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1. Introduction 

 

This chapter provides an introduction to the research work presented in 

this thesis. The chapter describes the research background as well as 

explains the research motivation and research questions.  In addition, it 

presents the research method used in the study and outlines the structure 

of the thesis. The chapter ends with a discussion on the author’s 

contributions and contributions of the study. 

1.1. Background and motivation 

Several countries have set ambitious goals for greenhouse gas reductions 

for the coming decades. For example, the European Union is committed to 

reducing its  overall  emissions by at  least  20% by 2020 and by 80-95% by 

2050 compared with 1990 levels (EC 2011). Buildings account for a third of 

global carbon emissions (IEA 2011) and are therefore in a central role in 

reaching the carbon dioxide reduction goals. Various strategies are needed 
to reduce carbon emissions, such as energy efficiency, renewable energy 

and carbon capture and storage. Energy efficiency measures are particularly 

promising, but must be done with care, because they can potentially affect 

the indoor environment and the health, productivity and comfort of the 

building’s occupants. However, even without energy efficiency measures, 

indoor air quality and other quality problems are not uncommon in today’s 

buildings (e.g., GAO 1995, Huizenga et al. 2006, Mills & Mathew 2009). As 

the development trend is towards low and zero-energy buildings equipped 

with new and complex technologies, the significance of quality and 

performance assurance becomes even greater. 

 
One approach to improving the quality and performance of buildings is 

continuous performance monitoring (Haves & Hitchcock 2008). The 

approach aims at reducing energy use and improving indoor environmental 

quality by continuously tracking and analysing issues mainly related to 

heating, ventilation and air-conditioning (HVAC). Several studies, such as 

(Piette et al.  2001, Brown et al.  2006, Mills & Mathew 2009), have shown 

that building performance can be improved with this approach. An essential 

part of the approach is the tool used for performance monitoring. Since 

current building automation systems, systems used to manage and control 
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HVAC equipment, have a limited ability to collect, archive and visualize 

data  (Brambley  et  al.  2005a,  Haves  &  Hitchcock  2008),  there  has  been  a  

need for more advanced performance monitoring tools. During the years 

these tools have been developed from the perspectives of fault detection and 

diagnostics (FDD) as well as, commissioning and performance 

measurement. Despite significant research work in this area, there are still 

many issues to be addressed. For instance, although FDD and continuous 

commissioning tools have been developed for years in research institutes, 

they have failed to be adopted in the marketplace. Although numerous 
commercial performance measurement products exist they have mainly 

focused only on energy measures. Non-energy measures should also be 

measured to avoid sub-optimization, such as improving energy 

performance at the expense of indoor conditions. 

 

Although current building automation systems do not offer performance 

measurement capabilities, they still collect, process and transmit data that 

is related to several aspects of a building’s performance, such as indoor 

conditions and equipment performance. This data could be used to measure 

building performance from multiple perspectives and to provide an overall 

picture of the building’s performance. 

1.2. Research problem and questions 

The problems that this research addresses are building energy efficiency 

requirements, building performance problems and especially the tools 

intended for continuous building performance measurement. The thesis 

approaches these challenges from the viewpoint of building automation and 

performance measurement.  

 
There are two research questions in this study: 

� What kind of solution for continuous building performance 

measurement transforms building automation data into a set of 

performance metrics that describe a building’s performance from 

multiple perspectives? 

� What are the experiences and especially the challenges associated 

with the use of this solution? 

 

The study concentrates not only on constructing a new solution but also on 

evaluating the solution from the users’ perspective. This is seen to be 

important because many of the earlier solutions, especially those based on 
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fault detection and diagnostics methods, have not gained success in the 

marketplace. 

1.3. Research method 

This study was conducted using the constructive research approach. 

Constructive research is a form of applied research that aims at solving real 
world problems through constructions, such as models, diagrams, 

commercial products and information system designs (Lukka 2003). At the 

center of the approach is the belief that by creating a new reality (a 

construction) and analysing it in detail, one can make both a practical and 

theoretical contribution. The approach or similar approaches have been 

widely used in technical sciences, mathematics, operations analysis and 

clinical medicine (Kasanen et. al 1993). The research approach of solving 

problems through constructions is sometimes also referred to as design 

science (March & Smith 1995, Järvinen 2004). 

 

Kasanen et. al (1993) and Lukka (2000, 2003) have developed the 
constructive research approach in the field of business administration. 

Although they have developed the approach in business science, its 

potential application field is broad. Their research approach has been used 

in various fields of study such as logistics and supply chain management 

(Laine 2005), real estate and facility management (Lindholm 2008) as well 

as computer sciences (Buss 2011). 

 

Kasanen et al. (1993) present that the constructive research consists of five 

elements: practical relevance of the problem, connection to the theory, a 

construction as a solution to the problem, practical functioning of the 

solution and theoretical contribution of the solution as presented in figure 
1.1. An essential part of this approach is to tie the research problem and its 

solution to an accumulated theoretical understanding. In addition, the 

research has to demonstrate the novelty of the solution and evaluate the 

results critically.  

 



4 
 

 

Figure 1.1 Elements of constructive research (Kasanen et al. 1993) 

 
The aim of creating concrete solutions and the ability to provide a practical 

as well as theoretical contribution were the reasons why the constructive 

research approach was chosen for this research. The approach served all 

aims in the research process. The research provided a practical solution for 

the building services company where the research was conducted as well as 
offered an opportunity for the author of the study to make a theoretical 

contribution to the field.  

 

The constructive research approach can be illustrated by dividing it into 

process phases (Kasanen et al. 1993): 

1. Find a practically relevant problem which also has research 

potential 

2. Obtain a general and comprehensive understanding of the topic 

3. Innovate, i.e., construct a solution idea 

4. Demonstrate that the solution works 

5. Show the theoretical connections and the research contribution of 
the solution concept 

6. Examine the scope of applicability of the solution 

 

In this study, the first step of the process, the identification of a practically 

relevant problem, was based on the groundwork conducted during the 

author’s licentiate's thesis (2008) and also during Houttu’s master’s thesis 

(2008). In the building services company, where both of the studies were 

conducted, the decision was made to concentrate on this specific problem 

as it was identified to be relevant in field of building operation and 

maintenance. The state-of-the-art review presented in this study forms the 

second step of the process. The main sources used in the review included 
academic journals, conference proceedings, research reports and standards. 

In addition to these, online materials as well as books written on the area 

were used. The third step, constructing the solution, was an iterative 

process which included gaining ideas from many people. Several persons 

from the building services company and their customers provided valuable 
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feedback for the development work. The solution demonstrated in this 

research is the performance monitoring and management system (PEMMS) 

which is presented in chapter 10. The system is a commercialized product 

that utilizes data from real buildings. In addition to describing the system, 

chapter 11 of this study focuses on evaluating the system from the users’ 

perspective. The last two steps of the process are discussed at the end of 

chapters 10 and 11 as well as in the conclusions. 

 

Although the constructive research approach is the primary research 
method in this study, also qualitative research methods are used to evaluate 

the constructed solution. The qualitative research methods used to evaluate 

the solution are presented in more detail at the beginning of chapter 11. 

1.4. The focus and the structure of the thesis 

The main focus of the thesis is the utilization of building automation data in 

building performance measurement. This decision significantly limits the 

perspectives of this research. From the building life cycle phases, this study 
concentrates on the operation and maintenance phase as it is the phase 

when the building automation system is in use. The main user group of this 

study is building operation and maintenance organisations. The building 

services company where this research was conducted represents this kind of 

organisation. Residential buildings do not necessary have building 

automation systems and are therefore not always maintained by 

professional operation and maintenance organisations. Hence, this building 

type is left out of the scope of the study. In addition, of the numerous 

building performance aspects, only those that can be measured with a 

building automation system are investigated in more detail in this study.  

 
The thesis is structured as follows. After the introduction in the first 

chapter, chapter two presents the problem domain in more detail and 

outlines the literature review. Chapters three to nine provide a state-of-the-

art review on the research subject. The review begins with an introduction 

to the building operation and maintenance field which is the environment 

where the research is conducted. Chapter four outlines the technology used 

in this study, namely the building automation system. This is followed by a 

presentation of the approaches from which the research problem has been 

examined in the previous studies. The described approaches are fault 

detection, diagnostics and prognostics, commissioning and performance 
measurement. In addition to describing the basic ideas of the three 
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approaches, examples of current tools based on these perspectives are 

presented in chapter eight. The state-of-the-art review ends with a 

discussion on information and automation system adoption and use. Based 

on the state-of-the-art review and especially on the lessons learned from the 

earlier building performance visualization and fault detection and 

diagnostics tools, a new solution is constructed. The novel solution is 

described and analysed in chapter 10. The presented solution is evaluated 

from the users’ perspective in chapter 11. Chapter 12 concludes the study by 

summarizing the research findings, evaluating the results and exploring 
directions for future research. 

1.5. Contributions of the study 

The constructive research approach aims at producing innovative 

constructions and by this make a contribution to the theory of the discipline 

in which it is applied (Lukka 2003). The novel solution in this study is the 

construction of a continuous building performance measurement system 

which utilizes automation data from real buildings and transforms the data 
into a set of performance metrics. The system is capable of: 

� Visualizing building performance from energy, indoor conditions 

and HVAC system perspectives 

� Displaying the performance metrics in a manner that is easy and 

intuitive to understand also for non-technical users 

� Providing high-level performance reports which enable the overall 

building performance to be assessed at a glance 

� Offering drill-down capabilities to view detailed information behind 

each metric 

� Providing information that can be utilized by the whole building 

operation and maintenance organisation in both building 

performance management and performance monitoring 

 
The users of the system identified all the above mentioned capabilities. 

Despite this, the system was only used for testing and experimental 

purposes and not taken into operative use. The main challenges to using the 

system were related to accessibility, trust and management practices.  

 

Some of the main characteristics of the constructed solution as well as the 

user evaluation findings provide new knowledge to the field of building 

performance visualization and fault detection and diagnostic tools.  
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The characteristics of the solution that accumulate prior knowledge are: 

� The principles of transforming building automation data into 

building performance metrics with multiple performance 

perspectives 

� Presentation of the performance information in a format that can be 

used by the whole building operation and maintenance organisation 

in both building performance monitoring and management  

 

The results of the user evaluation suggest that the importance of 

information accessibility has been overlooked in previous studies. The users 
may not be satisfied with a web portal dedicated to displaying performance 

information. They would rather receive information as easily as possible 

through applications that they would otherwise already use during their 

daily work, such as email or the Computerized Maintenance Management 

System (CMMS). The other two findings from the user evaluation 

strengthen the prior understanding that lack of trust in the system and a 

lack of management practices can be obstacles to adopting advanced 

information systems. 

1.6. Author’s contributions 

This thesis is part of a larger research effort which was conducted in a 

Finnish building services company. The research project aimed at utilizing 

building automation systems in the development of new services for 

building operation and maintenance. The author initiated the research 

effort  in  2007  and  led  the  project  until  this  thesis.   During  the  research  

project, a licentiate’s thesis and three master’s thesis have been published 

before this study. The licentiate’s thesis Building Automation System 
Enabled Services for Real Estate Maintenance has been written by the 

author of this thesis. It focused on investigating the possibilities of using 
building automation systems to develop new services (Ihasalo 2008). 

Chapters three and four of this study are partly based on the licentiate’s 

thesis. The author has instructed all three master’s thesis published during 

the project. Houttu’s (2008) master’s thesis, Facility technical metrics - 
industrial maintenance methods and solutions applied to facility 
maintenance, and the author’s licentiate’s thesis were the starting points to 

the development of the solution described in this thesis. During the 

master’s thesis project the goal was set to develop building maintenance 

metrics similar to the ones used in the industrial sector, such as the overall 

equipment effectiveness. The first version of the continuous performance 
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measurement solution was developed during Houttu’s thesis. This version 

included metrics for indoor air quality and air handling unit performance. 

Kukkonen (2008) continued the development work in his thesis Facility 
maintenance metrics – tool for analyzing energy performance. In his 

work, Kukkonen extended the solution to include energy performance 

metrics which measure the factors that affect energy use in buildings. 

Wacklin (2010), on the other hand, investigated the performance 

monitoring of frequency converters in the thesis Utilization of Frequency 
Converter Measurement Data in Facility Technical Drives. He also 
examined the possibilities equipment manufacturers had to utilize 

frequency converter data when developing products. After the completion 

of the master’s theses, the solution and especially the user interface of the 

solution has been developed further. The author has directed this 

development work in which several persons from the building services 

company and their customers have participated. The development of the 

solution is summarized in figure 1.2. 

 

 

Figure 1.2 The development steps of the solution 

 
The author’s contribution to the research work has been in initiating and 

leading the project as well as providing ideas and lesson’s learned from the 

perspectives presented in the state-of-the-art review of this study, namely 

building automation, fault detection, diagnostics and prognostics, 

commissioning, performance measurement, building performance 

visualization and FDD tools and information and automation system 

adoption and use. The first version of the solution was presented in 

Houttu’s master’s thesis (2008) and it was later extended by Kukkonen 

(2008) and Wacklin (2010). However, the general principles of 

transforming building automation data into building performance metrics 
as well as the further developed solution as a whole including three 
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performance perspectives and the capability to serve both monitoring and 

management purposes are described for the first time in this thesis.  

 

The author himself has not programmed the solution or constructed the 

interface of the solution. This work has been conducted by experts 

dedicated to this field.  The author is by himself responsible for writing the 

state-of-the-art review, describing and analysing the constructed solution, 

interviewing the solution users, analysing the interview results and drawing 

conclusions from his observations. 
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2. Framing the research field and the 
problem domain 

This chapter presents the problem domain of this study in more detail and 

outlines the state-of-the-art review. The beginning of the chapter describes 

the research environment, namely the building operation and maintenance 

field.  The  rest  of  the  chapter  introduces  the  problem  domain  and  at  the  

same time summarizes the literature review by describing the meanings of 
the terms used in the problem statement. 

2.1. The research environment 

This research was conducted in the field building operation and 

maintenance. This phase of the building life-cycle starts when the 

construction project ends. Building operation and maintenance aims at 

maintaining the property’s value and providing a comfortable indoor 

environment for building users. Operation and maintenance work is often 
undervalued and is often one of the first items considered when budgets are 

cut. It is also often considered to be inefficient and not as developed as 

industrial maintenance. However, there have been a number of 

developments in building operation and maintenance during the last couple 

of years. One of the most significant changes is the increasing importance of 

environmental issues. As mentioned in the introduction, buildings are a 

large source of carbon emissions and therefore have a central role in 

preventing the global climate change. Several countries have tightened 

building codes and introduced incentives to reduce carbon emissions in 

buildings. This has also changed how buildings are constructed and 

maintained. Another clear change has occurred in the relationships 
between the actors of building operation and maintenance. In the past it 

was common that building owners, users and service providers belonged to 

the same organisation, where as nowadays there is a tendency of separation 

where the actors are a part of different legal entities. The drivers for this 

change have been outsourcing and real estate’s “sale-and lease-back” 

model. This change has highlighted the importance of contracts, service 

descriptions, service level agreements and performance measurements. The 

research environment is discussed more thoroughly in chapter three. 
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2.2. Solution for continuous building performance measurement 

The first research question included words such as building automation, 

continuous building performance measurement, performance metrics and 

performance from multiple perspectives. The following paragraphs describe 

the meaning of these terms.  
 

The roots of building automation are in the control of heating, ventilation 

and air-conditioning systems. The system has traditionally been used to 

maintain comfortable indoor conditions whilst minimizing the energy used. 

However, current building automation systems are capable of performing 

much more than this.  Through technological development, present 

automation systems are able to control and manage various building 

systems, for instance, lighting, safety, security and transportation systems. 

Today’s building automation systems are also capable of communicating 

with other information systems, such as Computerized Maintenance 

Management Systems (CMMS) and the Enterprise Resource Planning 
(ERP) systems. The ability to collect, process and transmit data from 

several building systems was the reason behind choosing the building 

automation system for the solution in this study. By utilizing the 

automation data, no additional sensors or equipment are needed in the 

implementation of the solution. Building automation systems are 

introduced in depth throughout chapter four.  

 
Despite recent developments, building automation systems still have 

limited capabilities to collect, archive and visualize a building’s 
performance. To address this deficiency, more advanced continuous 

building performance measurement tools have been developed in the fields 

of fault detection and diagnostics and building commissioning. Also the 

term building performance monitoring and fault detection and diagnostics 

tools is used in this study in referring to this kind of tools. Fault detection 

and diagnostics provide a means of identifying process defects, locating the 

causes of the faulty operation and giving instructions for corrective actions. 

On the other hand, building commissioning is a quality assurance process 

which aims at ensuring that the owner’s as well as user’s needs are taken 

into account during the whole lifecycle of the building and the building 

performs in reality according to the design intent. Fault detection and 
diagnostics and prognostics are introduced in chapter five, whilst building 

commissioning is discussed in more detail during chapter six. In addition, 

chapter eight provides examples of tools previously used in this field.  
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The terms performance metrics and performance from multiple 

perspectives are discussed in chapter seven. The idea of performance 

measurement is to provide quantitative information which can be used in 

effective decision making and improving operation. Building performance, 

like any other form of a performance, can be assessed from multiple 

perspectives. There are several performance aspects involved with a 

building’s performance since different actors approach it from different 

perspectives. Investors, for example, tend to focus on economic 

performance, whereas building occupants are more interested in indoor air 
quality issues. To give the reader an understanding of the amount of 

possible building performance measures Lavy et al. (2010) identified 35 

major building performance indicators as a part of their research.  

2.3. Experiences and challenges associated with the use of the 
solution 

The key terms used in the second research question were experiences and 

challenges. Experiences and challenges associated with the use of the 

solution were gathered as a part of this research because it is not unusual to 

find that information systems fail to reach their goals. The evaluation is 

especially important since the prior solutions based on fault detection and 

diagnostics methods have not gained success in the building sector. The 

factors that affect information system success and user acceptance as well 

as satisfaction are presented in the chapter nine. The same chapter provides 
also a theoretical framework for the user interviews which are presented in 

chapter 11. 
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STATE-OF-THE-ART REVIEW 

3. Building operation and maintenance 

Building operation and maintenance starts when the construction project 

ends. This phase of the building life-cycle is often undervalued and is often 

one of the first items considered when budgets are cut. Maintenance of 

buildings has been described as the “Cinderella” of the building industry, an 

activity with little glamour, unlikely to attract very much attention and 
frequently regarded as unproductive (Seeley 1987). Though Seeley’s 

description may be true even today, there have been a number of 

developments in building operation and maintenance during the last twenty 

years. For example, environmental issues, technological development and 

outsourcing of services have changed the way building operation and 

maintenance is conducted today. Building upkeep is not only seen as a cost 

but also as an essential part of maintaining property value and providing 

comfortable indoor environment conditions for building users.  

 

This chapter introduces the research environment of the study. The 

beginning of the chapter discusses the definitions related to the subject. 
This is followed by a description of the significance of building operation 

and maintenance as well as a discussion of the different actors involved in 

this field. The chapter ends with an overview of the different maintenance 

strategies. 

3.1. The concept of building operation and maintenance 

The  main  purpose  of  buildings  is  to  provide  a  comfortable  living  

environment for their occupants (Roulet 2001). Building operations and 
maintenance is carried out to ensure that this is achieved over the many 

years that the building is used. 

3.1.1. Definition 

In literature, the terms building maintenance and building operation and 
maintenance are used describing the phase that follows a construction 

project. Often the terms are used only to represent a wide range of activities 
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and functions needed to upkeep a building, but do not specifically state 

what the actions include. In fact, there is a substantial difference in 

literature as to what the terms building operation and building 

maintenance mean. There is very little information on building operation 

compared to the volumes written on building maintenance (PECI 1999a).  

 

Maintenance has been described by many authors and there are standards 

defining the terms used in maintenance. The European standard EN 13306 

defines maintenance as ”combination of all technical, administrative and 
managerial actions during the life cycle of an item intended to retain it in, 

or restore it to, a state in which it can perform the required function” (CEN 

2001). This definition is intended to define all types of maintenance 

irrespective of the type of item considered except software. Seeley (1987) 

introduces a more functional description of building maintenance. He 

describes the principal functions of building maintenance as: 

� To ensure the safety of the occupants, visitors and general public 

� To maintain services, such as heating, lighting, escalators and fire 

alarm systems 

� To maintain decorative surfaces 

� Carry out adequate cleaning 

� To prevent or diminish significant deterioration of the fabric  

 

In addition to defining the word maintenance, the standard EN 13306 lists 

and specifies maintenance activities. The activities are: 

� Inspection: check for conformity by measuring, observing, testing 

or gauging the relevant characteristics of an item. 

� Monitoring: activity, performed either manually or automatically, 

intended to observe the actual state of an item. 

� Compliance test: Test used to show whether or not a 

characteristic or a property of an item complies with the stated 

specification. 

� Function check-out: Action taken after maintenance actions to 

verify that the item is able to perform the required function. 

� Routine maintenance: Regular or repeated elementary 

maintenance activities which usually do not require special 

qualifications, authorization(s) or tools. 

� Overhaul: A comprehensive set of examinations and actions 

carried out, in order to maintain the required level of availability 

and safety of an item. 
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� Rebuilding: Action following the dismantling of an item and the 

repair or replacement of those sub-items that are approaching the 

end of their useful life and/or should be regularly replaced. 

� Repair: Physical action taken to restore the required function of a 

faulty item. 

� Temporary repair: Physical actions taken to allow a faulty item 

to perform its required function for a limited interval and until a 

repair is carried out. 

� Fault diagnosis: Actions taken for fault recognition, fault 

localization and cause identification. 

� Fault localization: Actions taken to identify the faulty item at the 

appropriate indenture level. 

� Improvement: Combination of all technical, administrative and 

managerial actions, intended to ameliorate the dependability of an 

item, without changing its required function. 

� Modification: Combination of all technical, administrative and 

managerial actions intended to change the function of an item. 

(CEN 2001) 

 

Building maintenance is thoroughly described in literature whereas 

building operation is less discussed. Two reports by the Portland Energy 
Conservation Inc. (PECI) provide some insight into the building operation 

topic. In the report Fifteen O&M Best Practices for Energy Efficient 
Buildings, it is described that energy-efficient building operations includes 

activities such as optimizing schedules, control strategies and sequences of 

operation (PECI 1999a). In another PECI report, equipment setpoint 

adjustments, parameter settings and performance tracking are also 

included in the operation of a building (PECI 1999b). In these reports they 

are referring with building operation to the daily use of equipments, such as 

turning on and switching off devices or adjusting temperature setpoints. 

Depending on building management practices, service contracts and the 

considered equipment, those responsible for building operations may be, 
for example, tenants, custodians, security personnel or building managers 

(PECI 1999a).   

 

One of the few definitions of building operation and maintenance is 

presented by the U.S. Department of Energy’s guide Operations & 
Maintenance Best Practices, A Guide to Achieving Operational Efficiency 

(Sullivan et al. 2010): 
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“Operations and Maintenance are the decisions and actions 
regarding the control and upkeep of property and equipment. These 
are inclusive, but not limited to, the following: 1) actions focused on 
scheduling, procedures, and work/systems control and 
optimization; and 2) performance of routine, preventive, predictive, 
scheduled and unscheduled actions aimed at preventing equipment 
failure or decline with the goal of increasing efficiency, reliability, 
and safety.”  

 

Thus, it can be concluded that the term ‘maintenance’ refers to procedures 

that aim at maintaining equipment, improving their reliability or increasing 

their lifetime whereas the term ‘operation’ relates to the efficient use of 

equipment and activities such as schedule changes and setpoint 

adjustments. 

3.1.2. Significance 

The economic importance of buildings and their operation and 

maintenance is considerable. Building assets account for a significant 

portion of the gross capital stock of many nations. For example, in the 

United Kingdom the value of dwellings and other buildings was £4 600 

billion in 2009, which is approximately 70 % of the country’s gross capital 

stock (ONS 2010). Operating and maintaining such a valuable asset is a big 

business. The expenditure on building maintenance in Great Britain is 

estimated  to  be  £70  billion  per  year,  which  is  5  %  of  the  gross  domestic  

product (BCIS 2010). 
 

People in industrialised countries spend a considerable amount of time 

indoors, living, working, shopping and travelling in enclosed vehicles. The 

indoor environment, in which people spend time, affects their well-being 

and productivity (Clements-Croome 2000, Seppänen 2004). A comfortable 

indoor environment includes, among other things, thermal, visual and 

acoustic comfort as well as good indoor air quality (Claude-Alain 2001). 

Building operation and maintenance contributes to all these factors and is 

therefore an essential part of securing comfortable indoor condition for 

building occupants. 

 
In addition to being important to the economy and contributing to the well-

being of humans, building operation and maintenance have a significant 

role in the production of global greenhouse gases. Buildings account for 40 
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percent of total energy use and a third of the CO2 emissions in the European 

Union (EC 2010).  

3.1.3. Actors 

Several actors are involved in the operation and maintenance of buildings. 

In  the  studies  by  Tuomela  &  Puhto  (2001),  Kadefors  &  Bröchner  (2004)  

and Rembrand (2004) the actors have been categorised into building 

owners, users and service providers. The relationships between these actors 

have changed during the last decades.  In the past it was common that the 

actors belonged to the same organisation where as nowadays there is a 

tendency of separation where the actors are a part of different legal entities 

(figure 3.1).  

 

 

Figure 3.1 The relationship between the actors in the building operation and 
maintenance field (adapted from Rembrand (2004)) 

The drivers for this change have been outsourcing and the “sale-and lease-

back”- model where owners sell their real estate assets to outside investors. 

In the global marketplace, which is changing rapidly and where competition 

is fiercer than ever, organisations have outsourced their non-core activities 

and leased their capital to concentrate on their core business. One of the 

most often outsourced services in the real estate sector has been building 

maintenance (Tuomela & Puhto 2001).  
 

The separation of the actors to different organisations has changed 

management practices. Building operation and maintenance management 

is no longer about managing people, for example planning and assigning 

work and supervising maintenance personnel, it is rather about managing 

contracts. This has highlighted the importance of contracts, service 

descriptions, service level agreements and performance measurements. 

These documents and methods are used to insure the quality of the service 

provider's work. 
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However, the separation of building owners, users and service providers to 

different organisations is not the only development trend. After first 

outsourcing their operation and maintenance some organisations have 

decided to return to in-house teams. Therefore, the relationship between 

building owner, users and service providers changes depending on the 

organisations goals and strategies. (Tuomela & Puhto 2001). 

3.2. Maintenance types and strategies 

There are several strategic options available to maintain a building. Ollila 

and Malmipuro (1999) divide maintenance activities into four main 

categories: reactive, preventive, predictive, and proactive. However, Chan et 

al. (2001) identify five maintenance strategies: time-based, performance-

based, breakdown-based, renovation-based and integration-based. The 

European standard EN 13306 separates maintenance strategy into 

corrective, preventive, condition based and predetermined maintenance 

(figure 3.2) (CEN 2001). Furthermore, Wood (2005) describes innovate 

maintenance practices, such as just-in-time maintenance, intelligent 
building maintenance, call center maintenance and sustainable building 

maintenance. Thus, there exists several ways to classify maintenance 

strategies. In this study maintenance strategies are discussed in more detail 

according to the classification of the European standard EN 13306.  

 

 

Figure 3.2 Maintenance strategies (CEN 2001) 
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3.2.1. Corrective maintenance 

Corrective maintenance is maintenance that is carried out after fault 

recognition and intended to put an item into a state in which it can perform 
a required function. In deferred maintenance, the corrective actions are not 

carried out immediately after fault detection but are delayed in accordance 

with given maintenance rules. On the other hand, immediate maintenance 

is carried out without delay after a fault has been detected to avoid 

unacceptable consequences. (CEN 2001) 

 

Corrective maintenance is the simplest maintenance strategy. This is where 

components are used until they break down (Horner et al. 1997). Therefore 

corrective maintenance is performed at unpredictable intervals. Corrective 

maintenance includes repair, restoration or replacement of the failed 

components. It is sometimes referred to as breakdown, post-failure, fire 
fighting, reactive or unscheduled maintenance (Kumar et al. 2000).  

 

As part of corrective maintenance, unnecessary item replacements are 

avoided and the whole operating life of an item is utilised. The 

disadvantages of the corrective maintenance strategy are (Horner et al. 

1997): 

� Failure of an item can occur at a time which is inconvenient to both 

the user and the maintaining authority. 

� Maintenance activities and spare part logistics are not planned.  

� The failure of an item can cause a large amount of consequential 

damage to other items.  

 

3.2.2. Predetermined maintenance 

By the classification of the standard EN 13306 predetermined maintenance 

is placed under preventive maintenance strategy. In the standard 

preventive maintenance is defined as a “maintenance carried out at 

predetermined intervals or according to prescribed criteria and intended to 

reduce the probability of failure or the degradation of the functioning of an 
item.” In addition, predetermined maintenance is specified as a “preventive 

maintenance carried out in accordance with established intervals of time or 

number of units of use but without previous condition investigation.” The 

predetermined maintenance strategy is also referred to as time-based 

maintenance, planned maintenance, planned preventive maintenance or 

cyclic maintenance (Horner et al. 1997). 
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If the failure can lead to economic losses or has an impact on safety or to 

the environment, it is desirable to reduce the probability of occurrence of 

failure and to avoid sudden failure (Kumar et al. 2000). In predetermined 

maintenance the probability of failure is reduced by performing the 

maintenance activities at regular intervals before the failure occurs. The 

frequency of the maintenance tasks are typically based on statutory 

requirements, manufacturers’ recommendations or “standard” frequencies. 

Maintenance of items, that are critical in terms of the health and safety of 

users, are controlled by statutory legislation. Such items are, for example, 
elevators and electrical installations. Manufacturers also give 

recommendations for maintenance intervals. However, these 

recommendations are compiled with no knowledge of the particular 

application of the item. Therefore, they tend to include factors of safety and 

the maintenance frequency can be too high. Yet, adjusting maintenance 

intervals to achieve more cost-effective procedures can invalidate 

equipment warranties or guarantees.  The third method is to use standard 

maintenance frequencies that are published by independent organisations, 

such as professional associations, and developed in collaboration with the 

actors in the industry. (CIBSE 2008) 

 
According to Raymond and Joan (1991) the advantages of predetermined 

maintenance over corrective maintenance are (Horner et al. 1997): 

� Maintenance actions are planned beforehand and performed when 

they are convenient to the building users. 

� Maintenance costs are reduced by avoiding the cost of consequential 

damage. 

� The downtime of the equipment is decreased. 

� The health and safety of the user is improved. 

 

However predetermined maintenance also has its drawbacks: 

� Maintenance is conducted irrespective of the condition of the item 

and therefore too early and unnecessary replacements may be 

carried out. (Spedding (1987) in Lee & Scott (2009)) 

� The condition of the item may end up worse than it was before the 

maintenance, as a result of human error during the execution of the 

maintenance task. (El-Haram (1995) in Horner et al. (1997)) 

� Little published evidence exists regarding the cost effectiveness of 

predetermined maintenance. (Wood 2003) 
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3.2.3. Condition based maintenance 

Condition based maintenance is maintenance based on performance and/or 

parameter monitoring and the subsequent actions. Performance and 
parameter monitoring may be scheduled, on request or continuous. (CEN 

2001) 

 

Condition based maintenance activities are not based on the operating 

times of the component, but rather on the actual operating condition of the 

component.  Thus, condition based maintenance ensures that there is the 

maximum interval time between repair work, whilst minimizing the costs of 

unscheduled outages (Mobley 2004). Components are inspected by manual 

or automatic systems in order to assess their condition and to identify their 

degradation rates (Williams et al. 1994). Manual assessments can be 

routine inspections carried out by the maintenance personnel, for example, 
on a daily or weekly basis. The problem with manual assessments is that 

they only provide a snapshot of the building’s condition at a specific point 

in time, i.e. when the assessment was conducted (Lateef 2009).  

 

To gain the full advantage from condition based maintenance, the condition 

of the item should be monitored continuously and automatically. There are 

various methods and techniques available for continuous monitoring, such 

as vibration analysis, bearing shock measurement, frequency monitoring 

and oil wear analysis (CIBSE 2008). Due to the costs related to condition 

monitoring, it is usually applied to components that are critical to the 

reliability or safety of the operation. The technique most often used in 
industrial situations is vibration monitoring (Mobley 1998). The technique 

has the widest application since the majority of plant equipment is 

mechanical and the vibration created by these pieces of equipment correlate 

to their condition.  

3.2.4. Selection of a building maintenance strategy 

An optimal maintenance strategy for a building consists of a mixture of the 

three previously described maintenance strategies. There is no universal 

solution for maintenance planning, since buildings are different in physical 

conditions and their usage requirements differ (Mclean 2009). To find the 

optimum strategy, every component of the building should be analysed 

separately and the most appropriate maintenance strategy for each item 

should be selected. As a part of the selection process, health, safety and 

satisfaction of the user as well as the costs of maintenance tasks should be 

taken into consideration.  (Horner et al. 1997) 
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The problem with maintenance planning is that maintenance is typically 

budget driven and not based on actual need (Horner et al. 1997). Often 

maintenance personnel on an operational level argue that maintenance 

budgets are below the needs. On the other hand, top management on the 

strategic level criticise the inefficiency of the maintenance organisation (Lee 

& Scott 2009). The arguments concerning maintenance resources are 

summarized in figure 3.3. 

 
 

 

Figure 3.3 Summary of maintenance resource arguments (Lee & Scott 2009) 

3.2.5.Adoption of different strategies in the building industry 

There are several studies describing the use of corrective and 

predetermined maintenance strategies in buildings, for example Nita et al. 

(2002), De Marco et al. (2010) and Moseki et al. (2011). However, little 

information is available on the usage of condition based maintenance and 

especially on continuous on-line monitoring techniques in buildings. 
Although, condition monitoring methods and techniques are widely 

adopted in many industries (Davies 1998), such as power generation, 

petrochemicals, manufacturing, coal mining and the steel industry, there 

are only a few documents found that describe the use of  condition 

monitoring in buildings. This is true even though equipment, such as 

pumps, compressors and gearboxes, can be found in both industrial and 

building use.  

