Terminal Non-

individualized 
Individualized Explicit Implicit 

            
 

Though image based systems  as outlined in Table 2-4 are able to provide occupancy 

information on presence, count, location, identity, activity and track, its application in 

buildings for process control is hampered due to issues bordering on ethics and user 

privacy[96]. In the indoor environment, some factors, such as serious occlusions and 

rapid change of occupant scales, can cause errors in the tracking. Furthermore, 

advanced computational support tools are required for obtaining occupancy 

information from large data output from these systems[168][184][204].  

V. Sound detection systems 

The measurement of sound waves in a space is another phenomenon that is currently 

been studied for use in buildings for occupancy detection[205][165]. The authors in [205] 

developed a network embedded acoustic processing system for estimating the 

occupancy level in rooms and buildings. Making use of 8 microphones, an estimation 

algorithm was also developed for determining the number of people in a space.  
Table 2-5: Sound based detection systems 

 
 

Sound 
sensors 

Presence  Location  Count Activity Identity  Track 
            

Method Function Infrastructure 
Non-terminal Terminal Non-

individualized 
Individualized Explicit Implicit 
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Although impressive results were recorded, audio-based systems are also seldom used 

in buildings due to the need for expensive equipment and advanced signal processing 

techniques[206]. Sound based detection systems as outlined in Table 2-5 are able to 

provide occupancy information on user presence and location. 

VI. Device-based wireless detection systems 

Wireless enabled devices such as mobile phones, laptops, and smart watches have also 

been evaluated in buildings for occupancy detection[172][177][207]. Device based 

wireless detection systems are usually composed of a transmitting device (usually  

carried by the user) and a receiving node (usually static), which allows for either the 

measurement of the energy or timing of the response echo of a transmitted signal by 

the receiving node[174][208]. The transmitted signal may consist of short series of pulses 

or a modulated radio signal. Device based wireless detection systems can in addition to 

providing occupancy information on presence and locations provide information on 

user identity. Furthermore, as shown in Table 2-6, device based wireless detection 

systems can also be explicit and implicit detection systems.  
Table 2-6: Device based localization wireless systems  

 
Non-

device 
free 

wireless 
systems 

Presence  Location  Count Activity Identity  Track 
            

Method Function Infrastructure 
Non-terminal Terminal Non-

individualized 
Individualized Explicit Implicit 

            
 

Device based wireless systems do however have a few drawbacks that limit their 

application in buildings. Wireless signals such as Wi-Fi for example, are able to 

penetrate through walls therefore making them prone to false reads[100][178]. 

Additionally, being device based, occupants are required to have on their person a 

device from which occupancy is determined. Occupants can however not be completely 

relied upon to constantly be in possession of such a device.  

VII. Device free wireless based systems 

Given some of the limitations of device based wireless detection, particularly the 

challenging task of getting occupants to constantly be in possession of a device in order 
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to be detected, Device Free Localization(DFL) systems were introduced[184]. DFL 

exploits the fact that the radio signals propagate across different environments where 

the signals can be reflected, diffracted, scattered or absorbed by many objects in the 

propagation paths[180].  The Human body thus partially absorbs a radio signal, thus 

decreasing the received signal strength (RSS)[183][209].The authors in [210] evaluated 

the performance of DFL in a building and observed that DFL systems purely aimed at 

indoor applications could be prone to give feedback related to events that take place 

outside the desired area. In addition, the number of people present in a space is still a 

challenge for the DFL technology. Though DFL detection systems as outlined in Table 

2-7 are able to provide occupancy information on user presence, location, track, activity 

and identity, more research, it is still a developing technology and seldom used in 

buildings for occupancy detection.  

Table 2-7: Device free detection 
 

Device 
free 

wireless 
detection  

Presence  Location  Count Activity Identity  Track 
            

Method Function Infrastructure 
Non-terminal Terminal Non-

individualized 
Individualized Explicit Implicit 

            

 

VIII. Building appliances  

With increased awareness for energy conservation and advancement in information and 

communication technology, electrical power measurement sensors, which were 

hitherto costly devices, are now increasingly used in buildings[115][186][211]. Power 

meters are at times installed on building appliances such as printers, personal 

computers and display monitors.  

Table 2-8: Building appliances  
 
Appliances  

Presence  Location  Count Activity Identity  Track 
            

Method Function Infrastructure 
Non-

terminal 
Terminal Non-

individualized 
Individualized Explicit Implicit 
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The analysis of the energy consumption profile of these meters as outlined in Table 2-8 

can be used to obtain occupancy information on occupants' presence and location. The 

application of power measurement systems in demand driven control application is 

however still limited due to the coarse–grained nature of the provided occupancy 

information.   

IX. Computer applications  

The use of computer and mobile phone applications for occupancy detection in 

buildings has also being explored by a number of researchers[97][212][213].  

Table 2-9: Computer applications 
 
Computer 

applications 

Presence  Location  Count Activity Identity  Track 
            

Method Function Infrastructure 
Non-

terminal 
Terminal Non-

individualized 
Individualized Explicit Implicit 

            
 

Personal computers as outlined in Table 2-9 are implicit building appliances and as 

building occupants often spend significant amount of time on them  it’s a source from 

which occupancy information can be deduced[97]. 

By installing an application that can detect keyboard and mouse usage, the authors in  

[212] and [213] were able to obtain occupancy information on presence and location. 

Though a low-cost means of obtaining occupancy information in buildings, its use is 

still limited due to user privacy and computer data security, as well as false negative 

errors. 

X. Sensor fusion  

As noted from the preceding sections, most occupancy detection systems commonly 

used in buildings suffer from one drawback or the other that limits their use in 

buildings. Towards effort to address the limitations of individual heterogeneous 

detection systems, researchers have often explored the use of fusion of multiple 

sensors[99][109][120][168][214]. Composed of multiple different sensors or same 

sensors, the resulting detection system compensates for the drawback of each individual 
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sensor that makes up the system therefore facilitating the availability of fine-grained 

occupancy information.  
Table 2-10: sensor fusion 

 
 

Sensor  
Fusion  

Presence  Location  Count Activity Identity  Track 
            

Method Function Infrastructure 
Non-terminal Terminal Non-

individualized 
Individualized Explicit Implicit 

            
 

As a proof of concept, the author in [214] designed an occupancy detection sensor 

network in an open-plan space of an office building using a combination of CO2, 

acoustic, and PIR sensors as well as a thermal imaging camera. The resulting detection 

system was shown to be able to provide occupancy information on presence, count, 

location, track and activity. Using three PIR-based modules, each consisting of two pairs 

of PIR sensors orthogonally aligned, the authors in [166] were able to obtain information  

on track and identity. Similarly, using a pressure, PIR as well as  acoustic sensors, the 

authors in [212], were able to obtain fine-grained occupancy information on occupants' 

presence as well as user activity. Similarly using a combination of sound, motion 

sensors, carbon dioxide, and door state sensors, the authors in [147] were able to 

determine occupancy information on count and user presence. In addition, to facilitate 

use of the information provided by the multiple sensors in the system by the BEMS, 

computational intelligence based on the MAS paradigm was also applied for process 

control in real-time and for prediction.  Sensor fusion as outlined in Table 2-10 can thus 

facilitate the availability of fine-grained occupancy information on user presence, 

location, count, activity, track, and identity for enhancing energy management in 

buildings.  

2.3. Discussion   

Although fine-grained occupancy information plays a key role in enhancing the 

energy performance of buildings through tailored delivery of lighting, heating, 

ventilation and cooling to spaces based on actual building occupancy information, most 

common sensors used in buildings for occupancy detection have inherent drawbacks. 

These limitations as outlined in Table 2-1 to Table 2-10 in relation to the sensors ability 
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to provide occupancy information on user presence, count, location, track, activity and 

identity significantly hamper their performance in buildings for energy management.  

PIR motion sensors for example are practically one of the most commonly used 

occupancy detection system in buildings for enhancement of energy management 

[166][206]. Due to their susceptibility to errors resulting from still occupants, time-

delays which typically varies between 5 to 20 minutes are often utilized when applied in 

buildings for occupancy based control of lighting systems[101][192]. Higher energy 

savings can be realized with a low time delay, but a low time delay value could also lead 

to false triggers where the lights are switched off when spaces are still occupied. False 

triggers could lead to user dissatisfaction and discomfort[215].    

Sensor fusion as can be deduced from the survey is a cost effective way of addressing 

the shortcomings of heterogeneous occupancy detection systems Moreover, with 

growing advancement in wireless sensor technology, multiple common occupancy 

detection systems can be easily fused to form a robust occupancy detection 

network[109][216]. Though wired solutions are preferred in majority of cases, wireless 

devices are becoming more prevalent due to improvement in communication link 

speed, security, and battery technology[217][218]. Wireless sensors can now boast of 

batteries having average life spans of up to six years. Wireless sensors as a result 

nowadays replace, or in some cases augment, traditional hard-wired solutions, therefore 

facilitating the realization of sensor fusion in buildings. Sensor fusion in addition to 

enabling the availability of detailed and fine-grained occupancy information also 

facilitates the application of computational support tools such as data mining[180], 

prediction[185], learning and intelligent building monitoring, control as well as 

diagnostics[147][117][162].  

2.4. Multi-agent application in building management  

Agents as noted earlier are sophisticated computer programs that act autonomously 

on behalf of their users, across open and distributed environments, to solve complex 

problems. A number of computational support techniques such as expert 

systems[122][219], genetic algorithms[130][220], artificial neural networks[123][132], 
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fuzzy logic[83] and other offshoots of artificial intelligence[25][107] have been applied 

in buildings for data-mining, learning, prediction and control. Computational tools 

based on the MAS paradigm are nonetheless gaining widespread application based on 

its distributed, parallelism, autonomous and scalability capabilities[83][108]. 

Furthermore, MAS is considered advantageous because[108][140][221][222]: 

• It distributes computational resources and capabilities across a network of 

interconnected agents.  

• It allows interconnection and interoperation of multiple existing legacy systems 

• It models problems in terms of autonomous interacting component-agents, which 

is proving to be a more natural way of representing generation, distribution, and 

supply 

• It efficiently retrieves, filters, and globally coordinates information from sources that 

are spatially distributed and provides solutions in situations where expertise is 

spatially and temporally distributed 

• It enhances overall system performance, specifically along the dimensions of 

computational efficiency, reliability, extensibility, robustness, maintainability, 

responsiveness, flexibility, and reuse. 

In building operation, the application of MAS has followed two main directions 

[108][223][224][225][226]: 

I. Enhancing energy management   

Although the concept of multi-agents  has intuitive appeal for dealing with complex 

systems and  has received considerable commercial and academic interests over an 

extended period[140], its first empirical application in buildings was demonstrated by 

Huberman & Clearwater[227] in 1995 at the Xerox-PARC laboratory. The designed MAS 

system was based on a market/auction based framework. As noted by the authors in 

[227], prices and auctions greatly facilitate resource management in human societies. 

Auctions are an effective mechanism for redistributing goods based on the ability of 

participating agents to pay for them. The same concept could however be considered 
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applicable in managing resources for other applications such as building services 

systems as depicted in Figure 1-3.  

Within a market/auction framework, agents competitively negotiate and interact in a 

purely electronic market through auctions[228][58]. Agents submit competitive bids for 

a shared resource of commodity and an auctioneer computes a general equilibrium (i.e. 

a set of prices such that supply meets demand for each commodity). In a highly 

distributed environment, a number of auctioneers are used in a hierarchical fashion so 

as to reduce the computational burden[229]. Using this market concept[227], heat and 

cold were offered as the commodity in the test-bed office building. Individual rooms 

fitted with variable air volume boxes were represented by room agents who were able 

to make bids for lesser or more air depending on the set-point temperature in the rooms. 

The auctioneer agent was the system’s umpire. It was tasked with collecting bids from 

all agents and determining the sell price.   

A few conclusions can be drawn from this study by Huberman & Clearwater[227];  

(i) it points to the inadequacies of traditional BEMS in that the available 

actionable information from the rooms were not intelligently exploited 

(ii)  it demonstrated the viability of MAS in addressing these limitations 

(iii)  though efficient exchange of air was hindered by the location of the air ducts, 

the MAS coordinated system was shown to reduce deviations between the set 

point and room temperatures. 

However in a comparative study by the authors in [230], it was demonstrated that the 

primary driver of the performance gain was the ability of the MAS  to access and harness 

both global and local information, which the conventional control system could not 

access. While not diminishing the significance of the pioneering work by Huberman 

and Clearwater, Ygge et al.(1999)[230] further demonstrated that the conventional 

control system could even outperform the auction-based MAS if it had access to the 

same global information. Notwithstanding, following  the noteworthy results from the 

study by Huberman and Clearwater[227], a significant number of researchers have also  

exploited its use in buildings as outlined  in Table 2-11[108][223].  
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Table 2-11: MAS application in office buildings for enhancing energy management and user comfort 
Study Coordination method Building type Implementation Year 

Huberman & Clearwater[227] Market –based Commercial Field-test 1995 

Davidsson and Boman[231] Non-market based Commercial Field-test 1999 

Mo[232] Non-market based Commercial Conceptual 2002 

Qiao et al.[233] Non-market based Commercial Conceptual 2006 

Zeiler et.al. [234] Non-market based Commercial Field-test 2006 

Wall et al[235][236] Non-market based Commercial Field-test 2007 

Duan & Lin [237] Non-market based Commercial Simulation 2008 

Abras[238] Non-market based Residential  Simulation 2010 

Bin et al[239] Non-market based Commercial Conceptual 2010 

Spirleanu & Diaconescu[240] Non-market based Commercial Conceptual 2011 

Fortino & Guerrieri[241] Non-market based Institutional Field-test 2011 

Liu et al[242] Non-market based Institutional Simulation 2011 

Mamdi et al[147] Non-market based Institutional Field-test 2011 

Klein et al. [89][243] Non-market based Institutional Simulation 2012 

Wang et al.[244][245] Non-market based Institutional Simulation 2012 

Lacroix et al.[246] Non-market based Commercial Simulation 2012 

Kelly and Bushby[247] Non-market based Commercial Simulation 2012 

Mokhtar et al[132] Non-market based Institutional Simulation 2013 

Yu et al[78] Non-market based Commercial Field-test 2013 

Urieli & stone[127] Non-market based Commercial Simulation 2013 

Lin et al.[248] Non-market based Commercial Conceptual 2015 

Al-Daraiseh[222] Non-market based Institutional Field-test 2015 

Huber et al     

 

Davidsson and Boman[231][249] for example, developed a MAS coordination system, 

which unlike the MAS framework developed by Huberman and Clearwater[227] was 

non-market based. The goal of the agents was to achieve energy saving while ensuring 

occupants satisfaction. In achieving this, the MAS relied on multiple information 

sources within the building including occupancy, user preference and appliances energy 

use. In addition, the developed MAS also incorporated a real-time decision module that 
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provided advice in generic situations, and uses information provided by the agents 

themselves at query time, e.g., in the form of decision trees with probability and utility 

assessments.  

The MavHome[250] project is another MAS-oriented approach applied in buildings. 

The MAS design was composed of a set of agents able to communicate through a 

hierarchical interconnection schema for control and information flow.  Zeiler et al. 

2006[234] as part of the SMART (Smart Multi Agent inteRnet Technology)/IIGO 

(Intelligent Internet mediated control in the built environment) developed an 

intelligent agent based system for optimization of user perceived comfort and energy in 

buildings. In this case, a utility function that weighed occupant comfort deviation with 

respect to the preferred comfort against cost and energy use was defined. Through field 

tests conducted in an office, the authors[234] showed that the agent based system 

yielded positive improvement in the energy efficiency of the test bed. 

Yang and Wang[245][244] also proposed a MAS based systems for improving the level 

of sophistication of BEMS. Composed of three types of agents namely: central, local and 

personal agents. Personal agent communicates with local agent to provide information 

on occupant’s preferences and receive feed- back from local agent concerning 

environmental changes and the interactions between humans and their environment. 

Local agents are designed to control each subsystem while the central controller 

continuously interacts with multiple local agents for achieving the overall control goals 

in the ever-changing operating conditions.  The agents were also able to learn using 

artificial neural networks. The authors in [242] also designed a similar MAS based 

system which incorporated an  occupant agent with negotiation functionalities.  

The authors in [78] also developed a MAS based building process coordination system 

that utilizes user centred information such as user preferences and feedback in order to 

continuously reconfigure itself. The developed MAS was modelled according to the 

PROSA (Product-Resource-Order-Staff Architecture) architecture. PROSA models 

agents in a manner similar to a manufacturing environment where product, resource, 

order and staff agents all have to interact to ensure optimal service delivery. The 

authors[78] were able to demonstrate the feasibility of implementing a MAS based on 
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actual user preferences and feedback for comfort and energy management in an actual 

office building. The authors were also able to identify through actual experimentation 

some implementation challenges, one of which was congestion in the communication 

channel due to many devices transmitting over a shared bus.  

The study also identified the impact occupant behaviour had on a buildings energy 

performance. The authors reported that users tend to maximize lighting power even 

when there was abundance of daylight illumination, hence prompting the authors to 

recommend a certain regression of the set-point brightness value for improved energy 

efficiency. With a large number of studies on multi-agents being simulations, this study 

does demonstrate the feasibility of implementing MAS that function with actual user 

preferences and feedback in an office building. Users in the environment as reported by 

the authors indicated a higher degree of satisfaction after the MAS deployment. 

The authors in [147] also designed a MAS coordination strategy that optimizes user 

comfort and building energy use. The core component of the system was the adaptive 

estimation and prediction agents that utilized data from multiple buildings sensors and 

learned patterns of occupant behaviour. By modelling occupancy patterns, the 

developed system could conserve energy by constraining heating and cooling policies 

to be active only during the hours when occupants were actually in specific thermal 

zones. In the same vein, the authors in [89]and [243] also developed a similar system 

using the MAS paradigm. The developed MAS system had the ability to negotiate with 

users to optimize the use of spaces based on occupancy density. Similarly, Huber et 

al.(2015)[149] developed an agent based control system for use in buildings for selection 

of the optimal heating system. Utilizing cost functions as a basis for the negotiation 

process, agents in the system was able to decide on the most efficient heating 

component at any time. 

II. Enhancing buildings integration with the smart grid 

The transition to the smart grid as noted in chapter one demands for additional 

electrical energy flexibility induced by the uncertainties from the growing numbers of 

distributed renewable energy sources that are being introduced in the electrical 
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grid[46][251]. Although, the current practice in power systems is to provide flexibility 

with power plant capacity, this results in tying up expensive capital investment, 

operating the generators at potentially lower efficiency, and increasing wear and tear 

from continually adjusting their output in response to the immediate balancing needs 

of the grid[50][58]. Distributed demand response assets can however provide these 

equivalent services potentially at a lower cost by adjusting load rather than power plant 

output. Buildings are considered to be capable of providing faster response than power 

plants and can effectively reduce the need and lower the cost of regulation[53][58][252].   

Due to the significant energy demand of buildings, there has been recent focus on the 

development of innovative coordination techniques to harness the energy flexibility of 

buildings[53][163][253][254][255]. Although the concept of harnessing the energy 

flexibility of buildings for is not entirely new[252][256][257], commercial buildings, both 

individually and collectively are nonetheless considered to hold the greatest potential 

for energy flexibility in the near term[53][54][163]. This is because in commercial 

buildings HVAC systems and other office equipment can be used to provide grid 

support services at different timescales. The supply air fan has fast dynamics, and is 

suitable for high frequency ancillary services, while heat pumps with variable speed 

drives are another potential resource. Chillers, even those without variable speed drives, 

can also be used to provide ancillary services by indirectly varying the load on 

them[50][52][54][163]. Moreover, most commercial buildings are equipped with BEMS 

making the task of implementing additional control algorithms easy and inexpensive. 

In commercial office buildings, the common sources of flexibility are highlighted in 

Table 2-12[258][255]. 

Table 2-12: Flexibility sources and strategies in commercial buildings 
System  Strategy  
HVAC Precooling 
 Global temperature set point adjustment  

Exhaust and inlet air fan speed  reduction 
Chiller quantity reduction 

Light  Turning off lighting in auxiliary spaces 
Turning off lighting in perimeter zones  
Dimming ballasts 

Appliances and plug-loads  Turning off non-essential appliances  
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As can be observed from Table 2-12, flexibility in office buildings is often sourced from 

systems tasked with providing comfort in building. This includes visual, thermal and 

indoor air quality. The quality of life in buildings (comfort conditions) is determined by 

these three parameters[83]. Thermal comfort is determined by the index Predictive 

Mean Vote (PMV)[259]. Visual comfort is determined by the illumination level 

(measured in lux)[260]. Indoor air quality can be indicated by the carbon dioxide (CO2) 

concentration in a building[98]. These systems are often operated based on given 

standards and recommendations[98][259][260] that ensure the indoor conditions are 

maintained at levels that guarantees a comfortable and healthy indoor environment for 

occupants.  

Hence, in harnessing the energy flexibility of these systems for grid support, it is 

essential that occupants demand for energy for ‘comfort’ be satisfied while delivering a 

reliable resource to the power system when required[256][261]. This is particularly 

essential in commercial buildings where a strong link between occupants’ comfort and 

productivity has been demonstrated[158][262]. Moreover, compared to residential 

buildings, the complexity of commercial buildings makes participation costly and 

challenging. This is because in addition to requiring occupants to actively participate, 

the capacity for error in manually executing load reductions can lead to even greater 

costs, due to facility operation problems, unexpected losses in productivity and 

occupant comfort degradation[157][263][264][265].  

Therefore, as described by the EBC annex 67[266], the utilization of the energy flexibility 

of buildings must be subject to local indoor climate conditions such as thermal, visual 

and indoor air quality requirements as well as user needs and preferences. The challenge 

is therefore achieving effective management and coordination between functions in 

conflict, i.e. to uphold an acceptable indoor comfort conditions while achieving the 

required system wide demand reduction for grid support[267]. Traditional BEMS as 

noted are limited in their ability to coordinate these interactions[105]. The added 

intelligence, flexibility, autonomous and communication capabilities of MAS does 

however make it a suitable tool for addressing these shortcomings[152][268][269].  
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The authors in [152] using a 13000 m2 office building as test-bed,  demonstrated the 

application of MAS in coordinating the flexibility of the office building for use in 

demand response. Using the energy flexibility of the ventilation, lighting and appliances 

achieved through reduction on in the electrical demand of these loads, a peak electricity 

reduction of between 14-24% was achieved without any noticeable deterioration in 

occupants comfort. Load reduction was mostly achieved through reduction in the 

ventilation air supply and zone temperatures, as well as automated dimming off lights 

and unused appliances. To facilitate the use of the building flexibility however, in 

addition to extensive use of information on occupancy and appliance use, 

functionalities that enabled detailed analysis and nimble access to data in real-time 

were also incorporated in the BEMS.  

Similarly, the authors in [270] developed a dual agent-based management system for 

the inter-operation of the smart grid and smart building. The abilities of the developed 

agent system were evaluated in a virtual multi-zone buildings connected to a LV 

distribution feeder. It was shown that with the use of basic operation rules, the proposed 

system could effectively improve the voltage profile of the feeder, while ensuring 

acceptable comfort levels. The authors in [271] also proposed a multi-agent control 

approach and demonstrated its effectiveness in solving the demand response problem 

in a multi-zone office building. A key element in the MAS framework as noted by the 

authors[271] was the integration of a near-optimal heuristic rule within the multi-agent 

control formulation that aided convergence.   

A number of studies have also applied MAS in residential buildings for building 

flexibility coordination[272][273][274][275][276]. These MAS frameworks can 

nonetheless be applied in office buildings as well. Notable amongst these applications 

is the concept of the PowerMatcher[273]. The PowerMatcher operates as a competitive 

MAS based coordination system. It implements supply and demand matching using a 

multi-agent system and a market-based control approach. The PowerMatcher is in 

particular able to manage conflicts between interacting entities within the smart grid.  

The authors in [267] also developed a MAS coordinated system consisting distributed 

units with communication ability that can measure sensor data and control the heating 
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system in individual buildings. Realizing that occupants participation in demand side 

flexibility diminishes over time, participation was achieved via a MAS system installed 

in each individual home to control the heating system. This enabled the system to 

coordinate the heating behaviour based on indoor climate limits on a system wide scale 

and energy. Utilizing the thermal mass of the building for energy flexibility, besides 

reducing peak load, the system also showed clear ability to lower the energy usage in 

the participating buildings, without any noticeable difference in the perceived indoor 

climate[267]. 

2.5. Discussion  
 

Multi-agent systems as can be deduced from Table 2-11 and Table 2-13 have received 

considerable attention in building energy management applications in recent years. As 

noted from the reviewed articles, the application of MAS in buildings was shown to have 

the potential to facilitate improvement of the energy management of buildings through 

the utilization and processing of actionable building processes information in near real-

time.  

Table 2-13: MAS application in office buildings for energy flexibility coordination  
 
Study 

 
Coordination method 

 
Building type 

 
Implementation 

 
Year 

US DOE [152] Non-market  Commercial Field -test 2013 

Hurtado et al[270] Non-market  Commercial Simulation 2015 

Cai et al [271] Non-market  Commercial Simulation 2016 

 

Although most of the studies on the application of MAS were conceptual and 

theoretical, a few empirical studies demonstrated its unique distributed decision-

making, autonomous and cooperative capabilities. These capabilities of MAS were 

exploited in solving the complex interaction and sometimes-conflicting interest 

between buildings demand for energy for comfort and utilization in grid support.  
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This chapter provides details of three experiments 
conducted on occupancy detection systems for 
answering the second research question. The chapter 
aims to evaluate alternative occupancy detection 
systems that can be applied in buildings to obtain fine-
grained occupancy information for enhanced energy 
management. The results contained in this chapter are 
published in the following articles: 
T. Labeodan, W. Zeiler, G. Boxem, and Y. Zhao, 
“Occupancy measurement in commercial office 
buildings for demand-driven control applications - A 
survey and detection system evaluation,” Energy Build., 
vol. 93, pp. 303–314, Apr. 2015. 
T. Labeodan, K. Aduda, W. Zeiler, and F. Hoving, 
“Experimental evaluation of the performance of chair 
sensors in an office space for occupancy detection and 
occupancy-driven control,” Energy Build., vol. 111, pp. 
195–206, Jan. 2016 
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3.1. Occupancy detection system design and evaluation  
 

In the preceding chapter, the key strengths and drawbacks of occupancy detection 

systems commonly used in building operations were discussed and outlined. A key 

point that can be deduced from the survey is that most systems commonly used in 

buildings for occupancy detection have inherent limitations that affect their 

performance when used in buildings for energy management. The use of a fusion of 

multiple sensors was however identified as a viable means of obtaining fine-grained 

occupancy information for use in buildings to enhance energy demand management. 

Therefore, in testing the hypothesis and sub questions outlined on the use of increased 

sensor data on building occupancy information, three experiments where conducted 

and are outlined in Figure 3-1.  

The first experiment aims to evaluate the use of chair sensors as heterogeneous 

occupancy detection systems for use in building operation. Specifically, it seeks to 

evaluate the detection systems ability to provide information on the components of 

fine-grained occupancy information as depicted in Figure 2-1.  The choice of chair 

sensors was based on two main reasons:  

Chair detection system 
design and test

Chair detection system 
design and test

Chair detection systems 
evaluation 

Chair detection systems 
evaluation 

Chair based occupancy 
detection 

Chair based occupancy 
detection 

PIR motion
 detection

PIR motion
 detection

Occupancy based lighting control

Users

Users

 
Figure 3-1: Experiment outline 

1. office workers depending on task and function typically spend between 65% to 

75% of their working hours seated[277]. The determination of occupant’s presence at 

the workspace via sensors embedded in the chairs can thus provide useful information 

on occupants’ presence and location[212][278].  
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2.  unlike other sensors such as PIR sensors, chair sensors are not susceptible to false 

a negative error, which typically occurs when occupants are still for an extended period 

of time. In addition, chair sensors have been shown by a few authors[212][278] as easy 

to install and low maintenance occupancy detection technique.  

For the second experiment, the performance of three different chair sensors using a 

mechanical contact switch, strain and vibration sensors were evaluated in an office 

space. Lastly, for the third experiment, due to observed limitations of the chair sensors, 

a fusion of the chair sensors and motion sensors developed and evaluated in an office 

space for occupancy-based lighting control.   

3.2. Experiment I- Chair detection system design and evaluation  

The goal of this experiment was to evaluate the performance of alternative 

heterogeneous occupancy detection systems, in this case chair sensors in building 

operation. Two different occupancy detection sensors were utilized in this experiment; 

chair and carbon dioxide sensors. Carbon dioxide sensors were chosen over PIR motion 

sensors because of its ability to provide occupancy information on count as noted from 

the preceding chapter and Table 2-3.   

I. Chair-based  occupancy detection system 

Seat cushion Z-wave wireless
 transmitter 

switch
chair

 
Figure 3-2: Chair design components 

For this experiment, the chair sensor was developed from low cost devices and   

components. This included as depicted in Figure 3-2  a conference room chair, a 

cushion with dimensions 42cm x 4cm x 5cm,  8 switches and a wireless analogy-

digital  transmitter box using the z-wave[279]. z-wave is a growing wireless 

communication protocol that is commonly used for control, monitoring and status 
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reading applications in residential and light/small commercial 

environments[280][281]. Eight switches connected in parallel were used in the 

design to ensure presence detection even when users are improperly seated.  

II. Carbon dioxide sensor  

The utilized CO2 sensor is depicted in Figure 3-3. The sensors have a measurement 

range of 0-1000 ppm and accuracy of greater than 1% of the span. The CO2 sensors 

were placed at the inlet and outlet air ducts of the test space. The sensors were also 

recalibrated with air containing 1000 ppm of CO2 before they were installed.  

 

Figure 3-3: CO2 sensor[282] 

III. The test space 

 
Figure 3-4: Test-Bed conference room, chairs and wireless door contact sensor 

The test was conducted in the conference room of a university building depicted 

in Figure 3-4. The test space has a seating capacity of 25. The detection systems were 

also connected as depicted in Figure 3-5. The chair sensors were connected 

wirelessly, while the CO2 sensors were connected physically to a data-logger 
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situated in the test space. The use of the room for meetings is coordinated via a 

Microsoft outlook meeting planner that is accessible by students and staffs. In 

addition to the occupancy sensors described above, a wireless door contact sensor 

was also fitted to the test room entrance as depicted in Figure 3-4. The designed 

sensors were placed on all the chairs in the conference room as depicted in Figure 

3-4.  