 

One of these documents is a guide called Condition Based Maintenance - 
An Evaluation Guide for Building Services published  by  the  Building  

Services Research and Information Association (BSRIA) (Seaman 2001). It 
presents the six basic concepts surrounding condition based maintenance 

methods and indicates their potential applications, typical costs and 

benefits as well as problems. The described methods are: 
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1. Vibration analysis 

2. Acoustic emissions monitoring 

3. Thermography 

4. Wear and oil analysis 

5. Power quality monitoring 

6. Monitoring via building management systems 

 

Another report on condition based maintenance in relation to buildings is 
the Reliability-centered Maintenance Guide for Facilites and Collateral 
Equipment by the National Aeronautics and Space Administration (NASA 

2008). The report offers guidance on implementing the reliability-centered 

maintenance (RCM) approach in facilities. It describes different condition 

monitoring techniques, such as vibration monitoring as well as lubricant 

and wear particle analysis, both of which can be applied to buildings.  

 

However, neither of the previous guides provide information on how usual 

it is to apply condition monitoring in buildings. In the NASA guide it is only 

stated that RCM principles are used in NASA’s buildings and that condition 

monitoring is included in this method to improve maintenance processes. 
 

In addition to previous reports, there are a few case studies describing the 

use of condition monitoring in practice. McConville and LaRocque (1999) 

present how portable vibration analyzers can be applied to cooling tower 

gearboxes and fans whereas Ausbon and LaRocque (2001) use the same 

technique to air handling units. 
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4. Building Automation 

The core domain of building automation is still in the automatic control of 

heating, ventilation and air-conditioning systems (Kastner et al. 2005). 

Building automation systems (BAS) are primarily used to maintain 

comfortable indoor conditions whilst minimizing the energy used. The 

importance of building automation systems has increased during recent 

years as current systems are now able to integrate various building systems, 

such as lighting, safety, security and transportation systems, with each 
other and to communicate with other information systems, for instance, the 

Computerized Maintenance Management Systems (CMMS) and the 

Enterprise Resource Planning (ERP) systems. 

 

This chapter introduces the basic concepts behind building automation 

systems. The chapter begins with an illustration of the structure of an 

automation system. This is followed by a presentation on the history of 

building automation including recent development trends. Terms such as 

horizontal and vertical integration as well as different integration 

technologies are discussed in this chapter.  

4.1. Introduction 

Several names are used for building automation systems, for example, 

building management system (BMS), building energy management system 

(BEMS), energy management control system (EMCS) and facility 

management system (FMS). They all refer to a similar kind of technical 

solution that controls equipment in buildings. The International Energy 

Agency (IEA) uses the following definition to define a building energy 

management system: "An electrical control and monitoring system that has 
the ability to communicate data between control nodes (monitoring points) 

and an operator terminal. The system can have attributes from all facets of 

building control and management functions such as HVAC, lighting, fire, 

security, maintenance management and energy management. (Månsson & 

McIntyre 1997)”  

 

A building automation system is used to optimize building operation by 

managing and controlling various devices in the building. Some of the 

functions of the BAS are (Månsson & McIntyre 1997): 

� Automatic switching on and off 



                                                          

25 
 

� Optimization of plant operation and services 

� Monitoring of plant status and environmental conditions 

� Provision of energy management information 

� Management of electrical load 

� Remote monitoring and control 

4.1.1. The hierarchical structure of building automation 

The architecture of a building automation system is typically presented in a 

three level hierarchical structure as in figure 4.1. Each hierarchical level has 

a particular set of functions as described below. 

 

 

Figure 4.1 Three-layer model in BAS (Soucek & Loy 2007) 

 
At the field level, various sensors, such as temperature and flow meters, 

collect status data of the physical process. The data is gathered to direct 

digital control (DDC) stations which process the data and control the 

actuators based on the processing. Actuators can be, for example, valves 

that regulate the flow rate in a heating circuit. Typically 4-20 mA signals 

(direct connections) or fieldbus protocols are used in communicating 
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between the sensors, actuators and the DDC stations. At the automation 

level, DDC stations, on the other hand, communicate with each other and 

the management level via an automation network. The automation level 

operates the data provided by the field level, establishes logical connections 

and control loops and collects short-term historical data.  The management 

level is responsible for the overall management of the system. This level 

provides the interface for the system users enabling, for example, time 

schedule and control loop parameter changes. In addition, data is archived 

for long-term historical analysis and reporting at this level of the hierarchy. 
(Soucek & Loy 2007) 

4.2. The development of BAS 

The evolution of building automation systems has followed the 

development of information technology and industrial automation 

(Levermore 2000). The early systems used pneumatic transmission and 

control to manage the mechanical systems in the buildings. The first 

computerized control systems were introduced in the 1960’s consisting of a 
single central processing unit which collected, processed and transmitted 

data between the sensors and the actuators (Månsson & McIntyre 1997). In 

the 1970’s, energy became a significant concern due to oil embargoes and 

this shifted the focus to energy conservation. Building automation system 

functionalities expanded to include energy saving features such as optimum 

start/stop, daylight control and demand control features (Wong & So 1997).  

 

In the early 1980’s the development of computer technology enabled the 

move to electronic-based control and thus direct digital controls started to 

replace pneumatic control systems (Roth et al. 2005). Along with the direct 

digital control and the introduction of low cost processors it was possible to 
distribute the intelligence of the system to multiple controllers. The central 

control station was no longer as vulnerable to malfunction now that 

intelligent controllers could function on a stand-alone basis. At first, the 

DDC systems were based on proprietary communications protocols and 

therefore components from different manufacturers could not be used in 

the same installation (Merz et al. 2009). However, the customers did not 

want to be locked into one particular automation vendor and this led to the 

development of open protocols. In this environment, several open 

communication protocols came to the market, such as BACnet and LonTalk 

(Roth et al. 2005). Over the years numerous competing communication 

standards have been developed as illustrated in figure 4.2. As the data 
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transfer requirements vary on the different levels of automation, some 

protocols have focused on field level communication and others on system 

level communication.  

 

 
Figure 4.2 Standardized bus systems and networks in building automation 
(Merz et al. 2009) 

 

In the 1990’s, the internet changed the way we communicate. It provided an 

easy and cost effective method of monitoring building automation systems. 
Before the internet, telephone modems were used for remote access. 

However, the modem connection was relatively slow and often only one 

person at a time could access the automation system.  With the internet also 

came web-based building automation systems. This meant that the 

automation system could be accessed through a regular internet browser. 

The web-based user interface had many advantages:  

� No special software was needed to use the automation system (Tom 

2004) 

� The automation could be accessed from any device that had a web 

browser (Tom 2004) 

� It enabled multiple simultaneous connections to the system (Finch 

2001) 

4.3. Current trends 

This section discusses the current trends on building automation. The two 

introduced themes are system integration and wireless technology. 
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4.3.1. System integration 

The development of open protocol standards and the internet created the 

basis for system integration. The goal of system integration is to enable 
different systems to work cooperatively with each other. With system 

integration, information is easier and faster to access. It also enables 

functions that would not be possible with separate systems. System 

integration can be divided into horizontal and vertical integration as 

illustrated in figure 4.3.   

 

 

Figure 4.3 Horizontal and vertical integration (adapted from Capehart 2007) 

 
In horizontal integration, data is exchanged on the same hierarchical level 

(Soucek & Loy 2007), for example, between HVAC, lighting and safety 

systems. The vertical integration, again, aims at data exchange between the 

field level and the enterprise applications, such as the ERP system. Table 

4.1 presents examples of functionalities that the integrated building systems 

provide.  
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Table 4.1 Potential functionality of integrated building systems (Roth et al. 
2005) 

 
 

There are several methods to integrate building systems with each other 

and with enterprise information systems. The methods range from hard-

wired integration to open interfaces. The following paragraphs present 

three integration methods, namely integration platforms, Object linking 

and embedding for Process Control (OPC) and Web service. 

 

4.3.1.1. Integration platforms 
The variety of open communication standards used in the building sector 
has led to the development of integration platforms (Järvinen et al. 2011). 

They typically support several standard communication protocols as well as 

proprietary protocols of major equipment vendors as presented in figure 

4.4. Integration platforms convert data messages from one protocol to 

another enabling data exchange between various systems from different 

vendors.  Many integration platforms are also capable of performing the 

same control and management functions as the traditional building 

automation system. Therefore they can act as a controller and a protocol 

translator. 

 

Building system Sample functionality provided to other systems
Access control - HVAC, lighting: Turn on/off lights and alter space 

conditioning setpoints when people enter/leave building; 
provide feedback on actual building occupancy levels
- Security: Alert operator when people access building at a 
given location
- Vertical transport: Active/deactive vertical transport 
when people enter/leave building

Fire / life safety - Access control: Alter building access/egress based on 
emergency status
- HVAC: Modify ventilation in case of fire
- Lighting: Activate lights in case of fire
- Security: Communicate information to occupants in 
emergency situations
- Vertical transport: Disable or limit access in case of fire

HVAC - Fire/ life safety: Detect and communicate abnormally 
high temperatures

Lighting - Fire/ life safety: Communicate occupancy sensor status in 
case of fire emergency
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Figure 4.4 Examples of communication protocols that an integration platform 
supports 

 

4.3.1.2. OPC 
Object linking and embedding for Process Control (OPC) is an 

interoperability standard by the OPC Foundation. The OPC standard 

defines interfaces for real time data transfer to enable interoperability 

between various systems on the building automation management level 

(Wang et al. 2007). Previously, custom interfaces were used to exchange 

data with different systems, but the OPC eliminated this requirement by 

defining a common interface. A typical OPC implementation consists of 
OPC servers, drivers and clients as presented in figure 4.5. As part of the 

configuration the OPC servers or drivers provide data to OPC clients.   
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Figure 4.5 Integration using OPC (Wang et al. 2007) 

 
 
4.3.1.3. Web service 
Another method used in system integration is Web service. It has been used 

in business to business communication for years and is currently coming to 

the building automation sector. Web service is a method designed to 

support interoperable machine-to-machine interaction over a network 

(W3C 2004). It describes an interface that consists of a set of operations 

that can be accessed using well known internet technologies, such as Simple 

Object Access Protocol (SOAP) and eXtensible Markup Language (XML). 

With Web services different systems running on a variety of platforms can 

exchange data with each other.  
 

Currently, there are two international organizations that promote the 

development of Web services in the building sector (Bai et al. 2009). One is 

the American Society of Heating, Refrigerating and Air-Conditioning 

Engineers (ASHRAE) which has developed the BACnet protocol. As a part 

of their development work, ASHRAE has defined a Web service interface 

for building automation data. Another organization is the Organization for 

the Advancement of Structured Information Standards (OASIS) which 

promotes Open Building Information eXchange (oBIX) technology. 

Similarly to ASHRAE the OASIS has defined a method which enables 

building systems and enterprise applications to communicate with each 
other (Bai et al. 2009). 
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4.3.2. Wireless technology 

Wireless technology has become part of our everyday life. The technology 

for data transfer via radio frequency waves is used in many applications, 
such as radios, televisions and mobile phones. It is also an emerging 

technology in the building automation sector (Brambley et al. 2005b). In 

the building automation context, wireless communication is currently 

mainly used between sensors and controllers (Viglione 2010). The use of 

wireless technologies in automation offers several benefits. These are: 

� Reduces the need for cabling (Österlind et al. 2007) 

� Temporary building automation installations are easier to 

implement (Österlind et al. 2007) 

� Allows placing sensors where cabling is not appropriate for 

aesthetic, conservatory or safety reasons (Reinisch et al. 2007) 

� Enables better indoor conditions and energy savings through 

improved sensor location (Arens et al. 2005) 

� Is easily reconfigured and extended (Reinisch et al. 2007) 

 
However, there are also challenges associated with the use of wireless 

technology in buildings. First, wireless devices require a power supply to 

operate. They either have batteries or harvest energy from, for example, 

sunlight or temperature gradients. Communication range is another 

challenge. The range depends on a number of factors including the radio 

frequency, the space layout and the construction materials used in the 

building. Other electronic and wireless devices can also interfere with the 

wireless signals and may cause data exchange problems between the 

automation devices. In addition, there are challenges associated with the 

security of the information. Since wireless signals are broadcasted in the 

air, the data can be captured by anyone nearby the wireless device. 
However, data encryption techniques have been applied to prevent 

unauthorized data collection. (Brambley et al. 2005b) 
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5. Fault Detection, Diagnostics and 
Prognostics 

Today, problems with building systems are usually detected as a result of 

occupant complaints or alarms provided by building automation systems 

(Katipamula et  al.  1999).  Finding the underlying cause for  the problem or  

failure might not be an easy task, since building automation systems do not 

provide sufficient assistance with troubleshooting. The primary purpose of 
current building automation systems is to control building systems, not to 

provide assistance for building operators in detecting and diagnosing 

problems. Today’s building automation systems have limited capabilities to 

manage and visualize large amounts of data and therefore it can be difficult 

and time-consuming to find causes for occupant complaints and equipment 

failures (Friedman & Piette 2001). As a result, building operators may 

perform inappropriate “quick fixes” leaving the root causes untouched 

which can lead to increased energy use and uncomfortable indoor 

conditions. In addition, some problems, such as simultaneous heating and 

cooling, can go unnoticed by occupants and building automation systems 

for extended periods of time until the deterioration in performance 
becomes so great that it triggers complaints or causes equipment failure 

(Schein & Bushby 2005). In the future, building processes and systems will 

become more complex as we reach for higher levels of energy efficiency. 

This makes it even more difficult for the operators to understand the 

operation and performance of their buildings. One solution to these issues 

is fault detection, diagnostics and prognostic tools, that help the operator in 

building management and optimization as well as detect performance 

problems and give instructions for corrective actions (Hyvärinen & Kärki 

1996).  

 
This chapter introduces the fault detection, diagnostics and prognostics 

concepts. It outlines the development of fault detection and diagnostics and 

describes the methods used in this field. In addition, the term prognostics is 

introduced briefly. The chapter ends with a discussion on the benefits and 

challenges of fault detection and diagnostics.  
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5.1. Introduction 

The fault detection of a traditional process supervisory system is mostly 

based on limit or threshold checking of important process variables, such as 

temperature, pressure and speed. An alarm is raised if limit values are 

exceeded and it is assumed that operators will take the appropriate actions 
to protect the systems and therefore avoid greater damages. To set alarm 

limits, compromises have to be made between the detection size for 

abnormal deviation and false alarms caused by normal fluctuations of 

variables. Due to this, faults are detected rather late, for example after a 

large sudden failure. In addition, finding the underlying cause for the fault 

is difficult since alarms are based on the threshold violation of one or more 

variables. (Isermann 2005) 

 

Fault detection and diagnostics (FDD) tools use more sophisticated 

methods to detect and diagnose performance degradation and faults. FDD 

tools collect data from several process components and process the data to 
identify defects, locate causes of the faulty operation and give instructions 

for corrective action (Hyvärinen & Kärki 1996). FDD tools help in analysing 

and organising large amounts of data and efficiently extracting useful 

information (Friedman & Piette 2001). With FDD tools it is possible to 

detect faults earlier and to find faults that could normally go unnoticed. 

Thus, maintenance personnel can be alerted before the actual failure occurs 

or before the fault affects indoor air quality or energy efficiency. 

5.2. History 

Research regarding fault detection and diagnostics began decades ago in 

the aerospace, nuclear and national defence fields (Katipamula & Brambley 

2005a). In these fields FDD methods were used to improve the safety and 

reliability of complex and critical systems. While FDD has a long history in 

several other industries, the first systematic FDD research on building 

systems  did  not  begin  until  the  late  1980s  (Zhivov  et  al.  2009).  The  first  

studies investigated automated FDD for vapor-compression-based 

refrigeration (Katipamula & Brambley 2005a). 

 
Several research projects were conducted during the 1990s as the 

advantages of FDD gained the attention of many scholars. In 1991 the 

International Energy Agency (IEA) initiated Annex 25 to develop 

methodologies and procedures for optimizing real-time performance, 
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automating fault detection and fault diagnosis in HVAC processes 

(Hyvärinen & Kärki 1996). Annex 25 introduced a building optimization 

and fault diagnosis framework, listed typical faults in HVAC systems and 

developed variety of fault detection and diagnosis methods. Annex 25 was 

followed by Annex 34, which aimed at developing HVAC fault detection and 

diagnosis tools for commercial purposes (Dexter & Pakanen 2001). During 

Annex 34 twenty-three prototype FDD tools were developed and thirty 

demonstrations in twenty buildings were conducted. The developed tools 

were able to detect several faults in HVAC systems.  
 

During the 2000’s the development of FDD methods and tools was 

continued in two building commissioning related annexes. Annex 40 (2001-

2004) concentrated on developing tools for commissioning of buildings and 

building services (Visier 2004), where as the objective of Annex 47 (2005-

2009) was to advance the state-of-the-art of building commissioning 

(Legris et al. 2010). In both annexes fault detection and diagnostics tools 

were seen as an opportunity to automate some parts of functional testing 

and continuous commissioning.   

 
In addition to international annex research projects, FDD methods and 

tools have also been developed through national level research projects. For 

example, The American Society of Heating, Refrigerating and Air-

Conditioning Engineers (ASHRAE) funded several research projects, such 

as the development of FDD methods for air-handling units (Norford et al. 

2002). At the same time, the U.S. Department for Energy sponsored 

development of a whole-building diagnostic tool, which detected anomalies 

in whole-building and major system energy consumption and included FDD 

for outdoor-air ventilation systems and economizers (Brambley et al. 1998, 

Katipamula et al. 1999, 2003). The California Energy Commission, in turn, 

funded seven research projects to develop and demonstrate fault detection 
methods  and  tools  for  HVAC  systems  (CEC).  (Katipamula  &  Brambley  

2005a)  

5.3. Methods 

The supervision of technical processes can be divided into four sequences as 

presented in figure 5.1 (Rossi et al. 1996). The first step, fault detection, 

includes identifying deviations from expected behaviour. Following 
detection, fault diagnosis determines which components are causing the 

fault. The first two steps compromise of fault detection and diagnostics. In 
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practice, fault detection is much easier than diagnosing the cause of the 

fault (Katipamula & Brambley 2005a). The third step, fault evaluation, 

assesses the impact of the fault on system performance. Finally, the process 

ends with a decision regarding how to respond to the fault.  
 

 

Figure 5.1 The steps of process supervision (adapted from Rossi 1996) 

 
The steps involved in the supervision process can be performed 

automatically  or  manually.   Most  FDD  tools  use  a  combination  of  

automated and manual steps. Often some degree of automation is used in 

collecting data, processing data and preparing presentations of data. The 

differences come on how much automation is used in fault identification 

and diagnosis. Manual tools visualise data in various ways and the 
interpretation of data as well as fault detection and diagnosis is left to a 

knowledgeable user. On the other hand, fully automated tools perform most 

of the reasoning without any human interventions. In this case, the user is 

only needed to perform the corrective actions proposed by the FDD tool. 

Automating parts of the fault detection and diagnosis process saves time in 

data monitoring and reduces the possibility of human errors. (Brambley & 

Pratt 2000) 

5.3.1. Top-down and bottom-up approaches 

Fault detection and diagnostics tools can have top-down or bottom-up 

approaches to reasoning (figure 5.2). In the top-down approach the starting 

point of reasoning is on the building level, for example observing the whole 

building energy consumption. When an undesired operation is detected on 
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the building level, the cause of the problem is searched going down to 

system and component levels. The downside of the top-down approach is 

that in some situations the whole system may seem to perform fine, but 

faults may still exist in individual components (Visier 2004). 

 

 

Figure 5.2 Main approaches in reasoning (Hyvärinen & Kärki 1996) 

 

The bottom-up approach begins on the component level and the reasoning 

goes upstream to the system and building level. When a fault, for example 

too high temperature, is detected on the component level, the seriousness of 

the fault’s effect to the whole building performance is then estimated. In the 

bottom-up approach individual faults might be easier to identify, but the 

challenge is in estimating the significance of the fault to the whole building. 

(Hyvärinen & Kärki 1996) 

 
In the literature, there exist several different methods to detect and 

diagnose faults. In this research the FDD methods are classified into model-
based, knowledge-based and process history -based methods. Each of these 

is described below in briefly. 

5.3.2. Model-based methods 

Model-based methods use mathematical models of the supervised process 
to detect and diagnose faults. The models can be based, for example, on the 

physical principles governing the behaviour of the process (Katipamula & 

Brambley  2005a).   The  predictions  of  the  model  are  compared  with  the  

measurements of the process to detect anomalies. Significant differences 
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between the predicted and the measured indicate the presence of faults. 

The weakness of the method is the significant amount of work required to 

develop the model, especially if the modelled process is nonlinear. (Visier 

2004) 

5.3.3. Knowledge-based methods 

Knowledge-based methods use the insights and knowledge of individuals 

with expertise in a given field to derive a set of if-then-else rules which 

describe the function of the supervised process. The idea is, that the rules 

duplicate the same reasoning the expert would conduct when he analyses 

the performance of the process. A simple rule for an air handling unit could 

be such as: in the heating mode check if the air temperature after the 

heating coil is higher than before the coil. 

 

Knowledge-based methods are relatively easy to develop, but it is difficult to 
find a complete set of rules describing the process. In addition, knowledge 

based methods are very specific to a system and are difficult to update or 

change. (Katipamula & Brambley 2005a) 

5.3.4. Process history -based methods 

In contrast to the model-based methods where a priori knowledge about the 
process is needed, in process history based -methods, only the availability 

of large amount of historical process data is needed (Venkatasubramanian 

et al. 2003). In the method, process history data is categorized into separate 

classes where each class represents a particular fault. After this, when on-

line data is observed and a fault is detected, the fault can be related to one 

of these classes. If the fault is represented in the database, the fault can be 

diagnosed. Weaknesses of the method are that a large amount of history 

data is needed to represent both normal and faulty operation and the fact 

that models usually cannot be used to extrapolate beyond the range of the 

process history data (Katipamula & Brambley 2005a). (Chiang et al. 2001) 

5.4. Prognostics 

Whereas fault detection and diagnostics focused on the present state of the 

component, prognostics concentrates on looking forward into the future 

and estimating the remaining useful lifetime of the component (Holmberg 

et al. 2005). Prognostics use current and historical data as well as models to 
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predict the future state of the component, as illustrated in figure 5.3. 

Estimating the remaining useful lifetime of the component is often the most 

challenging part of the prognostics and it is considered to be the Achilles 

heel of the prognosis process (Wang & Vachtsevanos 1999). 

 

Figure 5.3 Schematic presentation of the deterioration of a machine or 
component with time (Holmberg et al. 2005) 

 
Often condition monitoring is based on a single measurement technique, 

vibration analysis being the most often used method. However, in addition 

to condition monitoring systems, such as used for vibration analysis, 
maintenance personnel as well as process control and automation systems 

collect performance data, which could be utilized in prognostics. A general 

schematic diagram of diagnostics and prognostics based on multi-source 

data is presented in figure 5.4 (Holmberg et al. 2005). 
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Figure 5.4 Schematic presentation of machine diagnostics and prognostics 
based on multi-sensor measurements and multi-source data (Holmberg et al. 
2005) 

 
Prognostics provide the means to move from scheduled maintenance to 

condition-based maintenance. Forecasts of the future conditions can be 

used to find the optimal time (not too early or late) to perform maintenance 

tasks instead of using industry averages and manufacturer 

recommendations which include factors of safety. Despite the benefits of 

prognostics, no research or development specifically targeted at developing 

and applying prognostics to building equipment is reported in the literature 

(Katipamula & Brambley 2005a).  

5.5. Benefits 

Most of the research regarding FDD has concentrated on development of 

the different techniques for fault detection and diagnostics (Katipamula et 

al. 1999). Some tools have been further developed and tested on real 

buildings. The tools tested have been able to detect various faults in HVAC 

systems  (Braun  &  Li  2003,  Katipamula  et  al.  2003,  Schein  2006).  By  

detecting faults earlier, FDD tools are often proposed of enabling several 
advantages. Hyvärinen & Kärki (1996) have listed the benefits of FDD as 

follows: 

� Reduce energy use 

� Increase quality of living 

� Reduce maintenance costs 

� Improve safety and health 
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Firstly FDD tools can reduce energy consumption in buildings by detecting 

inefficiently operating processes earlier. Secondly, quality of living is 

increased since faults can be detected before they affect indoor quality. 

Furthermore, maintenance costs can be reduced when faults are identified 

and located faster, maintenance work is planned beforehand, equipment 

lifetime is extended and process downtime is shortened. Finally, safety and 

health is improved by detecting faults before they cause personal injury or 

considerable damage.  
 

Often the benefits of FDD are described in general terms, as above, and 

only rarely have they been quantified. This is because the benefits are 

difficult to measure in terms of economics (Hyvärinen & Kärki 1996). 

Energy savings and repair costs can be determined quite easily, but it is 

much more difficult to assess the benefits from a health and safety point of 

view. In some cases, the duration of the research project has not been 

sufficient enough to evaluate the benefits of the FDD tool (Haves & 

Hitchcock 2008). 

 

One of the few studies, were economic assessment of the benefits has been 
performed, is by Katipamula et al. (2003). Their FDD tool was tested in 

seven buildings and the tool was able to find faults in every one of them. 

The identified faults were, for example, faulty sensors, mis-positioned 

sensors, stuck dampers, unscheduled operations and inadequate 

ventilation. The annual cost of single faults were estimated to range from 

$130 to $16 000. In another study by Braun and Li (2003), automated fault 

detection and diagnostics of rooftop air conditioners was tested in twenty-

one systems and based on these experiments the potential savings 

associated with FDD were estimated. The economic assessment took, for 

example, preventive maintenance and utility cost savings into 

consideration. The calculations estimated that the annual net savings would 
range  from  $400  to  $1000  per  roof  top  unit,  which  means  that  the  $300  

FDD tool would pay for itself in less than one year. 

 

However, in both of these studies the savings were based on estimations 

and not on realized savings. In the study of Katipamula et al. (2003) it was 

noted that faults identified by the FDD tool were seldom corrected by the 

building operator. The authors concluded that the estimated savings would 

not be realized if the building staff are not able use their control systems to 

correct the problems, or if they are too busy with other duties or there is a 

lack of resources to obtain help from control contractors. 
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5.6. Challenges 

Despite the research efforts over the last two decades, fault detection and 

diagnostics in the field of building systems is still in its infancy (Katipamula 

&  Brambley  2005a,  Zhivov  et  al.  2009,  Ulickey  et  al.  2010).  Much  of  the  

research has been conducted at universities, hence only a few commercial 
FDD products exist today. There are several reasons for the lack of 

widespread availability of fault detection and diagnostics tools: 

� A lack of quantified evidence regarding the benefits of fault 

detection and diagnostics 

� Faults in HVAC systems rarely cause considerable economical losses 

or danger to safety or health. 

� A lack of adequate sensors installed with HVAC systems 

� The sensitivity and robustness of FDD methods need more 

investigation 

� The time and cost of installing a FDD tool can be significant 

� Intelligent algorithms are often neglected in practice 

� The benefits of FDD are not realized since sufficient resources may 

not be available for the use of the FDD tools 

 

As mentioned earlier in this chapter, there is very little quantified 
information available on the benefits of FDD.  Possibly due to this, there is 

a  lack  of  demand  for  FDD  tools  coming  from  building  owners  or  the  

operations and maintenance community (Katipamula & Brambley 2005b). 

The users of the FDD tools want to be confident that the tools will save 

them money and therefore more demonstrations in real-buildings and well 

documented case-studies with savings calculations are needed (Dexter & 

Pakanen 2001). 

 

Fault detection and diagnostics was first established in the aerospace and 

nuclear industries, where early identification of small malfunctions could 

save lives (Braun & Li 2003). In other industries, such as the process and 

automotive industry, unnecessary production line stoppages can cause 

significant economic losses. However, a high level of reliability and safety 

are not as important in building operations where processes are less critical. 

As a consequence of this, FDD has not generated the same level of interest 

among building researchers, owners and operators (Brambley et al. 2005a). 
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Typically only a small number of sensors are installed in HVAC systems to 

keep the system costs low (Seem 2001). In addition, the quality (accuracy, 

precision, and reliability) of the sensors installed can be inadequate 

(Katipamula  &  Brambley  2005b).  This  makes  it  difficult  to  develop  fault  

detection and diagnostics methods for HVAC systems.  

 
The detection sensitivity of the methods and occurrence rates for false 

alarms have not been thoroughly investigated in real buildings (Katipamula 

& Brambley 2005b). Setting fault thresholds is a challenging task since a 

balance between sensitivity in detecting faults and robustness in 

minimizing  false  alarms  must  be  found  (Norford  et  al.  2002).  If  the  

threshold is too low, normal variation in the data may trigger a false alarm. 

On the other hand, if the threshold is too high, only the most severe faults 
will be detected (Schein & Bushby 2005). In addition, many of the present 

FDD tools are able to detect single faults but fail to detect multiple 

simultaneous faults (Katipamula & Brambley 2005b).   

 

The  installation  and  tuning  of  a  FDD  tool  may  require  expert  knowledge  

and can be a time consuming task (Dexter & Pakanen 2001). For example, a 

set up time of one week was reported in Smith’s (2003) study. Therefore the 

cost of setting up a FDD tool can be significant.  

 

A variety of intelligent algorithms and software-based technologies, such as 

artificial intelligence, pattern recognition, neural networks and fuzzy logic, 
have been developed in recent decades in order to solve complex problems 

within technical systems (Hirvonen et al. 2010). Demonstrations and pilots 

in this field have shown good results but only few solutions have proceeded 

to commercial products. These techniques require considerable knowledge 

to be applied and maintained correctly, necessitating participation by 

skilled professionals which leads to high design and maintenance costs for 

the solution. In addition, these solutions are seldom transparent or well 

understood in field use, which leads to a lack of trust. (Hirvonen & Ventä 

2009) 

 

Often building operators and facility managers have several responsibilities 
beyond using the FDD tools. If operators and managers are too busy with 

other duties, such as taking care of occupant complaints, it can be difficult 

to find time for the use of the FDD tools. In addition to using the tool and 

analysing the diagnosis, resources are required to correct the faults that the 

tool identified. It is insufficient merely to identify problems and their 

impacts, building staff must correct them (Brambley et al. 2005a). The 
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benefits of the FDD tool are not gained until the corrective actions have 

been taken to fix the faults. (Friedman & Piette 2001) 

 

 



  

45 
 

6. Commissioning 

Within the building industry, it is widely recognized that it is quite common 

for buildings to not perform as intended. Several studies have reported 

quality problems within buildings. For example, every fourth school in the 

United States has reported of unsatisfactory indoor environment conditions 

(GAO 1995), a survey, conducted in 215 buildings, showed that in only 11 % 

of the buildings 80 % or more of the occupants expressed satisfaction with 

their thermal comfort (Huizenga et al. 2006), 1120 deficiencies in building 
systems were identified in 24 university buildings in California (Mills & 

Mathew 2009). 

  

There are a number of reasons for these problems, such as short-sighted 

investment decisions (Legris et al. 2010), improper equipment selection 

and installation (Piette et al. 2000) and a lack of maintenance (Friedman et 

al.  2003a).  In  addition,  a  culture  of  low  cost  competitive  bidding  has  

streamlined quality control and documentation (Friedman et al. 2003b) 

and the fragmented structure of the building industry has led to 

inefficiencies and information gaps in the building lifecycle (Legris et al. 

2010). 
 

As we strive for low and zero-energy buildings, the significance of quality 

assurance becomes even greater. In energy efficient buildings, new and 

more complex technologies as well as advanced control strategies are used 

to reduce the energy demand. The increased technology and complexity 

may lead to errors and inefficiency if the systems are not designed, 

implemented, and operated properly. (Mills et al. 2004) 

 

In response to growing quality concerns, a quality assurance process known 

as building commissioning has been developed during the past two 

decades. Building commissioning begins at the design phase and continues 
through the construction and operation and maintenance phases.  The 

commissioning process ensures that the owner’s as well as user’s needs are 

taken into account during the whole lifecycle of the building and the 

building performs in reality according to the design intent. In addition to 

assuring the quality of new buildings, commissioning can be used to restore 

existing buildings to perform optimal. (Pietiläinen et al. 2007) 

 

To gain an overview of building commissioning, different commissioning 

methods as well as the commissioning process are described briefly in this 
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chapter. In addition, the benefits and barriers of commissioning are 

discussed in the chapter.  

6.1. Definitions 

ASHRAE Guideline 0-2005 The Commissioning Process defines building 

commissioning as “a quality-oriented process for achieving, verifying, and 
documenting that the performance of facilities, systems and assemblies 

meet defined objectives and criteria.” Sometimes commissioning is viewed 

as a task performed between building completion and handover to check 

operational performance (Visier 2004). However, building commissioning 

should be seen as a broader process that begins at the pre-design phase and 

continues throughout the life of the building (ASHRAE 2005).  

 

In building literature, different methods can be found to classify 

commissioning. In addition to distinct categorisation, there are also 

differences in terms used for describing these categories.  In this study 

commissioning is divided into two main categories, new and existing 
building commissioning. The latter is then divided into three subcategories, 

retro-commissioning, re-commissioning and continuous commissioning. A 

short description of each of these is presented below.   

6.1.1. New building commissioning 

New building commissioning is a quality assurance process that begins 

during pre-design of a new building and continues through the 

construction, start-up and occupancy phases. New building commissioning 

assures by verification and documentation that the new building operates 

as the owner intended and that the building staff are provided with the 

sufficient information to operate and maintain the building. Terms such as 

initial commissioning, total building commissioning, whole building design 

commissioning and integrated design commissioning are also used in the 

context of new building commissioning. (CanmetENERGY 2010) 

6.1.2. Existing building commissioning 

Existing building commissioning consists of retro-commissioning, re-

commissioning and continuous commissioning. According to Mills et al. 