Users

Chair Detection 

CO2 Detection Data Logger

Gateway

Computer

 

Figure 3-5: System set-up 

The data from each of the chair sensors was sent to the z-wave gateway and then 

transferred to an online database. On the other hand, data from the CO2 sensors was 

collected locally via a data logger. The data from the CO2 sensors were logged in steps 

of 1 minute.  The test was conducted for a week between the 27th and 31st of October 

2014.  Ground truth data was recorded at intervals of 15 minutes during periods the room 

was indicated reserved on Microsoft outlook meeting planner.   

3.2.1.   Results and discussion  

Table 3-1 provides details of the test space usage schedule for 5 days between the 27th 

October and 31st of November 2014 as provided by Microsoft outlook meeting planner.  

         Table 3-1: outlook meeting  
 Time (HH:MM) Time(HH:MM) Time(HH:MM) Time(HH:MM) 
Monday 27th October  9:30-10:00 11:00-12:00   
No.  of indicated  attendees  4 12   
Tuesday 28th October  9:00-12:00 13:00-14:00 14:00-15:00 15:00-17:30 
No.  of indicated attendees 17 2 2 20 
Wednesday 29th October  10:00-13:00 16:00-17:00   
No. of  indicated attendees 2 1   
Thursday 30th October  10:00-11:00 12:45-13:15 14:00-16:30  
No. of  indicated  attendees 1 20 13  
Friday 31st October  14:00-15:00    
No. of  indicated attendees 2    
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Figure 3-6: Difference between Outdoor and Indoor CO2, chair occupancy and CO2 computed occupancy (27th) 

 

Figure 3-7: Difference between Outdoor and Indoor CO2, chair occupancy and CO2 computed occupancy (28th) 
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Figure 3-8: Difference between Outdoor and Indoor CO2, chair occupancy and CO2 computed occupancy (29th) 

 

 
Figure 3-9: Difference between Outdoor and Indoor CO2, chair occupancy and CO2 computed occupancy (30th) 
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Figure 3-10: Difference between Outdoor and Indoor CO2, chair occupancy and CO2 computed occupancy (31st) 

Results from the CO2 and the chair sensors for the five test days are depicted in Figure 

3-6 through Figure 3-10. The difference between the indoor and outdoor CO2, the chair 

detection recorded occupancy and the CO2 computed count was presented. Count 

information was obtained from the CO2 detection system using the steady state relation 

provided in[283][284]: 

𝑁𝑁𝑁𝑁.𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = �𝑆𝑆𝑆𝑆×(𝑁𝑁−𝐶𝐶𝑖𝑖)
𝐺𝐺×106

�  (1) 

Where; 

N = the space CO2 concentration at the present time step in ppm 

SA = the supply air flow rate in m3/s 

Ci =the CO2 concentration in the supply air in ppm 

G = the CO2 generation rate per person in m3/s 

The value of the supply airflow rate SA, was determined using an air-flow-matching 

measurement device (Acin FlowFinder). This was determined to be approximately 0.11 

m3/s  The estimated value of the amount of CO2 generated per person G was assumed 

as 5.3 x 10-6 m3/s[283][284].   
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Table 3-2: CO2, chair and ground truth obtained occupancy count information  
Test on the 28th   Test on the 30th  

Time 
(hh:mm) 

Co2 

estimated 
Chair 

recorded 
Ground-

truth 
Time 

(hh:mm) 
CO2 

estimated 
Chair 

recorded 
Ground-

truth 
9:00 0 4 5 9:00 - - - 
9:15 0 8 8 9:15 - - - 
9:30 1 7 8 9:30 - - - 
9:45 1 8 8 9:45 - - - 
10:00 1 7 8 10:00 0 2 2 
10:15 4 9 9 10:15 0 2 2 
10:30 5 8 9 10:30 0 2 2 
10:45 6 11 11 10:45 0 2 2 
11:00 7 7 7 11:00 1 2 2 
11:15 7 7 7 11:15 2 4 4 
11:30 8 7 7 11:30 2 2 3 
11:45 8 7 7 11:45 4 0 3 
12:00 8 7 7 12:00 4 0 0 
12:15 8 7 7 12:15 3 2 2 
12:30 8 7 7 12:30 2 3 3 
12:45 8 7 7 12:45 2 6 7 
13:00 8 7 7 13:00 1 12 12 
13:15 7 7 8 13:15 1 10 12 
13:30 4 7 8 13:30 5 0 0 
13:45 3 7 8 13:45 9 2 3 
14:00 2 7 8 14:00 11 6 7 
14:15 2 7 8 14:15 9 10 11 
14:30 2 7 8 14:30 5 12 12 
14:45 1 7 8 14:45 6 12 12 
15:00 1 7 8 15:00 8 12 12 
15:15 1 7 8 15:15 10 12 12 
15:30 1 7 8 15:30 10 12 12 
15:45 1 11 11 15:45 11 12 12 
16:00 3 13 13 16:00 11 12 12 
16:15 7 12 12 16:15 11 12 12 
16:30 10 0 0 16:30 11 12 12 
16:45 - - - 16:45 11 8 10 
17:00 - - - 17:00 - - - 
17:15 - - - 17:15 - - - 
17:30 - - - 17:30 - - - 
17:45 - - - 17:45 - - - 
18:00 - - - 18:00 - - - 

 
Table 3-2 presents the data from two test days (28th and 30th) with the highest space 

occupancy. As can be observed from Figure 3-7 (the 28th), 4 occupants were present in 

the space at 9:00 am as indicated by the chair detection system, but the ground-truth 

data indicated on 5 people were present at the time. The 5th occupant at the time the 

ground truth data was recorded was present in the room, but not seated. For the CO2 

detection system, presence was indicated approximately 25 minutes after the first 
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occupant was seated. The same observation was made on the 30th when presence was 

observed from the CO2 detection system after approximately 60 minutes. The 

observable elongated response time of the CO2 detection system in this particular case 

can be linked to open doors as depicted in Figure 3-11 and the low number of occupants.   

 
Figure 3-11: Door positon on the 28th and 30th 

As can be noted from Table 3-2, with the exception of periods when occupants were 

standing in the space, the chair detection system was able to provide the required 

occupancy information on user presence. Occupancy information on count was thereby 

determined by a summation of the values obtained from each individual sensor. The 

chair detection system’s measurement error in relation to occupancy information on 

count for both test days was determined using the values of the ground truth data 

outlined in Table 3-2. The ground-truth recorded values between 9:00 and 16:30 hr on 

the 28th and the ground-truth values recorded between 10:00 and 17:00 hr on the 

30th were used in computing the detection system’s error. For the 28th, a comparison of 

the recorded ground-truth occupancy information on count and the chair detection 

system recorded occupancy as indicated in Table 3-2 gives an error measurement 

of approximately (17/31 x 100) = 55%. While on the 30th the computed error was 
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approximately (8/29 x 100) = 28%. For the CO2 detection system, the error with respect 

to occupancy information on count was 100% for both days.  

3.2.2.   Experiment summary  

In the preceding, commonly used heterogeneous occupancy-detection systems used 

in buildings were noted as having drawbacks that hamper their ability to enhance 

building energy management.  In this experiment, the application of chair based 

occupancy detection was evaluated in a conference room. In addition, CO2 sensors were 

also installed in the test-bed for occupancy detection as well. The drawback of the CO2 

occupancy detection system verified through this experiment. The sensors had a slower 

response and factors such as opening of doors was also noted as having significant 

influence on the performance of CO2. The chair detection system on the other hand 

performed better but with errors of only up to 55%. The error was largely due to the 

presence of standing occupants, which visibly the sensors are unable to detect. 

Confining the use of the system to work spaces or in combination with other sensors 

can however improve the systems performance.  

In addition to the sensors inability to detect standing occupants, another drawback 

of the system was its sensitivity to changing occupant-seating position. Occupants 

constantly change their seating position, which caused the switches to momentarily flip 

between the ON and OFF positons. These movements by occupants could trigger a 

change in state of connected building systems. As the change in state was observed to 

be in the magnitude of seconds, the system was configured to return the average value 

from 6 measurement samples every minute. This ensured such changes in occupants 

seating position did not negatively influence the system’s performance.    

3.3. Experiment II- Evaluation of different chair sensing technologies  

In the preceding experiment, a chair detection system based on the use of a contact 

switch and a wireless transmitter was utilized in the conference room of a university 

building. As noted from the experiment, the chair detection system exhibited 

measurement errors of up to 55% due to its in ability to detect standing occupants. As 

mentioned earlier, office workers depending on task and function typically spend 
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between 65% to 75% of their working hours seated[277]. Therefore, in this experiment, 

the chair detection system was modified for use in the workplace and its performance 

evaluated alongside two other chair detection system using strain gauge and vibration 

sensors.   

I. Strain sensor 

A resistance strain gauge consists of a resistive element whose physical dimensions 

changes on application of force.  As depicted in Figure 3-12,  the application of  force to 

the  object on which the strain gauge is mounted, causes tension or compression leading 

to a change in length and consequently a change in the resistance of the element[285]. 

 
Figure 3-12: Strain Gauge Operation[286] 

 
Figure 3-13: Chair with mechanical-switch, vibration and strain sensors 

The strain gauge and its circuitry were embedded in a chair as shown in Figure 3-13.  

Occupants’ presence or absence on the chair causes a change in the resistance of the 

Strain gauge 

Mechanical switch 
Sensor 

Vibration sensor 
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strain gauge; the resistance value was converted to a voltage, which was then 

transmitted via a wireless low power Bluetooth[287] transmitter to the gateway. The 

data was subsequently transmitted via a local network connection as shown in Figure 

3-14  to a local database. Four strain sensors connected in parallel were used for the set-

up.  

Strain sensor

Strain sensor

Strain sensor

Strain sensor

A/D converter
Wireless transmitter Gateway

Computer

Users

 
Figure 3-14: Strain sensors connection  

II. Vibration Sensor 

The vibration sensor as depicted in Figure 3-13 was composed of a microcontroller-based 

tri-axial accelerometer with the ability to measure acceleration in three directions. Tri-

axial accelerometers are often used in applications involving monitoring and assessing 

human movements and physical activity[288][289]. Although the sensors measure 

acceleration, other derivative properties such as vibration, shock, and tilt can be 

determined from the measured signal[289][290]. By measuring the vibrations in the 

chairs, the sensors are able to determine occupants’ presence or absence. The vibration 

sensor’s output was also connected via a low-power Bluetooth wireless transmitter from 

which the collected data was sent to a local database.  

III. Mechanical-switch sensor   

The mechanical-switch sensor also depicted in Figure 3-13 is similar in operation to that 

described earlier.  The major difference in this experimental set-up was the modification 

to the sensor’s construction and placement. Unlike in the previous design where a 
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cushion was used, the switch was in this case embedded in the chair’s seating pan. In 

addition, only one contact switch was used as against 8 used in the previous experiment.  

Strain Sensor

Vibration Sensor

Contact Sensor

Users

Gateway

Gateway

Computer

 
Figure 3-15: Sensor Connection 

 
Figure 3-16: Chair sensors set-up 

All three sensors were connected on a typical office chair with rollers as depicted in 

Figure 3-15. The test was conducted in an office space depicted in Figure 3-16 for a period 

of four days between the 7th and 10th of September 2015. Occupants mainly carried out 

desk related tasks such as typing, reading and writing.  Participants were provided with 

a log book on which entries were made on their first arrival time, last departure time as 

well as transition time.  
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3.3.1.    Results and discussion  

 

Figure 3-17: Vibration, strain and chair sensors (day 1) 

 

Figure 3-18: Vibration, strain and chair sensors (day 2) 

Figure 3-17  to Figure 3-20 depicts the result from the evaluation for the four test days. 

Table 3-3 also provides details of occupant’s first arrival and last departure time as well 
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as the logged transitions. Table 3-4 provides a comparison of the sensors registered 

transitions and occupants logged transitions.  

 

Figure 3-19: Vibration, strain and chair sensors (day 3) 

The sensors errors were computed using these values. The vibration sensor on the first 

test day had errors of (((7-5)/5) x 100) = 40%, while the strain and contact sensors had 

errors of (((6-5)/5) x 100) = 20% and 0% respectively. On the third test day, the strain 

and contact sensors as indicated in Table 3-4 both recorded errors of 0%, while the 

vibration sensor had errors of 20%. On the third test day, the test subject failed to 

register one transition state. This transition was however captured by all three sensors.   

Table 3-3: Summarized logs 
Test day/Events  First arrival time Number of transitions Last departure time 
Test day 1 08:10 5 16:30 
Test day 2 08:05 4 16:45 
Test day 3 08:30 4 16:50 
Test day 4 08:30 4 17:00 
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Table 3-4: Logged and sensor registered transitions 
Test Day Logged transitions Vibration sensor Strain  sensor Contact sensor 
Test day 1 5 7 6 5 
Error   40% 20% 0% 
Test day 2 4 5 5 4 
Error  20% 20% 0% 
Test day 3 4(5)* 7 5 5 
Error  40% 0 0 
Test day 4 4 5 5 4 
Error  20% 20% 0 

* Actual number of transitions was 5 as occupant missed one record which was captured by the sensors  

 
Figure 3-20: Vibration, strain and chair sensors (day 4) 

3.3.2. Experiment summary  

In the first experiment with the chair detection system, errors of up to 55% were 

observed when the sensors were applied in a conference room. The recorded errors were 

mainly as a result of standing occupants in the test-space. In this second experiment, in 

addition to the contact switch chair detection system, two additional chair detection 

systems using strain and vibration sensors were evaluated in an office set-up. As 

observed from the experiment results, errors of up to 40% and 20% were noticeable 

from the vibration and strain chair sensors respectively.  The contact chair sensors 

however had 100% accuracy when compared with the transitions logged by occupants. 
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The vibration sensors were observed to be highly susceptible to movement, which 

resulted in higher errors.  

Though susceptibility to movement resulted in false positive errors, i.e. the detection 

system indicating presence when there was none, this was also advantageous. The 

vibration sensors could as a result detect occupancy when occupants make movements 

around the chairs. This enabled presence to be determined before occupants’ were 

actually seated.  

3.4. Experiment III- Sensor fusion application in energy management  

The availability, access and use of improved occupancy information in building 

operation as noted in the preceding chapters can enhance energy management in 

buildings[291]. Lighting energy use in buildings for example accounts for up to 40% in 

building energy consumption[19][102]. The use of fine-grained occupancy information 

has however shown to have the potential to reduce this demand significantly[101][292].  

Sensor fusion as noted from the preceding section is one of the cost effective means 

of obtaining fine-grained occupancy information for enhancing energy management in 

building operation. In the preceding experiment, chair detection system was introduced 

and its performance evaluated for use in buildings. Though the sensors have been 

shown to be capable of providing detailed information on occupancy, it still has a few 

drawbacks in particular when occupants are standing at their workspace. Occupants 

often stand at their workplace, while settling in at the beginning of the day, clearing out 

at the end of the day and while fetching items from their workplace. The use of chair 

detection would however lead to false negatives during these periods. Therefore, to 

address the drawback a fusion of chair sensors and PIR sensors was developed and 

evaluated in the test-space depicted in Figure 3-16 for occupancy-based lighting control. 