(2004) existing building commissioning is more strongly driven by energy 

saving objectives, where as new building commissioning strives mainly for 
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non-energy objectives such as overall building performance, thermal 

comfort, and indoor air quality. 

 

Retro-commissioning is the commissioning of existing buildings that have 

not been commissioned before. The retro-commissioning process seeks to 

improve energy-efficiency and performance of the building and ensures 

that building equipment and systems are integrated to perform effectively 

and efficiently in order to meet the current occupant’s needs. It also aims to 

resolve problems that occurred during the design, construction or operation 
and maintenance phases. (CanmetENERGY 2010) 

 

Re-commissioning is implemented when a building that has already been 

either commissioned or retro-commissioned undergoes another 

commissioning process. The reason for a re-commissioning process may be 

operational problems, a change in building use or the will to improve and 

verify the performance of the building. Re-commissioning is similar to 

retro-commissioning, although it is less expensive since some of the data 

collection and documentation tasks were conducted during the previous 

commissioning (PECI 2006b). The primary focus of re-commissioning is to 

identify low cost operational improvements in order to obtain energy 
savings whilst maintaining comfortable conditions. (CanmetENERGY 

2010) 

 

As distinct from routine operations and maintenance, where the focus is on 

component-by-component care, retro- and re-commissioning take a holistic 

view and concentrate on the operation of the entire system or the building. 

The purpose of retro- and re-commissioning is to find the root causes of 

operational problems and hence avoid “quick fix” solutions. (PECI 2006b) 

 

Where in the previous commissioning types activities were performed 

periodically, continuous commissioning is an ongoing process to resolve 
operational problems and to improve and optimize the performance of the 

building. Continuous commissioning exploits metering and trending 

software for continuous tracking and performance monitoring. Terms such 

as monitoring based commissioning and ongoing-commissioning are used 

when referring to these kinds of activities. The goal of continuous 

commissioning is to make energy savings and comfort indoor conditions 

sustainable and persistent. While most commissioning processes focus on 

bringing building operation to the original design intent, continuous 

commissioning focuses on optimizing system operation for the existing 

building conditions. When using continuous commissioning re-
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commissioning may still be needed, but it should be required at less-

frequent intervals (PECI 2006b). (Liu et al. 2002) 

 

Both existing building commissioning activities and energy audits aim to 

achieve energy savings. Therefore, they have common characteristics, but 

according to Poulos (2007) existing building commissioning concentrates 

on operation and maintenance improvements and no-cost/low-cost saving 

opportunities, where as energy audits focus on no-cost/low-cost energy 

saving opportunities and capital retrofit projects. Thus, existing building 
commissioning addresses improvements that are relatively fast and 

inexpensive to implement. 

6.2. Commissioning process 

New building commissioning begins at the pre-design phase of a 

construction project and continues through the whole lifecycle of the 

building. Several building commissioning guides have been written by 

different organisations worldwide describing the activities included in the 
commissioning process (Legris 2010). ASHRAE guideline 0-2005 divides 

the commissioning process into four main phases; pre-design, design, 

construction and occupancy and operation.  

6.2.1. Pre-design 

During the pre-design phase owner’s needs and goals are developed and 

defined. An essential part of this phase is the Owner’s Project Requirements 

document which includes, for example, project goals, performance criteria, 

budget, benchmarks and success criteria. This document will form the 

foundation for the design, construction, and operations of the building. To 

develop the owner’s requirements a commissioning team with a responsible 

leader is formed. The commissioning team members may include design 

professionals, architects, construction project managers, commissioning 

service providers and owner’s representatives, such as project managers, 

occupants, users, a facility manager, operation and maintenance personnel. 

Together they will define the Owner’s Project Requirements and based on 
that develop an initial Commissioning Plan including a schedule of 

commissioning activities, responsibilities, documentation requirements, 

communication and reporting protocols and evaluation procedures. The 

Commissioning Plan is modified during the commissioning process to 
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reflect changes in design, construction and occupancy and operations. 

Therefore it should be reviewed at certain milestones. (ASHRAE 2005) 

6.2.2. Design 

During design phase, the owner’s needs and goals are translated into design 

and construction documents.  Commissioning ensures that the design 

phase documents comply with the Owner’s Project Requirements 

document. The commissioning Plan is updated and specified with the 

information developed during the design phase. The updated or added 

elements are, among other things, list of systems and assemblies to be 

verified and tested, commissioning schedule and documentation, reporting 

and communication requirements for construction and the operations 

phase.  

 

The commissioning process requires quality assurance and control 
activities to be performed during construction. These contractor 

responsibilities, including equipment installation and start-up, 

documentation and functional testing, are included in the contract 

specifications. Commissioning responsibilities may be new to contractors 

and it is therefore important to highlight contractor requirements during 

the bidding process. 

 

The design phase also includes preliminary planning of verification 

checklists, functional tests, systems manual, and training requirements. All 

of these are planned in more detail during construction. (ASHRAE 2005), 

(PECI 2006a) 

6.2.3. Construction 

During the construction phase, the commissioning process ensures that 

systems and equipments are installed, inspected, tested and placed into 

service according to the owner’s requirements. Drawings and submittals 

and system manuals are reviewed and checked to confirm that they are in 
compliance with the Owner’s Project Requirements document.  

 

To observe the quality of the installation work, site visits are conducted. All 

perceived problems are recorded for further analyses.  

 

Verification checklists are developed and utilized to ensure that equipment 

are properly installed and ready for functional testing. Whereas, verification 

checklists are used to ensure correct installation, functional tests are used 
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to verify proper operation of equipment and systems. In addition to 

evaluating the performance of single equipment, functional tests assure that 

the building as a whole is operating as expected. A large amount of data on 

systems performance and function is gathered during the functional tests. 

This data can be collected by using the building automation system or 

portable data loggers. 

 

After the completion of the construction work a commissioning report is 

prepared to summarize all commission tasks and results during the 
construction phase. The system manual is also completed and delivered to 

the owner. The system manual assists the owner with the proper operation 

and maintenance of the building. To conclude the construction phase 

commissioning, training of the building’s caretakers is verified. The intent 

is to assure that the trainees are provided with the sufficient information to 

operate and maintain the building according to the owner’s requirements. 

(ASHRAE 2005), (PECI 2006a) 

6.2.4. Occupancy and operations 

The last phase of the commissioning process is occupancy and operations. 

The objective of this phase is to maintain building performance at an 

optimal level.  Commissioning actions include resolving outstanding 

commissioning issues, performing deferred and seasonal testing and 

conducting warranty-end review. 

 

As some quality assurance issues may have remained unsolved after the 

building was turned over to its owners, finding a resolution to these issues 
is the responsibility of the commissioning team.  

 

All functional tests can not be performed during the construction phase 

since some tests are dependent on weather conditions. For example, cooling 

systems might be difficult to test during winter. These deferred and 

seasonal tests are completed during occupancy and operations. 

 

Before the warranty period expires, it is important to review whether all 

installed systems operate and perform as expected. All components that 

need to be repaired or replaced are to be reported to the contractors. (PECI 

2006a), (GSA 2005) 
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6.3. Benefits and barriers of commissioning 

The building commissioning process promises several benefits for building 

owners. Pietiläinen et al. (2007) have listed commissioning benefits and 

according them building commissioning: 

� Ensures safety, healthy and comfortable spaces for living and 
business 

� Improves design quality by more effective feedback 

� Assures that all building services systems are compatible with each 

other 

� Improves energy efficiency of buildings and building systems 

� Decreases operation costs 

� Improves introductory briefing and training of operation and 

maintenance personnel 

� Improves documentation during the building lifecycle 

� Improves meeting customer needs and expectations 

 

A number of other studies and reports, for example (GSA 2005, PECI 

2006a,  PECI  2006b),  have  also  presented  a  similar  kind  of  building  

commissioning advantages list. Commissioning benefits and especially 

energy savings have usually been gained by correcting operational and 
control deficiencies in HVAC systems (Mills et al. 2004). The most common 

measures performed in existing building commissioning projects are 

presented in table 6.1. 

Table  6.1  Most  frequently  implemented  commissioning  measures  (Effinger  &  
Friedman 2010) 

 
 

Most frequently implemented
- Optimize airside economizer
- Reduce equipment runtime
- Reduce/reset duct static pressure setpoint
- Revise control sequence
- Add/optimize supply air temperature reset
- Add variable frequency drive to pump
- Reduce lighting schedule
- Replace/Repair/Calibrate sensor
- Add/optimize condenser water supply temperature reset
- Add/optimize chilled water supply temperature reset
- Add/optimize start/stop
- Add variable frequency drive to fan
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In a meta-analysis of commercial building commissioning cost-

effectiveness which consisted of 224 buildings, Mills et al. (2004) found 

that the median payback time for new building commissioning was 4,8 

years and for existing building commissioning 0,7 years. The median energy 

saving in existing buildings was 15 percent. In the examined commissioning 

projects, all energy saving recommendations were not always implemented 

and non-energy benefits, such as reduced change orders, extended 

equipment lifespan and improved indoor air quality were rarely quantified. 

Thus, the median payback time for commissioning could be even shorter. 
The findings of the meta-analysis study were summarized by stating that 

“commissioning is one of the most cost-effective means of improving 

energy efficiency in commercial buildings”. 

6.3.1. Persistence of benefits 

The persistence of energy savings and other benefits have a considerable 
effect on the success and cost effectiveness of building commissioning. 

There is a concern that the benefits of commissioning may not be sustained 

over a long period of time and that the benefits deteriorate. A review, 

consisting of five building commissioning persistence studies, concluded 

that the savings generally deteriorated over time (Frank et al. 2007). 

However, there was a wide variation in the persistence of benefits. Three to 

eight years after commissioning the savings persistence was from 50 

percent to 100 percent in almost all buildings. The primary causes of 

degradation were undetected equipment and control problems. In a study 

by Bourassa et al. (2004) energy savings increased during the first two 

years after the commissioning, since it took time for the retro-
commissioning measures to be implemented. In the third year, the savings 

began to level off and decline. In general, hardware measures such as 

moving a sensor or adding a valve, or changes to the control programming 

code tend to persist over time (Frank et al. 2007). On the other hand, 

control strategies that can easily be changed, such as schedules or setpoints, 

have problems with persistence.    

 

According to Friedman et al. (2003b) there are three main reasons for 

problems with the persistence of new building commissioning. These are a 

limited operator support and operator turnover, poor information transfer 

from the commissioning process and lack of performance tracking. With 
the first problem, operator support, it was referred to the training on 

system operation and control, the time to control the operation of the 

building and the guidance and motivation for assessing energy use. Also 
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operator turnover was seen as a major factor since it takes time to get 

acquainted with a new building. The poor information transfer from the 

commissioning process was faced when the original operator, who was 

involved in the commissioning, left the facility or when the commissioning 

documentation was inadequate. With poor documentation it is difficult for 

the operators to troubleshoot problems and understand the intended 

operation of the systems. Relating to the last problem, building 

performance tracking was not generally established during the 

commissioning process. Building automation data and point histories were 
occasionally viewed for troubleshooting but it was common that the 

operators were too busy responding to comfort complaints, performing 

routine maintenance and troubleshooting problems to track building 

performance. (Friedman et al. 2003b) 

6.3.2. Strategies for ensuring persistence of benefits 

To ensure the persistence of commissioning benefits California 

Commissioning Guides recommend the following actions (PECI 2006a & 

2006b): 

� Design review 

� Building documentation 

� Building staff training 

� Preventive operations and maintenance 

� Performance tracking 

� Re-commissioning 

� Continuous commissioning 

 

In new building commissioning, issues concerning building operation and 

maintenance should be considered in the early stages of design. Issues such 

as equipment accessibility and maintainability should be taken into account 

when selecting and placing equipment. During the design phase, building 
staff should provide their view in terms of to improving the operability and 

maintainability of the building. 

 

Good system documentation enhances that the knowledge obtained during 

commissioning can be utilized in building operation and maintenance. 

Documentation, such as equipment lists, O&M manuals, control system 

documents and systems diagrams, help building operators to maintain 

systems, troubleshoot problems and monitor the measures that were 

implemented.  
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Building staff training is essential to maintain the benefits of 

commissioning and prevent problems. A well-trained staff is capable of 

operating the building efficiently and maintaining comfortable conditions. 

In addition to the training included in the commissioning process, building 

staff can develop their skills through training courses offered by, for 

example, equipment manufacturers and training organizations.   

 

Preventive maintenance should be redefined to include operational 

activities to maintain commissioning improvements. Besides the typical 
preventive maintenance tasks, building staff should check systems for 

inadequate control strategies and improper schedules since they can cause 

energy waste, equipment failures, reduction in the equipment’s lifespan and 

poor indoor air quality. Therefore, system setpoints, schedules and 

parameter checks should be included in the preventive maintenance 

checklists.   

 

Performance tracking assists building staff to detect and diagnose problems 

early, before they lead to tenant comfort complaints, high energy costs or 

unexpected equipment failure. Some of the problems in today’s advanced 

and complex systems may be impossible to detect without performance 
tracking. Benchmarking, energy use tracking and performance monitoring 

can be used to track the building’s performance. The use of benchmarking 

allows the building’s energy use to be compared with the energy use of 

other similar buildings.  Since the amount of energy used depends on 

factors such as the weather and building’s size, it is common to normalize 

the use before comparing buildings with each other. More on energy 

benchmarking and normalization is presented later in this study, in the 

performance measurement chapter. Where benchmarking compares energy 

consumption against other buildings, energy use tracking measures the 

building’s energy use over time and helps staff to understand the building’s 

energy consumption patterns. Utility bills and Energy Information Systems 
(EIS) can be used to track energy use. More advanced performance tracking 

can be conducted with performance monitoring systems.  

 

In addition to the previous methods mentioned, re-commissioning and 

continuous commissioning are recommended in ensuring the persistence of 

commissioning benefits. (PECI 2006a and 2006b) 
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6.3.3. Barriers 

Despite the proven benefits presented in the earlier chapters, 

commissioning is not a “business as usual” activity (Friedman et. al 2010). 
The following barriers have been identified in the commissioning literature: 

� Lack of awareness (Hagler Bailly Consulting 1998),(Visier 2004), 

(Friedman et. al 2010) 

� Lack of time (Hagler Bailly Consulting 1998), (Visier 2004) 

� Too high costs (Visier 2004), (Frank et. al 2007) 

� Commissioning is seen as an added cost. Commissioning activities 

and costs should be included in design, construction and start-up 

procedures - not something extra. (Hagler Bailly Consulting 1998) 

� Budgetary constraints (Hagler Bailly Consulting 1998) 

� Difficulty in quantifying non-energy benefits (Hagler Bailly 

Consulting 1998) 

� Difficulty in getting cooperation among all parties (Hagler Bailly 

Consulting 1998) 

� Commissioning focuses on the operation of systems and their 

interactions, hence, there is a perception that operational 
improvements may not persist over time. (Friedman et. al 2010) 

� Commissioning is a manual, time-consuming task (Frank et. al 

2007) 

� A lack of technical experts and tools for field optimization, 

commissioning, and data visualization (Frank et. al 2007) 

� Information is lost between design and commissioning. (Frank et. al 

2007) 
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7. Performance measurement 

“You can't manage what you don't measure” and “what gets measured gets 

managed” are often quoted statements that demonstrate the importance of 

measurement. Measurement provides quantitative information that can be 

used in effective decision making and improving operation. The principles 

of performance measurement have been applied in one form or another for 

several decades in various fields. This chapter presents some of these 

applications, including business, maintenance and building performance 
measurement. The business performance measurement part of the chapter 

introduces the idea of performance measurement where as the rest of 

chapter concentrates on how performance measurement is applied in the 

field of maintenance and buildings.   

7.1. Business performance measurement 

Performance measurement has always been an important part of effective 

planning and efficient running of a business (Jasar 2004). Performance 
measurement systems were developed as a means of monitoring and 

maintaining organisational control and ensuring that organisations achieve 

their goals and objectives.  Performance measurement is utilized for several 

reasons: to track progress against organisational goals, to identify strong 

and weak points, to decide on future initiatives and above all to drive 

improvements. Performance measurement is seen as an integral part of the 

management processes as it provides feedback based on specifics rather 

than generalisations and assists with decision making. (Amaratunga & 

Baldry 2002) 

 

Traditionally business performance has been measured in financial terms, 
such as turnover, profit, and return on investment. However, these 

measures, developed from costing and accounting systems, have limitations 

and they have been criticized for encouraging short term actions rather 

than longer term planning (Jasar 2004). As a result of criticism, several 

performance measurement frameworks, that include nonfinancial 

measures, have been developed over the years. These measurement 

frameworks, such as the performance measurement matrix (Keegan et al. 

1989), the balanced scorecard (Kaplan & Norton 1992), and the 

performance prism (Neely et al. 2002), provide a more balanced view of 
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business performance. For example, the balanced scorecard has four 

measurement perspectives; financial, customer, internal business and 

innovation and learning perspectives as illustrated in figure 7.1.  

 

 

Figure 7.1 Balanced  scorecard (Kaplan & Norton 1992) 

 

With the balanced scorecard it is possible to view performance in several 

areas simultaneously and by this it guards against sub-optimization. 

Therefore, one area of performance is not improved at the expense of 

another. (Kaplan & Norton 1992) 

7.2. Maintenance performance measurement 

This section discusses the performance measurement from the perspective 

of maintenance. The examination of the subject is not restricted solely to 

building maintenance. On the contrary, the issue is discussed in general 

terms including practices from other fields of industry as well (e.g. 

industrial maintenance). 

 

Maintenance has an important role especially in asset-intensive industries 

(Tsang  2002),  such  as  the  oil  and  gas,  pulp  and  paper  and  chemical  

industries. In these industries, unexpected production breakdowns can 
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have a significant economic consequence and therefore production 

reliability is a top priority. In addition to reliability, maintenance has an 

influence on the plant capacity, product quality and production efficiency as 

well as health, safety and the environment (Parida & Kumar 2006). Thus, 

tracking the performance of maintenance is a key issue for many 

organisations.  

 

Parida and Kumar (2009) identify four purposes of maintenance 

performance measurement. It can be used as: 

� A strategic planning tool 

� A management reporting tool 

� An operational control and monitoring tool 

� A change management support tool 

 

Performance measurement provides a tool to translate strategy into 

measurable and easily understandable objectives, which can be used 

throughout the organization. The idea is to convert strategic goals into 

detailed and more meaningful objectives for different levels of the 

organisation.  

 

Besides being a strategic tool, performance measurement assists with 

effective management decision making by providing information on the 
status of the current maintenance operation as well as identifying 

performance gaps between the current and the desired performance. With 

performance measurement, maintenance is controlled and monitored and 

appropriate corrective actions can be taken when performance deviates 

from the plan. 

7.2.1. Maintenance performance measures 

An extensive amount of maintenance performance measures can be found 

in literature. For example, a group working on a standard for key figures in 

industrial maintenance in Finland easily found more than 200 measures 

(Komonen 2002). Examples of the key maintenance figures used in 

industrial maintenance are presented in figure 7.2.  
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Figure 7.2 Key figures for industrial maintenance (Komonen 2002) 

As can be seen from the figure, there are numerous indicators to measure 

industrial maintenance. These indicators are presented only to give an 
example of the existing measures in industrial maintenance, they are not 

specified or discussed further in this thesis. The only exception is the 

Overall equipment effectiveness (OEE) indicator which is introduced later 

in this chapter. 
 
 
Maintenance performance measures can be classified in several ways. 

Campbell (1995) classifies commonly used measures into three categories 

on the basis of their focus (Tsang et al 1999): 

� Equipment performance; e.g., availability, reliability, overall 

equipment effectiveness 

� Cost performance; e.g., operation and maintenance labour and 

material costs 
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� Process performance; e.g., ratio of planned and unplanned work, 

schedule compliance. 

 
Whereas, Arts et al. (1998) use the time horizon to classify performance 

measures on three levels; strategic, tactical and operational. Furthermore, a 

common classification is to divide performance into leading and lagging 

measures (Muchiri et al. 2011). Leading measures are used in measuring 

activities that effect future outcomes, such as the percentage of proactive 

maintenance work. Lagging measures, on the other hand, focus on the 

results that have been achieved, such as the overall equipment effectiveness 
which is introduced in the following chapter.  

7.2.2. Overall Equipment Effectiveness 

In industrial maintenance the Overall equipment effectiveness (OEE) is one 

of the most important indicators when measuring maintenance 
performance  (Parida  &  Kumar  2009).  It  is  a  measure  especially  used  in  

total productive maintenance (TPM) philosophy, which aims to maximize 

equipment efficiency and minimize production down time. According to 

Nakajima (1989), OEE is based on three performance elements, with each 

element containing different losses as presented in table 7.1. 

 

Table 7.1 Elements of OEE (adapted from Wudhikarn 2010) 

 
 

The first element, availability, measures the total time that the equipment is 

not operating because of a breakdown, set-up or adjustment, or another 

reasons for a stoppage (Jonsson & Lesshammar 1999). Availability is 

calculated using the formula below. 
 

Performance element Relating losses
Availability Downtime:

- Breakdown losses
- Setup and adjustment losses

Performance Speed losses:
- Idling and minor stoppage losses
- Reduced speed losses

Quality Defects:
- Quality defects and rework
- Startup losses
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timeloading
downtimetimeloadingA �

�
      (7.1)

  
 

 

In the formula, loading time is the total time the equipment is available for 

operational use minus planned or necessary downtime, such as breaks in 

the production schedule and daily shop floor meetings. Downtime, on the 
other hand, refers to the losses discussed earlier (breakdowns, set-up, 

adjustments and other stoppages). (Nakajima 1989) 

 

The performance aspect of overall equipment effectiveness measures the 

ratio between the actual operating speed of the equipment (the ideal speed 

minus speed losses, minor stoppages and idling) and the ideal speed (based 

on the equipment capacity as initially designed) (Jonsson & Lesshammar 

1999). Using Nakajima’s (1989) formula, performance is calculated as 

presented below. 
 

timecycleactual
timecycleideal

downtimetimeloading
timecycleactualoutputP �

�
�

�
  (7.2)

 

 
 

where output refers to the amount of products produced during the 

examined period. The ideal cycle time is the time it ideally takes to produce 

one product and the actual cycle time refers to the time it actually takes to 

produce one product.  

 
The third element, quality, indicates the proportion of good parts produced 

compared to the total number of parts produced as presented in formula 

7.3. The quality aspect only takes into consideration quality losses that 

happen in relation to the equipment, not the quality losses that appear 

downstream (Jonsson & Lesshammar 1999). 

input
productsgoodofnumberQ �

     (7.3)
 

 

Overall equipment effectiveness is derived by multiplying the three above 

mentioned factors as shown in equation 7.4. 

 

QPAOEE ���         (7.4) 
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OEE is used in industry to measure equipment performance, to indentify 

development opportunities and to direct improvement efforts (Garza-Reyes 

et al. 2010). It is not merely a maintenance performance measure, but a 

measure for the entire production organisation. Maintenance alone cannot 

address all the losses captured by OEE (Williamson 2004).  

7.2.3. From single measures to measurement frameworks 

Maintenance is a complex activity consisting of a large number of inputs 

and outputs and therefore the performance of maintenance should be 

measured from several perspectives. Many authors recommend the use of 

holistic performance measurement frameworks with several measures or 

indicators to evaluate the efficiency and effectiveness of maintenance (e.g., 

Tsang 1998, Parida & Chattopadhyay 2007, Muchiri et al. 2011) 

 

For instance, the framework of Muchiri et al. (2011) consists of three main 
sections, maintenance alignment with manufacturing, maintenance 

effort/process and maintenance results, as presented in figure 7.3. 

 

 

Figure 7.3 The performance measurement framework for the maintenance 
function (Muchiri et al. 2011) 

 

The aim of the first section is to align maintenance objectives with 

corporate and manufacturing strategies. After establishing the objectives, 

maintenance management should set up performance targets and 

benchmarks to attain the desired maintenance results. Maintenance 

objectives should also guide maintenance processes so that the desired 

results can be attained.  In the framework, maintenance performance is 

evaluated using maintenance process (leading) indicators and maintenance 
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results (lagging) indicators. The measures used in the framework are 

summarized in table 7.2. (Muchiri et al. 2011) 

 

Table 7.2 Summary of the maintenance performance measures (adapted from 
Muchiri et al. 2011) 

Category Measures Units Description
Percentage of proactive work % Man-hours envidaged for proactive work/Total 

man-hours available
Percentage of reactive work % Man-hours used for reactive work / Total man-

hours available
Percentage of improvement 
work

% Man-hours used for improvement & modification 
/ Total man-hours available

Work request reponse rate % Work requests remaining in 'request' status for 
< 5 days / Total work requests

Planning intensity % Planned work / Total work done
Quality of planning % Percentage of work orders requiring rework due 

to planning / All WO
Planning responsiveness % Percentage of WO in planning status for  < 5 

days / All WO
Scheduling intensity % Scheduled man-hours / Total available man-

hours
Quality of scheduling % Percentage of WO with delayed execution due 

to material or man-power
Schedule realization rate % WO with scheduled date earlier or equal to late 

finish date / All WO
Schedule compliance % Percentage of work orders completed in 

scheduled period before late finish date
Mean time to repair (MTTR) Hours Total downtime / no. of failures
Manpower utilization rate % Total hours spent on tasks / available hours
Manpower efficiency % Time allocated to tasks / time spent on tasks
Work order turnover % No. of completed tasks / no. Of received tasks
Backlog size % No. of overdue tasks / no. of received tasks
Quality of execution (rework) % Percentage of maintenance work requiring 

rework
No. of failures No. No. of failures classified by their consequences: 

operational, non-operational, safety etc.

Failure / breakdown frequency No. / unit 
time

No. of failures per unit time (a measure of 
reliability)

MTBF Hours Mean Time Between Failure (a measure of 
reliability)

Availability % MTBF / (MTBF + MTTR) = uptime / (uptime + 
downtime)

OEE % Availabilty x Performance x Quality
Direct maintenance cost $ Total corrective and preventive maintenance cost

Breakdown severity % Breakdown cost / direct maintenance cost
Maintenance intensity $ / unit 

production
% of maintenance cost per unit of products 
produced in a period

% maintenance cost 
component over manufacturing 
cost

% % maintenance cost  total manufacturing cost

ERV (Equipment Replacement 
Value)

% Maintenance cost / new condition calue

Maintenance stock turnover No. Ratio of cost of materials used from stock within 
a period

Percentage cost of personnel % Staff cost / total maintenance cost
Percentage cost of 
subcontractors

% Expenditure of subcontracting / total 
maintenance cost

Percentage cost of supplies % Cost of supplies / total maintenance cost
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There are also a number of industry specific performance measurement 

frameworks and standards which address their unique requirements. 
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Industries such as the nuclear, oil and gas, railway and process industries 

have developed maintenance performance measurement frameworks 

(Parida & Kumar 2009). Although, standards exist to measure maintenance 

performance, there are still issues that are open for interpretation even in 

the industry specific guidelines. For example, Airola et al. (2006) illustrated 

in the field of paper machines that there can be up to 20 percent differences 

in performance figures using the same data but different calculation 

standards and guidelines. Thus, clarification and harmonisation of 

standards and guidelines is still needed so that benchmarking can be 
performed between different organisations.   

7.3. Building performance measurement 

The term building performance has several meanings since different actors 

in the building sector approach it from different perspectives. Investors, for 

example, tend to focus on economic performance, whereas building 

occupants are more interested in indoor air quality issues. Numerous 

guidelines, codes, protocols and standards exist to evaluate specific aspects 
of building performance, such as energy use or thermal comfort. However, 

many guidelines provide only a narrow perspective of building performance 

serving the needs of only a few relevant interest groups. (Cole 1998) 

 

To overcome the single performance aspect problem, several performance 

measurement frameworks with multiple performance perspectives have 

been developed. Especially frameworks, such as Leadership in Energy and 

Environmental Design (LEED) and Building Research Establishment 

Environmental Assessment Method (BREEAM), which view building 

performance from various environmental perspectives, have both become 

popular during recent years.  
 

Building performance measurement is usually based on physical 

measurements, the surveyors' observations or on occupancy satisfaction 

surveys which measure the occupants’ perception of the building 

performance. The measurement data for performance evaluations can be 

collected manually using portable instruments or automatically utilizing, 

for example, a building automation system. Manual measurements on a 

large-scale are, however, laborious and time-consuming and they provide 

only a snapshot of the building’s performance at a specific point in time. 

Automatically collected measurements, on the other hand, provide the 
opportunity to monitor and measure the building’s performance constantly. 
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Since the building automation system collects, processes and stores data 

from various devices and measurement points in the building, it would be 

rational to utilize it for building performance measurement. 

 

The aim of this part of the chapter is to introduce the wide field of research 

on building performance measurement and to present in more detail 

performance measures that can be monitored with a building automation 

system. The beginning of the section briefly outlines the various building 

performance measurement perspectives.  This is followed by a deeper 
discussion on three performance themes; energy, thermal comfort and 

HVAC system. The performance of a building can be assessed from these 

viewpoints using the data that a building automation system collects. 

7.3.1. Performance indicators and frameworks 

As mentioned earlier, there is an extensive amount of literature on building 
performance measurement. In their study Lavy et al. (2010) reviewed the 

performance measurement literature, identified key performance indicators 

and classified them into four major categories: financial, physical, 

functional, and survey-based. The main categories with key performance 

indicators are summarized in appendix A.  

 

Financial indicators are economic measures that express costs and 

expenditure of the building.  They can be used for both short and long-term 

planning and provide useful information for all levels of management. 

Physical indicators illustrate the physical state of the building in terms of 

appropriateness (how well the building supports the desired function), 
quality of space (spatial, environmental, and psychological issues), 

accessibility (site, location, and handicap accessibility), and resource 

consumption (energy, water, and material). Functional indicators, on the 

other hand, indicate the functional performance of the building by 

evaluating aspects related to the organizational or business mission, space, 

employees, and other supportive facilities. These indicators are mainly 

intended for senior managers as they assist with long-term goal setting. The 

last category, survey-based indicators, includes indicators that cannot be 

quantified or are gathered by using surveys. These indicators are useful 

especially when it is valuable to know building occupants’ reactions and 

opinions on the subject.  
 

Performance Measurement Protocols for Commercial Buildings guide 

(ASHRAE 2010), which was developed in collaboration with the American 
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Society of Heating, Refrigerating and Air-Conditioning Engineers 

(ASHRAE), Chartered Institution of Building Service Engineers (CIBSE) 

and the U.S. Green Building Council (USGBC), provides another example of 

how building performance is approached from a holistic perspective. The 

guideline provides “a standardized, consistent set of protocols, for a range 

of costs/accuracies, to facilitate the appropriate and accurate comparison of 

measured energy, water and indoor environmental quality (IEQ), thermal 

comfort, indoor air quality (IAQ), lightning, and acoustics performance of 

commercial buildings” (ASHRAE 2010). It gives guidance on what to 
measure, why to measure, how and how often to measure as well as how to 

compare measurements. In the guide, performance measures are divided 

into six categories (energy, water, thermal comfort, IAQ, lightning and 

acoustics) and for every category there are three levels of protocols (basic, 

intermediate and advanced). Basic protocols include simple and low-cost 

measures to gain an initial insight of the performance on an annual and 

whole building level. Intermediate protocols are intended to provide more 

detailed information on building performance, typically on a monthly 

frequency and on a major system level. The advanced protocols offer even 

deeper insights into building performance as they are based on a system or 

equipment level and are commonly reported on a daily or weekly basis. The 
basic level performance measures are summarized in table 7.3.  
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Table 7.3 Basic level performance measures (adapted from ASHRAE 2010) 

Category Descriptive information Subjective measures Instrumented measures
1. Basic energy-related 
buildings/ system 
characteristics

1. Monthly and annual whole-
building energy, demand and 
cost
2. Annual whole-building 
energy use index (EUI) and 
energy cost index (ECI)

1. Basic water-related 
buildings/ system 
characteristics

1. Monthly and annual whole-
building water use and cost

2. Annual total site water  
use and cost indices

1. Basic thermal comfort-
related buildings/ system 
characteristics, including 
complaint log

1. Occupant survey of 
thermal comfort and job 
satisfaction during one-
week window or for sample 
of occupants

1. Spot measurements of 
thermal comfort -related 
parameters for problem 
diagnosis (temperature, 
relative humidity, mean 
radiant temperature, air 
speed)

2. Operator survey of 
building characteristics

1. Obtain EPA data to 
determine outdoor air 
quality at site

1. Occupant survey of IAQ 
satisfaction; informal 
interview during the IAQ 
evaluation

1. Outdoor air (OA) flow rates 
at each OA intake 

2. Site assessment to 
determine basic IAQ-related 
building/HVAC systems 
characteristics, including 
complaint log, to spot 
potential IAQ problems

2. Interview building 
manager to gather facility 
data

2. Spot measurements of 
temperature and humidity to 
characterize occupant 
perceptions of IAQ

Lighting/daylighting 1. Basic lighting-related 
space characteristics to 
determine potential 
problems

1. Occupant survey of 
lighting satisfaction

1. Spot measurements of 
illuminance in selected 
spaces

1. Open office plan, private 
offices and meeting rooms

1. Occupant survey of 
acoustic satisfaction

1. Spot measurements of A-
weighted sound pressure 
level (dBa) in occupied 
spaces

2. Room finishes
3. Location of mechanical 
equipment, plumbing and 
outdoor noise sources

Acoustics

Energy use

Water use

Thermal comfort

Indoor air quality

 

7.3.2. Energy performance 

“Energy efficiency is the most cost-effective approach to achieving climate 

change objectives” has been a frequently used phrase during the last few 

years. Building energy performance measurement is one of the methods 

used to improve energy efficiency. It is probably the best defined and most 

investigated field of building performance measurement (McNeill et al. 

2007). The energy performance of buildings can be defined in many ways, 

for example the European Standard EN 15603 divides energy performance 

assessment methods into calculated and measured methods (CEN 2008).  

This paragraph concentrates on measured methods where energy 

performance is based on the amount of energy actually used in a building.   
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7.3.2.1. Energy performance measurement as part of energy 
management 
Building energy efficiency can be improved and energy use reduced by 

utilizing long and short term energy management strategies as presented in 

figure 7.4.  