PIR motion detection systems as noted in chapter two are one of the commonly used 

occupancy detection systems in buildings for energy management[293][294]. The 

detection system like others outlined in chapter 2, have a few drawbacks one of which 

is susceptibility to false-negatives[103]. Given that the chair detection systems on the 

other hand are only susceptible to false-positives, the combination of both detection 

systems forms a robust occupancy system for energy management in buildings.    
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The experiment was conducted in the workspace depicted in Figure 3-16 for two days 

between the 15th and 18th of September 2015. For controllability, wireless control nodes 

using the z-wave communication protocol were utilized. The armatures were connected 

to the mains supply via the z-wave nodes depicted in Figure 3-21. The lighting armatures 

consisted of 2 x 45 watt TL florescent lamps.  The wireless node in addition to enabling 

controllability of the armatures also able measures the energy consumption of the 

connected load. The node has a measurement range of 3 – 4500 W, a connectivity range 

of 100 meters and up to 300 meters when connected in a mesh[295][296]. The motion 

sensor also depicted in Figure 3-21 has a detection angle of 60 degrees and range of 7 

meters.  

 
Figure 3-21: z-wave control node and motion sensor[297] 

 
Figure 3-22: occupancy detection systems placement  

 

Two motion detection systems and the switch sensor based chair detection system as 

depicted in Figure 3-22 were installed at the test space. One motion sensor was focused 

Chair Detection  
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directly on the participant’s upper torso area and the other was focused on occupant’s 

hands.  

 

Figure 3-23:  System Connection 

The placement of the sensors at very close proximity to participants’ was to ensure 

participants were constantly in the direct line of sight of the sensor to reduce false 

negative errors. All components of the test were connected as depicted in Figure 3-23 

and control applications designed in a Java programming suite. The test as cited earlier 

was conducted over a period of four days. On the first test day, the lighting system was 

operated by the occupant using the wall switch and without occupancy-based control. 

On the second test day, the chair detection system alone was used for control of the 

lighting system. On the third test day, only the motion sensors were used. In order to 

prevent the system from turning off the lighting in the space during periods of inactivity, 

a time delay setting of 5 minutes was incorporated in the control suite.  On the fourth 

test day, a fusion of all three sensors (two motion sensors and one chair sensor) was 

used for control of the lighting system.  To enable comparison of the test results, test- 

subjects followed the same schedule as indicated in Table 3-5.  

Table 3-5: Test schedule for test days  
Event Arrival Transition 1 Transition 2 Transition 3 Departure 
Time 08:30 10:00-10:30 12:00-13:00 14:30-15:00 16:30 

 

Wall switch 
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3.4.1.     Results and discussion  

Figure 3-24 depicts the result from the first test day without the use of any occupancy-

based control. The measured electrical energy consumption of the lighting system on 

this test day was approximately 0.719 kWh.  

 

Figure 3-24: Test Without occupancy-based control 

Figure 3-25 and Figure 3-26 depicts the result from the test on the second and third test 

days with the chair and motion sensors respectively. The total lighting energy use as 

recorded by the wireless power nodes on both days was approximately 0.518 kWh and 

0.555 kWh respectively.  From the first test with the chair-controlled lighting, the test 

subject expressed dissatisfaction with the system due absence of light on arrival and the 

rapid switching of the light on departure. These shortcomings were however addressed 

on the third test day with the use of both motion sensors. The use of both motion 

sensors and the time delay for the third test also reduced the occurrence of false 

negative triggered errors.  
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Figure 3-25: Chair sensor controlled test 

 

Figure 3-26: Motion sensors controlled test 
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Get sensor data

Is motion or 
chair  true?

Do nothing 

End

Database

Turn ON light 
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Is motion true & 
chair false NO

Turn off light after 
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YES

Is armature ON? NO

NO

Turn Off 

 

Figure 3-27: Control sequence 

For the fourth test with all three sensors, the control algorithm depicted in Figure 3-27 

was utilized. The control sequence was designed to ensure the lighting system remained 

on while occupants were seated and when occupants were standing. The control 

sequence was also designed to turn off the lighting system presence was not detected 

by the chair sensors  after two minutes of presence being detected by either of the two 

motion sensors. This ensures occupants are provided with sufficient desk lighting while 

settling in at the beginning of the day, clearing out at the end of the day or while fetching 

items from their workplace while standing. Figure 3-28 depicts the test result from the 

use of all three sensors. The measured energy consumption of the lighting system on 

this test day was approximately 0.525 kWh. As can be observed from Figure 3-25 

and Figure 3-28, the chair detection system had errors of 0%. This was because the 
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number of observed transitions by the test-subject (3) was equal to the number of 

transitions recorded by the chair sensors. 

 
Figure 3-28: fusion of all three sensors  

 
Figure 3-29: PIR sensor false errors (17th) 
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Figure 3-30: PIR sensors false errors (18th) 

 

Figure 3-31: Lighting energy use for each test day 

On the contrary, as can also be observed from Figure 3-26 and Figure 3-28, the motion 

detection systems individually recorded substantial false negative errors. The false 

negative errors recorded by each individual motion sensor on the third and fourth test 

days are depicted in Figure 3-29 and Figure 3-30. Due to the positioning of the sensors 

at different locations, the use of a 5 minutes time delay during the third experiment was 

observed to be sufficient though periods of non-activity as high as 12 minutes was 



 

 

 64 

 OCCUPANCY DETECTION SYSTEMS EVALUATION  
 

observed from the individual PIR motion sensors.  For the fourth experiment, the use 

of the combination of all three sensors eliminated the need for the use of the time delay.   

3.4.2.   Experiment summary  

In this experiment, a fusion of two motion sensors, a chair sensor and a fusion of the 

chair and PIR motion sensors were separately applied in a test-bed office space for 

occupancy based lighting control. On the first test day, which was the control 

experiment, the total lighting electrical energy use was measured as approximately 0.719 

kWh, and on the second, third and fourth test days the electrical energy consumption 

of the lighting system as depicted in  Figure 3-31 was 0.518 kWh, 0.555 kWh and 0.525 

kWh respectively. Compared to the first/control test, the total reduction for the second 

through the fourth test was approximately 28%, 23% and 27% respectively.  The test on 

the third day contributed the least savings due to the use of a 5 minutes’ time delay.  

On the other hand, the chair detection system contributed the highest savings. The 

high reduction of the chair sensors did however result in abrupt switching of the light 

while occupants were in the process of exiting their workplace as well as non-availability 

of light when within close proximity to the space. The fusion of both sensors, i.e. the 

motion and chair sensors did however address this drawback. Furthermore, each 

individual motion sensor was observed to have still exhibited significant false negative 

errors during periods the test subjects were seated still. The chair sensors on the other 

hand did not produce such errors. Although the use of two PIR motion sensors focussed 

and positioned differently reduced the errors, a time delay was still required. 

Furthermore, it was also observed that the use of a fusion of one PIR sensor and the 

chair sensor would provide the same as the use of a fusion of two PIR motion sensors 

and the chair sensors. This is because the chair sensors as noted from the experiment 

produced errors of 0% but only exhibited errors during occupants’ arrival and departure 

from the space. The use of one PIR motion sensor can however be utilized to obtain this 

information.        
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The chapter aims to evaluate the added value of multi-
agent systems as a computational support tool for use 
in buildings to enhance building energy management. 
This chapter aims to provide answers to the third 
research question. Some of the results in this chapter 
are published in the article listed below: 
T. Labeodan, C. De Bakker, A. Rosemann, and W. 
Zeiler, “On the application of wireless sensors and 
actuators network in existing buildings for occupancy 
detection and occupancy-driven lighting control,” 
Energy Build., vol. 127, pp. 75–83, 2016  
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4.1. MAS application and agent design framework 

As noted in chapter two, there is growing interest in the application of computational 

intelligence in buildings for enhancing energy management as well as buildings 

interaction with the smart-grid. Multi-agent systems due to its flexibility, autonomous 

and communication properties, is considered a suitable computational intelligence tool 

that can be applied in buildings to enhance energy management as well as buildings 

interaction with the smart-grid[108][298]. In this chapter, two experiments as depicted 

in Figure 4-1, in which the application of MAS in a test-bed office building for 

coordination of occupancy-based lighting control for enhanced energy management 

was evaluated is presented. 

……...

……...
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Time delay setting reduction

PIR motion
 detection

PIR motion
 detectionUsers

Chair based occupancy 
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Chair based occupancy 
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Figure 4-1: Experiment Schematic  
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Figure 4-2: Building abstraction layer and agent representation 

The utilized MAS framework as depicted in Figure 4-2 is representative of the 

functional abstract and architectural systems levels.  
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As noted by the authors in [159], in Building Evaluation Models, office buildings are 

divided into six levels of scale: (1) work station/user, (2) workplace, (3) Room (4) 

floor/zone, (5) building, and (6) built-environment. These architectural system 

functional and abstraction levels represent the level of architectural dimension or detail 

in which decision-making takes place. These levels of abstraction are also reflected in 

the design of building systems particularly HVAC & L systems as well as building energy 

management systems. As noted from Figure 4-2, the agents represent all levels within 

the building including users and devices. This enables input from users as well as all 

appliances within the building, which as depicted in Figure 4-2 is seldom utilized in 

traditional BEMS. A hierarchical organization was used in the design of the MAS to aid 

management and coordination. Based on the hierarchical agent structure, more agents 

are concentrated at the lower levels comprising mainly the workplace and user levels. 

The agents in the system decreases up the hierarchy as illustrated in Figure 4-2.  As 

opposed to a market based coordination mechanism mentioned in chapter two, the 

developed agent system was rule-based.  

In the first experiment, a fusion of the chair and motion sensors utilized in the 

preceding chapter (section 3.4) was installed in an open plan office space of the test bed 

office building depicted in Figure 4-3. 

 
Figure 4-3: Test-bed office building 

The test-bed building is an office building located in the city of Breda in the 

Netherlands. The building as depicted in Figure 4-3 is a 2-storey building with a floor 

area measuring approximately 1500 m2.  For possible interaction with the smart-grid, 

photovoltaic and electrical storage systems were also installed in the building (Appendix 
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C). The building is composed of 4 large open-plan spaces, a conference room, a lunch 

room and limited numbers of singular and double cell office spaces. The building is 

equipped with web based BEMS tasked with control and management of the building 

comfort systems. The building has a peak occupancy density of approximately 60, but 

daily average occupancy ranges between 25 and 30. As with a significant number of 

office buildings as noted by the authors in [89], the test-bed operates based on assumed 

occupancy profiles and schedules. The HVAC and lighting systems are operated 

continually during the building operational hours, which is typically between 7 am and 

6 pm. Occupancy sensors are only present in the rest and print rooms. The occupancy 

sensors are PIR motion sensors and are integrated with the lighting systems in the 

rooms.  

 
Figure 4-4: The EVE agent design platform 

The detection systems in these rooms were configured with a time delay of 10 minutes. 

The 10 minutes time delay setting was introduced by the building managers to reduce 

unnecessary switching of the lights when occupants were present in these rooms but 

seating or standing still. Time delays are commonly used with PIR controlled lighting 

systems in office buildings. This reduces the risk of the system becoming a nuisance to 
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occupants. Time delay settings of 20–30 minutes are typical and often results in 

unnecessary energy being utilized for lighting[192][299].  

For control of lighting systems with the fused sensors positioned in the test open-

plan space, a MAS framework was developed in the EVE agent design platform. The EVE 

agent design platform as depicted in Figure 4-4 is a multipurpose, web-based agent 

platform developed in the Netherlands and based on the JAVA programming 

language[300]. Though there are other comparable agent development platforms based 

on JAVA such as JADE [144][301], the choice of the EVE agent platform was based on it 

scalability and massive parallelization In addition, compared to other agent 

development platforms, the eve-agent platform is locally supported, stable, easy to use 

and web-based.  

For the second experiment, the designed MAS framework was applied in the test-bed 

office building to enhance the operation of the installed motion sensors. Specifically, 

MAS coordination and information exchange between agents was utilized in effecting 

significant reduction in the configured time delay setting of the PIR sensor in the print 

room.  

4.2. Experiment I - MAS coordinated occupancy based lighting control 

This experiment was conducted in the open-plan workspace with the highest 

occupancy density in the test bed office building. The open plan space as depicted in 

Figure 4-5 has 12 workspaces. The open plan workspace is illuminated with 31 x (2 x 

36W) TL luminaries that are centrally controlled. To achieve controllability of the 

lighting armatures, wireless sensors nodes with switching and measurement functions 

described in section 3.4 and depicted in Figure 4-6 were utilized. For occupancy 

detection, a fusion of the chair sensors and wireless PIR motion sensor also described 

in section 3.4 and depicted in Figure 4-6 were utilized. From the results from section 

3.4, the fusion of the chair sensor and the motion sensors was observed to have 

produced errors of 0%. Therefore, each of the 12 workspaces in the test-bed open-plan 

workspace was fitted with chair detection and a motion detection system. As against 

the use of two PIR motion sensors, only one PIR motion sensor was utilized. The use of 
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one PIR motion sensor as noted in section 3.4.2, would also provide the same result 

since the chair detection system were observed to have produced 0% false negative and 

positive errors. For this experiment, the motion sensor was positioned directly above 

occupants’ workplace. Data was collected for a period of three weeks between the 22 

February and 11 March 2016 in the test-bed. At the end of the three-week period, 

occupants were interviewed to obtain their feedback.  
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Figure 4-5: Test bed space with armature placement and occupants’ workplace 

The chair sensors, motion sensors and control nodes all communicated via the z-wave 

protocol and were connected as depicted in Figure 4-7.  

 
Figure 4-6: Chair sensors, motion sensors and wireless control node 
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Figure 4-7 also depicts the structure of the designed multi-agent system. Although the 

MAS has a hierarchical structure, the agents are loosely coupled and the position of 

agents does not limit the agents’ ability to communicate with agents positioned layers 

above or beneath.   

Gateway

Computer

Motion  sensor

Chair sensor 

Detection system 

Switch/Meter

Users

Database

……...

……...

Device agents

User agents

Room agents

Admin agent

 
Figure 4-7: System connection and MAS structure 

The designed MAS as depicted in Figure 4-7 is composed of four agent types described 

below: 

Device agents- Within the MAS framework, devices such as motion sensors, the 

chair sensors and the controllable armatures are represented by device agents. The main 

function of the device agents is to provide sensors within the framework state and 

sensory information. These include information on occupancy, the state of each 

represented armature as well as the energy consumption of each represented armature.  

User agents- Every occupant in the test bed was represented with a user agent 

within the MAS framework. Using occupancy and state information provided by the 

devices agent, the user agent controlled the armatures at the represented occupants’ 

workplace.  

Room agent- The test room was also represented by a room agent in the MAS 

framework. The task of the room agent was to determine the total number of occupants 

in the room at every point in time using information provided by users and device 

agents. 
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Admin agent- The admin agent as the name implies performs is responsible for 

management of all agents within the MAS framework. The admin agent contains the 

location/address and function of each agent.    

Table 4-1: armature mapping 
Workplace  Primary Armatures  Aux. Armatures 
WP1 1, 2  3 
WP2 9, 20  
WP3 10,19  
WP4 2,3  
WP5 4,5  
WP6 11,12,17  
WP7 13,14,16  
WP8 6 5 
WP9 27 26 
WP10 25,26  
WP11  29 26 
WP12 28 26, 27 

 

Start

Get sensor data
(device agent)

Is motion or 
chair  true?NO

Turn ON primary & 
Aux.  armatures

YES

Is motion true & 
chair false 

Turn OFF Primary 
after 2 mins 

YES

Is primary 
Armature ON?

Do nothing

NO

Aux. armature 
present? YES

Aux. 
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ON?
YES
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armature OFF
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NO

NO

Is Aux 
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Aux.  
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ON?
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Turn AUX & 
Primary  OFF after 2 
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YES

 
Figure 4-8: User agent control sequence   

The EN 12464-1 lighting standard[260], recommends a minimum of 500 lux for desk 

related activities such as writing, typing and reading. In the test-bed open-plan office 

space, the required minimum lighting intensity as indicted by Table 4-1 is provided with 
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a combination of armatures. The primary armatures are those, which provide lighting 

to only one user while the auxiliary armatures provide lighting to multiple users. The 

user agent utilized the mapping outlined in Table 4-1 and the control sequence depicted 

in Figure 4-8 for control of the armatures.   

 

4.2.1. Results and discussion  

 

Figure 4-9: Space Occupancy during first week of the experiment  

Figure 4-9 depicts the space occupancy during the first week of the experiment and 

Figure 4-10 depicts the lighting energy consumption of the test-bed lighting system 

through the duration of the experiment. During the first week of the experiment, the 

measured lighting electricity use was measured to be approximately 113 kWh.  

During the second and the third week of the experiment, when the MAS controlled 

system was applied in the test-bed the measured lighting energy use for the test-space 

was approximately 81 kWh and 90 kWh respectively. This represents a reduction of 

approximately 28% and 20% reduction in the space lighting energy used when 

compared with the total lighting energy use during the week preceding the use of the 

occupancy-based control measures. The yearly reduction based on the use of this system 

in the test-bed office building was also estimated using the average savings from both 



 

 

 74 

 MULTI-AGENT SYSTEMS APPLICATION IN ENERGY MANAGEMENT   
 

weeks, i.e. 85.5 kWh.  Assuming the annual yearly consumption for the test bed office 

space is 1356 kWh (113 x 12), the estimated annual saving would be (1356-1026)/1356= 

24%.  

 

Figure 4-10: Daily lighting energy use in test space for the three-week period 

 

Figure 4-11: Room count information from room agent (week two)  
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Figure 4-12: Room count information from Room agent (week three) 

 
Figure 4-13: Chair sensor, observed and motion sensor recorded transitions (week two)   

Count information as noted in chapter two is also an essential occupancy information 

that can enhance the application of demand-controlled ventilation in buildings. The 
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room agents collected occupancy count information from the individual user agents in 

the open-plan space. The test-space count occupancy information for the two weeks 

duration of the experiment as provided by the room agent is depicted in Figure 4-11 and 

Figure 4-12. During the test, the count information was also observed to be at times 

understated when occupants were at locations in the test-bed where occupancy sensors 

were not located. The accuracy of the individual occupancy sensors was also observed 

during the test as depicted in Figure 4-13 and Figure 4-14. Figure 4-13 depicts the chair 

sensor, motion sensor and observed occupancy of one of the test participants on one 

test day during week two of the experiment. As can be observed from Figure 4-13, the 

test participant had 7 transition states in between arrival and departure times.  

 
Figure 4-14: Chair sensor, observed and motion sensor recorded transitions (week three)   

The chair detection system can be observed from Figure 4-13 to have captured these 

transitions, i.e. 0% positive and negative error, whereas the motion sensors displayed 

substantial false negative errors and transitions. Similarly, an observation of 

measurement result for the same test subject on a test day during the third week of the 

test also produced the same results. The test subject as can be observed from the 

measurement result in Figure 4-14 made 8 transitions between arrival and departure 
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times. These transitions were recorded by the chair detection system. The motion 

sensors on the other hand recorded far more transitions. The fusion of both sensors 

however resulted in improved performance, as the chair sensors were able to counter 

the negative drawbacks of the PIR motion sensors. At the end of the test, all 12 

participants expressed satisfaction with the occupancy detection systems and the 

occupancy based lighting control system in the test-bed. Participants particularly 

expressed satisfaction with the energy savings obtained from the use of the system but 

cited some dissatisfaction with the non-uniformity of lighting in the space.   

4.2.2. Experiment summary 

In this experiment, the application of multi-agents was evaluated in an open-plan 

place for coordination and control of the lighting system in the open –plan space of an 

office building using occupancy information from a fusion of chair and motion sensors. 

The application of wireless sensors nodes and sensor fusion facilitated the availability 

of fine-grained occupancy information thereby facilitating worthwhile energy reduction 

of up to 28% in lighting energy use during one-week application and an estimated 

annual energy savings of 24%. The application of the MAS framework also facilitated 

the availability occupancy information on count in the test bed.  

4.3. Experiment II: Motion detection system time-delay reduction 

Test-bed
 Open-plan workspace

Print Room

Single user office 

Stairs Rest-Room

Rest-Room

Open-plan 
workspace

Single
 user office 

Single
 user office 

Single
 user office 

Open-plan Space

Single
 user office 

 

Figure 4-15: Test-bed floor. 
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In the experiment described earlier, the use of a fusion of the chair and motion 

sensors was utilized in combination with a MAS framework to enhance energy 

management in the test bed open-plan workspace.  In transitional spaces, such as print 

and rest rooms, the application of a fusion of both sensors may however not be feasible. 

In the next experiment, the functionalities of the designed MAS framework in section 

4.2 was further extended and used in reducing the lighting energy demand of the print 

room based on fine-grained occupancy information.  

The print room highlighted in Figure 4-15 as mentioned uses occupancy based control 

for control of the lighting system. The room is fitted with 2 x (2 x 36W) TL luminaries 

and they are turned off after 10 minutes of inactivity.  This experiment therefore aims to 

make use of the occupancy information available in the open-plan test space also 

highlighted in Figure 4-15 and the occupancy information from the print room to 

achieve worthwhile reduction in the time-delay setting of the detection system.   

Gateway

Computer

Z-wave devices

Switch/Meter

Users

Database

Motion  sensor

Installed PIR 
System

……...

……...

Device agents

User agents

Room agents

Admin agent

 
Figure 4-16: System connection 

For this experiment, in addition to the occupancy sensors already installed at the 

open-open work space described in section 4.2, additional wireless PIR motion sensors 

also utilizing the z-wave wireless communication protocol were installed in the print 

room. Wireless control nodes having measurement capabilities used in section 4.2 were 

also installed in the print room. The wireless motion sensor and control nodes were 
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connected in series with the already installed PIR motion sensor as depicted in Figure 

4-16.   

The MAS framework as also depicted in Figure 4-16 was utilized for control of system. 

Each user in the open-plan space was represented as a user agent and devices such as 

sensors and armatures represented as device agents. Both rooms, i.e. the open-plan 

space and print room were represented as room agents.  The communication between 

the agents in the system is depicted in Figure 4-17.  The user agent as depicted 

communicates users’ presence or absence to the room agent. When absence is 

established, the user agent request presence information from other room agents in the 

framework. In this case, the print room agent returned user presence information. 

Work Room: Room Agent Print Room: Device agent Print Room: Room Agent

user absent

User Agent

user present

user present

user present

user Absent

 

Figure 4-17: A communication sequence 

Table 4-2: Measured travel time to print room 
User Estimated travel time to print room (sec) 
WP 1 21 
WP 5 14 
WP 6 12 
WP 7 14 
WP 8 20 
WP 9 18 
WP 10 15 

For this experiment, the user agent utilized the average travel time in seconds between 

occupant’s workplace and the print room outlined in Table 4-2 for determination of 

occupant’s presence at the print room. Since information on user-identity was not 

collected, to identify particular occupants the user agent used the time stamp of 
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occupants’ arrival time to establish user identity. For this experiment, the average travel 

time of occupants with fixed workstations in the open-plan workspace was determined 

by observing the test subjects over a period of one week. The result of the observation 

is summarized in Table 4-2. The user agent used this estimated travel time to establish 

occupants’ presence in the print room. Due to the availability of occupancy sensors only 

in the largest open-plan workspace, only a selected occupant in the open-plan 

workspace participated in the test. In normal operating mode, the lighting system in the 

print room is triggered on when an occupant enters the room and is triggered off after 

approximately 10 minutes. Using the MAS configuration, when the occupant returns to 

his workplace, the occupant’s location is updated and made available to the print room 

agent and the lighting system is immediately turned off if no occupant is present in the 

room. If the test subject does not return to his workspace, the default configuration of 

10 minutes delay holds. This experiment was conducted over a period of two days 

between the 14th and 15th of July 2016.  

4.3.1. Results and discussion 

 

Figure 4-18: Print room occupancy and lighting energy use with 10 minutes’ time-delay  
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Occupancy and the lighting energy use in the print room on the 14th are depicted in 

Figure 4-18. The total electricity energy consumption of the lighting system was 

measured as approximately 0.24 kWh. 

On the second test day, when the MAS system was activated, the measured lighting 

energy use in the print room was measured as 0.12 kWh. As can be observed from Figure 

4-19, the time delay of the motion sensor was reduced by approximately 9 minutes from 

10 minutes when the user agent was able to establish occupants’ presence in the print 

room. This resulted in a reduction of approximately 90% in the time delay-setting 

configuration of the installed PIR motion sensor. 

 

Figure 4-19: Print room occupancy and lighting energy with time delay reduced 

As can be also noted from Figure 4-19, the original time delay was still operational 

during periods the user agent could not establish occupants’ presence at the print room.  

4.3.2. Experiment summary  

In this experiment, the MAS framework was applied in the test-bed to improve the 

performance of the existing occupancy based lighting control through reduction in the 

time delay setting. Time delays between occupants’ departure from a space and the 
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instant the light is turned off leads to unwanted use of energy particularly infrequently 

occupied spaces. In a large number of cases, the use of a longer time delay in buildings 

is informed by the need to ensure the occupancy detection system does not become a 

nuisance to users. This as noted in the experiment results in unnecessary use of energy 

in such spaces and by allowing exchange of information by existing sensors in the 

building as demonstrated by the experiment worthwhile performance improvement can 

be achieved. Effective use of these system does however demands additional occupancy 

information such as track and user identity which due to ethical and privacy concerns 

are still not commonly used in buildings for occupancy detection.



 

 

 83 

 MULTI-AGENT SYSTEMS APPLICATION IN FLEXIBILITY COORDINATION  
 

 

The chapter evaluates the benefit of multi-agent 
systems as a computational support tool for use in 
buildings coordination of flexibility and demand 
response. This chapter also aims to provide answers to 
the third research question posed in this thesis. Some of 
the results presented in this chapter are presented in the 
articles listed below: 
K. O. Aduda, T. Labeodan, W. Zeiler, G. Boxem, and 
Y. Zhao, “Demand side flexibility:Potentials and 
building performance implications,” Sustain. Cities 
Soc., vol. 22, pp. 146–163, Apr. 2016. 
K. O. Aduda, T. Labeodan, W. Zeiler, and G. Boxem, 
“Demand side flexibility coordination in office 
buildings: A framework and case study application,” 
Sustain. Cities Soc., vol. 29, pp. 139–158, 2017. 
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5.1. MAS application in building flexibility coordination   

Buildings as noted in chapters one and two are being considered as viable sources of 

useful demand side energy flexibility to address the energy flexibility deficit introduced 

by increased integration of renewable and distributed energy resources within the smart 

grid. Buildings are in particular now considered to hold the potential for grid support 

services such as demand response in the near term[53][61][302]. As noted in chapters 

one and two, in commercial office buildings in particular, the utilization of buildings 

energy flexibility for grid support service, could lead to disruptions that impair optimal 

building performance and user comfort[157].  

Therefore, in this chapter the use of MAS is explored in the test bed office building 

described in section 4.1 for coordination of the buildings energy flexibility. Particular 

focus is placed on the use of MAS to minimize degradation in occupants comfort. This 

is because the utilization of a building’s energy flexibility for grid support such as 

demand response often demands partial or complete reduction in the energy demand 

of certain building systems and appliances. Such actions could result in degradation of 

occupants indoor environmental comfort conditions. Degradation of occupants 

comfort can reduce productivity or prompt occupants to take actions to restore their 

comfort[158][215][303]. It is therefore imperative that in the utilization of buildings 

energy flexibility for grid support such as demand response, occupants comfort and 

actions during participation should be prioritized.  

Table 5-1: flexibility sources and strategies in test-bed 
System Strategy Response (min) Flexibility (kW) Condition Availability  
HVAC Exhaust and inlet air fan speed reduction <1 2 kW - 4 kW PPM < 1000 15-60 MIN 

Chiller quantity reduction & pre-cooling >1 7 kW TOC < 25 15-90 MIN 
Light Turning off lighting in auxiliary spaces <1 0.4 kW User needs 15-60 MIN 
plug-loads Turning off non-essential appliances <1 1.3 kW User needs 15-60 MIN 

The energy flexibility of the test bed office building described in section 4.1 was 

quantified in an experiment detailed in [50][302][304][305] and the results  summarised 

in Table 5-1. Although additional sources of energy flexibility in the form of photovoltaic 

and battery storage systems were installed in the test-bed office building during the 
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course of the study, the scope of this experiment was limited to only the energy 

flexibility achievable from the building comfort systems on the room-level.  

 

Figure 5-1: MAS Framework 

The main sources of flexibility in the test-bed as outlined in Table 5-1 are the ventilation 

fans, the chiller, auxiliary lighting and appliances.  The speed of the inlet and outlet 

ventilation fans was reduced from a nominal setting of 100% to 70% and 60% to achieve 

reduction of 2 kW and 4 kW respectively while ensuring the indoor CO2 concentration 

remained within the acceptable band (< 1000 ppm).  For chiller, the building was pre-

cooled few hours before it was completely turned off to achieve a reduction of 7 kW. 

The auxiliary lighting in combination with the building plug appliances such as printers, 

coffee machines and refrigerators also provided energy flexibility of approximately 1.3 

kW. While the operation of the ventilation and cooling systems is subject to indoor 
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thermal and indoor air quality conditions, the operation of the auxiliary lighting and 

appliances is subject to user needs. In office buildings, appliances such as printers and 

coffee machines complement building comfort systems in the provision of a conducive 

and productive environment for users. For this experiment, a MAS framework depicted 

in Figure 5-1 and composed of device, user, room, zone, building, grid, interface, service 

and admin agents was designed.  The function of each of the agent is outlined below:  

Device Agent- The function of the device agent is similar to that described in section 

4.4. Device agents represent all sensors, appliances and actuators in the test-bed office 

building. The main function of the device agents is to provide sensors within the 

framework state and sensory information. These include information on occupancy, 

temperature, carbon dioxide and the state of each represented actuator.   

User Agent- The user agent represents each building occupant. It communicates with 

the relevant devices agent to obtain information about its operating environment.  The 

user agent as described in section 4.2 and 4.3 exchanges occupancy information with 

the room agents.  

Room Agent- The room agent in addition to the functions described in section 4.2 and 

4.3 also determines the quantity of available energy flexibility present in each room 

based on the information provided by the devices agents in the room. Appliances and 

HVAC&L systems in buildings as outlined in Table 2-12 are the major sources of energy 

flexibility in buildings. As noted by the authors in [160], striking of a balance between 

energy efficiency and occupant comfort can only be achieved at the room level where 

occupant needs and behaviour, system response and orientation effects give rise to 

contradictory requirements. The room level is therefore the ideal starting point for 

sourcing the available energy flexibility of buildings.  