 

 

Figure 7.4 Energy management strategies (Zhivov et al. 2009) 

Long-term energy management concentrates on energy saving investments 

whereas short-term activities focus on energy consumption monitoring and 

optimization of building operation. . Energy performance measurement is 

an essential part of short-term energy management and is a useful method 

when determining energy consumption levels, comparing energy usage with 

design intent or when making comparisons with other buildings, or 

assessessing opportunities for improvements or evaluating the success of 
energy efficiency actions. 

 

 

7.3.2.2. Energy use metrics 
 

Energy use metrics recommended in the Performance Measurement 
Protocols for Commercial Buildings guide (ASHRAE 2010)  are  showed in  

table 7.4.  
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Table 7.4 Energy use metrics (adapted from ASHRAE 2010) 

Protocol level Descriptive information Measures
1. Basic energy-related 
buildings/ system 
characteristics

1. Monthly and annual whole-
building energy, demand and cost

2. Annual whole-building energy 
use index (EUI) and energy cost 
index (ECI)

1. Specific energy-related 
buildings/ system 
characteristics

1. One year of monthly and weekly 
energy and demand for whole 
building
2. Monthly and weekly energy use 
and targets for major systems and 
end uses

1. Detailed energy-related 
buildings/ system 
characteristics

1. One year of daily and hourly 
energy and demand for whole 
building
2. One year of daily and hourly 
energy and demand for major 
systems and end uses

Basic

Intermediate

Advanced

  

The guide categorises metrics into basic, intermediate and advanced levels 

depending on the depth of analysis desired. On the basic level, annual 

whole-building energy use, demand and costs are measured. In the guide, 

whole-building energy use is the energy imported to the facility plus on-site 

energy generated from renewable sources minus energy exported from the 
facility. The annual whole-building energy use index and the energy cost 

index shown in table 7.4 are calculated as follows: 
 

 
2/)( mkWh

AreaFloorGross
UseEnergyAnnualTotalEUIIndexUseEnergyTotal �  (7.5) 

 
 

2/$)( mUS
AreaFloorGross

CostEnergyAnnualNetECIIndexCostEnergy � (7.6) 

 

 

The total energy is the energy purchased for the building plus energy 

generated on site minus energy sold by the facility, whereas the net energy 

is the sum of the purchased energy minus the sold energy. (AHSRAE 2010) 
 

While the basic level focused on annual energy performance, the 

intermediate level concentrates on monthly and weekly energy data. Also 

energy uses of major systems are determined at this level. Sub-metering can 

be used to measure, for example, HVAC total electric, chiller plant electric 

or indoor lighting. In addition, the intermediate level includes setting up 
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monthly targets for whole building and major building system energy uses. 

This can be done, for instance, using regression methods that relate energy 

use to one or more independent variables, such as weather data. Metrics at 

the advanced level support a detailed level of analysis, which includes 

measuring whole building energy use and demand. This can be done on 

daily  or  hourly  basis  as  well  as  modelling or  measuring major  system end 

use on an annual basis. Advanced level performance analysis is quite costly 

since it requires extensive instrumentation and sophisticated tools. 

(AHSRAE 2010) 
 

Another list of energy performance metrics is proposed in the U.S. 

Department of Energy’s (DOE) Performance Metrics for Commercial 
Buildings guide  (Fowler  et  al.  2010).  It  provides  a  set  of  key  metrics  that  

can be used for comparative performance analysis between existing 

buildings and industry standards. The energy related metrics introduced in 

the guide are shown in appendix B.  

 

 

7.3.2.3. Benchmarking and normalization 
Energy use in buildings varies based on several  factors, such as the 

weather, building type (e.g., school, office, hospital), occupant density, 

building area and hours of operation. Therefore, building energy use has to 

be normalized in order to be able to compare buildings with each other. The 

Performance Metrics for Commercial Buildings guide used, for example, 

building area and the number of occupants to normalize energy 

performance (Fowler et al. 2010). Weather normalization using heating or 

cooling degree days is also an often used method. There are tools that are 

especially designed for benchmarking purposes and take into consideration 

several normalization and adjustment factors. One of these tools is the U.S. 

Department of Energy’s and the U.S. Environmental Protection Agency’s 
Energy Star rating system which uses, for example, building type, location, 

building floor area, number of occupants and operating hours as 

parameters to determine a building’s rating (Matson & Piette 2005). 

 

Although energy performance benchmarking provides useful information 

for energy management purposes, the results of benchmarking should be 

interpreted carefully. First of all, there can be mistakes in source 

information, such as building area and energy consumption values. It is not 

always straightforward to know what areas of the building should be 

included in the calculations, since building area can be defined in numerous 

ways. For example, should indoor parking areas or unheated storage areas 
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be included or excluded. Even the finding of building area information on 

existing buildings can be a laborious task. There can be also difficulties in 

obtaining the “right” energy consumption figures. For instance, should the 

user electricity be included in the energy use or not. In addition, buildings 

can include functions with large energy consumptions, such as server 

rooms, that may serve several other buildings as well. Including electricity 

use of such functions can skew the calculation results. Lastly, energy 

efficiency is a relative term and benchmarking may lead to wrong first 

impressions. For example, school buildings that are available for evening 
use may seem to be inefficient compared to schools without evening use. 

Moving the evening use  to  a  building that  is  built  just  for  this  purpose,  is  

not cost effective and probably will not reduce the overall energy use.  

7.3.3. Indoor environmental quality performance 

In general, the purpose of energy management measures is to reduce 
energy use while at the same time improving or maintaining indoor 

conditions. However, many energy conservation measures, such as 

reducing operating time of air-handling units, may have a negative effect on 

indoor environmental quality factors. This should be avoided, since the 

indoor environment affects health, productivity and comfort of the 

building’s occupants. Changes in occupant health and productivity can have 

a substantial financial impact, which may exceed the financial benefits of 

energy conservation (Fisk 2000). (IPMVP 2002). 

 

The indoor environmental quality consists of several factors as presented in 

figure 7.5. One of the IEQ factors is thermal comfort which is introduced in 

more detail in the following paragraphs. 
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Figure 7.5 Indoor environmental quality factors according to Kauppinen et al. 
(2009) 

 
7.3.3.1. Thermal comfort 
 
The international standard ISO 7730 defines thermal comfort as “that 

condition of mind which expresses satisfaction with the thermal 
environment” (ISO 2005). Thermal comfort requirements vary for different 

individuals and therefore it is difficult to specify a thermal environment 

that will satisfy everybody. Thermal comfort depends on six primary 

factors: an occupant’s physical activity (metabolic rate), clothing insulation, 

air temperature, radiant temperature, air velocity and humidity (ASHRAE 

2004). 

 

Since thermal comfort requirements differ from person to person, models 

have been developed to provide information on thermal condition that a 

specified percentage of occupants will find comfortable. One of the models 

to predict occupants’ thermal sensation is known as the predicted mean 
vote (PMV) index.  Based on the heat balance of the human body, the PMV 

predicts the mean value of votes of a large group of people on the following 

7-point thermal sensation scale as presented in table 7.5 (ISO 2005).  
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Table 7.5 Seven-point thermal sensation scale (ISO 2005) 

 
While the PMV predicts the mean value of the thermal votes of people 

exposed to the same environment, it is also useful to predict the number of 
people  likely  to  feel  uncomfortably  warm  or  cool.  For  this  purposes,  a  

predicted percent dissatisfied (PPD) index can be calculated. The PPD 

index is related to the PMV as illustrated in figure 7.6. (ISO 2005) 

 

 

Figure 7.6 PPD as a function of PMV (ISO 2005) 

 
PMV and PPD can be calculated for different combinations of metabolic 

rate, clothing insulation, air temperature, radiant temperature, air velocity 

and humidity.  An example of different thermal environments with PMV 

and PPD figures is presented in table 7.6. Many thermal comfort standards 

use PMV and PPD indices to define acceptable thermal environments, for 

example, by setting minimum and maximum temperature limits. The way 

in which standards and guides specify requirements for acceptable thermal 
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environments, is one of the subjects discussed in more detail in the 

following paragraph.   

Table  7.6  Examples  of  different  thermal  environments  with  PMV  and  PPD  
indices (ISO 2005) 

 
 

7.3.3.2. Thermal comfort standards and guides 
There are numerous standards, codes and guides that specify minimum 

requirements or acceptable ranges for thermal conditions. Many of these 

documents are primarily intended for building and HVAC design 

professionals to be used for dimensioning systems. However, a few 
standards and guides also give, in varying degrees of detail, requirements or 

recommendations for evaluating a building’s thermal comfort performance 

during building operation. This paragraph presents thermal comfort 

standards and guides by introducing two standards and one national 

classification. The first standard is the ASHRAE Standard 55, Thermal 
Environmental Conditions for Human Occupancy,  which  is  the  primary  

standard on thermal comfort in the U.S (ASHRAE 2004). The second 

standard is, in turn, the European standard EN 15251, Indoor 
environmental input parameters for design and assessment of energy 
performance of buildings addressing indoor air quality, thermal 
environment, lighting and acoustics (CEN 2007b). This standard gives 

both requirements and recommendations as well as leaves some issues 

open to be specified in more detail by national regulations. The introduced 

national classification is the Finnish Classification of Indoor Environment 

2008, which is a voluntary guide prepared by the Finnish Society of Indoor 

Air Quality and Climate (FiSIAQ 2008).  
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7.3.3.3. Thermal comfort classes 
The European standard EN 15251 and the Finnish Classification of Indoor 

Environment 2008 categorize thermal environments into classes in a 

relatively similar manner. The EN 15251 standard classifies indoor 

environment into four categories as presented in table 7.7. 

Table 7.7 Description of indoor environment categories (CEN 2007b) 

Category Explanation
I High level of expectation and is recommended for spaces 

occupied by very sensitive and fragile persons with special 
requirements like handicapped, sick, very young children and 
elderly persons

II Normal level of expectation and should be used for new 
buildings and renovations

III An acceptable, moderate level of expectation and may be used 
for existing buildings

IV Values outside the criteria for the above categories. This 
category should only be accepted for a limited part of the year

 
 

On the other hand, the Finnish Classification of Indoor Environment 2008 

uses three categories: S1, S2 and S3. The S1 category represents the best 
indoor environment quality and corresponds to very good thermal 

conditions, whereas S2 characterizes good indoor conditions and S3 

presents satisfactory conditions and an indoor environment quality level 

which fulfils the building code requirements in Finland. 

 

The EN 15251 standard and the Finnish classifications use different names 

for the classes, but the basic idea in both categorisations seems to be the 

same - the thermal environment standards being divided into high, average 

and moderate quality levels. However, there are differences in thermal 

comfort requirements for each class (e.g., class II thermal comfort target 

values are not exactly defined in the same manner as class S2 targets) as 
will be discovered later in the following section.  

 

7.3.3.4. Thermal comfort target values 
The ASHRAE Standard 55 describes two methods, the graphical method 

and the computer model method, for determining comfortable thermal 

environmental conditions.  The graphical method is intended to be used for 

typical indoor environments, such as for office spaces. In the graphical 

method, acceptable thermal environmental conditions are illustrated using 

a figure (Figure 7.7). The figure presents the range of operative 
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temperatures which equal 80% occupant acceptability. In the figure, two 

comfort zones are shown. One is for 0.5 clo clothing insulation 

(representing clothing when the outdoor environment is warm) the other 

for 1.0 clo of insulation (clothing when the outdoor environment is cool). 

 

 

Figure 7.7 Acceptable range of operative temperature and humidity for spaces 
that meet the criteria (ASHRAE 2004) 

 
The computer model method is for general indoor applications and it uses 

PMV and PPD indices to define acceptable thermal environments. The 

range of acceptable PPD and PMV values is presented in the following table 

(Table 7.8).  

 

Table 7.8 Acceptable thermal environment for general comfort (ASHRAE 2004) 

 
 
In addition to the above mentioned thermal environment requirements, the 

ASHRAE Standard 55 sets limits for humidity level, elevated air speed, 

radiant temperature asymmetry, draft, vertical air temperature difference, 

floor surface temperature and temperature variations with time.  

 

The EN 15251 standard also uses PMV and PPD indices to define thermal 

comfort criteria. As in the ASHRAE Standard 55, the PMV and PPD indices 

can be used directly or, alternatively, the standard provides recommended 

PPD PMV Range
< 10 -0,5 < PMV < + 0,5
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design indoor operative temperatures for heating and cooling, which are 

derived from the PMV and PPD indices. Examples of the recommended 

operative temperatures are presented in table 7.9.  

 

Table 7.9 Examples of recommended design values of the indoor temperature 
for design of buildings and HVAC systems (CEN 2007b) 

 
 

The Finnish Classification of Indoor Environment 2008, in turn, uses 
adaptive thermal-comfort criteria to specify thermal environment classes. 

In the adaptive approach, indoor temperature target values change 

according to the outdoor temperature. Figure 7.8 presents the operative 

temperature target value profiles, the acceptable target value deviation 

ranges as well as the maximum/minimum temperature limitations of the S1 

and S2 classes. The outdoor temperature is presented in the figure as 24 

hour average values. In the S1 class, the operative temperature should be 

kept  at  the  target  value,  but  the  deviation  of  +/-  0.5  °C  for  95  %  of  the  

occupied hours is acceptable. In addition, the S1 class requires that the 

indoor temperature must be adjustable in each room/apartment within a 

range of +/- 1.5 °C . The S2 class, on the other hand, specifies that the 
acceptable deviation is +/- 1 °C for 90 % of the occupied hours. (Hamdy et 

al. 2011) 
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Figure 7.8 Operative temperature target value profiles of S1 and S2 classes 
(Hamdy et al. 2011) 

 

7.3.3.5. Evaluation of the thermal comfort 
For validating the thermal environment, the ASHRAE Standard 55 

proposes either occupant satisfaction surveys or physical measurements. 

Occupant satisfaction surveys can be an effective way of assessing thermal 

environmental conditions, since it is the occupants who in the end 

experience the environment inside the building. The standard gives 

guidance on how to perform occupant surveys and what to include, as a 

minimum, in the occupant questionnaires. For physical measurements, the 

standard specifies requirements for measuring devices, measurement 

positions, measuring periods and measuring conditions. In addition, 

essential mechanical equipment operating conditions, which should be 
measured concurrently with the environmental data, are defined. These are, 

for example, air supply rate into the space and room/supply air 

temperature differential.  
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In the EN 15251 standard the subject of indoor environment evaluation is 

discussed more thoroughly than in the ASHRAE standard. The EN 15251 

proposes four methods of evaluating the indoor environment on a long 

term basis: 

� Design indicators 

� Calculated indicators 

� Measured indicators 

� Subjective evaluations 

 

The evaluation in each method is performed by assessing the indoor 
environment of typical rooms representing different zones in the building. 

In the design method, it is secured that the design is based on the thermal 

criteria values specified in the standard.  

 

The second method, calculation method, refers to building simulations 

where four indicators can be used for evaluation, namely, the simple 

indicator, hourly criteria, degree hours criteria and overall thermal comfort 

criteria (weighted PMV criteria). In the simple indicator, the building meets 

the thermal comfort criteria if the rooms representing 95 % of building 

volume fulfil the criteria requirements. The hourly criteria are based on the 

number  of  actual  hours  or  %  of  time  when  the  criteria  is  met  or  not.  The  
degree hours criteria, on the other hand, calculate the degree hours outside 

the upper or lower boundary of the criteria. In this calculation method, the 

time during which the criteria exceeds the limits is weighted on the amount 

of degrees the limit has been exceeded. For example, if the operative 

temperature  limit  is  exceeded  by  one  hour  and  during  this  time  the  

temperature is two degrees higher than allowed, the result would be two 

degree hours. The overall thermal comfort criteria is similar to degree hours 

criteria, but in this criteria the time during which the actual PMV exceeds 

the comfort boundaries is weighted by a factor which is a function of the 

PPD. Examples of the PPD weighting factors are presented in table 7.10. 

The allowed temperature range in the example is 23-26 ° C.   
 

 

 

 

 

 

 



80 
 

Table  7.10  Examples  of  weighting  factors  based  on  temperature  difference  or  
PPD for mechanically heated or cooled buildings (CEN 2007b) 

 
While the standard gives guidance for calculating indicators, it does not 

provide information on indicator target values. For example, what is the 

maximum acceptable value for degree hours per month or year? It is only 

stated in the standard that the designed systems may not be able to fulfil 

the design intent in all rooms during all hours. 

 

The third long term evaluation method, measured indicators, is based on 

physical measurements. The standard sets requirements for measurement 

points and instruments as they have to fulfil the EN ISO 7726 standard. To 

evaluate the measurements, the standard recommends using the same 

indicators as in the calculated method (simple indicator, hourly criteria, 
degree hours criteria and overall thermal comfort criteria). In regards to 

measured indicators, some examples are given for acceptable deviations 

from the selected criteria. The deviation can be expressed, for example, as 

an acceptable number of hours outside the criteria based on a yearly 

evaluation (e.g., 100-150 hours) or the measurements in the rooms 

representing 95 % of the occupied space are not more than 3 % (or 5 %) of 

occupied hours a day, a week, a month and a year outside the limits. Thus, 

the standard provides some guidance for measured indicators on acceptable 

deviations. However, the acceptable deviation is only expressed in length of 

time and not in degree days or PPD weighting factors. Neither does the 

standard set strict requirements for deviations. It only gives examples of 
acceptable deviations. 

 

The last long term evaluation method is subjective evaluations. The 

standard provides recommended procedures and questionnaires that can 

be used in determining occupants’ perceptions of the thermal environment.  

 

According to the EN 15251 standard, information on the indoor 

environment should be included with the energy certificate of the building. 
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As a result of this, the standard recommends to integrate the complex 

indoor environment information into a simple overall indicator of indoor 

environmental quality of the building. It is recommended that the overall 

indicator gives a comfort “foot-print” for thermal conditions and indoor air 

quality conditions separately. This can be illustrated as the percentage of 

time the indoor environment is within the different category (I, II, III, and 

IV) requirements. An example of such “foot-print” is presented in figure 

7.9.   

 

 

Figure 7.9 Example of classification by ”foot-print” of thermal environment and 
indoor air quality/ventilation (CEN 2007b) 

In concerning indoor environment evaluation, the Finnish Classification of 
Indoor Environment 2008 refers to the EN 15251 standard. The 

classification recommends using simulations to calculate a comfort “foot-

print” as described in the EN 15251 standard. The classification also sets 

requirements for measurement procedures and instruments, if the 

evaluation is performed using physical measurements. In addition, it is 

stated in the classification that the specified thermal comfort criteria can be 

applied in construction and maintenance contracts to verify the design 

target values are met in practice. However, it is noted that there is much 

research to be done before the procedures are fair for all parties of the 

agreement. Several factors, such as the outdoor environment and the 
behaviour of the occupants, can have an effect on the quality of the indoor 

environment and these issues should be taken into consideration when 

doing thermal comfort verification procedures and agreements.  

7.3.4. HVAC system performance 

In addition to collecting data on a building’s energy use and thermal 
environment, the building automation system gathers a great amount of 

data on the HVAC systems performance. As the automation system controls 

and manages the building’s mechanical and electrical equipment, it 

processes and stores data from various devices. This data can be utilized to 

evaluate the performance of the HVAC systems.  



82 
 

This section briefly presents the wide range of performance criteria 

available for the evaluation of HVAC systems. The main interest is in 

performance criteria which can be measured using building automation 

systems. To give an example of such criteria, performance requirements for 

one HVAC system component, namely for an air handling unit, is presented 

in more detail.  

 

7.3.4.1. HVAC system standards 
HVAC systems have two main purposes, the first is to maintain good indoor 

air quality and the second is to provide an acceptable level of occupant 

comfort and process function (Sugarman 2005). This is achieved by 

providing an adequate amount of ventilation and controlling the 

temperature and the air quality of the building. An extensive amount of 

international and national standards and codes exist to regulate or specify 

requirements for HVAC systems, such as for system sizing, duct insulation 

and energy efficiency. There are solely several CEN standards specifying 

performance criteria for HVAC systems. For example, the European 

standard EN 13779, Ventilation for non-residential buildings - 
Performance requirements for ventilation and room-conditioning 
systems, provides general guidance on ventilation, air-conditioning and 

room-conditioning system in order to achieve a comfortable and healthy 

indoor environment (CEN 2007a).  It specifies requirements for indoor 

environmental quality, ventilation systems and maintenance and safety of 

operation, among others. Another CEN standard  EN 13053, Ventilation for 
buildings  —  Air  handling  units  —  Rating  and  performance  for  units, 
components and sections, specifies requirements, recommendations and 

testing for ratings and performance of air handling units as well as for 

specific components and sections of air handling units (CEN 2006a). 

Whereas, the technical report CEN/TR 14788, Ventilation  for  buildings  -  
Design and dimensioning of residential ventilation systems, assists 
architects, designers and builders in the design of ventilation systems (CEN 

2006b). 

 

However, it is difficult to measure many of the requirements defined in the 

standards by using a building automation system. The following paragraph 

presents one of the few standards specifying HVAC system performance 

criteria which can be evaluated by using building automation 

measurements. 

 

7.3.4.2. Performance criteria for air handling units 
The Finnish Standard SFS 5768 sets performance criteria for the control of 

air conditioning systems (SFS 1993). The requirements specified in the 
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standard are mainly designed to be applied for air conditioning systems of 

commercial, office and public buildings. The standard sets requirements for 

air handling units, zone systems and room units. Examples of performance 

criteria for air handling units are described in tables 7.11 and 7.12. In the 

specification, the average temperature/pressure means the average 

temperature/pressure in a cross-section of a duct.   

 

Table 7.11 Control requirements for supply air temperature after the air 
handling unit (adapted from SFS 1993) 

Start up 1. Maximum settling time is 15 minutes with an accuracy of +/- 1 °C of the 
desired value

Steady state 2. Maximum acceptable average temperature deviation from the set-point is 
+/- 1 °C
3. The temperature must be for 90 % of the time within +/- 0,5 °C limits, 
which are situated symmetrically on the both sides of the average 
temperature.
4. Continuous oscillation is not allowed

Setpoint reset 5. Maximum settling time is 10 minutes with an accuracy of +/- 1 °C of the 
desired value
6. After the settling time, the maximum acceptable average temperature 
deviation from the new set-point is +/- 1 °C
7. The temperature must be for 90 % of the time within +/- 0,5 °C limits, 
which are situated symmetrically on the both sides of the average 
temperature.

 

Table 7.12 Control requirements for duct static pressure (adapted from SFS 
1993) 

Start-up 1. Maximum settling time is 15 minutes with an accuracy of +/- 10 % of the 
desired value

Steady state 2. Maximum acceptable average pressure deviation from the set-point is +/- 
10 %
3. The pressure must be for 90 % of the time within +/- 5 % limits, which are 
situated symmetrically on the both sides of the average pressure.

Setpoint reset 4. Maximum settling time is 10 minutes with an accuracy of +/- 10 % of the 
desired value
5. After the settling time, the maximum acceptable average pressure 
deviation from the new set-point is +/- 10 %
6. The pressure must be for 90 % of the time within +/- 5 % limits, which are 
situated symmetrically on the both sides of the average pressure.
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8. Building performance visualization 
and FDD tools 

Advanced information systems in building operation and maintenance have 

concentrated on assessing building and system performance rather than on 

condition monitoring or prognostics of single equipment. The aim of these 

tools has been in optimizing building operation, reducing energy costs and 

improving indoor environmental quality whereas the prevention of 
breakdowns, the estimation of the remaining useful life of components and 

the determination of maximum interval between repair has not been of 

interest. The wide variety of different tools used for assessing building 

performance will be referred in this chapter as building performance 

visualization and fault detection and diagnostics tools. 

 

This chapter focuses on building performance visualization and FDD tools. 

First, the chapter presents different perspectives from which these tools 

have been approached in the literature. Also recommended features for 

good tools are presented. In addition, examples of a few commercial tools 

are provided at the end of the chapter.  

8.1. Categorization of the tools 

The subject of building performance optimization has been approached 

from different perspectives over the years. As a result of this, there are 

various names for the tools used to optimize building performance. 

Scholars have also described and categorised the tools in different manners.  

 

One of the terms used in this context is fault detection and diagnostics 
(FDD). Much of the research and development work in this field was 

conducted during the 90’s in two International Energy Agency (IEA) 

initiated annexes, Annex 25 and Annex 34. The different methods that the 

fault detection and diagnostics tools use were introduced in chapter four of 

this study. The FDD tools are often divided into manual and automated 

tools. Manual tools only assist in fault detection and diagnosis and the 

identification of the abnormal behaviour and the localization of the fault are 

left to the user of the tool. Automated tools, on the other hand, use software 

to automate the different steps of fault detection and diagnostics. However, 

the distinction between manual and automated FDD tools is not always 
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straightforward, since tools have various levels of automation in their data 

collection, processing and diagnostics procedures (Friedman & Piette 

2001). 

 

Another approach to the subject is building commissioning, which was 

discussed in more detail in chapter five. Many commissioning tools were 

developed in Annexes 40 and 47 during the years 2001-2009. Tools 

exploiting metering and trending software for continuous tracking and 

performance monitoring were called continuous, monitoring based or 
ongoing commissioning tools. Many of the tools developed in Annexes 40 

and 47 were the same that were introduced during the Annexes 25 and 34 

(Visier 2004). 

 

Performance monitoring is also a term used to describe tools similar to the 

ones presented above. Brambley et al (2005) define performance 

monitoring as “a process of continuous measurement to support building 

energy analysis and control”. They also state that performance monitoring 

tools are intended for manual or visual analysis, in contrast to automated 

fault detection and diagnostic tools which provide notification when a fault 

occurs. Thus, there is an analogy with this definition and the definition of 
manual FDD tools.  

 

In addition, these tools are sometimes referred to as Energy Information 

Systems (EIS). EIS are software, data acquisition hardware and 

communication systems that collect, analyze and display building 

information to aid in reducing energy use and costs in buildings (Motegi et 

al. 2002). EIS typically process energy consumption data and therefore 

concentrate on analysing the energy performance of the building. Some EIS 

offer building level anomaly detection but automated FDD functionalities 

are not common on the lower levels of energy metering (Granderson et al. 

2009).  
 

Furthermore, information dashboard is one of the terms related to building 

performance visualization. Few (2006) describes information dashboards 

as single-screen displays presenting the most important information people 

need to do a job illustrated in a way that allows the users to monitor what’s 

going on in an instant. Usually information dashboards are applied in the 

building sector to display energy use figures.    

 

Finally, Lehrer (2009a) uses the term building visualization products to 

mean tools that have been developed primarily to visually display trend 
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data and to enable historical and normative comparison. Many of these 

tools visualize building energy and water use in various formats providing 

tailored interfaces for building owners, operators, and occupants. For 

example, users can choose whether the energy use is displayed in kilowatt 

hours, costs or carbon dioxide equivalents. There are noticeable similarities 

between the products Lehrer (2009a) refers to and energy information 

systems and information dashboards. All of them are primarily used to 

assess building energy performance. 

 
As described above, several different terms are used to refer to very similar 

kinds of tools. There is some overlap between the tools that the terms refer 

to, yet there are also differences. Common to all of these tools is that they 

collect, process and visualize data using data acquisition and information 

techniques beyond the standard building automation. Variations can be 

found in the degree to the tools assist users in fault detection and 

diagnostics. Some tools have automated parts of the FDD process whereas 

others rely on the knowledgeable tool users. Differences can be found also 

in the data sources the tools use. Some tools concentrate on energy use data 

where as others utilize data from a variety of data sources including 

building automation systems, utility meters or separate sensors dedicated 
to this purpose. 

8.2. Recommended features 

The literature provides some recommendations for the characteristics of a 

good performance visualization or FDD tool. One of the studies that 

investigated this issue was Annex 34 Computer Aided Evaluation of HVAC 

System Performance. In this study, Visier and Heinemeier (2001) propose 

that a good tool from the users’ point of view ought to have the following 
qualities: 

 

� Adaptable to the needs of the users, for example different user 

interfaces for managers and technicians 

� Help users, not replace them 

� Be easily customizable 

� Easy to understand 

� Be demonstrated in real buildings to make people more confident 

� Do  the  job  it  promises  to  do,  for  example  reduce  comfort  

complaints, energy costs or maintenance costs. 
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Visier and Heinemeier (2001) also define characteristics of a good user 

interface. FDD tools should generate alarms when faults are detected, allow 

easy access to alarm threshold adjustments and provide a synthesis report 

that is presented first but also offer more detailed information for in depth 

analysis. In addition, the industrial partners of the Annex emphasized that 

a good FDD method should fulfil the following features (Gruber 2001): 

 

� Easy to understand and to explain 

� Easy to commission 

� Easy to use 

� Easy to integrate 

� Easy to change 

� No or very few false alarms 

� No disturbance for normal operation 

� Robustness 

� Cost effective 

� Impacts on savings of energy and comfort 

 

In a more recent study, Lehrer and Vasudev (2010) examined the 

information practices, needs and preferences of building information 

visualization tool users. The study summarized the key user preferences as 

follows: 

 

� Displays with a high-level overview information as well as drill-

down capabilities 

� Ability to filter and generate reports in tabular or graphical form 

� Support for normalization and energy benchmarking 

� Compatibility with existing building automation systems 

� Support for occupant interaction 

8.3. Examples of tools 

To provide an overview of the capabilities that the current building 

performance visualization and fault detection and diagnostics tools offer, 

four  tools  are  described  in  more  detail  in  the  following  paragraphs.  The  

product descriptions are based on research reports, seminar presentations 

as well as material available on companies’ web pages. It should be taken 
into consideration that especially the material provided by the companies 

can give a biased appearance of the products since these materials are often 
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written to market products and therefore emphasize their positive aspects 

(Granderson et al. 2009).  

8.3.1. BuildingEQ 

The BEQ tool was developed in connection with the European Commission 

sponsored project Building EQ - tools and methods for linking Energy 

Performance of Buildings Directive (EPBD) and continuous commissioning 

during 2007-2009. The project aimed at strengthening the implementation 

of the EPBD by linking the certification process with commissioning and 

optimisation of building performance. (Building EQ 2011) 

 

The BEQ tool includes the following features (Mazzarella et al. 2009): 

� Data handling 

� Data visualization 

� Model based analysis 

 

In order to evaluate building performance, the BEQ tool requires what is 
called a minimum data set. The necessary data needed is shown in table 8.1. 

This  data  can  be  acquired  by  a  building  automation  system  or  a  separate  

data logger. (Mazzarella et al. 2009) 
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Table 8.1 Minimal data set of measured data (Neumann & Jacob 2010) 

 
 

The tool uses time series, scatter and carpet plots to visualize the measured 

data, as presented in figures 8.1, 8.2 and 8.3.  These visualizations support 

the tool user to undertake manual fault detection and diagnosis.   
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Figure 8.1 Time series plot (Mazzarella et al. 2009) 

 

 

 

Figure 8.2 Carpet plot (Mazzarella et al. 2009) 
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Figure 8.3 Scatter plot (Mazzarella et al. 2009) 

 

In  addition  to  visualization,  the  tool  utilizes  a  simplified  model  of  the  

building to identify faults. The model is based on CEN-standards and 

includes three components; building zone, air handling unit and system 

component. A simplified structure of the model is presented in figure 8.4.  
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Figure 8.4 Simplified scheme of the overall system model (Neumann & Jacob 
2010) 

The  model  is  used  to  compare  measured  data  to  the  model  prediction  to  

discover faults and optimization potentials, as illustrated in figure 8.5.  

 

 

Figure  8.5  Measured  heat  consumption  vs.  model  output  (Neumann  &  Jacob  
2010) 

8.3.2. Enforma Building Diagnostics  

Enforma Building Diagnostics software is a product of the Architectural 

Energy Corporation which is an engineering and consulting company 

operating in the U.S. The Enforma software was one of the first diagnostic 

tools available on the market (commercialized in 1996) and, at first, it was 

intended for short-term performance analysis using data loggers and data 

imported from a variety of sources, including building automation systems 

(Friedman & Piette 2001). Later on, the Enforma was developed to an 

internet- based application to be used for continuous performance 
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monitoring  and  to  work  in  conjunction  with  Tridium  Niagara,  which  is  a  

software framework capable of communicating with diverse devices 

regardless of manufacturer or communication protocol. As part of the 

continuous monitoring, the measurement data used for diagnostics is first 

collected and stored in Tridium Niagara controllers and then downloaded 

into a server were the Enforma software resides (Eardley 2006).  

 

8.3.2.1. Fault detection and diagnostics rules 
The Enforma software uses a rule-based fault detection approach to identify 

abnormal operation of an air handling unit. Fault detection is performed 

comparing measurement data to a set of logical rules that describe the 

function of a properly operating air handling unit (AHU). There are 

altogether 59 performance assessment rules and they are divided into seven 

AHU operating modes as follows: 

 

1. Heating, minimum outside air 

2. Cooling with outside air 

3. 100% outside air and mechanical cooling 

4. Minimum outside air and mechanical cooling 
5. 100% outside air, no mechanical cooling 

6. Minimum outside air, no mechanical cooling 

7. Unknown  

 

Three examples of fault detection rules used in the heating mode are shown 

in table 8.2. 