Zone-agent- The zone agent in this MAS framework performs the function of an 

aggregator. As an aggregator, the zone agent computes the sum of useful energy 

flexibility available from each room agent in that building zone. In the design of building 

services systems, building spaces with similar heating or cooling loads or orientations 

exposed to the same amount of sunlight or daylight are usually designated a thermal 



 

 

 87 

 MULTI-AGENT SYSTEMS APPLICATION IN FLEXIBILITY COORDINATION  
 

zone. Thermal zones in buildings often have to share the use of certain building systems 

such as ventilation, cooling, heating and solar shading. 

Building agent- The building agent obtains the available building energy flexibility as 

provided by the rooms, zones and devices agents.  The building agent utilizes the 

available building energy flexibility for negotiating participation in any grid support 

services. The building agent also maintains the buildings available service table outlined 

in Table 5-2. The table contains information on the response time, duration, quantity, 

hourly frequency, location as well as recovery time of the building’s available flexibility 

from the building equipment. The device, room and zone agents constantly update the 

table.  

Table 5-2: test-bed AFT  
Agent ID Quantity 

(kw) 
Duration 

(min) 
Response  

(min) 
Hourly 

frequency 
Recovery 

(min) 
Device 

 ID 
Lunch-Room 
agent  

0.72 15 <1 2 <5 CoffeeM 
Fridge1 

Print -Room 
agent 

0.98 15 <1 2 <5 P1,P2,P3 
AL 

Ventilation 
fan agent 

4 15 <1 2 <5 VentFan 

Cooling agent  7 15 >1 2 >5 Chiller 
*Al- auxiliary lighting, P1- printer one 
*Print room agent is composed of all printers and the auxiliary lighting   

In addition, given that certain building services systems such as the HVAC are 

centralized, the building agent within this framework determines the availability and 

participation of the centralized systems based on information provided by the device 

agents.  

The grid side agent- The grid agent in this framework represents the interface between 

buildings and the utility. It negotiates with the building agent participation in grid 

support based on the grid requirement.  

Interface agent- The interface agent functions as a translator between the MAS design 

platform and the BEMS. Given that all the actuators in the building are connected via 

the BEMS, the agents are only able to send and receive control signals via the BEMS to 

the actuators. For this experiment, the agent platform was connected with the installed 

BEMS  in the  test bed office building via a web-server as depicted in Figure 5-2.  
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Priva Benext z-
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InsiteViewNext
Server

InsiteViewNext
NodeJs Client

InsiteViewEve
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(Java) 
Client

Web ClientsInsiteView BEMS

EVE Agents

Figure 5-2: Agent platform and BEMS connection 

Services agent- The services agents introduces more task distribution in the agent 

structure. As it is with daily human interaction where specialized tasks are often 

assigned to specialist, the services agent provides dedicated specialized services to the 

agents within the system. Within this framework, the services agent can be used to 

perform tasks such as data mining and decision support functions.   

Figure 5-3: Agent communication sequence Test day 1 

The designed MAS framework was evaluated in the test bed office building on the 24th 

and 25th of august 2016. For this experiment, the office appliances utilized were the 

coffee machine and the printers. Wireless control nodes using the z-wave 

communication protocol and employed in previous experiments were also used. PIR 

motion sensors using the z-wave communication protocol and described in section 3.4 

were installed in the print and coffee machine rooms for occupancy detection. The 
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open-plan workspace, print room depicted in Figure 4-15 located on the first floor and 

the coffee room located on the ground floor of the test-bed office building were 

represented as room agents. Devices and users in the rooms were also represented as 

devices and user agents. For this set-up only the zones and services agent were inactive. 

The zone agent was inactive due to the centralized nature of the building HVAC system 

and no specialized function was required from the services agent.   

On the first test day, a request for demand reduction by the grid-side agent for a 

period of 15 minutes was initiated and the performance of the proposed agent 

framework evaluated. The agent sequence diagram for this test is illustrated in Figure 

5-3.  For this test the flexibility of the ventilation fans, auxiliary lighting and plug loads 

were completely utilized.  

 
Figure 5-4: Printer and coffee machine start up consumption 

On the second day, the same test was repeated using half the capacity of the ventilation 

fan i.e. 2 kW and all other appliance loads completely turned off. As occupants could 

require the use of these appliances during their use for flexibility the remaining available 

flexibility of the ventilation fans was used to compensate for occupants use of these 

appliances. As noted earlier, building occupants often take actions to restore their 
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comfort when it is compromised. This means occupants might turn on appliances 

already turned off.  

The unused ventilation fan flexibility was hence used to compensate for these actions 

of occupants. This way, the building can provide the required grid support service 

without any inconvenience to building users though at the cost of reduced energy 

flexibility. The printer and coffee machines as depicted in Figure 5-4 both draw 

approximately 2.1 kW of electrical power when powered on, which is approximately 

equal to the unused capacity of the ventilation fans. The agent sequence diagram for 

this test is depicted in Figure 5-5. 

 
Figure 5-5: Agent communication sequence Test day 2 

5.1.1. Results and discussion  

The results from both tests are depicted in Figure 5-6 and Figure 5-7. As depicted in 

Figure 5-6, the agents were able to coordinate the operation of the ventilation and 

appliances to achieve required level of demand reduction. The measured energy 

consumption of the ventilation fans and the appliances on the first test day was 

approximately 1.87 kWh 15 minutes (9:45- 9:59) before the initiation of the demand 

reduction.  
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Figure 5-6: MAS coordinated ventilation and appliance fans demand reduction on the 24th  

 

Figure 5-7: MAS coordinated ventilation fans, appliance demand reduction, and print room occupancy 25th 

During the 15 minutes interval the reduction lasted (10:00-10:15), the measured energy 

consumption was approximately 0.51 kWh and 1.95 kWh for the following 15 minutes 

(10:15-10:30) after normal operation was restored. This resulted in load reduction of 

approximately 1.3 kWh during participation. On the second test day as depicted in 

Figure 5-7, the pre-reduction (9:45- 9:59) consumption was approximately 1.89 kWh, 

which was reduced to approximately 0.86 kWh (10:00-10:15) and increased to 

approximately 1.94 kWh afterwards. As noted from Figure 5-7, occupancy was registered 

in the print room during participation in the DR event. As a result of occupants need 

for the printer, the printer was turned-on while the ventilation fan speed was further 

reduced to maintain the agreed reduction of 1 kWh.  

Pre-participation  
Post-participation  

Participation  

Pre-participation  
Participation  

Post-participation  
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5.1.2. Experiment summary  

Commercial office buildings are now considered a potential source of demand-side 

energy flexibility. In this experiment, MAS was applied in the test-bed office building 

for coordination of the buildings useful flexibility for grid support services. In the first 

test, the building agent maximized the available useful building energy flexibility for 

grid support delivering approximately 1.3kWh reduction over a 15 minutes interval.  

Although the indoor CO2 concentration during the interval was maintained within 

acceptable levels (<1000 ppm), appliances such as printers and the coffee machine were 

completely unavailable for use by occupants. These appliances are however also crucial 

for creating a productive and comfortable environment for occupants. Therefore, in the 

second test, one of the printers was made available for occupants use during 

participation in grid support and a portion of the buildings available useful energy 

flexibility was created to compensate for occupants use of the printer. Although the use 

of the printer resulted in reduced flexibility as only approximately 1kWh reduction was 

achieved within the 15 minutes interval, it however ensured occupants did not have to 

tolerate any level of discomfort while the building serves as a source of energy flexibility.   

In both experiments, the developed MAS framework was demonstrated to have the 

potential to effectively complement the BEMS in ensuring effective coordination of 

building systems and processes for participation in grid support within the smart grid. 

The use of the MAS system was also shown to have the potential to reduce the burden 

of participation on building occupants in that occupants were not required to manually 

turn off appliances. In addition, when the use of building appliances is required, the 

developed MAS framework was shown to have the potential to effectively coordinate its 

use without defaulting.  
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This chapter provides a discussion of 
the results obtained in the preceding 
chapters of this thesis. Correlations 
with other similar studies as well as 
limitations of this research are 
discussed in this chapter.   
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6.1. Study Outcomes 
To enhance energy management in building operation and to facilitate buildings 

interaction with the smart-grid, the use of increased sensor data and computational 

intelligence has been advocated for use in BEMS.  Therefore, in this study, the use of 

increased sensor data and fine-grained information on building occupancy as well as 

the use of multi-agent systems was investigated. Three sub-research questions were 

formulated and are discussed below.  

I. What are the limitations of current existing and commonly used occupancy 
detection systems?  

This question was addressed through a thorough review of existing literature in the 

second chapter of this thesis. Commonly used occupancy detection systems in office 

buildings were discussed and the limitations that affect these systems ability to provide 

fine-grained occupancy information outlined. From the literature survey, PIR and CO2 

occupancy detection systems were identified as commonly used occupancy detection 

systems in buildings for demand-driven control of building services systems. It was also 

noted that these systems provide coarse-grained occupancy information, which limits 

their energy saving potentials when applied in buildings for demand driven control 

applications. PIR motion sensors, which are commonly used in buildings for occupancy 

based lighting control, were noted to be susceptible to false-negatives a phenomenon 

that occurs when occupants are present but reported not to be present by the sensors. 

This limitation of PIR detection systems limits their application in buildings to only 

lighting based control and is seldom used for control of ventilation systems. CO2 sensors 

on the other hand are commonly used for demand controlled ventilation applications 

but were noted to have a slow response time. 

 Although modern systems such as RFIDs and vision-based detection systems have been 

proposed for use in buildings for demand driven control applications, their use is still 

limited due to privacy, ethical, maintenance and cost related issues. As a result, there 

has been focus on the use of a fusion of multiple low cost sensors in buildings for 

occupancy-based control of building systems particularly lighting and ventilation 

systems. Having noted that commonly used occupancy detection systems provide 
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coarse-grained occupancy information that limits the energy saving potentials of   

existing building energy management systems, the second research question sought to 

explore alternative detection systems for use in buildings for occupancy detection to 

enhance energy management.  

II. What alternative methods are available and applicable in buildings for obtaining 
fine-grained occupancy information?  

Office workers typically spend between 65% and 75% of their working hours seated at 

their workspace. The use of occupancy information from chairs permanently positioned 

at occupants’ workplace can thus provide fine-grained occupancy information for 

occupancy-based control of building services systems. The concept of using chair 

sensors for occupancy-based control of building systems was also demonstrated by the 

authors in [212] and [278]. In [278], the authors developed a chair occupancy detection 

system using pressure sensors and a wireless transmitter. The chair detection system 

was applied in an office space for occupancy based lighting control and was shown to 

have facilitated savings of up to 30% in lighting energy use. The authors in [212] on the 

other hand designed a fusion of multiple sensors including, chair detection, acoustic, 

motion sensors as well as computer applications for occupancy detection. The authors 

reported false- negatives errors (which may lead to discomfort) of 0%. In both 

experiments by the authors in [212] and [278], only information on user presence and 

location were reported by the authors. Having established that chair sensors are a viable 

means of obtaining fine-grained occupancy information in buildings for occupancy-

based control applications, the first experiment in this thesis explored its use for 

obtaining occupancy information on count.  

For the first experiment, a chair based occupancy detection system was developed from 

off-the-shelf components and its performance evaluated in the conference room of a 

university building. Particular focus was paid to the ability of the sensors to provide 

occupancy information on user presence and count. In addition to the chair occupancy 

detection system, CO2 detection systems were also installed in the test-space. The 

results from the experiment were found to have substantiated the results obtained by 

the authors in [212] and [278]. The results obtained from the CO2 detection systems also 
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collaborated findings from other similar studies cited by the authors in [96][167][197]. 

The CO2 detection system was observed to have demonstrated a relatively slow 

response. The slow response time of the CO2 detection system was in part attributed to 

constant opening/closing of the test-room door, varying CO2 production rate of 

occupants and the location of the sensors. These factors also affected the performance 

of the CO2 sensors when its output was used to estimate the number of people in the 

room, i.e. occupancy information on count. The CO2 occupancy detection system was 

shown to have exhibited 100% error when used to estimate the number of people in the 

room. The chair detection system on the other exhibited improved performance when 

compared with the CO2 detection system. The chair sensors were observed to have had 

false negative errors of up to 55% in relation to occupancy information on count. The 

clearly noticeable error from the chair detection system was observed to have resulted 

from a fundamental drawback of the chair sensors; its inability to detect standing 

occupants. The observed error was also attributed to the application of the chair 

detection system in a conference room where some occupants were observed to spend 

considerable time standing.  

Therefore, in the second follow up experiment, the chair occupancy detection system 

was evaluated in an office space. Three different chair detection systems based on strain, 

vibration and a contact switch were evaluated during this experiment. The observed 

false negative errors for the vibration, strain and contact chair detection systems were 

40%, 20% and 0% respectively. The noticeable reduced errors observed from the contact 

chair sensors in this experiment can be attributed to its application in an office space 

where occupants mainly carried out functions while seating. 

In the third experiment, the designed contact based chair occupancy detection system 

was applied in a cellular office space for occupancy-based control of the lighting system. 

For the third experiment, three tests were carried out. The first test involved the use of 

the chair sensors alone for control of the lighting system. For this test, the chair 

occupancy detection system facilitated the achievement of lighting energy savings of 

approximately 28%. Two PIR motion sensors with a time-delay of 5 minutes were 

utilized for the second test. For this test, the occupancy detection system yielded 
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lighting energy savings of 23%. For the third test, a fusion of the PIR and chair sensors 

was utilized for occupancy based lighting control. This facilitated the achievement of 

27% reduction in the lighting energy use of the test-bed office space. Though the chair 

detection system yielded a reduction of 28%, which is also relatively close to the 

reduction obtained by the authors in [278], it also introduced some discomfort for 

occupants. This was due to its fundamental limitation, which comes into play when 

occupants arrive at their workplace or in the process of departing. The authors in [278] 

applied a time delay setting of 5 minutes to address this shortcoming. The time delay 

did not however take into consideration occupants’ arrival time at the workplace. As 

occupants often require some time to settle in on arrival at the workplace, the use of the 

chair sensors alone for control of the lighting system could result in visual discomfort 

during this period. This shortcoming was addressed with the use of the fusion of the 

PIR motion and the chair sensors. This enabled the availability of fine-grained 

occupancy information and facilitated energy reduction of 27% without false negative 

and positives for both standing and seating occupants. The result obtained from this 

experiment was also in line with the results obtained by the authors in [212], who also 

obtained false- negatives (which may lead to discomfort) of 0% when a fusion of the 

chair sensors and other commonly used occupancy detection system was evaluated.  

Through these experiments, the viability of chair occupancy detection systems for 

occupancy-based control has been demonstrated. In addition, the application of the 

fusion of chair sensors and PIR motion sensors was demonstrated as an alternative 

occupancy detection system that can be applied in buildings to facilitate the availability 

of fine-grained occupancy information for enhanced energy savings.   

III. What are the benefits of multi-agent systems as a computational support tool 
in building operation? 

The use of computational intelligence tools in building operation as noted in chapters 

one and two can in combination with increased sensor data also enhance energy 

management in building operation. In addition, the use of increased computational 

intelligence in building operation can also enhance buildings interaction and 

integration with the smart grid. Multi-agent system as cited in chapter one and two is a 
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growing computational support tool that has in recent years been the focus of academic 

research. It has been applied in buildings to enhance energy management and to 

facilitate buildings integration with the smart-grid[108]. Though a number of studies as 

noted in chapter two have demonstrated the added value of multi-agents in buildings 

for enhancing energy management and for integrating buildings with the smart 

grid[108][223], very few studies have been conducted to assess its added value in existing 

BEMS. The third research question of this thesis therefore sought to evaluate the added 

value of multi-agent application in building operation for enhancing energy 

management as well as integration with the smart-grid.   

For the first experiment with multi-agents, a MAS framework was designed and applied 

in an open-plan office space for coordination of the occupancy-based lighting control 

system. Compared to singular spaces, the application of occupancy-based lighting 

control strategies is more complex in existing office buildings. This is because occupants 

are not usually serviced by one lighting armature, but often have to share with other 

occupants in the room. This presents a resource sharing/allocation problem similar to 

that resolved with MAS by Huberman and Clearwater[227]. In this experiment, agents 

represented each room as well as occupants in the test-bed room. To enhance energy 

saving without compromising user comfort, user agents had to communicate with each 

other to establish user presence. A similar approach was applied by the authors in [89]. 

The authors[89] leveraged on the communication capabilities of MAS to improve 

energy savings in an office building as well as occupant comfort. Similarly, the authors 

in [78] also leveraged on the communication and autonomous properties of MAS to 

enhance energy management and user comfort in an office building. As with the MAS 

developed by the authors in [89], the developed MAS framework[78] was able to obtain 

fine-grained occupancy  information from the occupancy sensors in the room and 

subsequently implemented policies focused on satisfying only users who were currently 

occupying respective rooms. For the first experiment, using the developed MAS 

framework, occupancy-based lighting control was easily implemented in the open-plan 

workspace of an existing office building at no cost to occupants’ comfort. Lighting 

energy savings of approximately 28% was also obtained from the test-bed office space.  
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Given that a key advantage of MAS as noted in the chapters one and two is its easy 

reconfigurable structure, the functions of the designed MAS framework was extended.   

The functionalities of the same MAS framework utilized in the first occupancy-based 

lighting control experiment was extended to other rooms in the test-bed office building 

and utilized in improving the energy reduction capabilities of the installed occupancy 

based lighting control system in the print room. Time delays as noted in the preceding 

chapters of this thesis are commonly used with PIR controlled lighting systems in office 

buildings. This reduces the risk of the system becoming a nuisance to occupants. Time 

delay settings of 20–30 minutes are typical and as a result more energy is wasted than if 

occupancy were more accurately determined and energy use correspond to actual 

occupancy[192][299]. In [299], the authors proposed the use of subjective 

measurements to determine occupants preferred time-delay settings. The authors 

reported savings of 37.9% and 73.2% compared to a standard setting control baseline 

and a worst-case scenario. In [89], the authors developed a MAS framework in which 

agents exchanged messages to determine suitable rooms for meetings based on the 

number of participants. A similar concept was applied in the second MAS experiment 

and used to reduce the time delay of the occupancy detection system in the print room 

of the test-bed office building. The exchange of occupancy information between the 

agents in different rooms in the test-bed facilitated the reduction of the time-delay by 

approximately 90%. Though with impressive results, the achieved savings was only 

limited to a few occupants. This was because occupancy sensors were not installed in 

all workspaces in the test-bed office building. This limited the sensors ability to identify 

and localize occupants present at all workspaces within the test-bed office building. 

Notwithstanding, the application of the MAS provided improved energy savings and 

occupant tracking possibilities without the privacy and ethical concerns.  

The limited level of sophistication of traditional BEMS was also highlighted as a 

drawback hampering buildings interaction with the smart-grid. Buildings as noted by 

the authors in [40][60][306] play a key role within the smart grid and are a viable source 

of energy flexibility. Therefore, in the last experiment, the functionalities of the 

designed MAS were extended to include coordination and management of the 
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building’s useful energy flexibility. Within the designed MAS framework, agents within 

the building constantly updated the available useful flexibility of the test-bed office 

building in a table. With the available information, the building agent was then able to 

negotiate participation in grid support services such as demand response. A similar 

concept was demonstrated by the authors in [152] in which the energy flexibility of an 

office building was utilized for demand response. In contrast to the studies by the 

authors in [152] and a number of similar studies on building flexibility[157][155], the 

developed MAS framework was designed to prioritize occupant comfort. This is because 

the main function of buildings is to make use of energy for achieving its comfort needs. 

This function of buildings does however, conflict with the goal of some grid support 

services such as demand response. In the MAS coordinated demand response 

experiment described in section 5.1, although the first approach resulted in a higher 

energy flexibility for demand response participation, the second approach ensured 

occupants were availed the use of essential building appliances during participation.  

As demonstrated by the authors in [89][147][78] and [152] and in the experiments in this 

study, the MAS paradigm was demonstrated as an easy to (re)configure computational 

tool that can facilitate enhanced energy performance and buildings interaction with the 

grid without compromising occupant comfort. However, the application of MAS in 

building operation is still a developing field as noted by a number of 

authors[108][140][307]. One of the key challenges facing its application in building 

operation is the fact that existing software technology is still considered adequate. 

Though current BEMS lacks input of factors such as occupancy and occupant 

preferences, current software technology used in traditional BEMS are also able to 

exploit these information for energy management when available. In the test bed office 

building for example, additional sensory and control points had to be installed to obtain 

information on building occupancy and appliances. This information can also be fed to 

the installed BEMS and optimal occupancy based control strategies implemented 

directly from the BEMS.   
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6.2. Study Limitations  

Although the limitations of each of the experiments were discussed in the preceding 

chapters, in this section the limitations in relation to the outcomes and the study 

hypothesis are discussed. The hypothesis as provided in the introduction seeks to 

evaluate the use of fine-grained occupancy information and multi-agents for enhancing 

energy management and coordination of buildings energy flexibility. Through the 

experiments it was shown that the use of fine-grained occupancy information can yield 

worthwhile energy reduction in lighting energy use. While the same can be stated for 

both heating and ventilation systems as demonstrated by the authors in [21][104][161], 

this study was however limited in scope to just the lighting system. For the experiments 

described in sections 4.1 and 4.2 in chapter 4 as well as section 5.1 in chapter 5, only a 

few rooms in the test bed office building comprising majorly the open-plan workspace 

with the highest occupancy density and the print room were utilized. This was in part 

due to the absence of occupancy sensors in other rooms in the test-bed office building. 

This as noted in section 4.3.2 limited the scope of the study to a few test subjects.  

Furthermore, whilst a number of studies[101][102][293] have also reached similar 

conclusions on the added-value of fine-grained occupancy information for control of 

building systems, its use in practice is still rather very limited particularly in open-plan 

workspaces. A contributory reason for the rather slow uptake and use of fine-grained 

occupancy information in buildings can in part be attributed to the installation cost and 

the return on such investment. As noted in the preceding chapters, PIR motion sensors 

are the de facto occupancy sensor commonly used in buildings for lighting control. As 

also noted, due to the fact that these sensors are highly susceptible to false negatives, 

they are often configured with time delays or alternatively used in a combination of two 

sensors as demonstrated in this study. The use of multiple sensors does however 

introduces additionally capital or renovation costs for building owners which can be 

recouped through reduced electricity cost. Using the experiment result from section 4.2 

as an example, the yearly savings on lighting in terms of cost is estimated at 

approximately (0.084 x 1430) = 120 Euros. This estimate is based on an estimated 52 

weeks in a year, savings of 27.5 kWh per week and 0.084 euros per kWh[308]. Given the 
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cost of each wireless sensor and cost of installation, the return on investment (ROI) on 

the use of 12 wireless occupancy sensors used in this study would therefore be in 

approximately 7 years. Although wired sensors could provide shorter ROI, it also 

eliminates the increased placement flexibility introduced by wireless sensors. The high 

ROI on the wireless sensors can thus be considered a contributory factor limiting the 

use of fine-grained occupancy information in buildings. 

While the concept of utilizing buildings as viable source of energy flexibility for the grid 

is still an ongoing debate, the cost implication of such interventions to the building is 

also still a key discussion point. The use of buildings particularly commercial office 

buildings as energy flexibility sources as noted in the preceding chapters can lead to 

reduced worker productivity and reduction in the useful life of building appliances. A 

number of studies as documented by Kershaw & Lash(2013)[309] and Mofidi & 

Akbari(2016)[158] have demonstrated strong links between user productivity and indoor 

environmental quality conditions. A simple practical approach to consider productivity 

as provided by the authors in [309] is that if a person is distracted, then productivity 

will fall proportionally to the ‘time off task’. As this is quantifiable, a worker with billable 

hours of 8 hours and charge of 100 Euros per hour would result in a loss of 50 Euros if 

30 minutes is spent being distracted or attending to distractions from the indoor 

environment. However as noted by the authors in [310], layout of individual workspaces, 

workplace colour schemes, interior plants, dust levels and biological contaminants, and 

many other factors also contribute towards occupant(s) productivity in buildings. In 

terms of useful life of building equipment,  forced duty cycling of building systems often 

results in deviations from the design operation of these systems thereby shortening 

there useful life and resulting in increased maintenance and operational cost for 

building operators. Therefore in this study, in order to avoid distractions to building 

occupants which could lead to reduction in productivity, changes to the building 

systems for flexibility was constrained within the boundaries of established indoor 

environmental condition as outlined in table 5-1. Utilizing rules specific to the test-bed, 

agents were able to determine in real-time the available useful energy flexibility that 
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can be used for grid support without occupants having to tolerate any level of 

discomfort.     

Finally, aside from the cost benefits relating to reduced energy use during use of a 

buildings energy flexibility for demand response, other cost benefits such as incentives 

from the utilities for participation were not covered in this study. In addition, although 

photovoltaic and battery storage system as described in appendix C were installed and 

included in the agent framework, the contribution of the renewable energy system was 

not considered in this study.  
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This chapter provides the conclusion of this 
research as well as direction for future 
research.  
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7.1. Conclusion  

 Buildings have in recent times being the target of a number of energy conservation 

strategies due to its significant energy consumption. While considerable effort is being 

put into the development of strategies to improve the energy performance of buildings, 

the energy demand of buildings is considered a source of energy flexibility for the smart-

grid. In this study, based on the hypothesis that the use of increased sensor data and 

computational support can enhance energy management and facilitate use of building 

energy flexibility without impairing performance, three research questions were defined.  

The first research question sought to identify the limitations of current approaches 

for occupancy detection in buildings. Emphasis was placed on occupancy detection tools 

because occupancy is one of the main elements of occupant behaviour in buildings. 

Furthermore, occupant behaviour is considered a major source of uncertainty that 

significantly influences the energy performance of buildings. This first research question 

was addressed through a thorough review of literature. From the survey, it was shown 

that commonly used occupancy detection systems provide coarse-grained occupancy 

information, which subsequently influences the magnitude of the obtainable savings 

when applied in demand-driven control applications. 

The second research question focussed on the evaluation of alternatives tools for 

obtaining fine-grained occupancy to enhance energy management in buildings. The 

concept of chair based occupancy detection was introduced and evaluated through a 

number of experiments. The result from the experiments showed chair-based occupancy 

detection to be a viable tool for obtaining occupancy information on user presence, 

count and location in buildings. The result from the experiments also showed that chair-

based occupancy detection systems could be combined with existing occupancy 

detection systems to obtain improved occupancy detection and energy savings from 

building services systems.   

The third research question was aimed at identifying the benefits of MAS in buildings 

as a computational tool to facilitate improved energy management and interaction with 

the smart-grid. Through three experiments, MAS was demonstrated as an easily 

(re)configurable computational support tool that can facilitate enhanced energy 
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management as well as coordination of building processes for optimal interaction with 

the smart-grid.    

Through the experiments conducted in this study as well as similar studies cited in this 

study, MAS has been demonstrated as a viable computational support tool that can 

enhance building operation and management. The uptake of MAS in building operation 

and management is however still is still rather very slow. This as noted is due to the 

adequacy of existing building energy management design software and lack of a clear 

business case for a transition to a more intelligent MAS platform. It is therefore 

imperative to explore its application in practical areas in buildings where it’s potential 

strengths; flexibility, autonomy, and communication provide clear additional benefits. 

That being said, with the transition to the smart-grid and the increasing number of 

systems within the building optimal coordination of building processes without 

compromising occupant comfort with limited input from building operators would be 

overwhelming for existing BEMS. Moreover, in utilizing the energy flexibility of 

buildings for grid support services, such as demand response, energy flexibility in the 

magnitude of megawatts is often required, whereas buildings are only able to provide 

energy flexibility in the magnitude of kilowatts. Achieving the megawatt energy 

flexibility threshold thus demands organized and coordinated participation of a 

federation or aggregation of buildings. In this capacity, the MAS paradigm has been 

shown to be a viable and easy approach for managing and coordinating the interactions 

of several different participating buildings. 

7.2. Future Work 

In the course of this study, a number of new questions were posed which should be 

further investigated.  

 Use of existing building infrastructure for occupancy detection  

 Most commercial office buildings today incorporate WI-FI access points 

 distributed through various spaces in the building. In addition, most building 

 occupants often have portable mobile devices on their person. The fusion of the 
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 information from WI-FI access points and mobile devices can in combination with 

 other low-cost sensors such as PIR and chair sensors provide fine-grained 

 occupancy information on presence, count, location, and track without invading 

 occupants’ privacy. The fusion of the information from these multiple sources 

 combined with computational support tools such as agent systems can provide 

 fine-grained occupancy information that can yield worthwhile improvement in 

 building energy consumption.  

 Applying MAS for coordination of flexibility of groups of buildings   

 For participation in grid support activities, the grid often requires flexibility in the 

 magnitude of megawatts. Buildings such as the test bed office building are 

 however able to provide flexibility in the magnitude of kilowatts. A federation or 

 aggregation of similar buildings would therefore be required to provide the energy 

 flexibility needed by the smart grid. The application of MAS in this direction for 

 coordination of the flexibility from multiple buildings is therefore a research 

 direction to explore. 

 Exploring alternative solutions for building flexibility utilization without building 

comfort and productivity degradation  

Though buildings are a viable source of demand-side energy flexibility, quite often 

to maximize buildings useful energy flexibility, occupants often have to tolerate 

some degree of discomfort. Given that the primary function of buildings and building 

services is the provision of a comfortable and productive indoor environment for 

occupants, alternative and effective ways of utilizing the useful energy flexibility of 

buildings without compromising occupants comfort and productivity needs to be 

explored. Another alternative solution as noted in this thesis is the use of the growing 

number of distributed energy resources combined with energy storage systems being 

introduced in buildings. This possibility is currently being explored in the test bed 

office building with the installation of PV-generation as well as battery storage 

systems (appendix c).    
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APPENDIX A: - Trias Energetica 
 

The Trias Energetica is a very useful method in connection with energy optimization of 
a specific design after clarifying the client’s wishes for the program and completing the 
Integrated Energy Design process. The Trias Energetica makes clear that energy savings 
have to come first on the path to environmental protection. Only when a building has 
been designed to minimise the energy loss, should the focus shift to renewable energy 
solutions, such as solar panels or heat exchange and recovery systems. 