 

Table 8.2 Fault detection rules in the heating mode (adapted from Bushby et al. 
2001) 

Rule Rule Expression (true implies existence of a fault) 

1 Tsa < Tma + �Tsf - �t 

2 For |Tra - Toa| �	�Tmin: |Qoa/Qsa - (Qoa/Qsa)min | > �f 

3 |uhc – 1| 
	�hc and Tsa,s – Tsa �	�t 

 

where 

Tsa = supply air temperature 

Tma = mixed air temperature 

Tra = return air temperature 

Toa = outdoor air temperature 

Tsa,s = supply air temperature set point 

�Tsf = temperature rise across the supply fan 
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�Tmin = threshold on the minimum temperature difference between the 

return and outdoor air 

Qoa/Qsa = outdoor air fraction = (Tma - Tra)/(Toa - Tra) 
(Qoa/Qsa)min = threshold on the minimum outdoor air fraction 

uhc = normalized heating coil valve control signal [0,1] with uhc = 0 

indicating the valve is closed and uhc = 1 indicating it is 100 % open 

�t = threshold parameter accounting for errors in temperature measurements 

�f = threshold parameter accounting for errors related to airflows (function 

of uncertainties in temperature measurements) 

�hc = threshold parameter for the heating coil valve control signal 

 

Rule one verifies that the air temperature rises across the heating coil. Rule 

two checks that the mixed air damper is in the minimum outside air 

position by comparing several AHU temperature measurements with each 

other. The rule three notifies if the supply air temperature setpoint cannot 

be achieved.  (Eardley 2006) 

 

8.3.2.2. Data visualization 
 

The Enforma software provides three displays to analyse the performance 

of air handling units. The overall performance is assessed from a weekly 

snapshot view, as shown in figure 8.6.  The green colour in the snapshot 

indicates that there are no faults, whereas the yellow shows that there are 

few faults and the red indicates that there are many faults. The numbers in 

the cells express the time in minutes that the AHU in question has operated 

in fault conditions. In addition, the marking NA indicates that there are 

insufficient amount of control points for fault detection analysis. 
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Figure 8.6 FDD tool results showing detected faults (Eardley 2006) 

 

To receive more detailed information regarding the faults, the Enforma 

software provides daily fault detection reports (figure 8.7) and time-series 

plots  (figure  8.8).  The  daily  report  presents  information  on  the  hour  the  

fault was present (hour column), the operation mode of the AHU (mode 
column) and the duration of the fault (minutes column) as well as it shows 

the rule that has identified the fault (rule column). 
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Figure 8.7 Summary of detected faults (Eardley 2006) 

 
Time-series plots, such as shown in figure 8.8, assist in confirming the 

faults and help finding causes for the faults. The users can plot one or more 

measurement points for any period of time that has been monitored by the 

Enforma. (Eardley 2006) 
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Figure 8.8 Graphical representation of detected fault (Eardley 2006) 

8.3.3. Taloinfo 

A Finnish building services consulting company known as Granlund has 

developed a building performance reporting tool called Taloinfo. The tool 

collects real-time data from various sources, such as building automation, 

access control, energy metering and maintenance management systems, 

and visualizes the data to assist in tracking building conditions and energy 

uses. The structure of the tool is illustrated in figure 8.9.  (Mazzarella et al. 

2009) 
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Figure 8.9 The structure of the Taloinfo tool (Hänninen 2004) 

Taloinfo offers several different user interfaces for analysing information. 

There are simple and easy to understand displays for non-technical users 

and more detailed reports for expert users. Examples of the interfaces are 

shown in figures 8.10 and 8.11. (Mazzarella et al. 2009) 
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Figure 8.10 Interface for non-technical users (Mazzarella et al. 2009) 

 

Figure 8.11 Indoor condition related reports for expert users (Mazzarella et al. 
2009) 

 

The tool also utilizes building information models to provide three-

dimensional graphical interfaces. 3D displays are used, for example, to 

visualize room temperatures and indoor air quality �gures as shown in 
figure 8.12.  
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Figure 8.12 Visualization of 3D building maps and performance maps 
(Mazzarella et al. 2009) 

 

8.3.4. Building Dashboard 

Lucid Design Group’s Building Dashboard is an interactive website and a 
kiosk display that provides real-time information feedback to teach, inspire 

behavioural change and save energy and water resources in buildings. 

Building Dashboard is primarily intended to be used by building occupants, 

visitors and the public to view energy and water use information on 

touchscreen displays. (Lucid Design 2011)  

 

The Building Dashboard can be integrated with building automation 

systems, energy management systems, data loggers and utility meters to 

gather metering data (figure 8.13). The collected data is processed and 

stored in a database to record a building’s energy and water use. The 
Building Dashboard transforms this data into information that is 

approachable for non-technical audiences. (Building Dashboard 2006) 
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Figure 8.13 The structure of the Building dashboard (Building Dashboard 
2006) 

 

The  Building  Dashboard  offers  a  variety  of  different  types  of  displays  to  

visualize building performance. For example, users can view real-time and 
historical consumption data, compare consumption tp other buildings and 

look at consumption per person or per square foot. Users can also choose in 

what unit the usage should be expressed in, such as in dollars spent or 

pounds  of  carbon  dioxide  emitted.  Examples  of  the  Building  Dashboard  

displays  are  presented in  the below figures  (figures  8.14 and 8.15).  (Lucid 

Design 2011) 

 

 

Figure 8.14 Comparison of solar generation and total electrical consumption 
(Lehrer 2009b) 
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Figure 8.15 Comparing energy consumptions (Lehrer 2009b) 
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9. Information and automation system 
adoption and use 

In today’s global competition, information systems have become critical to 

the success of many organizations. By investing in information systems 

organisations aim at improving their performance, cutting down costs and 

achieving competitive advantage. Information systems are used, for 

example, to improve communication between people, to automate various 
manual tasks and to process large amounts of data into information that 

can be utilized in decision making. As an enabler and a driver of change, 

information systems have reduced the need for human labour, increased 

productivity and shortened distances (Nance 1996).  

 

However, the benefits associated with information systems are not always 

achieved and only a few information technology projects are completed 

with all requirements fulfilled. According to the Standish Group Chaos 

statistics, which is commonly cited by information system authors (e.g., 

Schultzea  &  Boland  2000,  Briggs  et  al.  2003,  Legris  et  al.  2003),  only  30  

percent of information technology projects are completed on time, on 
budget, with required features and functions (The Standish Group 2009). 

Fortune & Peters (2005) describe several information systems that failed in 

one way or another. For example, some systems never worked and others 

were never made operational since they were not accepted by users.  

 

The importance of information systems to organisations and the high 

number of failed information technology projects have attracted the 

attention of both practitioners and scholars. This has led to a significant 

amount of studies and numerous theories and models concerning 

information systems. In addition to technological viewpoints, the subject 

has been approached from many other perspectives including project 
management, success factors, technology acceptance, usability and user 

satisfaction. Over the years, research in the field has accumulated to the 

extent that it has been characterized as fragmented (Larsen 2003) and 

somewhat chaotic (Marple 2000). 

 

To gain an overview of the research field, basic theories concerning 

information system success, acceptance and user satisfaction are presented 

in this chapter. However, before introducing these theories, an outline of 

information systems and their relationship with organisations is illustrated. 
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In addition, the end of the chapter discusses the utilization of automation 

systems. The purpose of this chapter is to provide a theoretical framework 

for the usage evaluation which is conducted later in this study. 

9.1. Information systems and organisations 

Technology  is  rarely  a  solution  by  itself  (Alter  2002).  To  achieve  the  
benefits associated with information systems, organisations usually need to 

do something differently, for example, change organisational structures or 

ways of working. In addition, no matter how sophisticated the information 

systems are, they still are dependent on people to make them work (Boddy 

et  al.  2004).  Humans  are  needed  to  enter  data  into  the  systems  and  to  

exploit the results they provide. Therefore information systems should be 

seen as a part of a wider organisational context.  Leavitt (1965) describes 

organisations by four interdependent variables illustrated in figure 9.1  

 

 

Figure 9.1 The Leavitt "Diamond" (Keen 1981) 

 

A change in any point of the diamond will impact some, or all, of the others 

(Smith et al. 1992). Therefore, a change in the technology component will 

affect people, tasks and structure components within the organisation. 

Thus, in addition to technological challenges, information systems also 

raise organisational challenges. The latter tends to be underestimated by 

software engineers when implementing new systems (Hertzum 2002). 

However, many empirical studies have addressed the fact that 

organisational issues are the most critical issues when it comes to 

successfully implementating a new information system (Ahn & Skudlark 

1997). 
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9.2. Information system success 

Researchers have attempted to identify information system success factors 

and have also tried to develop success measurement methods for several 

years. Unfortunately, they have not found a single factor or measure to be 

used in information success evaluation. On the contrary, there are nearly as 
many solutions as there are studies. For example, DeLone and McLean 

(1992) found approximately 100 information success measures in the 180 

studies they reviewed. However, this is understandable since information 

system success has many dimensions and success criteria depend on the 

stakeholder’s perspective. Information system developers, project 

managers, end users and investment decision makers all have different 

definitions of success. For a project manager, a successful information 

system may be one that is completed on time and under budget, with 

required features and functions. Where as for the end user, a successful 

system may be one that enhances his or her job performance and is easy to 

use.  
 

In information system success studies, the main area of interest has been 

on the impact of the system either at an organization or individual level 

(Koivisto 2009). Success at the organisational level has been traditionally 

evaluated using financial measures, such as the return on investment 

(ROI), net present value (NPV), the internal rate of return (IRR) and the 

payback period (Martinsons et al., 1999). However, while the costs 

associated with information systems are quite easily determined, the 

benefits of the systems are more difficult to recognize. The challenge is to 

isolate the effects of an information system from the other effects which 

influence organisational performance (DeLone & McLean 1992). Besides, 
traditional financial measures do not take into consideration intangible 

benefits, such as improved customer service or a higher degree of 

competitiveness (Martinsons et al., 1999). More advanced methods for the 

evaluation of information system success at the organisational level have 

been suggested by, for example, Parker et al. (1988), Martinsons et al. 

(1999) and Mills and Mercken (2004).  

 

At the individual level, information system success has often been evaluated 

with user satisfaction. User satisfaction is seen as a meaningful surrogate 

measure, since it is difficult to evaluate the impact of an information system 
on individual users, such as productivity benefits or improved decision 

making (Ives et al. 1983). In addition, user satisfaction provides an end-

users’ view of the information system instead of viewing the system only 



106 
 

from a technical perspective, such as measuring data accuracy or system 

reliability. However, there is some degree of controversy in the literature as 

to whether user satisfaction is an adequate measure of information system 

success or not (Marble 2000). According to Gelderman (1998) user 

satisfaction is the most appropriate measure for information system success 

available whereas Wixom and Todd (2005) point out that user satisfaction 

is a weak predictor of system use. The user satisfaction subject is further 

discussed later in this chapter, including factors affecting user satisfaction 

as well as different satisfaction measurement methods. 

9.2.1. The DeLone and McLean model of success 

DeLone and McLean (1992) synthesized the previously described diverse 

information system success aspects into an information system success 

model. They organised information system success measures into six 

categories; system quality, information quality, use, user satisfaction, 
individual impact and organisational impact. The six categories of the 

model and the measures belonging to these dimensions are described in 

table 9.1.  
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Table 9.1 Categories and measures of the DeLone and McLean model (DeLone 
and McLean 1992) 
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DeLone and McLean proposed that these six categories were interrelated 

rather than independent. Their model, as presented figure 9.2, suggests 

that information is first created and that the information is affected by 

system and information quality. After this, users experience the output of 

the information system and are either satisfied or dissatisfied with the 

system or its information. Next, the use of the system impacts the user’s 

work processes, and these individual impacts collectively result in 

organisational impacts. (DeLone & McLean 2003)  

 

 

Figure 9.2 Success model (DeLone & McLean 2003) 

 
The DeLone and McLean model of success has been used in numerous 

studies. Ten years after the publication of the model, DeLone and McLean 

(2003) found nearly 300 articles referring to their framework. In the same 

study DeLone and McLean made minor modifications to their original 

model and, for example, added service quality to the beginning of the 
process. 

9.3. Technology acceptance 

Explaining user acceptance of new technology is one of the most 

investigated topics of information system research. Several theories and 

models, with roots in information systems, psychology and sociology, have 

been developed to understand why users accept or reject information 

technology (Venkatesh et al. 2003). User acceptance is seen as essential, 
since information systems cannot provide the intended benefits if they are 

not used. The capability to predict and explain user acceptance has great 

practical value and the theories can be used in both system design and 

implementation. Two models, which are considered to be some of the most 

distinguished models in the information system field, are introduced briefly 

below.  
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9.3.1. The technology acceptance model 

The technology Acceptance Model (TAM), illustrated in figure 9.3, is used 

to predict whether or not individuals will accept and use a particular 
information system (Davis 1989, Davis et al. 1989). TAM uses social 

psychology theories as the basis for specifying the causal linkages between 

the key beliefs: perceived usefulness and perceived ease of use, and users’ 

attitudes; intentions and actual use of the system (Davis et al. 1989). 

Whereas earlier social psychology studies provided general models on user 

behaviour, TAM is specifically focused on explaining computer usage 

behaviour.  

 

 

Figure 9.3 Technology Acceptance Model (TAM) (Davis et al. 1989) 

 

TAM posits that technology acceptance primarily depends on two variables, 

perceived usefulness (PU) and perceived ease of use (PEU). Davis (1989) 

defines perceived usefulness as “the degree to which a person believes that 
using a particular system would enhance his or her job performance." It is 

assumed that the more people who think a system will help them to 

perform their job better; the more likely they are to use it. Perceived ease of 

use, on the other hand, refers to "the degree to which a person believes that 

using a particular system would be free of effort." Individuals have to 

allocate effort between alternative demands, and therefore are likely to 

prefer systems that are easier to use. In the model, it is recognized that PU 

and PEU are influenced by various external factors, such as system design 

characteristics, nature of the development or implementation process and 

organizational structure (Davis et al. 1989). However, these variables are 

not the primary interest of the model. Instead, the model concentrates on 
PU and PEU and proposes that they are determinants of attitudes towards 

using a system which predict behavioural intention shown to be a predictor 

of actual system use (Koivisto 2009). Davis’s (1989) studies showed that 

higher degree of PU and PEU led to a higher level of actual system use and 

that PU had a significantly greater correlation with usage than PEU. The 
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studies thus indicated, that users were primarily driven by the usefulness of 

the system and secondarily by the ease of use. 

9.3.2. Unified theory of acceptance and use of technology 

Another model to explain users’ intentions to accept an information system 

is the Unified Theory of Acceptance and Use of Technology (UTAUT).  

Venkatesh et al. (2003) developed the theory by reviewing eight earlier 

acceptance models and integrating elements across these models to build a 

unified model as presented in figure 9.4.  

 

 

Figure 9.4 Unified Theory of Acceptance and Use of Technology (UTAUT) 
(Venkatesh et al. 2003) 

 

According to the model, four constructs (performance expectancy, effort 
expectancy, social influence, and facilitating conditions) are direct 

determinants of user acceptance and usage behaviour. The four constructs 

are described in more detail in table 9.2. In the model, gender, age, 

experience and voluntariness of use are proposed to moderate the impact of 

the four constructs on usage intention and behavior. UTAUT was found to 

explain as much as 70 percent of the variance in usage intent (Venkatesh et 

al. 2003).  
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Table 9.2 UTAUT constructs (Venkatesh et al. 2003) 

 

9.4. User satisfaction 

As earlier noted in this chapter, user satisfaction evaluation is widely used 

to measure information system success. Even though it is an indirect 

measure of success, it is still a meaningful measure due to its applicability 

and ease of use. If users are not satisfied with an information system, they 

are unlikely to use it and therefore the benefits associated with the system 

are not realized. (Zviran & Erlich 2003)  

9.4.1. Factors affecting user satisfaction 

In a meta-analysis study consisting of 45 publications, Mahmood et al. 

(2000) identified that factors affecting user satisfaction fell into three major 

categories: perceived benefits and convenience, user background and 

involvement and organizational attitude and support. They also recognized 
nine variables that can be divided into one of each of the above-mentioned 

categories as illustrated in figure 9.5. 

 

Construct Definition
Performance expectancy the degree to which an individual believes that using 

the system will help him or her to attain gains in job 
performance

Effort expectancy the degree of ease associated with the use of the 
system

Social influence the degree to which an individual perceives that 
important others believe he or she should use the new 
system

Facilitating condititions the degree to which an individual believes that an 
organizational and technical infrastructure exists to 
support use of the system
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Figure 9.5 Factors affecting end-user satisfaction (Mahmood et al. 2000) 

In addition to identifying the nine variables that affect user satisfaction, 

Mahmood et al. (2000) provided information on the effects and 

significance of the variables on user satisfaction. They found positive 

support for the influence of all nine variables on information system user 

satisfaction but the influence each variable had varied to some degree. The 

most significant factors were user involvement in systems development, 

perceived usefulness, user experience, organizational support and user 

attitude toward the information system. The nine variables and their 

influence on user satisfaction are presented in table 9.3. 
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Table 9.3 Variables and their influence on user satisfaction (Mahmood et al. 
2000) 

  

9.4.2. Measuring user satisfaction 

There are numerous tools and questionnaires available to measure user 
satisfaction. Some studies have employed single-question measures to 

determine user satisfaction, for example by asking the overall satisfaction 

rate with the system. However, single-question measures have been 

criticized as unreliable. In addition, they are unable to provide further 

information about the areas of dissatisfaction. (Zviran & Erlich 2003) 

 

Besides the single-question measure, several multiple-item measures for 

user satisfaction exist. They measure various factors that may affect user 

satisfaction, such as the features of the information system, documentation 

and training. One of the most distinguished measurement tools is 

formulated by Ives et al. (1983). Their measurement instrument consists of 
13 questions as follows (Baroudi & Orlikowski 1988): 

 

1. Relationship with the Electronic Data Processing staff 

2. Processing of requests for changes to existing systems 

3. Degree of Electronic Data Processing training provided to users 

4. Users' understanding of systems 

5. Users' feelings of participation 

6. Attitude of the Electronic Data Processing staff 

7. Reliability of output information 

8. Relevancy of output information (to intended function) 

Variable Influence on user satisfaction
Perceived usefulness A positive relationship between perceived usefulness 

and end-user satisfaction
Ease of use A positive relationship between ease of use and end-

user satisfaction
User expectations Subjects with high expectations will have higher user 

satisfaction scores than subjects with moderate 
(realistic) expectations

User experience A positive relationship between the number of years of 
personal experience with computers and user 
satisfaction

User skills A positive relationship between (self-reported) 
computer skills and user satisfaction

User involment in system development A positive relationship between user involvement in 
system development and end-user satisfaction

User attitude towards information system A positive relationship between organizational support 
(training) and end-user satisfaction

Organizational support A positive relationship between end-user's perception 
of top management support and end-user satisfaction

Perceived attitude of top management A positive relationship between attitude toward 
information systems and user satisfaction
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9. Accuracy of output information 

10. Precision of output information 

11. Communication with the Electronic Data Processing staff 

12. Time required for new systems development 

13. Completeness of the output information 

9.5. Utilization of automation systems 

In today’s competitive global market, efficient, high quality and flexible 

production are some of the methods for industrial companies to achieve 

competitive advantage. In order to attain this, companies invest in 

production technology such as in automation systems. Since automation is 

capable of improving the production and thus the profitability of the 

business, there is a general impression that automation systems are utilized 

efficiently in the industrial sector. Especially in large scale process plants 

with 24/7 manned control rooms, automation systems are a vital tool in 

running and monitoring the production process. However, hardly any 

scholarly studies have discussed the utilization of industrial automation 
systems. Many studies examine only the technical aspects of automation or 

the new methodologies developed. Some studies include a description of 

the implementation of the new technology developed during the research 

project. Yet, these studies usually provide information only on the early 

days of the implementation and not on the issues regarding how the system 

is used in the long run.  

 

The utilization of industrial automation systems has been discussed briefly 

in the study by Veldman et al. (2011) who investigated the use of condition-

based maintenance technology in the process industry in the Netherlands. 

As a part of their study, they observed that in each case company the 
maintenance personnel used highly automated systems for process control. 

Kallela’s (1996) research findings in the Finnish process industry also 

support this impression that automation systems are utilized a great deal by 

the operators and the engineers who monitor and control processes. 

However, Kallela argues that automation systems could provide better 

support for control of disturbances, transitional situations as well as 

forecasting.   

 

Automation systems are used in an entirely different way in the building 

sector. In several connections it has been noted that current building 
automation systems are underutilized (for example Friedman & Piette 
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2001, Webster 2005, Piikkilä 2008). The building automation system users 

do not necessarily have a technical background or the in-depth training 

which is required for efficient utilization of the system. In addition, the 

users may be too busy with other maintenance duties, such as taking care of 

occupant complaints and hence, will not have the time to use the 

automation system. According to Webster (2005)  building automation is 

primarily used to address faults and complaints as well as for scheduling 

and manual control of equipment but more advanced analysis features are 

left unused. 
 

Petze (1996) discusses the reasons why industrial and building automation 

systems are so different. He argues that industrial automation systems are 

better accepted since industrial automation has a clearly measurable impact 

on the process that produces the revenue for the company. He also notes 

that the decision makers in the industrial sector have a technical 

background and are familiar with the production process since it affects the 

profitability of the business. However, decision makers in the building 

sector usually have a financial background and therefore may view 

automation systems as an expense without understanding the benefits 

associated with the automation. These factors can lead to buying the 
automation system with the lowest investment cost as well as devoting 

insufficient resources to the commissioning of the system and the training 

of the users. 
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THE NEW SOLUTION 

10. Performance monitoring and 
management systems (PEMMS) 

This chapter presents the novel solution constructed in the research project. 

The solution is based on the state-of-the-art review and on the lessons 

learned from the earlier studies. The recommendations for good 
performance visualization or FDD tools (presented in chapter eight) were 

taken into consideration in the development work. The chapter begins with 

the description of the methods used to transform building automation data 

into performance metrics. This is followed by the presentation of the web-

based system for continuous building performance measurement, which is 

called in this study performance monitoring and management system 

(PEMMS). After this, the principles behind visualizing the performance 

metrics are introduced. The chapter ends with a discussion on the 

applications of the system, limitations, challenges, development targets and 

future possibilities of the system. 

10.1. Transforming building automation data into performance 
metrics 

Building automation data is transformed into performance metrics by 
comparing actual measurements to predetermined targets. Each 

performance target is based on either of the following principles: 

 

� Target values are generally seen as representing good performance, 

such as targets derived from building standards or guides 

� Target values represent good performance for the building or the 

equipment in question, such as targets presenting optimal operation 

or targets that can be achieved according to the equipment 

manufacturer 

 

Performance targets can include one or two target values. For instance, the 

heat recovery efficiency sub-measure has one target value (e.g., 75 %), 
whereas the indoor conditions metric has two target values, acceptable 

minimum and maximum temperatures (e.g.,  min. 20 °C and max. 23 °C). If 
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there is one target value for the performance metric, the metric is calculated 

by dividing the actual measurement by the target value. In a situation where 

there are two target values, the metric is calculated by counting the time 

during which the actual measurements are inside the minimum and 

maximum target values (as in the indoor conditions metric) or outside the 

optimal starting and ending times (as in AHU time schedule efficiency sub-

measure) and dividing this time by the total measurement time.  The results 

are multiplied by 100 to convert metrics into percentage format. A more 

detailed description of the calculation methods is provided in the 
paragraphs below.  

 

The comparison of actual measurements with target values enables 

performance metrics to be presented in a 0-100 percentage scale where 100 

percent signifies the best performance possible. The method used to 

transform the building automation data into performance metrics is 

summarized in figure 10.1. 

 

 

Figure 10.1 Methods of transforming automation data into performance 
metrics 

The performance metrics are divided into three categories; energy, indoor 

conditions and HVAC system metrics.  
 

10.1.1. Energy performance metric 

As was mentioned earlier in this study, buildings contribute a significant 

portion of the world’s carbon emissions. One of the methods used to reduce 

building energy use and carbon emissions is energy performance 
monitoring. It assists, for example, with assessing opportunities for 

improvement and evaluating the success of energy efficiency actions. 

Therefore it is natural that energy performance is selected as one of the 

performance categories.  
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However, in contrast to the energy performance metrics presented in the 

state-of-the-art review, which concentrated on energy use measures, the 

energy performance metrics proposed in this study measure the factors that 

affect energy use in buildings. The measured factors are AHU time schedule 

efficiency and heat recovery efficiency. The energy performance metric is 

calculated as an average of these two sub-measures. The reason for 

choosing a different perspective to energy performance is that energy 

meters are not always connected to a building automation system and 
current tools are often concentrated on displaying energy use figures rather 

than providing information on the cause of the energy use anomalies. 

 

Energy use data can be acquired and displayed in many different ways, 

using a building automation system is only one way of doing this. 

Traditionally building automation systems are tconcentrated on monitoring 

and controlling building systems and often other tools are used for 

visualizing energy consumption figures. Since energy use data is not always 

available on a building automation system, it does not meet the design 

criterion for this study, transforming building automation data into 

performance metrics. 
 

Although there are numerous tools on the market which display energy use, 

such as presented in the studies by Motegi et al. (2002), Granderson et al. 

(2009) and NBI (2009), they rarely assist in locating the cause of the 

abnormal energy use. Instead, these tools typically visualize energy use in 

various ways, such as through the use of bar charts, time-series graphs and 

scatter plots as illustrated in figure 10.2. Finding the cause of the abnormal 

deviation is in these cases left to the user of the tool.   
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Figure 10.2 Energy use visualization examples (adapted from Motegi et al. 
2002) 

There can of course be several reasons for the anomaly in the building 

energy use but as was presented in the commissioning chapter (chapter six) 

energy savings in buildings are usually gained by correcting operational and 

control deficiencies in HVAC systems, such adjusting setpoints and 

changing time schedules or parameter settings. By measuring these factors 

that affect energy use in buildings, tool users would receive more detailed 

information than the ordinary energy use display provides. A building 
automation system controls many of these factors and thus they are 

available to be transformed into performance metrics.  From the many 

factors possible, AHU time schedule efficiency and heat recovery efficiency 

were chosen to be included in the energy performance metrics. The 

methods used for presenting these factors as sub-measures are described 

below. 

 

10.1.1.1. AHU time schedule efficiency 
The purpose of the AHU time schedule efficiency sub-measure is to ensure 

that air handling units are operated only when needed. There is a need for 
this, since sometimes air handling units can be left operating unnecessarily. 

For example, air handling unit time schedules may be changed to meet a 

special need in the building (e.g., an after-hours event) and if the schedules 
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are forgotten in this setting and never changed back to original settings 

then problems may occur. In addition, air handling units can be overridden 

manually, for instance during maintenance procedures, and left in a 

running position by accident. 

 

To prevent this kind of situation the sub-measure compares the actual AHU 

time schedule to a so-called optimal time schedule. The optimal time 

schedule represents a time schedule that corresponds as well as possible 

with the use of the building so that air handling units are not running 
unnecessary but on the other hand comfortable indoor conditions are 

achieved when the spaces are occupied. The optimal time schedule for each 

AHU is determined together with the users’ and the operators’ of the 

building.  

 

The AHU time schedule efficiency sub-measure has two target values, as the 

optimal time schedule can have an optimal starting and ending time. The 

sub-measure is calculated by counting the time during which the actual 

time schedule exceeds the optimal time schedule and dividing this time by 

the total measurement time. To present the sub-measure in percentage 

format, where 100 % signifies the best performance possible, the result is 
then subtracted from 1 and multiplied by 100 as illustrated in the formula 

10.1. 

 

%1001 ���
�



��
�

�
��

timetmeasuremenTotal
scheduleoptimalexceedingTimeefficiencyscheduletimeAHU

          (10.1) 

 
An example of the AHU time schedule efficiency sub-measure calculations 

is presented below. In the table 1 equals “true” and 0 equals “false”. 

 

Table 10.1 AHU time schedule calculation example 

 
 

Measurements Optimal time schedule Actual time schedule Time exceeding optimal
1 0 0 0
2 0 1 1
3 1 1 0
4 1 1 0
5 1 1 0
6 0 1 1
7 0 1 1
8 0 0 0
9 0 0 0

10 0 0 0
3

10
70 %

Amount of measurements exceeding optimal
Total amount of measurements
Metric result (calculated with formula 10.1)
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As a consequence of the calculation method, the sub-measure cannot show 

a better result than 100 % even if the actual AHU time schedule is shorter 

than the optimal time schedule. If an AHU could be operated for a shorter 

time than the optimal time schedule shows, the optimal time schedule 

should be changed to match this shorter running time. 

 

10.1.1.2. Heat recovery efficiency 
The heat recovery efficiency of a ventilation system has a significant impact 
on the energy use of buildings in cold climates. The heat recovery efficiency 

sub-measure proposed here assures that the heat recovery unit achieves the 

thermal efficiency the equipment manufacturer promises for it. The best 

possible thermal efficiency is not always achieved due to, manufacturing 

failures, poor installation or degradation during operation.  

 

The heat recovery efficiency sub-measure compares the actual heat recovery 

efficiency to the target heat recovery efficiency, which is the efficiency 

promised by the equipment manufacturer. The efficiency ratio used in the 

calculations is the supply-air side temperature ratio which is defined in the 

European Standard EN 308 as (CEN 1997): 
 

2111

2122

tt
tt

t �
�

��
                (10.2) 

where  

 

t21 = supply air inlet 

t22 = supply air outlet 

t11 = exhaust air inlet  

 

 

The sub-measure is calculated by dividing the actual heat recovery 

efficiency (calculated as shown in formula 10.2) by the target efficiency and 
then multiplying the result by 100 to give a percentage figure as follows 

 

%100
arg

cov ��
efficiencyetT
efficiencyActualefficiencyeryreHeat

         (10.3) 

 

The sub-measure is calculated only during the heating period, which is 

defined in Finland by the Ministry of Environment as the season when the 

outdoor  temperature  is  under  +12  °C  (YM  2003).  Although  the  actual  

efficiency could be better than the target efficiency, the metric result is 

limited to 100 % to avoid figures better than 100. 
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It should also be noted, that the target efficiency promised by the 

equipment manufacturer might not be reached since the actual operating 

environment can be different from the environment where the target 

efficiency was measured. Equipment manufactures usually measure the 

heat recovery efficiency in a test environment with certain parameters (e.g., 

outdoor temperature and exhaust and supply air flows). If the actual 

operating environment is different, the target efficiency may not be reached 

although the heat recovery unit functions as it should.   

10.1.2. Indoor conditions metric 

The indoor conditions metric is intended to ensure that comfortable indoor 

conditions are maintained in the building and that energy conservation 

measures are not performed at the expense of indoor environmental 

quality. The metric measures the thermal comfort factor of the IEQ and is 
constructed by applying the temperature target values presented in the 

Finnish Classification of Indoor Environment 2008, which was described in 

more detail in chapter 7.3.3. The target values can be chosen from S1, S2 or 

S3 classes depending on how strict the temperature limits are wanted for 

the metric.  

 

Since in the classification the indoor temperature target values change as a 

function of the outdoor temperature, both indoor as well as outdoor 

temperature data is needed for the metric calculations. For each indoor 

temperature measurement an outdoor temperature must be determined as 

this defines the target values for the indoor temperature measurement in 
question. The metric is calculated by counting the time during which the 

actual measurements are inside the minimum and maximum target values 

and dividing this time by the total measurement time. The result is then 

multiplied by 100 to present the metric in percentage format. The indoor 

conditions metric calculations are presented in formula 10.4. 

 

%100��
timetmeasuremenTotal

boundariesinsideTimeconditionsIndoor
         (10.4) 

 

For example, the indoor conditions metric using S2 class targets is 

calculated as illustrated in table 10.2. 
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Table 10.2 Indoor condition calculation example 

 
 
However, for rooms and apartments where the indoor temperature is 

adjustable by the occupant the indoor temperature is also compared to the 

temperature setpoint value. The acceptable deviation from the temperature 

setpoint  is  +/-  0.5  °C for  S1  class  and +/-  1.0  °C for  S2 and S3 classes.  In  

this case the indoor conditions metric is calculated by counting the time 

during which the actual measurements are inside the allowed deviations 

from temperature setpoints or within the minimum and maximum 

boundaries and then dividing this time by the total measurement time.  

 

The indoor conditions metric is calculated only for the hours the building is 

in operation. To determine this time, occupancy sensor data or air handling 
unit time schedules can be used. Both of these can be obtained from a 

building automation system. Occupancy sensors provide more accurate 

information regarding the building use whereas time schedules may be 

based on building operators’ best guesses of the building use.  

10.1.3. HVAC system metric 

The main function of HVAC systems is to create and maintain a 

comfortable indoor environment for building occupants. Poor HVAC 

system performance can lead to indoor environmental quality problems and 

occupant complaints. HVAC system performance is therefore an essential 

part of the performance metrics proposed in this study.  

 

Earlier tools developed in this field have focused on examining HVAC 

system performance from the fault detection and diagnostics perspective. 

For example, the tools presented in Annexes 34 (Dexter & Pakanen 2001), 

40 (Visier 2004) and 47 (Neumann et al. 2010) as well as in the 
Comparative Guide to Emerging Diagnostic Tools for Large Commercial 
HVAC Systems (Friedman & Piette 2001) have diagnosed HVAC system 

performance using models, statistical methods and knowledge-based 

Measurement Indoor temperature Outdoor temperature Min target Max target Inside min/max limits
1 22,1 8 20 23 yes
2 22,1 9 20 23 yes
3 22,9 12 20 23,8 yes
4 23,8 14 20 24,6 yes
5 25,6 16 20 25,4 no
6 25,7 16 20 25,4 no
7 26,5 18 20 26,2 no
8 26,8 19 20 26,6 no
9 26,1 17 20 25,8 no

10 25,5 15 20 25 no
4

10
40 %Metric result (calculated with formula 10.4)

Measurements inside limits
Total amount of measurements
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methods. These tools have visualised HVAC system performance in various 

ways, such as in time series, scatter and carpet plots. However, the use of 

performance metrics has been rare in this field. In the few studies found, 

Kärki and Hyvärinen (1997) present different performance requirements 

for air handling units, Kärki and Karjalainen (1999) illustrate how 

performance factors could be used to evaluate AHU performance and 

Choinière (2008) describes an on-going commissioning tool that utilizes 

HVAC performance metrics as part of the used fault detection and 

diagnostics method. 
 

The HVAC system metric is constructed by applying the principles of 

overall equipment effectiveness (OEE) metric as well as the control loop 

performance criteria for air handling units described by Kärki and 

Hyvärinen (1997) and defined in the Finnish Standard SFS 5768 (SFS 

1993). The HVAC system metric consists of three sub-measures; 

availability, temperature and pressure. The HVAC system metric is 

calculated as a product of the three sub-measures as shown in equation X. 