The method was developed by Kees Duijvestein from the TU Delft in 1979 and 
internationally introduced by Erik Lysen of Nederlandse Onderneming voor Energie en 
Milieu (Novem) a preprocessor of Rijksdienst voor Ondernemend Nederland (RVO), 
Netherlands Enterprise Agency, the National funding organization which encourages 
entrepreneurs in sustainable, agrarian, innovative and international business. It helps 
with grants, finding business partners, know-how and compliance with laws and 
regulations. The Trias Energetica principle can be used as a superior principle under 
each step of the Integrated Energy Design process. 

 
The Trias Energetica method prioritizes various initiatives in connection with the use 
of energy. The method consists of 3 steps: 
1. Reduce the demand for energy 
2. Use sustainable sources of energy 
3. Use fossil fuels as efficiently as possible 
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The starting point in a specific design process will always be user comfort, especially in 
commercial buildings. It is important to have a differentiated view on each comfort 
situation, and to consider simultaneity, dress-code, level of activity etc. 
 
The first step in the design process is to focus on minimising the energy need. 
This can be done by: 
• Analyses of the site (solar and wind conditions, orientation etc.) 
• Optimization of the building geometry 
• Using good windows 
• Optimize daylight use 
• Sufficient insulation 
• Minimising thermal bridges 
• Tightening the building 
• Using any free heat supplements 
• Avoiding overheating (which produces cooling needs) 
• Using energy efficient artificial lighting 
• Avoiding standby losses 
• Etc. 
 
The second step is about covering the building’s energy need with as much sustainable 
energy as possible. In terms of design, it means focusing on e.g.: 
• Using free solar heat supplements for heating 
• Prioritizing low temperature heating like floor heating, which can be combined with \ 
solar heat 
• Examining the possibilities for using biomass boilers 
• Designing for the use of active solar heat and solar cell systems 
• Etc 
 
Third step is about efficient use of fossil fuels to cover the remaining energy demands 
in the building. This is done in the design process by ensuring: 
• An efficient energy supply 
• Adjusting for the actual operating profile of the building 
• Dividing into zones of similar functions and needs, which can be supplied from the   
same unit 
• Etc. 
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APPENDIX B: - EVE- Agents 
 

Eve is a multipurpose, web-based agent platform. Eve envisions to be an open and 
dynamic environment where agents can live and act anywhere: in the cloud, on 
smartphones, on desktops, in browsers, robots, home automation devices, and others. 
The agents communicate with each other using simple, existing protocols (JSON-RPC) 
over existing transport layers (HTTP, XMPP), offering a language and platform agnostic 
solution.  

For a good understanding of Eve, it is important to look at its concept Agent. The basic 
definition of agent is: A software entity that represents existing, external, sometimes 
abstract, entities. Examples of such entities are: human beings, physical objects, abstract 
goals, etc. To be able to function, the agent needs to be able to run independently of the 
entity it represents. This autonomous behaviour requires a basic set of capabilities, 
which Eve provides for its agents. These features are: 

• time independence, scheduling, independent of the represented entity. 
• memory, the possibility to keep a model of the state of the world 
• communication, a common language to communicate between agents 

 

The main reason for providing a separate memory capability to the agents is that, in 
most implementations, Eve agents have a request based life cycle. The agent is only 
instantiated to handle a single incoming request and is destroyed again as soon as the 
request has been handled. Only the externally stored state is kept between requests. The 
agent identity is formed by the address of its state, not by an in-memory, running 
instance of some class. The scheduling capability provides requests at scheduled times, 
thus instantiating the agent at that time. 
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This model mimics the way modern webservers handle servlets, allowing any servlet to 
become an Eve agent. Out of the box, a single agent (=single state) can therefore execute 
requests in parallel, multi-threaded, and (depending on the state-implementation) 
distributed among multiple servers. This model also allows for easier handling of 
asynchronous agent designs. 
 
The agent model is based on request driven instantiation. The requests, that trigger this 
instantiation, are JSON-RPC encoded. In the Protocol section, this protocol is further 
defined and described. Using JSON as its base, Eve is highly programming language 
independent; for most mainstream languages, there are existing JSON handling libraries. 
Any implementation that adheres to the described protocol and basic agent model, is 
therefore considered an Eve implementation. This high-level definition allowed effective 
reuse of existing tools and protocols in the implementation of Eve.  
 
Eve is defined by its agent model and its RPC protocol. But the JSON-RPC messages still 
need to be transported from one agent to another agent, possibly crossing to a 
completely different platform. The two implementations (on the different platforms) 
need to share a common transport service for this. Currently the Eve implementations 
support HTTP and XMPP as transport protocols, but it's relatively straight-forward to 
e.g. implement a ZeroMQ transport. If two implementations share a common transport 
service, its agents can work flawlessly together. For example, this allows a Java cloud 
agent to communicate with an in-browser Javascript agent, through JSON-RPC over an 
XMPP transport. 
 
An important part of any agent platform is its addressing and directory service. In line 
with maximum reuse of existing protocols and runtime environments, Eve also reuses 
existing addressing frameworks for its agents: The HTTP transport services assigns a 
normal public URL for each agent, allowing using normal DNS servers as directory 
services. Similarly, the XMPP transport uses the JIDs as agent addresses, allowing the 
server roster to be used as directory service. 
In the current implementations Eve is working on servlet based servers (e.g. Google App 
Engine, Amazon Web services, etc.), as standalone applications, on mobile devices (e.g. 
Android) and in-browser, through its JavaScript implementation. 

Eve defines an interaction protocol between agents. This protocol consists of a common 
RPC language and some expected behavioural patterns. This interaction protocol is 
described: 

• Communication Protocol describes the RPC language for the agents. 
• Required methods describes the standard methods of an agent. 

http://eve.almende.com/concepts/protocol.html#protocol
http://eve.almende.com/concepts/protocol.html#required
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• Management methods describe optional methods that an implementation 
should make available to administrators and developers. 

• Interaction patterns describe common behaviour that implementations should 
provide to agents, with associated methods. 

• Documentation links to resources related to the JSON-RPC protocol. 
 
Eve agents communicate with each other using the JSON-RPC protocol. This is a simple 
and readable protocol, using JSON to format requests and responses. JSON (JavaScript 
Object Notation) is a lightweight, flexible data-interchange format. It is easy for humans 
to read and write, and easy for machines to parse and generate. JSON-RPC version 2.0 is 
the minimally required version, because Eve uses named parameters. A request from 
Agent X to agent Y can look as follows: 
Agent X addresses method add from agent Y, and provides two values as parameters. 
Agent Y executes the method with the provided parameters, and returns the result. 
 
Building EVE-Agent code  

package kropmantest; 

import java.io.File; 

import java.io.FileInputStream; 

import java.io.IOException; 

import java.net.URI; 

import java.util.logging.Level; 

import java.util.logging.Logger; 

import org.joda.time.DateTime; 

import com.almende.eve.agent.Agent; 

import com.almende.eve.config.Config; 

import com.almende.eve.config.YamlReader; 

import com.almende.eve.deploy.Boot; 

import com.almende.eve.protocol.jsonrpc.annotation.Access; 

import com.almende.eve.protocol.jsonrpc.annotation.AccessType; 

import com.almende.eve.protocol.jsonrpc.annotation.Name; 

import com.almende.eve.protocol.jsonrpc.formats.Params; 

import com.almende.util.callback.AsyncCallback; 

import com.fasterxml.jackson.databind.node.ObjectNode; 

http://eve.almende.com/concepts/protocol.html#management
http://eve.almende.com/concepts/protocol.html#patterns
http://eve.almende.com/concepts/protocol.html#Documentation
http://eve.almende.com/concepts/protocol.html#Documentation
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@Access(AccessType.PUBLIC) 

public class BuildingAgent extends Agent {   

//Start users agents  

 public void startUsers() throws IOException, InterruptedException{ 

   call(URI.create("http://localhost:8080/agents/USER1/"), 

      "StartControl", null); 

   call(URI.create("http://localhost:8080/agents/USER2/"), 

      "StartControl", null); 

   call(URI.create("http://localhost:8080/agents/USER3/"), 

      "StartControl", null); 

 } 

//Start Room agents  

  public void startRoomA() throws IOException, InterruptedException{  

   call(URI.create("http://localhost:8080/agents/PrintRM/"), 

       "StartControl", null); 

   call(URI.create("http://localhost:8080/agents/MainRM/"), 

       "StartControl", null); 

  }  

//Start Gateway and databases   

   public void startGateway() throws IOException{ 

   call(URI.create("http://127.0.0.1/:8080/agents/DataAgent/"), 

      "startgateway", null);  

   } 

//Stop Gateway and databases    

   public void exitGateway() throws IOException{ 

   call(URI.create("http://127.0.0.1/:8080/agents/DataAgent/"), 

      "exitprogram", null); 

   } 

   public class DRevent extends Agent { 

    Kropmandecoder test = new Kropmandecoder(); 

    String data; 

private static final Logger LOG= Logger.getLogger(DRAgent.class.getName()); 
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public void RequestData() { 

     

 final Params params = new Params(); 

 final Params subparams = new Params(); 

params.put("LibraryName", "Datapoints"); 

 //subparams.put("State", state); 

 //params.set("Parameters", subparams); 

try {call(URI.create("ws://tcc-kropman.dyndns.org:3000/agents/remoteGuy"),  

"ExecLibrary", params, new AsyncCallback<ObjectNode>()  

@Override 

public void onSuccess(ObjectNode result) { 

 LOG.info("Received result:" + (data= result.toString()) );    
      } 

@Override 

public void onFailure(Exception exception) { 

         
 LOG.log(Level.SEVERE, "Failed to call remoteGuy:", exception); 

         } 

        }); 

} catch (IOException e) { 

 LOG.log(Level.SEVERE, "Failed to call remoteGuy:", e); 

     }} 

public void scheduleSpecific(){ 

schedule("scheduleSpecific",null,DateTime.now().plus(10000-
DateTime.now().millisOfSecond().get()));   

 RequestData(); 

 test.databreaker(data); 

    } 

public void switchLamp(@Name("state") int state){ 

 final Params params = new Params(); 

 final Params subparams = new Params(); 

 params.put("LibraryName", "Lib3056"); 
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 subparams.put("State", state); 

 params.set("Parameters", subparams); 

 try { 

call(URI.create("ws://tcc-kropman.dyndns.org:3000/agents/remoteGuy"),  

 "ExecLibrary", params, new AsyncCallback<ObjectNode>() { 

@Override 

public void onSuccess(ObjectNode result) {      
 LOG.info("Received result:" + (data= result.toString()) );   

         } 

@Override 

public void onFailure(Exception exception) {     
 LOG.log(Level.SEVERE, "Failed to call remoteGuy:", exception); 

         }}); 

     } catch (IOException e) { 

LOG.log(Level.SEVERE, "Failed to call remoteGuy:", e); 

     }}} 

   public static void main(String[] args) throws IOException, 
InterruptedException { 

    final Config configfile = YamlReader.load( 

      new FileInputStream(new File(args[0]))); 

    Boot.boot(configfile); 

   }} 
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APPENDIX C: - PV and battery energy storage system installation at test-bed 
 

Given that Photovoltaic and battery storage systems can serve as an additional source of 
useful energy flexibility in office buildings, Photovoltaic and battery storage systems 
were installed as depicted in the figures below in the test bed office building. 

 

Appendix 1: PV installation on test-bed building 
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Appendix 2: Battery 

 

Appendix 3: battery Storage 

The design aimed to enhance self-consumption whilst also ensuring reliable delivery of 
power flexibility from the building. In particularly, the following were taken into 
account: 
1. Self-consumption of generated energy: The battery was sized to ensure that the 

energy produced by the roof top installed PV generator in building was significantly 
self-consumed; the storage catered for excess generations whenever building is 
closed.  

2. Demand side flexibility: This entailed improvement of building capacity to be used 
reliably as a demand side flexibility resource. Demand side flexibility is in this context 
defined as intelligently use of building based storage and other connected loads to 
enable occasional supply side power balancing without compromising occupants’ 
comfort, safety and productivity.  

Performance characteristics considered include length of cycles, cycle efficiency and 
number of cycle’s energy capacity, power availability, power system response time 
requirements. The system was designed to ensure that at critical moments, participation 
of the building could be supported for short-term power flexibility services of up to one 
hour. Specification of the system chosen was as illustrated in Figures 4 to 6.  
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Appendix 4: Line diagram of the EES with specification details 

 

 
Appendix 5:  System connection with BEMS 



/ Department of the Built Environment

The research presented in this dissertation bascially makes 
the argument for the use of fine-grained occupancy infor-
mation and multi-agent systems in building operation for 
improvement of energy management. The conclusion from 
this research indicates that the availability and utilization 
of fine-grained building occupancy information particularly 
on the building room-level can facilitate worthwhile energy 
savings. In addition, it also indicates that the combination 
of both fine-grained occupancy information and multi-agent 
systems can enhance energy management and facilitation 
of buildings energy flexibility for grid support while main-
taining comfort.

finalcover-mh3.indd   4 15-5-2017   10:54:19


	front
	Multi-agents and occupancy based strategy
	A multi-agents and occupancy based strategy for energy management and process control on the room-level
	SUMMARY
	TABLE OF CONTENTS

	LIST OF FIGURES
	LIST OF TABLES
	LIST OF ABBREVIATIONS
	1.  CHAPTER ONE  INTRODUCTION
	1.1. Buildings, the Smart Grid and, energy and environmental sustainability
	1.2 Building Energy Management System & Multi-agent system
	1.3 Scope, context and contribution of this research
	1.4 Research methodology
	1.5 Thesis outline
	1.6 Publication overview

	2.    CHAPTER TWO        LITERATURE SURVEY
	2.1 Occupancy information in building operation
	2.2 Occupancy detection systems
	2.3. Discussion
	2.4. Multi-agent application in building management
	2.5. Discussion

	3.       CHAPTER THREE        OCCUPANCY              DETECTION SYSTEMS       EVALUATION
	3.1. Occupancy detection system design and evaluation
	3.2. Experiment I- Chair detection system design and evaluation
	3.2.1.   Results and discussion
	3.2.2.   Experiment summary

	3.3. Experiment II- Evaluation of different chair sensing technologies
	3.3.1.    Results and discussion
	3.3.2. Experiment summary

	3.4. Experiment III- Sensor fusion application in energy management
	3.4.1.     Results and discussion
	3.4.2.   Experiment summary


	4.                    CHAPTER FOUR            MULTI-AGENTS SYSTEM         APPLICATION IN ENERGY         MANAGEMENT
	4.1. MAS application and agent design framework
	4.2. Experiment I - MAS coordinated occupancy based lighting control
	4.2.1. Results and discussion
	4.2.2. Experiment summary

	4.3. Experiment II: Motion detection system time-delay reduction
	4.3.1. Results and discussion
	4.3.2. Experiment summary


	5.      CHAPTER FIVE         MULTI-AGENTS         SYSTEM APPLICATION       IN FLEXIBILITY         COORDINATION
	5.1. MAS application in building flexibility coordination
	5.1.1. Results and discussion
	5.1.2. Experiment summary


	6.         CHAPTER SIX         RESULTS AND         DISCUSSION
	6.1. Study Outcomes
	6.2. Study Limitations

	7.        CHAPTER SEVEN       CONCLUSION AND        FUTURE WORK
	7.1. Conclusion
	7.2. Future Work

	BIBLIOGRAPHY
	APPENDIX A: - Trias Energetica
	APPENDIX B: - EVE- Agents
	APPENDIX C: - PV and battery energy storage system installation at test-bed

	back