 

         (10.5) 

 
The sub-measures of the metric correspond partly with the performance 

elements of the overall equipment effectiveness. The availability sub-

measure presented in this study is closely related to the availability used in 

the OEE calculations. The pressure sub-measure, on the other hand, could 

be seen as representing the performance element of the OEE. The 

performance element compares the actual operating speed of the 

equipment to the ideal speed whereas the pressure sub-measure compares 

actual duct static pressure to the setpoint pressure (the “ideal” pressure). If 

the duct static pressure is seen as a measure describing the speed of 

production (the amount of air supplied to the spaces), there is an analogy 

between the performance element and the pressure sub-measure. There is 
also a similar analogy between the quality element of the OEE and the 

temperature sub-measure. The quality element indicates the proportion of 

good  parts  produced  compared  to  the  total  number  of  parts  produced  

whereas the temperature sub-measure compares actual supply air 

temperature to the setpoint temperature (the “quality requirement” for 

temperature). If the setpoint air temperature is achieved, the quality of the 

supply air meets its requirements and thus it presents the good parts 

produced according to the OEE definition.  

 

eTemperaturessuretyAvailabilimetricsystemHVAC ��� Pr
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The idea of the HVAC system metric is to help assess the overall 

performance of air handling units. The sub-measures of the metric are 

presented below. 

 

 

10.1.3.1. Availability 
To be able to provide comfortable indoor conditions the air handling units 

have to operate at least during occupied hours. The idea of the availability 
sub-measure is to secure this by comparing the actual air handling unit 

running signal to the air handling unit time schedule. In the measure, it is 

assumed that the time schedule corresponds with the use of the building. 

Availability is calculated using the formula 10.6. 

 

scheduletimetheoftimeTotal
scheduletimetheduringtimerunningActualtyAvailabili �

          (10.6) 

 

The measure degrades as a result of air handling unit stoppages which 

originate from, for example, breakdowns and maintenance work. 

 

10.1.3.2. Pressure 
One of the functions of air handling units is to supply the right amount of 

air to the building.  This function is measured with the pressure sub-

measure, which compares the actual duct static pressure to the target value 

which is applied from the Finnish Standard SFS 5768 (SFS 1993). In the 

pressure sub-measure calculations, a deviation of +/- 5 % is allowed from 

the pressure setpoint. The measure is calculated by counting the time 

during which the actual measurements are inside the allowed deviation and 

dividing this time by the total measurement time. Again, the division result 

is then multiplied by 100 to present the metric in percentage format as 

presented in below 
 

%100Pr ��
timetmeasuremenTotal

boundariesinsideTimeessure
     (10.7) 

 

The measure is calculated only during AHU operation and it can be 

calculated for both supply and exhaust air. To combine these measures a 

pressure sub-measure for an AHU is calculated as an average of the supply 

and exhaust air measures. The pressure sub-measure describes how well 

the air handling unit is performing against design. The measure helps to 

detect undersized AHUs as well as poor turning, such as oscillation and 

droop. 
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10.1.3.3. Temperature 
In addition to providing the right amount of air, an AHU should provide an 

adequate air temperature to the spaces. The temperature sub-measure 

follows the design principles of the pressure sub-measure. The measure 

applies target values defined in the standard SFS 5768. The allowed 

temperature deviation from the setpoint is +/- 0.5 °C. The measure is 

calculated by counting the time during which the actual measurements are 
inside the allowed deviation, dividing this time by the total measurement 

time and multiplying the result by 100.  

 

%100��
timetmeasuremenTotal

boundariesinsideTimeeTemperatur
           (10.8) 

 

The measure is calculated only during AHU operation.  The temperature 

sub-measure assists in the same manner as did the pressure sub-measure in 

detecting undersized AHUs as well as poor tuning, such as oscillation and 

droop.  

10.2. System architecture 

The system architecture of PEMMS is shown in figure 10.3. PEMMS uses a 

building automation system to collect and store all the data points needed 

for the metric calculations at a 10-minute interval. The data is first saved as 

trend logs in controllers and then collected to a database server located in 

the building for long-term storage. This server is connected through the 

internet to a central server that polls and stores data from several buildings. 

Finally, the data is transferred to another server which includes an 
application to visualize the data in performance metrics on a web page. The 

calculations needed to transform building automation data into 

performance metrics are performed in the controllers, the database located 

in the building as well as by the visualization application. 
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Figure 10.3 PEMMS architecture 

 

The system is constructed by using hardware and software already available 

on the market. The key components of the system are the Tridium Niagara 

automation and integration products and SAP Crystal Dashboard Design 

business intelligence software.   

 

The Tridium Niagara Framework is more than a traditional control system 

as it is capable of integrating various systems and devices of numerous 

different manufacturers into a unified platform using a common 
framework. The systems that the Niagara manages can be accessed easily 

over the internet using a standard web browser. The data collected by the 

Niagara can be stored in several different databases, such as in a Microsoft 

SQL server. (Tridium 2011) 

 

The SAP Crystal Dashboard Design software was used in designing the 

performance metric reports, connecting the building automation data to the 

reports as well as to publish the reports on the internet. The software assists 

in designing reports by providing, for example, a rich library of ready-to-

use visualization components, such as charts, maps and bars. It is also 
capable of creating reports based on numerous different data sources. In 

addition, the software offers several options for publishing, saving and 

exporting the reports, such as web, Microsoft Office and Adobe PDF. (SAP 

2011) 
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10.3. Visualization of the metrics 

The performance metrics provided by the PEMMS can be accessed by a 

regular web browser. In addition to an internet connection, the user is 

required to have a username and a password to login into the system. The 

front page of the system gives a holistic view of a building’s performance as 
shown  in  figure  10.4.  The  idea  of  the  front  page  is  to  provide  a  fast  and  

intuitive picture of the current and past performances. As the performance 

is presented in a percentage format, it is easily understandable by technical 

as well as non-technical users.  

 

 

Figure 10.4 Front page of PEMMS 

 

The percentage values presented on the front page describe the 

performance of the whole building. The energy and HVAC system metrics 

are calculated for all AHUs linked to the PEMMS and the percentage value 

shown  on  the  front  page  is  calculated  as  an  average  value  of  these  AHU  

metrics. Similarly, the indoor conditions metric is calculated for all spaces 
linked to the PEMMS and the front page percentage presents the average 

value of these space-specific indoor conditions metrics. Gauges on the front 

page are used to present the current state (the performance of the present 

month) of each performance category. On the right side of the gauges, the 

current state is compared to the performance of the previous month. The 

five currently worst performing AHUs and spaces are presented in the 

HVAC

Energy

Indoor conditions
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middle of the page and the performance history of twelve previous months 

is illustrated on the right side of the page. Descriptions of the performance 

categories as well as the calculation formulas on which the metrics are 

based can be viewed by clicking the question marks located on the upper 

right corner of each performance category.   

 

PEMMS also offers drill-down capabilities to view detailed information 

behind each metric. In addition to the front page, there are two levels of 

performance reports providing information on metrics and sub-measures of 
each AHU and space as well as on the actual measurement data as 

illustrated in figure 10.5. 

 

 

Figure 10.5 Reporting hierarchy 

 
On the second level of reporting, the users can view indoor conditions 

metrics of each space linked to the system on a colour coded floor plan 

where red means poor performance, yellow means satisfactory performance 

and green means good performance. Thus, the colours provide an instant 

overall view of the thermal comfort on each floor. The indoor conditions 

metrics are presented as monthly summaries on the floor plan and the 

users can freely select the month they want to view. On the second level, it 

is also possible to view energy and HVAC system metrics and sub-measures 

of each AHU. The AHU-specific reports display energy and HVAC system 

metrics on a monthly basis in a similar fashion as to what is presented on 

the front page.  In addition, AHU-specific reports provide information on 
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sub-measures by displaying them as time series plots. The sub-measures 

presented on the plots are daily averages of the measures. On the AHU-

specific reports, users can choose which month's metrics are to be viewed 

and which sub-measures are to be displayed on the chart. 

 

The actual measurement data, on which the sub-measures and metrics are 

based, is available on the third level of reporting and is to be used for in-

depth analysis. The data is visualized using time series plots and the users 

can determine which data points are to be plotted. The displayed time 
period is selectable but only one week of data can be presented at a time. 

10.4. Discussion 

There are several opportunities as well as limitations and challenges 

associated with the solution presented in this chapter. These issues are 

discussed in the following paragraphs. 

10.4.1. Applications of the system 

As described above, the PEMMS turns building automation data into a set 

of performance metrics which approach building performance from three 

perspectives: energy, indoor conditions and HVAC system performance. 

The PEMMS visualizes the metrics in a manner that is easy and intuitive to 

understand, even for a non-technical user. The system provides high-level 
performance reports which enable the overall building performance to be 

assessed at a glance. In addition, the system offers information that is 

detailed enough to help the user to find the causes of degradation. As the 

name of the PEMMS suggests, it is intended to be utilized as both a building 

performance management and performance monitoring tools as described 

in more detail below. 

 

10.4.1.1. Performance management 
Presenting the building performance information in a percentage format 

provides  the  opportunity  to  use  PEMMS  in  building  operation  and  
maintenance management. As the performance metrics are displayed in a 

0-100 percentage format, they can be easily used to set goals and to follow 

them. The PEMMS can be utilized throughout the operation and 

maintenance organization to translate management targets into easily 

understandable objectives. Everyone in the operation and maintenance 

organisation, from top management to building operators, can use the 
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PEMMS to track current performance and compare it to target values or 

historical performance as well as to identify improvement opportunities. 

Even non-technical users can use the system and observe the actual 

performance of their buildings. The technical persons, on the other hand, 

can utilize the system in finding the reasons behind degraded performance. 

 

In addition, the performance metrics defined in this study could be 

included in the operation and maintenance contracts. Instead of defining 

how the operation and maintenance work should be conducted, 
performance metrics could be used to specify the end result of the work, 

such as the availability of the systems or the quality of the indoor 

environment.  By measuring the outcomes instead of inputs or processes, 

the suppliers would be given the freedom to find innovative ways to meet 

the contract requirements. The PEMMS could then be used to measure how 

well the performance requirements specified in the contract are actually 

met in operation. 

 

10.4.1.2. Performance monitoring 
Besides being a management tool for the entire operation and maintenance 
organisation, the PEMSS is suitable for building performance monitoring. 

With monitoring it is referred to the daily, weekly or monthly tasks aiming 

at optimizing building operation, reducing energy costs and improving 

indoor environmental quality. Building performance monitoring is work 

which is mainly conducted on the operative level of the organisation by, for 

example, maintenance men, custodians and facility managers. The main 

focus of the earlier building performance visualization and FDD tools has 

been in providing information to these persons who are responsible for the 

building operation. 

 

With the help of PEMMS, evaluating a building’s performance is less 
demanding and time-consuming than it would be using a building 

automation system. The front page of the PEMMS shows the overall 

building performance and the worst performing equipment and spaces. 

Thus, the detailed performance analysis and troubleshooting can be focused 

on the problem areas noticed on the front page. The system user can utilize 

the AHU or space-specific performance reports as well as the trend reports 

to find the cause of the performance degradation. However, the PEMMS 

does not include automated fault detection and diagnostics features, and 

therefore the localization of the fault is left to the user. 
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Using PEMMS, building performance degradation can be detected before it 

leads to occupant complaints or increased energy costs. For example, the 

HVAC system performance metric can be used to prevent occupant 

discomfort.  If  the  air  handling unit  is  not  running or  capable  of  providing 

the right amount of air or the correct air temperature, there is a risk that 

comfortable indoor conditions will not be achieved. 

 

The PEMMS can be utilized to detect several different performance 

anomalies and faults. For example, in two pilot buildings where the 
PEMMS was developed to the system as described in this study, the 

following problems could be noticed: 

� Unnecessary AHU operation 

� Heat recoveries not reaching their target values 

� Too warm or cold spaces 

� Poor turning of air temperature and pressure of air handling units 

� Malfunctioned sensors 

10.4.2. Taking the prior literature into account in the development 
work 

At the beginning of the chapter, it was stated that the PEMMS is based on 

the state-of-the-art review and on the lessons learned from the earlier 

studies. The issues that were taken into account when developing the 
construct are discussed in more detail in this section. 

 

First  of  all,  the  PEMMS  fulfils  many  of  the  characteristics  of  a  good  

performance visualization tool as outlined in chapter eight. The PEMMS is, 

for instance, adaptable to the needs of its users, easy to understand, easy to 

use and provides a synthesis report that is presented first but also offers 

more detailed information for in depth analysis. The PEMMS also tries to 

address some of the challenges related to fault detection and diagnostic 

tools since it is easy and fast to install. As the PEMMS utilizes the existing 

building automation measurements, no additional sensors and equipment 

is needed to implement the system. In addition, the system does not require 
teaching data in contrast to process history -based fault detection and 

diagnostic tools which need a large amount of history data. This is possible 

because the performance metrics are based on predetermined performance 

targets rather than on certain faults identified from the history data.  

 

The indoor condition and HVAC performance metrics are derived from the 

building performance standards and guides presented in chapter seven, for 
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example, the indoor condition metrics applies the temperature target values 

presented in the Finnish Classification of Indoor Environment 2008. On 

the other hand, the energy performance metric is based on the findings of 

commissioning studies. The energy performance metric measures some of 

the factors that are used to gain energy savings in commissioning projects.  

 

The beginning of chapter seven presented how performance measurement 

is used to manage business. However, this management aspect has not been 

considered in the field of building performance visualization and fault 
detection and diagnostics tools. The previous tools such as described in the 

studies of Dexter & Pakanen (2001), Friedman & Piette (2001), Visier 

(2004),  Neumann  et  al.  (2010)  and  in  chapter  eight  of  this  study  have  

focused on monitoring and optimizing building operation and have not 

provided information for management purposes.  

10.4.3. Exploitability 

The PEMMS is designed in a manner that makes it easy to utilize in various 

buildings in Finland regardless of the building system technology. However, 

the solution has some limitations and requirements. The starting point for 

the  PEMMS  is  that  the  building  has  a  building  automation  and  a  

mechanical ventilation system. If this is the case, then many of the 

proposed performance metrics can be applied. The indoor conditions 

performance metric requires only indoor temperature data from the 

building and this can be read from the temperature sensors located in the 

spaces or in the exhaust air ducts. In addition, measurements needed for 

the energy performance metric can be found in a typical non-residential 
building. The older buildings might not have air heat recoveries but the 

newer ones normally have, at least for the larger AHUs. Furthermore, the 

HVAC system metric can usually be calculated for the building. However, 

only availability and temperature sub-measures can be calculated for 

constant volume air handling units. 

 

The current PEMMS uses the Tridium Niagara framework to collect and 

store measurement data from the building systems. Nevertheless, the 

PEMMS is not dependent on this framework and other building automation 

systems can also be used for the same purposes. Since almost all building 

automation vendors store the measurement data in a different manner, a 
different data acquisition method has to be constructed for each vendor.  
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The principles of transforming building automation data into performance 

metrics are simple and can be easily used to construct new performance 

metrics, for instance metrics describing the performance of heating or 

cooling systems. The extension of applying PEMMS to new performance 

perspectives and measures is currently in progress. 

10.4.4. Limitations 

Building performance measurement is a multifaceted and complex issue 

which has been approached in this thesis from three perspectives (energy, 

indoor conditions and HVAC system), each including one or more 

performance measures utilizing building automation data. By focusing on 

building automation and the data it provides, several building performance 

aspects have been left outside this study. In addition, each of the three 

performance categories presented in this study could include several other 

performance measures. Merely by using the building automation data, 
performance measures such as CO2 or heating system performance could be 

added to the existing performance aspects.  

10.4.5. Measurement quality 

Several aspects contribute to the measurement quality and thus the 

performance metrics quality. Haves et al. (2006) provide an extensive list of 
factors that affect measurement quality.  

 

“The quality of any measurement is determined by the attributes of 
the sensor, any signal conditioning present, the infrastructure of the 
data acquisition system, the analog-to-digital converter, the wiring 
connecting  them,  any  calibration  corrections  that  are  applied,  the  
installation technique and field conditions. Accuracy, precision, 
linearity,  drift  or  stability  over  time,  dynamic  or  rate  of  response,  
range, turn-down, sample or scan rate, resolution, signal-to-noise 
ratio, engineering unit conversion and math functionality, data 
storage  and  retrieval  frequency  are  all  relevant  to  defining  the  
quality of the measurement system and its components.”  

 

As was noted in the fault detection, diagnostics and prognostics chapter, 

there is typically a lack of adequate sensors to monitor the performance of 

HVAC systems. To keep the system costs down only a small number of 

sensors, which can also be of poor quality, are used in HVAC applications. 

Thus, there can be errors in the figures that the PEMMS provides and there 
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might also be occasionally the need to verify the building automation 

measurements with field measurements. 

 

It should also be noted that the indoor environmental quality aspect of the 

building performance is to some extent a subjective measure. Therefore, a 

good measurement quality or even good indoor environment fulfilling the 

highest IEQ standard requirements may not necessarily guarantee that the 

user of the building is satisfied with the quality of the indoor environment.  

10.4.6. Calculation methods 

The PEMMS displays the performance metrics in a percentage format. This 

is achieved by comparing the actual measurements with predetermined 

targets, such as values derived from building standards or guides. 

Presenting the information in this manner as relative figures has both 

advantages and disadvantages. Ratios make the information easier to 
understand for persons with no background on the subject. For example, 

presenting the indoor air CO2 level as an absolute figure in parts per 

millions does not tell anything if it is not known what the CO2 should be. 

Whereas by comparing the actual CO2 to the normal level of CO2 and 

presenting the result in relative figures is much more understandable.  On 

the other hand, relative figures offer the opportunity to manipulate 

information. Because of this, it is essential to know which figures are 

compared with each other. For instance, the indoor conditions performance 

metric could give poor figures if the actual indoor environment is compared 

to S1 requirements but excellent figures when comparing to S3 

requirements.  
 

There are numerous ways to construct a performance metric hierarchy. The 

set of performance metrics proposed in this study has three hierarchy 

levels. Energy and HVAC system sub-measures are combined into AHU 

level metrics and these as well as space level indoor conditions metrics are 

furthermore combined into building level metrics. The higher level metrics 

are calculated as an average of the sub-measures or metrics on the level 

immediately below. The only exception is the HVAC metric which is 

obtained by multiplying the availability, pressure and temperature sub-

measures by each other. This is performed to follow the design principles of 

the overall equipment effectiveness (OEE) metric. By choosing the 
multiplication method, the HVAC metrics shows lower figures than it would 

show using the average method. However, this can be seen as a good thing, 

since the stricter requirements show performance anomalies earlier and in 
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doing so prevent possible indoor environmental quality problems. There 

are also disadvantages with the average method as it hides few poor metrics 

if the other metrics are at a good level. For example, the indoor conditions 

metric  may  show  good  figures  on  the  building  level  but  from  the  tens  or  

hundreds of rooms in the building a couple can still have really poor indoor 

conditions figures. To prevent this problem, the PEMMS displays the worst 

five performing spaces on the building level performance report.  

 

All the performance sub-measures and metrics have equal weight in the 
calculations. Yet, they could be assigned weight according to their estimated 

importance. For instance, in the case of energy performance metrics, larger 

AHUs could have a higher weight than the smaller ones since they have a 

greater effect on the energy use. Assigning relative weight to different 

metrics is a complex issue and is one of the matters that need further 

investigation. Although the performance metrics have not been assigned a 

weight, the used calculation methods have made them unequal. The 

multiplication used in the HVAC system metric gives the metrics poorer 

figures than it would get using the average method. In addition, metrics 

that have one target value, such as the heat recovery efficiency sub-

measure, will probably get poorer figures than the metrics with two target 
values. The calculation method for two target values counts only the time 

during which the actual measurements are inside or outside the acceptable 

limits but does not take into consideration for how long it was outside of the 

limit.  However, the calculation method for one target value considers this 

aspect as the actual measurement is divided by the target value. 

10.4.7. Benchmarking 

The PEMMS is designed to be used for single building monitoring and 

management. Therefore it does not support benchmarking in the best 

possible way.  From a single building's point of view it does not make any 

difference how the target values have been assigned to the performance 

metrics. The target values only describe the state that is wanted to be 

reached in this specific building. The targets can be based on values that 

generally represent good performance or on values that represent good 

performance in this specific building. However, the meaning of the target 

values is totally different when buildings are compared to each other. At 

least the following issues should be taken into consideration before 
benchmarking. 
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The comparison of HVAC system metric with other air handling units and 

buildings can be seen as comparing “apples with apples” since the target 

values for the metric sub-measures are the same for all AHUs.  However, 

there are issues that require a closer investigation. The availability sub-

measure compares the actual AHU running signal to the AHU time 

schedule. Thus, it is harder to achieve high scores on availability for AHUs 

operating 24 hours a day compared to  AHUs that only run from 8 a.m. to 4 

p.m. In addition to this, since the pressure sub-measure target value is 

defined in percentage form (+/- 5 %), the target is more difficult to achieve 
in small AHUs compared to larger ones. For example, if the duct static 

pressure setpoint is 50 Pa, the allowed deviation is +/- 2.5 Pa whereas for 

the setpoint of 200 Pa, the allowed deviation is +/- 10 Pa.  

 

The indoor conditions metric, on the other hand, compares the actual 

indoor temperature with the requirements specified in the indoor 

environment classes S1, S2 or S3 depending on how strict the temperature 

limits are needed for the metric. Therefore, to benchmark the indoor 

conditions metric it should be known which indoor environment class is 

used in the indoor condition calculations.  

 
The third performance category, energy performance, provides information 

only on how well the optimal target values are reached for each AHU. The 

target values, the optimal time schedule and the heat recovery efficiency, 

are equipment-specific and therefore benchmarking of the energy 

performance metric is difficult. 

10.4.8. Future implications 

As several countries have set ambitious targets for energy efficiency and the 

reduction of greenhouse gas emissions, it is inevitable that the energy use of 

buildings  has  also  got  to  be  reduced.  To  reach  the  goals  of  low  and  zero  

energy buildings, innovative technology and building design is needed. At 

least equally important is to ensure that the buildings are operated 

efficiently and that the energy efficiency is not achieved at the cost of indoor 

environmental quality. To respond to these challenges, tools such as the 

PEMMS are needed. The current features and capabilities of the PEMMS 

have been introduced in this chapter. In addition to these, the PEMMS 

offers numerous development opportunities. 
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The PEMMS is primarily intended to provide building performance 

information to the operation and maintenance organisations. In addition to 

these organisations, several others could benefit from the information that 

PEMMS offers. One of the end-user groups could be building occupants. 

For instance, by providing feed-back information on the building energy 

performance, the occupants could learn to use building systems more 

efficiently. PEMMS could also provide valuable feedback to building and 

HVAC system design on the actual building performance. With this 

information, design practices as well as the accuracy of simulation tools 
could be improved. The third group who could utilize PEMMS information 

is equipment manufacturers. As PEMMS is capable of collecting 

performance data from various building systems, the data could be 

transformed into information that is useful for the manufactures and their 

product development teams. However, interest in this kind of performance 

information utilization was not found in the field of frequency converters 

(Wacklin 2010). 

 

At the moment, the PEMMS does not provide automated fault detection 

and diagnostics functionalities. The current version of PEMMS leaves 

troubleshooting to the user of the system. However, automating some parts 
of the fault detection and diagnostics process could be performed quite 

easily. For example, an automatic notification could be sent to the user of 

the system when performance metric figures reach certain alarm 

thresholds. In addition, more advanced automated fault detection methods 

have been tested during the development of the PEMMS. As part of his 

master’s thesis Kukkonen (2008) developed knowledge based fault 

detection methods to analyse the energy performance of air handling units. 

However, similar challenges as reported in the FDD literature were 

confronted during this development work. The greatest challenges were 

associated with the measurement quality and the detection sensitivity. As a 

consequence of this, only manual FDD is possible with the current PEMMS. 
 

The current PEMMS is an extension of the traditional building automation 

system. Nonetheless, these features could be embedded in a building 

automation system. If the building automation sector follows the 

development path of the industrial automation systems, the future building 

automation system will have information management and visualization 

capabilities that enable reporting similar to the PEMMS. For instance, 

current process automation systems already include features such as 

control loop monitoring, condition monitoring, performance reporting and 

high definition data management and visualization (ABB 2011, Metso 2011).  
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There is a lack of standardization in the field of building performance 

measurement. The number of performance metrics that could be measured 

is innumerable.  There is little consensus regarding how to evaluate or 

report measured building performance. Since there is no standardization in 

this field, organisations and companies are developing their own solutions 

for performance measurement. This makes it difficult for the building 

owners to decide which performance measurement solution they should 

choose for their building as well as complicates the comparison between 
buildings. At the moment, there is very little experience in terms of 

evaluating and reporting measured building performance and therefore it is 

evident that it takes time to find consensus in this field. 

 

As the current PEMMS measures building performance from three 

perspectives (energy, indoor conditions and HVAC), the question remains 

whether the system takes into account the essential building performance 

aspects or are some substantial performance aspects still missing? In 

addition, another unanswered question is whether these three performance 

metrics can assist in gaining a better overall understanding of the building’s 

performance or will some other performance aspects suffer at the expense 
of these metrics?  For example, if a building operation and maintenance 

organisation concentrates on these performance metrics, will it lead to a 

sub-optimal situation where some other performance perspectives will 

decrease? These questions can be answered only by gaining experiences 

with the use of the PEMMS and by assessing the building performance from 

a wider perspective. 
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11. Evaluation of the use of PEMMS 

In this chapter, the PEMMS is evaluated from the users’ perspective. The 

intention of the chapter is to provide information on how the PEMMS is 

actually used and what challenges the users have confronted. The chapter 

begins by introducing the research methods and materials used in this part 

of the study. This is followed by a presentation on the feedback gained from 

the users. The chapter ends with a discussion regarding the results, 

including major findings, future implications and an evaluation of the 
research process. 

11.1. Methods and materials 

This section explains the steps involved in the use evaluation carried out in 

this research. The section describes the used research method and the 

research materials. It also introduces the data collection and analysis 

methods.   

11.1.1. Research method 

In this study, the users’ perceptions regarding the use of PEMMS are 

explored using semi-structured interviews. In the semi-structured interview 

method, the interviewer has a list of predetermined questions to be asked of 

the respondents. The predetermined questions only guide the discussion 
while at the same time giving the opportunity for the interviewer to explore 

particular themes or responses further (Tuomi & Sarajärvi 2002). On the 

other hand, the list of questions ensures that the same basic lines of inquiry 

are conducted with each interviewee (Patton 2002). 

 

Interviews are a suitable method for exploratory studies where one does not 

exactly know what one is looking for (Nielsen 1993). During the discussions 

with the respondents, the interviewer can adjust the questions in an 

attempt to find unexpected information. The interview allows the 

researcher to find out what is in someone else’s mind and what his or her 

perspective on the studied phenomenon is (Patton 2002). These two factors 
were the primary reasons for choosing the interview method, specifically 

the semi-structured interview, for this research. The method is used in this 

chapter to get an insight of the users’ experiences and opinions of the 
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PEMMS and especially to gain an in-depth understanding of the challenges 

associated with use of the system. 

 

There are both advantages as well as weaknesses associated with the 

interview method. The benefit of the interview is the ability for the 

interviewer to rephrase, explain, clarify or correct questions if necessary. 

During the discussion the interviewer can also act as an observer and not 

only record verbal responses but also make notes of body language.  (Tuomi 

& Sarajärvi 2002) 
 

The disadvantage with interviewing is the fact that especially when doing 

face-to-face interviews it becomes an enormously time-consuming task as it 

requires preparation, travelling to the interview locations and transcribing 

as well as analysing the interviews (Gillham 2000). In addition, interviews 

can be understood and interpreted in different ways depending on the 

interviewer. In qualitative research, the researcher is the instrument for 

collecting and analysing data and therefore the research results are 

subjective (Kaplan & Maxwell 2005).    

11.1.2. Selection of data sources 

Several versions of the PEMMS have been created during the development 

process. The different versions of the PEMMS vary to such a degree that 

only the users of the system version described in chapter 10 were selected 

for the interviews. This system version was used in three buildings in the 

Helsinki region in Finland. Two of them were office buildings and one was a 

commercial  building.   All  the  PEMMS users  in  these  three buildings  were 
asked to participate in the study. However, two of users declined because of 

busy work schedules.  

 

Background information on all ten persons participating in the interviews is 

presented in table 11.1. The interviewees are classified into three categories 

according to their role in the studied buildings: owner, user and service 

provider. This categorisation follows the classification of the building 

operation and maintenance actors as was described in chapter three. In 

addition to the role of the interviewee, the table represents information on 

the respondents’ responsibilities and the time period he or she has had the 

access to the PEMMS. The duration of access is calculated from when the 
user received a username and password to PEMMS until the time when the 

user was interviewed.  
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Table 11.1 Background information of the interviewees 

 

11.1.3. Data collection 

The one-to-one interviews were conducted between May and July 2011. The 

interviews took place at each of the interviewees’ workplace and they were 

held in Finnish. Each interview lasted from 30 minutes to two hours. The 

intention was to organise the interviews so that the interviewees would have 

the possibility to use the PEMMS during the discussions. The aim with this 

was to remind the user of the capabilities and challenges of the system as 

well as to provide the interviewer with the possibility to observe the use of 
the system. The PEMMS was available in nine of the ten interviews. All the 

interviews were conducted by the author of the study. 

 

At the beginning of the interviews, the interviewees were informed about 

the purpose of the study as well as the anonymity and the confidentiality 

practices. Permission for tape recording was asked before the actual 

interview started. After the introduction to the subject, the interviews 

followed the semi-structured interview guide presented in table 11.2. The 

guide provided an outline for the interview but allowed the interviewer to 

explore and ask further questions that were seen as significant to the aim of 

the study. 
 

 

 

 

 

 

 

 

 

 

 
 

Role Title Duration of access
1. Owner HVAC specialist 39 weeks
2. Owner/user Head of corporate real estate management 6 weeks
3. Owner/user Facility manager 6 weeks
4. Service provider Facility manager 30 weeks
5. Service provider Customer service manager 29 weeks
6. Service provider Customer service manager 29 weeks
7. Service provider Energy consultant 8 weeks
8. Service provider Energy consultant 7 weeks
9. Service provider Service man 6 weeks

10. Service provider Service man 4 weeks
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Table 11.2 Interview guide, part 1/2 
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Table 11.2 Interview guide, part 2/2 
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The guide was based on the state-of-the-art review and the link between the 

questions and the theoretical background is shown in the table. The aim of 

the guide was to help gain a holistic picture of the use of the PEMMS and to 

find the challenges associated with the system use. Before the first 

interview, the guide was evaluated by an expert specialised in usability 

research and based on his comments minor changes were made to the 

guide.  

 

All the interviews were tape recorded and field notes were taken during the 
discussions to ease the data analysis. Right after each interview, the 

recordings were listened to several times in order to find the essential 

issues. The field notes were then supplemented with these findings. The 

interviews were therefore not transcribed verbatim, only the key findings 

and statements were written down. 

11.1.4. Data analysis 

The interview data was analysed using content analysis to identify emerging 

themes. Content analysis is a systematic and objective method of examining 

messages and their characteristics (Neuendorf 2002). According to Tuomi 

& Sarajärvi (2002), the method aims at creating a clear verbal description 

of the studied phenomenon. Content analysis is used to reduce the volume 

of raw data, to identify themes and patterns and organise the information 

into a compact form without losing any information content. There are 

several procedural suggestions for content analysis but no systematic rules 

exist.  However, the used analysis approach should be systematic and 

transparent. The research approach used in the analysis was abductive, 
meaning that the analysis was a continuous interplay between the theory 

and the empirical data. Thus, the findings were based on both prior theory 

and the empirical research.  

 

The data analysis started with a review of the field notes to develop an 

initial coding scheme. In case of unclear field notes, the interview tapes 

were listened tp again to supplement the notes. The coding was used to 

identify themes arising from the interview data. In parallel with this, a 

semi-structured interview guide was used to discover linkages between the 

theory and the interview data. The emerging themes that were not 

discussed in the state-of-the-art review led to a search for new theories 
supporting these findings. Finally, the identified themes were grouped 

under four categories as presented in table 11.3. This categorization formed 

the basis for presenting the interview results. Direct quotations were used 
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to report the results and to provide sufficient descriptions of the 

phenomena. To accomplish this, the interview tapes were listened to once 

again.  

Table 11.3 Identified themes 

 

11.2. Results 

This chapter presents the results of the interviews. The results are 

introduced in the following paragraphs under four categories; 

implementation of the system, frequency and purpose of use, positive 

experiences and challenges and proposals for improvement.  

11.2.1. Implementation of the system 

During the implementation of the PEMMS, approximately one hour 

training session to the use of the system was organised in each of the three 

buildings. All the interviewees, apart from one, had participated in this 

session. The training included an introduction to the system and an outline 

of the system features and capabilities. After the session, usernames and 

passwords were sent to the users by email so that they could familiarize 

themselves with the system. Most of the interviewees thought that this kind 
of short introduction to the system use was sufficient and that the best way 

to learn is by doing.  

 

“In my opinion the training was sufficient at this point… you cannot 
learn so much at one time…it is easier if you familiarize yourself 
with the system, then you can ask more and understand better what 
it is about.” 
 

”I thought that it (the training) was good…it is good that the training 
is short so that too much information is not given…usually you learn 

Categories

Implementation of the 
system

Frequency and 
purpose of use

Positive experiences Challenges and 
proposals for 
improvement

Themes - Participation to the 
development work

- Amount of use - Usability of the 
system

- Lack of time

- Training - Purpose of use - Identified capabilities 
of the system

- Easier access to the 
information

- Other organisational 
support

- Benefits gained from 
use

- Lack of trust

- Intentions of future use - Improvements to the 
interface

- Purchasing intentions - New features
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by doing…I believe that everyone can figure out themselves how the 
system works in detail.” 
 

“The system is extremely clear. The only thing that is needed is to go 
through what the terms mean” 

 

However, two interviewees would have also wanted written training 

materials, such as instructions, manuals or hand-outs. As one of them 

stated: 
 

“…some kind of manual, what the system enables and how you find 
it. You cannot remember everything after the training.” 

 

In addition to the system training, no other organisational support was 

mentioned during the interviews. None of the interviewees participated in 

the development of the PEMMS. 

11.2.2. Frequency and purpose of use 

All the interviewees had used the PEMMS one to three times. The use of the 

system was voluntary and words, such as testing or experimenting, were 

used in describing the system usage.  

 

”I have only tested it (the PEMMS) a few times” 
 

“I have just familiarized myself with it (the PEMMS).” 
 
In one of the buildings where the PEMMS had been in use for only a short 

time (the interviewees had received the access to the system for 4 to 8 

weeks before the interview), the aim was to test the system for a short 

period and then make decisions regarding how the system will be utilized in 

the  future.  However,  in  the  other  two  buildings  where  the  PEMMS  was  

introduced several months ago (the interviewees had received access to the 

system 29 to 39 weeks before the interview), the system had remained in 

test use and was not taken into operative use.  

 

During the use of the system, few abnormal performance values had been 

noticed. However, no actions had been carried out to find the causes for 
these anomalies. For example, one of the interviewees said: 
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”I viewed the HVAC performance metrics, why is there good and 
poor air  handling units?  I  took a glance at  the  spaces  as  well,  how 
they are performing. It gave me good information. It was quite 
warm in there… the reason is not known…it has not yet been sorted 
out. It would require going to the site.” 

 

As the use of the system was limited to testing, no actual benefits were 

gained with the help of the system. No faults were corrected or energy 

efficiency or indoor conditions improved.  
 

Observations during the interviews supported the fact that the PEMMS had 

been used only a few times by the interviewees. Most of the users did not 

fully remember where each report was located or what would happen when 

pressing on some of the icons. The two energy consultants interviewed were 

an exception to this. Although the consultants had used the PEMMS two or 

three times, they used the system in a routine manner. Both of them had 

even found performance metric calculation errors which had not been 

noticed by the system developers.  

 

All the interviewees believed that they would use the PEMMS in the future. 
However, it was not clear how often they would use it. Two of the 

interviewees said that they will probably use the system once or twice a 

month whereas the others stated something more undefined and could not 

specify more clearly their future use. As one of the latter ones answered: 

 

”I  suppose  I  will  use  it…I  have  a  link  to  it  on  my  computer.  From  
there I can find it.” 

 

Four of the interviewees were in a position to make investment decisions 

and  to  them  the  last  question  “Do  you  intend  to  purchase  similar  kind  of  

systems in the future?” was presented. One of the decision makers was so 
satisfied with the PEMMS that he was ready to order the system for other 

buildings as well. Two other interviewees wanted to gather more experience 

with these kinds of systems and one said that he presumably will not invest 

more in these systems in the future. 

11.2.3. Positive experiences 

The end user feedback was very positive concerning the usability of the 

PEMMS. The interviewees were satisfied with the system interface and 

described it as: 
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“In  my  opinion  this  makes  common  sense.  You  can  quickly  see  if  
everything is fine and if not then you can search what might be the 
problem behind it.“ 
 

“I  think that  this  is  clear...  this  front  page.  There is  no unnecessary 
information  on  the  front  page.  You  can  see  certain  things  at  a  
glance” 
 
”In my opinion this  is  very easy (to  use).  And then this  is  also  very 
clear. This is not too complicated… even a stupid can understand 
this. You don’t need to be a technical expert to understand this.” 

 

All the interviewees, regardless of their position in the operation and 

maintenance organisation, thought that they could utilize PEMMS as a part 

of their work. The interviewees identified that the system provides several 

capabilities. In their opinion the system could be used for monitoring 

building performance, optimizing operation, detecting faults before they 

affect indoor conditions and assessing the impacts of corrective measures 

on building performance.  
 

“The  more  devices  in  the  building  the  better  this  (the  PEMMS)  
services is…when there is a large number of devices, it is difficult to 
see the overall performance...some things can go unnoticed, there 
may not be alarms but still the process does not work optimally…this 
(the  PEMMS)  definitely  assists…you  can  drill  down  to  see  what  is  
wrong.”  
  

“This is a monitoring application” 
 

“The history information is good. If something is creating problems 
all the time and if actions are taken to fix it, you can easily see what 
kind of affect it has on  performance …The system provides 
advantages if you can predict things and you don’t need to hurry 
only after someone comes to complain. This would be good customer 
service…This is a tool of the future for maintenance men. It is about 
predicting things…” 
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11.2.4. Challenges and proposals for improvement 

Many of the PEMMS users stated that they lacked time to use the system. In 

today's hectic work environment with numerous information systems it can 
be hard to find time for a new system, such as PEMMS. It was also 

mentioned that even the existing systems are not fully utilized or used at all. 

For example, one of the interviewees pointed out that: 

 

“The Computerized Maintenance Management Systems are often not 
updated…all the documents are not included…this is very common.” 

 

On the other hand, it was noted that the lack of time cannot be an obstacle 

to the use of PEMMS since the system provides a quick overview of the 

building’s performance. It takes only a few seconds to view the front page of 

the system to check whether something is wrong with the building. 
 

In order to be used in the hectic work environment, many interviewees 

suggested that easier access should be provided to receive performance 

metric information. Although the PEMMS can be accessed by a web 

browser  and  the  front  page  of  the  system  provides  a  fast  picture  of  the  

building’s performance, the users perceived that the information was not 

easy enough to obtain. Since the interviewees had only used the system a 

few times, they had difficulties in remembering the web site address, 

usernames as well as passwords. The interviewees stated that the 

performance reports should be accessible from those applications that they 

would otherwise use in their daily work, such as email or the Computerized 
Maintenance Management System (CMMS). At least the front page 

performance metrics should be accessible via these applications so that they 

could be quickly viewed while performing other work tasks. Another 

proposal was to receive notifications of poorly performing devices via email 

to avoid unnecessary logins to the system. Currently the user may login to 

the system to see that everything is well in the building but by receiving 

performance alarms the system would only be used in abnormal situations. 

The idea would be to devote time to the system only in situations when the 

performance differs from the expected. 

 

“Alarm  limits,  you  would  get  alarms  to  email  stating  that  the  
performance has dropped under 50 percent or whatever the limit is.” 
 
“The thing that would be needed and would be efficient is reporting 
once  a  month  to  email…it  would  be  handy,  you  wouldn’t  need  to  
login to the system.” 
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“If  the  system  had  an  alarm  feature…  stating  that  something  is  
wrong now…without login in to the system”  

 

In addition to system access difficulties, some of the interviewees did not 

fully trust the PEMMS. The performance metric idea was new to the users 

and they did not entirely understand what the metrics meant and what they 

could enable.  

 
”I  have  just  familiarized  with  the  system  and  all  these  (calculation  
principles) have not entirely opened up to me.” 
 
“It (the PEMMS) could be useful when you start to understand how 
the system functions and you begin to trust it.” 

 

Another issue affecting the trust was the system’s limited capability to 

measure building performance. As discussed in the previous chapter the 

PEMMS has several limitations and some of these were also noticed by the 

interviewees. The limitations that the users identified were associated with 

indoor condition measurements and PEMMS inability to take into account 
exceptional process operating modes. Although the indoor air temperature 

shown  by  the  automation  system  or  the  PEMMS  seems  to  be  on  a  good  

level, it does not guarantee that the building occupants are satisfied with it.  

 

”The outdoor temperature determines how people perceive indoor 
conditions…there are those people that think 22 °C is cold…we 
cannot go and say that this temperature is good.”  
 

”It is not able to interpret all, in all possible ways…for example does 
the night cooling or heating work as it is supposed to” 

 
Few proposals were given to improve the interface and the usability of the 

PEMMS. Most of these were connected to trending. The interviewees 

commented that this part of the reporting should be made more user-

friendly.    

 

”I would see that there is much to improve with the trending 
features…when I open this trend page, it does not tell me 
anything…some of the features were such that I did not even notice 
that something had happened.” 
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“Then the trending could be more user-friendly…the possibility to 
display more plots at a time…the x-axis could scale automatically” 

 

Some new features were suggested to the system during the interviews. 

They were for example: 

 

”Question marks could include information about the air handling 
units, such as the size of the unit”  
 
“Floor plan pictures could show which areas each air handling unit 
serves” 
 

“The system was sometimes slow to use. Could it be faster?” 
 
“When you click a trend, could it be opened in another window?” 
 
“Could the indoor air temperature be viewed from an energy 
efficiency perspective in the floor plan reports?”  

11.3. Discussion of the results 

This section outlines and explains the results of the interviews. The results 

are also related to previous theories. The section ends with a discussion on 

the  future  implications  as  well  as  on  the  reliability  and  validity  of  the  

research method.  

11.3.1. Present use of the system 

The  PEMMS  was  in  test  use  in  each  of  the  studied  buildings.  The  idea  of  

presenting building performance as performance metrics was new to the 

users and they wanted to gain experiences with the system. In one of the 

buildings where the system was just taken into use, the aim was to test the 

use of the system and then make decisions on how to utilize it in the future. 

Thus, it was understandable that the system was not utilized more 

thoroughly in this case. However, the PEMMS had stayed in test use in the 
other buildings as well, although the users had received access to the system 

several months ago.  

 

Despite the fact that, there were no significant differences in the frequency 

of use (varied between one to three times), there were probably differences 
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in the thoroughness of use. For instance, the interviewed energy 

consultants were able to discover errors with the performance metric 

calculations, though they had only used the PEMMS a few times.   

 

The users had not utilized the PEMMS more frequently although they were 

satisfied with the system in general. The users identified the capabilities of 

the system and thought that the user interface of the system was easy to use 

and suitable for non-technical users as well. The users also recognised 

several useful features of the system, such as the ability to see the overall 
performance of the building at a glance and the possibility drill-down into 

detailed information if necessary. All the interviewees also thought that 

they  could  utilize  PEMMS  as  part  of  their  work  in  either  building  

performance monitoring or management.  

 

Since the use of PEMMS was limited to testing and experimenting, no 

actual benefits were gained with the help of the system. When comparing 

the results of the interviews with the DeLone and McLean model of success 

presented in chapter nine, it should be noticed that the success of PEMMS 

was limited to good user satisfaction. Although the users were satisfied with 

the system, it did not lead to any individual or organisational impacts. It is 
not unusual that information systems are under-utilized or left unused. As 

discussed in chapter five, despite the benefits of fault detection and 

diagnostics systems they have not been adopted by the building sector at 

large. In addition, the beginning of chapter nine provided examples of 

failed information systems and the end of the same chapter described why 

building automation systems are not fully utilized. Furthermore, one of the 

interviewees mentioned that computerized maintenance management 

systems can be left unused.  

11.3.2. Challenges and proposals for improvement 

The fact that the PEMMS was used relatively little has certainly had an 

effect on the identified challenges and proposals for improvement that the 

users mentioned during the interviews. An in-depth analysis of the systems 

usage is difficult to make based on just one to three instances of use. On the 

other hand, the feedback from the interviewees which presented their first 

impressions of the system can be valuable as well. The same kind of 

challenges came up in almost every discussion. The main challenges were 
associated with accessibility, trust and management practices. The first two 

challenges were directly mentioned by the interviewees themselves but the 

third was more based on the author’s interpretations and prior studies. All 
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three challenges with proposals for improvement are discussed in detail in 

the following paragraphs.  

 

11.3.2.1. Information accessibility 
Many of the interviewees wished that the performance metric information 

could be easier to access. In today’s hectic work environment, information 

should be accessible as convenient and fast as possible. The interviewees 

were struggling to manage with numerous information systems and 
therefore had problems within finding the PEMMS and authenticating to it.  

 

The fact that the interviewees highlighted the importance of accessibility 

was not surprising. Numerous information science studies have shown that 

accessibility is the factor that influences most when selecting information 

sources (Allen 1977, O'Reilly 1982, Rice & Shook 1988). Information 

seekers tend to choose information sources that are obtained with the least 

effort. However, there are various interpretations of the accessibility 

concept. Bronstein (2010) found five meanings for accessibility in her study 

and of these three were also supported by earlier studies. The three 

elements were ease of use, time saving and physical proximity. With ease of 
use she meant user friendly and easy to use interfaces, with time saving the 

time spent accessing the information needed and with physical proximity 

the convenience of accessing information. To the PEMMS users the most 

challenging accessibility element was physical proximity as they had 

difficulties in remembering the PEMMS web site address and usernames as 

well as passwords. 

 

To overcome the accessibility difficulties the users proposed that the 

performance reports or at least the front page of the PEMMS should be 

accessible from those applications that they would otherwise use in their 

daily work, such as email or the Computerized Maintenance Management 
System (CMMS). Another suggestion was to receive performance alarms of 

poorly  performing  devices  so  that  time  could  be  devoted  to  building  

performance issues only when the performance deviates from the expected. 

These wishes are in line with the findings of prior studies as the users would 

like to obtain information as easily as possible.  

 

Probably because the interview questions concentrated around PEMMS, 

the interviewees suggested that the PEMMS should resolve the difficulties 

with accessibility. However, the problem could be solved with 

organisational procedures as well. For instance, one person in the operation 

and maintenance organisation could be responsible for the use of the 
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PEMMS  and  he  or  she  could  print  performance  reports  for  weekly  or  

monthly meetings as well as inform the necessary people in case of 

anomalies. All the parties would receive performance information in a 

convenient way and response to performance deviations would be secured.   

 

Although the importance of information accessibility is known is the field of 

information science, it has been overlooked in the context of building 

performance visualisation and fault detection and diagnostics tools. Many 

of these tools, such as the tools described in the studies of Friedman and 
Piette (2001), Motegi and Piette (2003) and Granderson et al. (2009),  have 

aimed at providing building performance information on a web page. The 

challenge so far has been in creating a system that collects performance 

data, processes it into information and presents the information on the 

web. In this setting, challenges have been confronted, for instance, with 

data acquisition and quality (Brambley et. al 2005a, Granderson et al. 

2009, Lehrer and Vasudev 2010 and Neumann & Jacob 2010). However, 

the findings of this study suggest that the system users may not be satisfied 

with a web portal dedicated to displaying performance information. The 

users do not want a new system as they are struggling to manage with 

numerous existing ones. Instead, the users would like to receive 
information as easily as possible preferably to applications that they would 

otherwise use in their daily work. 

 

11.3.2.2. Trust to the system 
All the interviewees did not fully trust the PEMMS. To some of the users, 

the whole concept of performance measurement was new and others did 

not entirely understand what the metrics meant. In addition, some users 

commented that the system had only limited capabilities in terms of 

assessing building performance. The system was not able to take account of 

all operating modes or able to measure all aspects of building performance. 
As mentioned in chapter five, a similar lack of trust has been one of the 

reasons why only a few solutions based on intelligent algorithms, such as 

artificial intelligence and neural networks, have proceeded to commercial 

products (Hirvonen & Ventä 2009). These solutions are often neglected in 

practice since they are seldom transparent or well understood in field use. 

 

The users did not themselves suggest any methods to solve the lack of trust 

challenge. However, the challenge could certainly be addressed by 

educating the PEMMS users and by improving the performance 

measurement features of PEMMS. Training and education could provide a 

deeper understanding of the possibilities and capabilities of performance 
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measurement. On the other hand, the limitations of the PEMMS could be 

reduced by developing the system further to take into consideration other 

aspects of building performance.  

 

11.3.2.3. Management practices 
Although the accessibility of the PEMMS could be improved to meet the 

users’ requirements, it still would not guarantee that the performance 

reports provided by the system would be utilized in improving building 
performance. Turning information into actions and improvements requires 

management practices that support the performance measurement 

philosophy.  PEMMS  is  only  one  part  of  a  larger  entity  which  aims  at  

improving building performance.  

 

Signs of above mentioned management practices could not be observed in 

the studied buildings. The PEMMS was used only for test purposes to see 

how the system works and therefore there were no changes in managerial 

practices or in ways of working. However, to achieve better building 

performance, the working procedures should change as well. The PEMMS 

itself does not improve building performance, it only enables the 
improvements. A similar lack of management practices supporting 

performance improvements has been reported in the field of building 

performance visualization and fault detection and diagnostics tools. 

Although, most of the studies in this field have focused on technical aspects 

some have also described managerial and organisational challenges. For 

instance, Katipamula et al. (2003) stated that the benefits of fault detection 

and diagnostics tools will not be realized if the building staff are not able to 

use their control systems to correct problems, are too busy with other duties 

or lack resources to obtain help from control contractors. In addition, 

Neumann and Jacob (2010) reported of organisational problems in 

implementing ongoing commissioning tools. According to them, ongoing 
commissioning approach requires a dedicated team, clarification of 

responsibilities and an action management plan to gain achievements. The 

importance of managerial practices and organisational issues were also 

emphasized in information system literature. The beginning of chapter 8 

discussed how a change in technology will affect people, task and structures 

in the organisation. Later in the same chapter Venkatesh et al. (2003) 

described the importance of organisational infrastructure to the acceptance 

of information systems and Mahmood et al. (2000) explained how 

organizational attitude and support affect user satisfaction. 
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In order to achieve improvements in building performance, the same 

management practices that are utilized in other fields of performance 

management could be used. For instance, management methods used in 

energy performance measurement could provide a good starting point since 

there is a long history of conducting energy performance measures. The 

management principles and the lessons learned in energy performance 

management could now be applied to other fields of building performance. 

There are several guides that discuss implementing energy performance 

management practices and one of them is by the Office of Energy Efficiency 
of Natural Resources Canada (NRCan 2003). According to the guide, a 

successful energy management program requires:  

 

� The management’s understanding and commitment 

� Company policies, directives and organization 

� Program responsibilities 

� Procedures and systems 

� Project selection and focus 

� Approved budget 

� Approved investment criteria 

� Training 

� Integrated information systems 

� Reports on savings achieved 

� Motivation 

� Marketing 

 

As can be seen by looking at the above list, only a few of the elements of 

success are related to technology. Yet, the technology part is important 
since it enables the whole management program.  

 

It is stated in the same guide that results can be achieved only if the whole 

organisation, from the board of directors, the president, senior 

management, operational staff and administration, is committed to the 

program (NRCan 2003). Considering this, tools such as the PEMMS, which 

provides information to all levels of the operation and maintenance 

organisation, could have better possibilities to succeed than tools meant 

merely for operative use. The prior building performance visualisation and 

fault detection and diagnostics tools have used various visualisation 

methods, such as time series, scatter and carpet plots, to provide 
performance information for technical users on the operative level of the 

organisation whereas the PEMMS displays the performance information in 
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an easily understandable format that can be utilized by the whole 

organisation in both building performance management and monitoring. 

As everyone in the operation and maintenance organisation can use 

PEMMS  as  part  of  their  work,  it  provides  excellent  support  for  a  building  

performance management program.    

11.3.3. Future implications 

Although the PEMMS was considered to have several positive features, it 

was used for testing and experimental purposes. In order to be accepted as 

part of everyday work, the challenges described in the previous paragraph 

should be addressed. Some of the challenges were proposed to be solved 

with technological solutions and others with education, procedures and 

management practices. The suggested technological solutions are such that 

they can be constructed by using existing information technology. 

Therefore, the challenges associated with technological developments are 
quite easily answered. However, the challenges that require changes to 

working methods are more difficult to answer and will take a longer period 

to be solved. Although one could take example from other areas of 

performance management, accomplishing changes in the field of building 

operation and maintenance can be especially difficult since, as was noted at 

the beginning of the study, the maintenance of buildings has been 

considered to be the “Cinderella” of the building industry. Achieving 

changes can also be challenging because building performance 

measurement and tools, such as the PEMMS, are not necessary for the 

functioning of the building as they aim at optimizing operation and 

predicting faults. In order to attain the required changes, close co-operation 
is needed with the users of the PEMMS 

11.3.4. Evaluation of the research 

In this part of the thesis, qualitative research methods were used to 

investigate the users’ opinions of the solution.  In qualitative research, there 

are no common criteria to evaluate the quality of the research (Patton 
2002). Validity and reliability, as they are understood in quantitative 

research, are not suitable for evaluating qualitative research (Eskola & 

Suoranta 2000). According to Eskola and Suoranta (2000) the starting 

point for the evaluation is to acknowledge the subjectivity of the qualitative 

research and admit that the researcher is a central tool in his or her 

research. Due to the subjectivity, the research process and the practices of 

transforming data into results and findings should be carefully reported. In 

addition, the researcher should report his or her background and role in the 



  

159 
 

research so that others can consider the potential influence on the study 

results. (Kaplan & Maxwell 2005). 
 

This chapter has aimed at providing sufficient information for the reader to 

follow the different steps of the qualitative research process used in this 

study. The chapter began with an introduction and a justification of the 

research method. This was followed by a presentation on the data sources 

and their background. In addition, the data collection and analysis 

procedures were described in detail so that the logic of turning data into 
research findings could be followed. Finally, direct quotations were used in 

reporting to link the interview data into results.  

 

The author of this thesis was responsible for all the steps in the qualitative 

research process. He worked for the Finnish building services company 

where the research was conducted and led the development of the PEMMS. 

The author had lead the PEMMS training session in all the three studied 

buildings and he knew eight of the interviewees beforehand. Since many of 

the interviewees knew the author, they may have told things that they 

would not have said to a stranger. On the other hand, the interviewees may 

have given replies that they ought to give because they did not want to 
insult the author and his development work, namely the PEMMS.   

 
Mäkelä (1990) represents another method of evaluating qualitative 
research. He argues that qualitative analysis can be evaluated using four 

criteria; the significance of the data and the social and cultural context of it, 

the sufficiency of the data, the scope of the analysis and the assessability 

and repeatability of the analysis. The first criterion tries to answer the 

question: “Why is the data significant and worth analyzing?”. In this study, 

only persons with access rights to the PEMMS version presented in the 

chapter 10 were asked to participate to the interviews. Thus, the selected 

interviewees were potential users of the system and able to describe their 

use experiences. The second criterion evaluates the sufficiency of the 

research data. According to Mäkelä (1990) there are no exact measures for 

assessing the sufficiency of data. However, he states that it has become a 
tradition to continue the data gathering until additional data samples do 

not provide new perspectives to the studied phenomenon. Although only 

ten persons were interviewed during this study, there were several similar 

themes that recurred throughout the interviews. This suggests that some 

level of saturation of data was reached in the interviews. The third criterion 

evaluates whether the analysis is based on incidental extracts or thorough 

analysis. To avoid the former, the interviews were listened and read 
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through several times. In addition, support for the interview findings was 

searched from the prior literature. The last criterion is related to the 

transparency of the research process. According to Mäkelä (1990), the 

assessability means that the reader is capable of following the 

interpretations of the researcher and the repeatability that applying the 

same categorisation and interpretation principles another researcher would 

come to the same research results. To improve the transparency of this 

study, the different steps of the research process were described thoroughly. 

Also, direct quotations were used so that the reader either accept the 
researcher’s interpretations or challenge them. 

 

In addition to the previous criteria, the confirmability of the qualitative 

research can be evaluated (Eskola & Suoranta 2000). Confirmability refers 

to the degree of which the research results are confirmed by previous 

studies. In this study, all the main findings were confirmed to some degree 

by other studies. The contributions of this study are in that some of the 

findings were not confirmed with studies on the same field rather than on 

another field of science.  
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12. Conclusions 

This chapter, the final chapter of the study, addresses the research 

questions presented at the beginning of the dissertation. The chapter also 

summarizes the research results as well as compares them with previous 

studies. The chapter as well as the study ends with an evaluation of the 

research findings and makes suggestions for future research and 

development.  

12.1. The solution for continuous building performance 
measurement 

The first research question was stated as: “What kind of solution for 
continuous building performance measurement transforms building 

automation data into a set of performance metrics describing building 

performance from multiple perspectives?” 

12.1.1. Outline of the solution 

The first question was addressed in chapter 10 by constructing a 
performance monitoring and management system that utilizes automation 

data from real buildings. The solution was based on the state-of-the-art 

review and on the lessons learned from the earlier studies as described in 

chapter 10.4.2. The constructed solution is capable of: 

� Presenting building performance from energy, indoor conditions 

and HVAC system perspectives.  

� Visualizing the performance metrics in a manner that is easy and 

intuitive to understand also for non-technical users 

� Providing high-level performance reports which enable the overall 

building performance to be assessed at a glance 

� Offering drill-down capabilities to view detailed information behind 

each metric 

� Providing information that can be utilized by the whole building 

operation and maintenance organisation in both building 
performance management and monitoring 
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12.1.2. Methods for transforming automation data into 
performance metrics  

The beginning of chapter 10 introduced the methods of transforming 

building automation data into building performance metrics. The basic idea 

behind the transformation is that actual building automation 

measurements are compared with predetermined performance targets. 

Each performance target is based on either of the following principles: 

 

� Target values are generally seen as representing good performance, 

such as targets derived from building standards or guides 

� Target values represent good performance for the building or the 

equipment in question, such as targets presenting optimal operation 

or targets that can be achieved according to the equipment 

manufacturer 

 

The performance targets can include one or two target values. If there is one 

target value for the performance metric, the metric is calculated by dividing 

the actual measurement by the target value. In the case of two target values, 

the metric is calculated by counting the time during which the actual 

measurements are inside the minimum and maximum target values or 
outside the optimal starting and ending times and dividing this time by the 

total measurement time.  The results of the divisions are multiplied by 100 

to convert metrics into percentage format. The comparison between actual 

measurements and target values enables performance metrics to be 

presented on a 0-100 percentage scale where 100 percent signifies the best 

performance possible. With these principles, the solution transformed 

automation data into energy, indoor conditions and HVAC system 

performance metrics. However, the same principles can be used in creating 

new performance metrics as well, for instance metrics describing the 

performance of heating and cooling systems.  

 
Similar principles of transforming building automation data into 

performance metrics with multiple performance perspectives were not 

found in prior literature. Very few previous studies have examined the use 

of performance metrics in terms of continuous building performance 

measurement. The use of performance metrics has been rare in the field of 

fault detection and diagnostics tools, whilst the energy performance 

monitoring tools have solely concentrated on measuring and displaying 

energy use data. In the few studies found, Kärki and Hyvärinen (1997) 

presented different performance requirements for air handling units and 

Kärki and Karjalainen (1999) illustrated how performance factors could be 
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used in the evaluation of AHU performance. Findings of these two studies 

were  applied  in  the  construction  of  the  HVAC  performance  metric  for  the  

solution. In addition to the two previously mentioned studies, Choinière 

(2008) presented an on-going commissioning tool that utilized HVAC 

performance metrics as part of a used fault detection and diagnostics 

method. The tool he described calculated performance indices for air 

handling equipment, room control devices, heating circuits, cooling 

circuits, lighting devices and energy meters. These indices where then 

analysed by expert rules or the user of the system, who evaluated whether 
the devices worked at maximum performance. However, all the calculation 

methods for different indices were not fully described in the study and 

therefore one could not entirely understand what each performance 

indicator meant.  

12.1.3. Building performance management and monitoring 

As the solution described in this study presents the performance 

information in 0-100 percentage format, it can be utilized by the whole 

building operation and maintenance organisation in both building 

performance management and performance monitoring. Anyone in the 

operation and maintenance organisation, from top management to building 

operators, can use the solution to track current performance and compare it 

to target values or historical performances as well as to identify 

improvement opportunities. Even the non-technical users can use the 

system to observe the actual performance of their buildings. A more 

technical person, on the other hand, could utilize the system in monitoring 

building performance and optimizing building operation. 
 

The previous studies in the field of building performance visualization and 

fault detection and diagnostics have focused on performance monitoring 

and have not taken the management aspect into account. The fault 

detection and diagnostics tools described in the literature (Dexter & 

Pakanen 2001, Friedman & Piette 2001, Visier 2004, Neumann et al. 2010) 

or in chapter eight of this study have visualised HVAC system performance 

in various ways, such as using time series, scatter and carpet plots. The 

tools have displayed the information in a format that has required at least 

some technical knowhow from its users. Many of the tools have been made 

to be used by maintenance men, technicians, or engineers to monitor and 
optimize building operation. Thus, they have been suitable for performance 

monitoring but not for performance management.   
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In addition to visualizing building performance using time series, scatter 

and carpet plots, some tools, especially those which are intended to be used 

by building occupants, have also used methods of displaying building 

performance. One example is smileys, which was used by the TaloInfo tool 

described in chapter eight. Smileys present information in a format that can 

be understood by non-technical users as well. However, smileys are not at 

their best in defining management targets. Figures and percentage values 

are better for this purpose. 

 
The importance of performance management was emphasized in the energy 

management guide by the Office of Energy Efficiency of Natural Resources 

Canada (NRCan 2003). According to the guide, energy performance 

improvements can be achieved only if the whole organisation, from the 

board of directors, the president, senior management, operational staff and 

administration, is committed to the program. Thus, tools such as the 

solution in this study, which provides information for all levels of the 

operation and maintenance organisation, could have better possibilities to 

succeed than tools meant merely for operative use.   

12.1.4. Challenges associated with the technical and methodological 
aspects 

The end of chapter 10 discussed the challenges related to the solution. The 

challenges were associated with technical and methodological aspects of the 

solution. Table 12.1 summarizes the discussion. 
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Table 12.1 Summary of the solution challenges 

 
  

12.2. Experiences and challenges associated with the use of the 
solution 

The other research question was determined as: “What are the experiences 

and especially the challenges associated with the use of this solution?” 

 

The question was addressed in chapter 11 by interviewing ten users of the 

solution in three buildings. The interviews were semi-structured meaning 

that the interviewer had a list of predetermined questions to be asked of the 

respondents. This list of questions was based on the state-of-the-art review 

and especially addressed information system adoption and use theory. The 

interviews were analysed using content analysis to identify emerging 

themes from the interview data. 

12.2.1. Current use of the solution 

The solution was in test use in each of the studied buildings. In one of the 

buildings, the testing period had just begun and the users wanted to gain 

experiences with the solution before making decisions of the future use. 
However, the solution had stayed in test use in the other building as well, 

although the users had received access to the solution for several months 

ago. 

Exploitability
- In order to display performance metrics, the solution has certain 
technical requirements for the building systems

Limitations
- By focusing on the building automation data several building 
performance aspects have been left outside the scope of the 
solution
- The current three performance categories include only few 
performance measures

Measurement quality
- Performance measures may include errors, since only a small 
number of sensors, which can also be of poor quality, are used in 
HVAC applications
- Indoor conditions aspect of the building performance is to some 
extend a subjective measure

Calculation methods
- Relative figures offer the opportunity to manipulate information
- Finding the optimal way to construct a performance metric 
hierarchy

Benchmarking
- The solution does not support benchmarking in the best possible 
way
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The solution was not taken into operative use, despite the fact that the users 

were satisfied with the solution on a general level. The users thought that 

the user interface was easy to use and suitable for non-technical users as 

well. The interviewees had also recognised several useful features of the 

solution, such as the ability see the overall performance of the building at a 

glance and the possibility to drill-down into detailed information if 

necessary. In addition, all the interviewees believed that they could utilize 

the solution as part of their work in either building performance monitoring 
or management. 

12.2.2. Challenges with the use of the solution 

The main challenges with the use of the solution were related to 

accessibility, trust and management practices.  

 
Although the solution provided the performance reports on a web page, the 

users were not satisfied with the accessibility of the performance 

information. Many of the interviewees were of the opinion that in today’s 

hectic work environment, information should be accessible as convenient 

and fast as possible. Therefore, they proposed that the performance reports 

or at least the front page of the solution should be accessible from those 

applications that they would otherwise use in their daily work, such as 

email or the Computerized Maintenance Management System (CMMS). 

Another suggestion was to receive performance alarms from poorly 

performing devices so that time would be devoted to building performance 

issues only when the performance deviates from the expected. There are 
several information science studies (for example Allen 1977, O'Reilly 1982, 

Rice & Shook 1988) that support the finding on the significance of 

information accessibility. According to these studies, information seekers 

tend to choose information sources that can be obtained with the least 

effort. However, the studies that deal with building performance 

visualisation and fault detection and diagnostics tools have overlooked the 

importance of information accessibility. Many of the tools, such as 

described in the studies of Friedman and Piette (2001), Motegi and Piette 

(2003)  and  Granderson  et  al.  (2009),   aim  at  providing  building  

performance information on a web page whereas the findings of the 

interviews suggest that the users may not be satisfied with this. They would 
rather receive information as easily as possible and preferably via 

applications that they would otherwise use in their daily work. 

 



  

167 
 

The second challenge was related to a lack of trust. All the interviewees did 

not fully trust the solution, since they did not entirely understand what the 

performance metrics meant or because the solution had limitations in 

regards to assessing building performance. Similar challenges have been 

confronted in regards to intelligent algorithms, such as artificial intelligence 

and neural networks (Hirvonen & Ventä 2009). Solutions using intelligent 

algorithms are often neglected in practice since they are seldom transparent 

or well understood in field use. 

 
The third challenge was associated with management practices. The 

solution is currently used only for test purposes to see how the system 

works and therefore there are no changes in managerial practices or in ways 

of working. No management practices were observed that would support 

the performance information turning into actual actions and 

improvements. A similar lack of management practices supporting 

performance improvements has been reported in the field of building 

performance visualization and fault detection and diagnostics tools. 

Katipamula et al. (2003) stated that the benefits of fault detection and 

diagnostics tools will not be realized if the building staff are not able to use 

their control systems to correct problems, or if they are too busy with other 
duties or there is a lack of resources to obtain help from control contractors. 

In addition, Neumann and Jacob (2010) reported organisational problems 

in regards to implementing ongoing commissioning tools. According to 

them, an ongoing commissioning approach requires a dedicated team, 

clarification of responsibilities and an action management plan to gain 

achievements. The importance of managerial practices and organisational 

issues are also emphasized in information system literature.  For instance, 

Leavitt (1965) describes how a change in technology will affect people, tasks 

and structures within an organisation, Alter (2002) states that technology is 

rarely a solution by itself and Bobby et al. (2004) note that no matter how 

sophisticated the information systems, they still are dependent on people to 
make them work. In addition, Venkatesh et al. (2003) describe the 

importance of organisational infrastructure when information systems are 

being introduced and Mahmood et al. (2000) explain how organizational 

attitudes and support affect user satisfaction. 

12.3. Evaluation of the study 

The main research approach used in this study was constructive research, 

which aims at solving real world problems through constructions. 
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According to Kasanen et al. (1993) constructions are something profoundly 

different than what existed before. They also state that an important 

characteristic of constructions is that the usability must be demonstrated 

through implementation of the solution.  

 

The same general evaluation criteria used in any scientific research can be 

utilized to evaluate a constructive study. The research topic has to be 

relevant and have potential for both practical and theoretical contribution. 

The study has to prove that the researcher is familiar with the (potential) ex 

ante -theories of the research area. The research design has to be clear and 

fruitful and the study should be conducted so that it is credible. The study 

should also provide a new theoretical contribution and the research should 

be clearly and economically reported. In addition to these standard 

evaluation criteria, two additional criteria exist for constructive research. 

First, the result of the constructive study should be feasible, meaning that it 

is simple and easy to use. Secondly, the study should be conducted within 

close involvement and co-operation between the researcher and 

practitioners in a team-like manner. (Lukka 2000) 

 
The relevance of this dissertation was emphasized in the introductory part 

of the study. The problem field this research addresses is the building 

energy efficiency requirements, building performance problems and 

especially the tools intended for continuous building performance 

monitoring. The state-of-the-art review demonstrated that the researcher 

had familiarized himself with the prior theories. Based on the state-of-the-

art review and on the lessons learned from the earlier studies, a new 

solution was constructed. The solution was thoroughly described and 

critically analysed in chapter 10. The solution was developed with the 

practitioners in the field as the research was conducted in a Finnish 

building services company together with its customers.  The solution is a 

commercialized product that utilizes data from real buildings. The 

practicality in terms of users experiences with the solution were examined 

in chapter 11 through the means of interviews. The results of the interviews 

indicated that the solution was considered to be simple and easy to use. 

Despite these positive experiences, the solution was used only for testing 

purposes and not taken into operative use. The findings of the research 

were linked to prior theoretical knowledge as illustrated in chapter 12. The 

study provided both practical and theoretical contributions as outlined in 

chapter 1.5.  
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Several actions were taken to ensure that the research meets the criteria of a 

scientific research. First, the research proceeded in stages, starting with the 

background of the research and state-of-the-art review and then proceeded 

to the introduction and evaluation of the new solution. This ended with a 

comparison between the research results and the information gained from 

prior literature. This provided the possibility to follow the steps of the 

development process as well as to see how the study was linked to previous 

studies.  The study also described the used research methods and 

procedures so that the readers would gain an understanding of how the 

research was conducted. In addition, the findings of the study were 

critically analysed describing both the advantages and limitation of the 

solution. Furthermore, the study was written in a style that would make it 

easy to follow and understand. Finally, the research results will be 

published and evaluated by the academic community. 

 

In addition to the evaluation criteria of Lukka (2000), Kasanen et al. (1993) 

state that the validity of a construct can be tested by market tests. The 

method is based on the concept of innovation diffusion, in which the 

constructions are viewed as competing in the market with other solutions. 

The  weak  market  test  is  passed  when  a  manager  is  willing  to  apply  the  

construction to his or her actual decision-making. The semi-strong market 

test is passed if the construct is widely adopted by companies and the 

strong market test requires the business units applying the construction 

produce better results than those which are not using it. According to 

Kasanen et al. (1993), the market test is relatively strict and not all 

constructs will pass even the weakest test. When comparing user 

experiences of the solution with the market test requirements, it should be 

noted that the construct in this study barely passes the weak market test.  

The solution was not in regular use, but all the users believed that it could 

be useful in their work. Therefore, one could say that the users were willing 

to apply the solution. 

12.4. Suggestions for future research and development 

This section outlines the future implications presented in chapters 10 and 

11. The implications are divided into development actions related to the 
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created solution and research work associated with performance 

measurement.   

12.4.1. Development 

From the system developers’ point of view, the first thing to do would be to 

address the challenges associated with the use of the created solution, 

namely the accessibility, trust and management practices. The technological 

solutions suggested by the end-users are such that they can be constructed 

by using existing information technology. Automating some parts of the 

performance measurement process could be performed quite easily. For 

example, an automatic notification could be sent to the user of the system 

when performance metric figures reach certain alarm thresholds. However, 

the challenges that require changes to work practices are more difficult to 

answer and they will take longer to be solved. Although one could take 

example from other areas of performance management, accomplishing 
changes in the field of building operation and maintenance can be 

especially difficult since, as was noted in the beginning of the study, the 

maintenance of buildings has been considered to be the “Cinderella” of the 

building industry. To achieve the required changes, close co-operation is 

needed between the users of the solution.  

 

The current solution is primarily intended to be used by building operation 

and maintenance organisations. However, with minor changes the solution 

could provide valuable information to other users as well. One of the end-

user groups could be building occupants. For instance, by providing feed-

back information at the building’s energy performance, the occupants could 
learn to use building systems more efficiently. The solution could also 

provide valuable feedback to building and HVAC system design on the 

actual building performance. With this information, design practices as well 

as the accuracy of simulation tools could be improved. The third group who 

could utilize the solution is equipment manufacturers. As the solution is 

capable of collecting performance data from various building systems, the 

data could be transformed into information that is useful for the 

manufactures and their product development teams. 

12.4.2. Research 

There is very little research done on continuous building performance 

measurement. The previous studies in the area have focused on energy 

performance measures, but as this study showed there are many other 

performance aspects to be measured. Several questions need to be 
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answered in the future. For example, very little guidance is available 

regarding how to calculate or report measured building performance. 

However, before going into this level of detail in performance reporting one 

should note that there is not even a consensus on what performance metrics 

should be measured. The list of possible building performance measures is 

extensive as was illustrated in chapter seven. Therefore, there are still many 

issues to be examined in both selecting appropriate measures as well as 

determining methods for calculating and displaying the measures.  As there 

are no current standard in this field, organisations and companies are 
developing their own solutions for performance measurement. This makes 

it difficult for the building owners to decide which performance 

measurement solution they should choose for their building as well as 

complicates the opportunity to compare buildings. At the moment, very 

little has been done in terms of evaluating and reporting measured building 

performance, and therefore it is evident that it takes time to find consensus 

in this field. 

 

More information is also needed regarding the benefits of continuous 

building performance measurement. Can solutions similar to the one 

presented in this study aid in gaining a better overall building performance 
or will some other performance aspects suffer at the expense of these 

metrics?  For example, if a building operation and maintenance 

organisation concentrates on these performance metrics, will it lead to a 

sub-optimal situation where some other performance perspectives will 

decrease? As mentioned earlier, we have very little knowledge on these 

issues and therefore more experience in the use of continuous building 

performance measurement is needed to answer these questions.  

 
 



172 
 

References 

ABB. (2011). ABB process automation. [Cited 8 Aug 2011]. Available at: 
http://www.abb.com/industries/us/9AAC133446.aspx?country=FI 
 
Ahn, J-H., Skudlark, A. E. (1997). Resolving conflict of interests in the process of 
an information system implementation for advanced telecommunication services. 
Journal of Information Technology. Vol. 12. pp. 3-13 
 
Airola, N., Bescherer, F., Paulapuro, H. (2006). The efficiency drive - Why a new 
method of calculating paper machine efficiency should become the global 
standard. Pulp and Paper International. Vol. 48. No. 7. pp. 35-37. 
 
Allen, T. J. (1977). Managing the Flow of Technology: Technology Transfer and 
the Dissemination of Technological Information within the Research and 
Development Organization. Cambridge. MIT Press. 
 
Alter, S. (2002). Information Systems. The Foundation of E-business. 4th ed. 
Prentice Hall. 587 p. ISBN 0-13-043242-3 
 
Amaratunga, D., Baldry, D. (2002). Moving from performance measurement to 
performance management. Facilities. Vol. 20. No. 5/6. pp. 217-223. 
 
ASHRAE. (2004). ASHRAE Standard 55 - 2004, Thermal Environmental 
Conditions for Human Occupancy. American Society of Heating, Refrigerating 
and Air-Conditioning Engineers Inc. 
 
ASHRAE. (2005). ASHRAE Guideline 0-2005: The Commissioning Process. 
American Society of Heating, Refrigerating and Air-Conditioning Engineers Inc. 
 
ASHRAE (2010). Performance Measurement Protocols for Commercial Buildings. 
American Society of Heating, Refrigerating and Air-Conditioning Engineers Inc.   
 
Arens, E., Federspiel, C., Wang, D., Huizenga, C. (2005). How Ambient 
Intelligence Will Improve Habitability and Energy Efficiency in Buildings. In: 
Weber, W., Rabay, J. M., Aarts, E. (ed.). Ambient Intelligence. pp. 63-80. ISBN 
10-354-023-8670 
 
Arts, R. H. P. M., Knapp, G. M., Mann, L. (1998). Some aspects of measuring 
maintenance performance in the process industry. Journal of Quality in 
Maintenance Engineering. Vol. 4 No. 1. pp. 6-11.  
 
Ausbon, D,. LaRocque, T. (2001). Simple, Low-Cost Vibration Monitoring of Air 
Handlers. P/PMTECHNOLOGY, December, 2001. [Cited 25 March 2011]. 
Available at: http://www.ctconline.com/pdf/pubTechPapers/11-
Air%20Handlers%20%20Simple%20Low%20Cost%20Vibration%20Monitoring
%20of%20Air%20Handlers.pdf 
 
Bai, J., Xiao, H., Yang, X., Zhang, G. (2009). Study on Integration Technologies of 
Building Automation Systems based on Web Services. 2009 ISECS International 
Colloquium on Computing, Communication, Control, and Management, Sanya, 
China, 8-9 Aug 2009. pp. 262-266 
 



 

173 
 

Baroudi, J. J., Orlikowski, W. J. (1988). A Short-Form Measure of User 
Information Satisfaction: A Psychometric Evaluation and Notes on Use. Journal 
of Management Information Systems. Vol. 4. No. 4. pp. 44-59  
 
Boddy, D., Boonstra, A., Kennedy, G. (2004). Managing Information Systems: An 
Organisational Perspective. 2nd ed. Prentice Hall. 282 p. ISBN 0-273-68635-6  
 
Bronstein, J. (2010). Selecting and using information sources: source preferences 
and information pathways of Israeli library and information science students. 
Information Research. Vol. 15. No. 4. 
 
Bourassa, N. J., Piette, M. A., Motegi, N. (2004).  Evaluation of Persistence of 
Savings from SMUD Retrocommissioning Program – Final Report. Lawrence 
Berkeley National Laboratory. LBNL No. 54984.  
 
Brambley, M. R,. Pratt, R.G., Chassin, D. P., Katipamula, S. (1998). Diagnostics 
for outdoor air ventilation and economizers. ASHRAE Journal. Vol. 40. No. 10. 
pp. 49-55 
 
Brambley, M. R., Pratt, R. G. (2000). Using Automated Diagnostic Tools to 
Provide Energy Services. Proceedings of the ACEEE 2000 Summer Study on 
Energy Efficiency in Buildings. Washington D.C  
 
Brambley, M., Haves, P., McDonald, S., Torcellini, P., Hansen, D., Holmberg, D., 
Roth, K. (2005a). Advanced Sensors and Controls for Building Applications: 
Market Assessment and Potential R&D Pathways. Pacific Northwest National 
Laboratory. PNNL-15149. 156 p. 
 
Brambley, M,. Katipamula, S., O’Neill, P. (2005b). Facility energy Management 
Via a Commercial Web Service. In: Capehart, B. L., Capehart, L. C.(ed.). 
Web Based Energy Information and Control Systems. Lilburn. Fairmont Press. 
537 p. ISBN 79-90 0-88173-501-9 
 
Braun, J,. Li, H. (2003). Automated fault detection and diagnostics of rooftop air 
conditioners for California. Deliverables 2.1.6a & 2.1.6b, Final report and 
economic assessment. Building Energy Efficiency Program, California Energy 
Commission. 
 
Briggs, R. O., De Vreede, G-J., Nunamaker, J. F., Sprague, R. H. (2003). Special 
Issue: Information Systems Success. Journal of Management Information 
Systems. Vol. 19. No. 4. pp. 5-8. 
 
Brown, K., Anderson, M., Harris, J. (2006). How Monitoring-Based 
Commissioning Contributes to Energy Efficiency for Commercial Buildings. 
Proceedings of the 2006 ACEEE Summer Study on Energy Efficiency in 
Buildings. Vol. 3. pp. 27-40 
 
Building Cost Information Service BCIS. (2010). Economic significance of 
maintenance. Building Cost Information Service. [Cited 26 Jan 2011]. Available 
at: http://www.bcis.co.uk/site/scripts/download_info.aspx?fileID=185 
 
Building Dashboard (2006). Building Dashboard. Making building performance 
visible in real time. Lucid Design Group brochure.  
 
Building EQ. (2011). Building EQ - intelligize your energy management: 
homepage. [Cited 2 Aug 2011]. Available at: http://www.buildingeq-online.net 



174 
 

 
Bushby, S.T,. Castro, N. S., Schein, J., House, J. M. (2001). Testing AHU rule-
based diagnostic tool & VAV diagnostic tool using the VCBT. Energy Efficient and 
Affordable Small Commercial and Residential Buildings Research Program Task 
Report. Gaithersburg, USA. 41 p. 
 
Buss, K. (2011). Behavioural Patterns for the Analysis of Creative Behaviour. 
Ph.D. Thesis. Software Technology Research Laboratory (STRL), De Montfort 
University. 
 
California Energy Commission (CEC). California Energy Commission, Public 
Interest Energy Research (PIER) Program, Research Write-Ups 1997 – 2006. 
[Cited 28 May 2007]. Available at: 
http://www.energy.ca.gov/pier/portfolio/PIERwriteups.htm 
 
Campbell, J. D. (1995). Uptime: Strategies for Excellence in Maintenance 
Management. Portland, OR. Productivity Press. 
 
CanmetENERGY. (2008). Building operation optimization, Recommissioning 
guide for building owner and managers. Natural Resources Canada. 136 p. 
 
CanmetENERGY. (2010). Commissioning Guide for New Buildings. Natural 
Resources Canada. 65 p. 
 
Capehart, B.L. (2007). Introduction to Web Based Enterprise Energy and 
Building Automation Systems. In: Capehart, B. L., Capehart, L. C., Allen, P., 
Green, D. (ed.). Web Based Enterprise Energy and Building Automation Systems. 
Lilburn. The Fairmont Press. 423 p. ISBN 0-88173-536-1 
 
CEN. (1997).  EN 308:1997. Heat exchangers. Test procedures for establishing 
performance of air to air and flue gases heat recovery devices. Brussels. European 
Committee for Standardization 
 
CEN. (2001). EN 13306:2001, Maintenance terminology. Brussels. European 
Committee for Standardization.  
 
CEN. (2006a). EN 13053:2006, Ventilation for buildings — Air handling units — 
Rating and performance for units, components and sections. Brussels. European 
Committee for Standardization.  
 
CEN. (2006b). CEN/TR 14788:2006, Ventilation for buildings - Design and 
dimensioning of residential ventilation systems. Brussels. European Committee 
for Standardization. 
 
CEN. (2007a). EN 13779:2007, Ventilation for non-residential buildings - 
Performance requirements for ventilation and room-conditioning systems. 
Brussels. European Committee for Standardization.  
 
CEN. (2007b). EN 15251:2007, Indoor environmental input parameters for 
design and assessment of energy performance of buildings addressing indoor air 
quality, thermal environment, lighting and acoustics. European committee for 
standardization.  
 
CEN. (2008). EN 15603:2008, Energy performance of buildings - Overall energy 
use and definition of energy ratings. Brussels. European Committee for 
Standardization. 



 

175 
 

 
Chan, K. T., Lee, R. H. K., Burnett, J. (2001). Maintenance performance: A case 
study of hospitality engineering systems. Facilities. Vol. 19. No 13/14. pp. 494 – 
503. 
 
Chiang, L. H., Russell, E. L., Braatz, R. D. (2001). Fault detection and diagnosis in 
industrial systems. London. Springer-Verlag. 293 p. ISBN 978-185233-327-0 
 
Choinière, D. (2008). DABO™: A BEMS Assisted On-Going Commissioning Tool. 
National Conference on Building Commissioning: April 22- 24, 2008. 
 
CIBSE. (2008). Maintenance engineering and management, a guide for designers, 
maintainers, building owners and operators, and facility managers. CIBSE Guide 
M. London. The Chartered Institution of Building Services Engineers.  
 
Claude-Alain, R. (2001). Indoor environment quality in buildings and its impact 
on outdoor environment. Energy and Buildings Vol. 33. pp. 183-191. 
 
Clements-Croome, D. (2000). Creating the productive workplace. Great Britain. E 
& FN Spon. 
 
Cole, R. J. (1998). Emerging trends in building environmental assessment 
methods. Building Research & Information. Vol. 26. No.1. pp. 3-16 
 
Davies, A. (1998). Handbook of condition monitoring: techniques and 
methodology. London. Chapman & Hall. 592 pp. ISBN 0-412-61320-4 
 
Davis, F. D. (1989). Perceived Usefulness, Perceived Ease of Use, and User 
Acceptance of Information Technology. MIS Quarterly. Vol. 13. No. 3, pp. 319-340 
 
Davis F. D., Bagozzi R. P., Warsaw P. R. (1989). User Acceptance of Computer 
Technology: A Comparison of Two Theoretical Models. Management Science. Vol. 
35. No. 8. pp. 982-1003. 
 
DeLone, W. H., McLean, E. R.(1992). Information Systems Success: The Quest for 
the Dependent Variable. Information Systems Research. Vol. 3. No. 1. pp. 60–95 
 
DeLone, W. H., McLean, E. R. (2003). The DeLone and McLean Model of 
Information Systems Success: A Ten-Year Update. Journal of Management 
Information Systems. Vol. 19. No. 4. pp. 9–30. 
 
De Marco, A., Ruffa, S., Mangano, G. (2010). Strategic factors affecting warehouse 
maintenance costs. Journal of Facilities Management. Vol. 8. No. 2. 
 
Dexter, A., Pakanen, J. (2001). Demonstrating Automated Fault Detection and 
Diagnosis Methods in Real Buildings. Espoo. Technical Research Centre of 
Finland, Laboratory of Heating and Ventilation. 381 p. ISBN 951-38-5725-5. 
 
Eardley, M. (2006).  Application of an Automated Fault Detection and 
Diagnostics Tool - Identified Faults in HVAC System Operation and Potential for 
Associated Energy Savings Denver Athletic Club. Denver, Colorado. Master’s 
Report, University of Colorado.  
 
Effinger, J., Friedman, H. (2010). The Right Measures: What Saves Energy in 
Existing Buildings. ASHRAE Journal. Vol. 52. No. 12. pp. 84-89 
 



176 
 

Eskola, J., Suoranta, J. (2000). Johdatus laadulliseen tutkimukseen. Tampere. 
Vastapaino. 266 p. ISBN 951-768-035-X 
 
European Commission (EC). (2010). Energy Efficiency in Buildings. European 
Commission. [Cited 2 Feb 2011]. Available at: 
http://ec.europa.eu/energy/efficiency/buildings/buildings_en.htm 
 
European Commission (EC). (2011). EU’s energy related strategies. European 
Commission. [Cited 2 Feb 2011]. Available at: 
http://ec.europa.eu/energy/strategies/index_en.htm 
 
Few, S. (2006). Information dashboard design: The effective visual 
communication of data. Sebastopol, CA, USA. O’Reilly Media, Inc. 211 p. ISBN 
978-0-596-10016-2.  
Finch, E. (2001).  Is IP everywhere the way ahead for building automation? 
Facilities. Vol. 19. No.  11/12. pp. 396-403 
 
FiSIAQ. (2008). The Finnish Classification of Indoor Environment 2008 (in 
Finnish). Finnish Society of Indoor Air Quality and Climate. 
 
Fisk, W. J. (2000). Review of Health and Productivity Gains From Better IEQ. 
Proceedings of Healthy Buildings 2000. Vol. 4. pp. 23-34. 
 
Frank, M., Friedman, H., Heinemeier, K., Toole, C., Claridge, D., Castro, N., 
Haves, P. (2007). State-of-the-Art Review for Commissioning Low Energy 
Buildings: Existing Cost/Benefit and Persistence Methodologies and Data, State 
of Development of Automated Tools and Assessment of Needs for Commissioning 
ZEB. NISTIR 7356. National Institute of Standards and Technology. U.S. 
Department of Commerce.  
 
Friedman, H., Piette, M. (2001). Comparative Guide to Emerging Diagnostic 
Tools for Large Commercial HVAC Systems. Lawrence Berkeley National 
Laboratory Report 48629. 
 
Friedman, H., Potter, A., Haasl, T., Claridge, D. (2003a). Strategies for 
Improving. Persistence of Commissioning Benefits. PECI Technical Paper 
 
Friedman, H., Potter, A., Haasl, T., Claridge, D., Cho, S. (2003b). Persistence of 
Benefits from New Building Commissioning. National Conference on Building 
Commissioning. May 20-22, 2003 
 
Friedman, H., Claridge, D., Choinière, D., Ferretti, N. M. (2010). Commissioning 
Cost-Benefit and Persistence of Savings, A Report of Cost-Effective 
Commissioning of Existing and Low Energy Buildings. Annex 47 of the 
International Energy Agency Energy Conservation in Buildings and Community 
Systems Program. 
 
Fortune, J., Peters, G. (2005). Information Systems: Achieving success by 
avoiding failure. Great Britain. John Wiley & Sons Ltd. 220 p. ISBN 0-470-86255-
6  
 
Fowler, K. M., Wang, N., Deru, M. P., Romero, R. L. (2010). Performance Metrics 
for Commercial Buildings. U.S. Department of Energy.  
 
Garza-Reyes, J. A., Eldridge, S., Barber, K. D., Soriano-Meier, H. (2010). Overall 
equipment effectiveness (OEE) and process capability (PC) measures: A 



 

177 
 

relationship analysis. International Journal of Quality & Reliability Management. 
Vol. 27. No. 1. pp. 48-62 
 
Gelderman, M. (1998). The relation between user satisfaction, usage of 
information systems and performance. Information & Management. Vol. 34, No. 
1. pp. 11-18 
 
General Services Administration (GSA). (2005). The building commissioning 
guide. Public Buildings Service, Office of the Chief Architect. 84 p. 
 
Gillham, B. (2000). The Research Interview. London. Continuum. 96 p. ISBN 0-
8264-4797-X 
 
Granderson, J,. Piette, M. A., Ghatikar, G., Price, P. (2009). Building Energy 
Information Systems: State of Technology and User Case Studies. Lawrence 
Berkeley National Laboratory. LBNL-2899E 
 
Gruber, P. (2001). Feedback from industrial partners in national projects 
including issues affecting commercialisation. In: Dexter, A., Pakanen, J. (2001). 
Demonstrating Automated Fault Detection and Diagnosis Methods in Real 
Buildings. Espoo. Technical Research Centre of Finland, 
Laboratory of Heating and Ventilation. 381 p. ISBN 951-38-5725-5 
 
Hagler Bailly Consulting, Inc.(1998). Building commissioning: survey of attitudes 
and practices in Wisconsin. Report 172-1. Energy Center of Wisconsin 
 
Hamdy, M., Hasan, A., Siren, K. (2011). Impact of adaptive thermal comfort 
criteria on building energy use and cooling equipment size using a multi-objective 
optimization scheme. Energy and Buildings, in press. 
 
Haves, P., Hitchcock, R. J., Gillespie, K. L., Brook, M., Shockman, C., Deringer, J. 
J., Kinney. K. L. (2006). Development of a Model Specification for Performance 
Monitoring Systems for Commercial Buildings. ACEEE Summer Study on Energy 
Efficiency in Buildings.  
 
Haves, P., Hitchcock, R. J. (2008). Performance Monitoring in Large Commercial 
Buildings: PIER final project report. Berkeley National Laboratory for the 
California Energy Commission, Public Interest Energy Research Program. 
 
Hertzum M. (2002). Organisational implementation: a complex but under-
recognised aspect of information-system design. Proceedings of the second 
Nordic conference on Human-computer interaction, NordiCHI, October 19-23.    
 
Hirvonen, J., Ventä, O. (2009). Design Process for Intelligent Algorithm Intensive 
Systems The 2nd International Multi-Conference on Engineering and 
Technological Innovation, Proceedings Volume I. International Institute of 
Informatics and Systemics. Winter Garden, Fl, USA, pp. 236-241 
 
Hirvonen, J., Kaasinen, E., Kotovirta, V., Lahtinen, J., Norros, L., Salo, L., 
Timonen, M., Tommila, T., Valkonen, J., van Gils, M., Ventä, O. (2010). 
Intelligence engineering framework. VTT Working Papers 140. 44 p. ISBN 978-
951-38-7480-3 
 
Holmberg, K., Helle, A., Halme, J. (2005). Prognostics for Industrial Machinery 
Availability. Maintenance, Condition Monitoring and Diagnostics. POHTO 2005 
International Seminar Sept 28th-29th 2005, Oulu, Finland. 



178 
 

 
Horner, R. M. W., El-Haram, M. A., Munns, A. K. (1997). Building maintenance 
strategy: a new management approach. Journal on Quality Maintenance 
Engineering. Vol. 3. No.4. pp. 273-280. 
 
Houttu, J. (2008). Facility technical metrics - industrial maintenance methods 
and solutions applied to facility maintenance (in Finnish). Master’s thesis. 
Helsinki University of Technology, Faculty of Electronics, Communication and 
Automation. 86 p. 
 
Huizenga, C., Zagreus, L., Arens, E. (2006).  Air Quality and Thermal Comfort in 
Office Buildings: Results of a Large Indoor Environmental Quality Survey. 
Proceedings of Healthy Buildings 2006, Lisbon. Vol. III. pp. 393-397 
 
Hyvärinen, J,. Kärki, S. (1996). Building Optimization and Fault Diagnosis Source 
Book. Espoo. Technical Research Center of Finland. 324 p. ISBN 952-5004-10-4. 
 
Hänninen, R. (2004). Raportoiva kiinteistö johtamisen päätöksenteon tukena. 
Seminar presentation. CUBE -Talotekniikan teknologiaohjelma Vuosiseminaari. 
11.10.2004 Helsinki. 
 
Ihasalo, H. (2007). Building Automation System Enabled Services for Real Estate 
Maintenance (in Finnish). Licentiate’s thesis. Helsinki University of Technology, 
Department of Automation and Systems Technology. 138 p. 
 
International Energy Agency (IEA). (2011). Technology Roadmap Energy-efficient 
Buildings: Heating and Cooling Equipment. Paris. International Energy Agency. 
 
International Organization for Standardization (ISO). (2005). ISO 7730:2005, 
Ergonomics of the thermal environment - Analytical determination and 
interpretation of thermal comfort using calculation of the PMV and PPD indices 
and local thermal comfort criteria. International Organization for Standardization 
 
IPMVP. (2002). International Performance Measurement & Verification Protocol, 
Concepts and Practices for Improved Indoor Environmental Quality Volume II. 
International Performance Measurement & Verification Protocol Committee. 
 
Isermann, R. (2005). Fault-Diagnosis Systems: An Introduction from Fault 
Detection to Fault Tolerance. New York. Springer. 493 p. ISBN 3-540-24112-4 
 
Ives, B., Olson, M. H., Baroudi, J. L. (1983). The Measurement of User 
Information Satisfaction. Communications of the ACM. Vol. 26. No. 10, pp. 785-
793. 
 
Jasar, Y. (2004). Guest Editorial, Performance measurement in the 21st century, 
From performance measurement to performance management. Business Process 
Management Journal. Vol. 10. No. 5. pp. 503-506. 
 
Jonsson, P,. Lesshammar, M. (1999). Evaluation and improvement of 
manufacturing performance measurement systems – the role of OEE. 
International Journal of Operations & Production Management. Vol. 19. No. 1. pp. 
55-78. 
 
Järvinen, H., Litvinov, A., Vuorimaa, P. (2011).  Integration Platform for Home 
and Building Automation Systems. 5th IEEE Workshop on Personalized 
Networks (PerNets 2011), Las Vegas, 9th January 2011 



 

179 
 

 
Järvinen, P. (2004). On research methods. Tampere, Finland. Opinpajan kirja. 
204 p. ISBN 952-99233-1-7 
 
Kadefors, A., Bröchner, J. (2004). Building users, owners and service providers: 
new relations and their effects. Facilities. Vol. 22. No. 11/12. pp. 278-283 
 
Kallela, J. (1996). Paradigms in automation, user participation to automation 
design (in Finnish). Espoo. Technical Research Centre of Finland. VTT 
publications 817. 148 p. ISBN 951-38-4526-5 
 
Kaplan, B., Maxwell, J. A. (2005). Qualitative research methods for evaluating 
computer information systems. In: Anderson, J. G., Aydin, C. E.  (Ed.). Evaluating 
the organizational impact of health care information systems. 2nd  ed. New York. 
Springer. 
 
Kaplan, R.S., Norton, D.P. (1992). The balanced scorecard -measures that drive 
performance. Harvard Business Review. January-February. pp- 71-79. 
 
Kasanen, E., Lukka, K., Siitonen, A. (1993). The Constructive Approach in 
Management Accounting Research. Journal of Management Accounting 
Research. Vol. 5. pp. 243-264. 
 
Kastner, W., Neugschwandtner, G., Soucek, S., Newman, H. M. (2005). 
Communication Systems for Building Automation and Control. Proceedings of the 
IEEE. Vol. 93. No. 6. pp. 1178-1203 
 
Katipamula, S., Pratt, R. G., Chassin, D. P., Taylor, Z. T., Gowri, K., Brambley, M. 
R. (1999). Automated fault detection and diagnostics for outdoor-air ventilation 
systems and economizers: Methodology and results from field testing. ASHRAE 
Transactions. Vol.105. No. 1. 
 
Katipamula, S. M,. Brambley, R., Bauman, N., Pratt, R.G. (2003). Enhancing 
building operations through automated diagnostics: Field test results. 
Proceedings 
of 2003 International Conference for Enhanced Building Operations. Berkeley, 
CA. 
 
Katipamula, S., Brambley, M. (2005a). Methods for Fault Detection, Diagnostics, 
and Prognostics for Building Systems—A Review, Part I. International Journal of 
HVAC&R Research. Vol. 11. No. 1. 
 
Katipamula, S., Brambley, M. (2005b) Methods for Fault Detection, Diagnostics, 
and Prognostics for Building Systems—A Review, Part II. International Journal 
of HVAC&R Research. Vol. 11. No. 2. 
 
Kauppinen, T.,  Nissinen, K., Möttönen, V. (2009). Performance Measurement. 
In: Wallis, I., Bilan, L., Smith, M (ed.). Industrialised, Integrated, Intelligent 
Construction HANDBOOK 1. I3CON. 193 p. ISBN 978-0-86022-683-3.  
 
Keegan, D.P., Eiler, R.G., Jones, C.R. (1989). Are your performance measures 
obsolete? Management Accounting. Vol. 70. No. 12, pp. 45-50. 
 
Keen, P. G. W. (1981). Information Systems and Organizational Change. 
Communications of ACM. Vol. 24, No. 1. 
 



180 
 

Koivisto, M. (2009). Mobile Information system adoption and use: beliefs and 
attitudes in mobile context. Doctoral Dissertation. TKK Dissertations 150. 
Helsinki University of Technology Faculty of Electronics, Communications and 
Automation Department of Communications and Networking. Espoo. Multiprint 
Oy. ISBN 978-951-22-9713-9  
 
Komonen, K. (2002). A cost model of industrial maintenance for profitability 
analysis and benchmarking. International Journal of Production Economics. Vol. 
79. No. 1. pp. 15-31  
 
Kukkonen, P. (2008). Facility maintenance metrics – tool for analyzing energy 
performance (in Finnish). Master’s thesis. Helsinki University of Technology, 
Faculty of Electronics, Communication and Automation. 119 p.  
 
Kumar, D. U., John Crocker, J., Knezevic, J., El-Haram, M. (2000). Reliability, 
Maintenance and Logistic Support - A Life Cycle Approach. Springer.  
 
Kärki, S., Hyvärinen, J. (1997). Monitoring the performance of air-conditioning 
plants (in Finnish). Espoo. VTT Research Notes 1832. 44 p. 
 
Kärki, S., Karjalainen, S. (1999). Performance factors as a basis of practical fault 
detection and diagnostics methods for air-handling units. ASHRAE Transactions. 
Atlanta. Vol. 105. No 1. pp. 1069-1077 
 
Laine, J. (2005). Redesign of transfer capabilities: studies in container shipping 
services. Doctoral dissertation. Helsinki school of economics. Acta Universitatis 
oeconomicae Helsingiensis A-254. 
 
Larsen, K. R. T. (2003). A taxonomy of Antecedents of Information Systems 
Success: Variable Analysis Studies. Journal of Management Information Systems. 
Vol. 20. No. 2. pp. 169-246 
 
Lateef, O.A. (2009). Building maintenance management in Malaysia.  Journal of  
Building Appraisal. Vol. 4. No.3. pp. 207-14. 
 
Lavy, S., Garcia, J. A., Dixit, M. K. (2010). Establishment of KPIs for facility 
performance measurement: review of literature. Facilities. Vol. 28. No. 9/10. pp. 
440-464 
 
Leavitt, H. J. (1965). Applying organizational change in industry: Structural, 
technological and humanistic approaches. In: March, J.G. (1965) Handbook of 
Organizations. Chicago. Rand McNaily.  
 
Legris P., Ingham J., Collerette P. (2003) Why do people use information 
technology? A critical review of the technology acceptance model. Information 
and Management. Vol. 40. pp. 191-204. 
 
Legris, C., Ferretti, N. M., Choiniere, D. (2010). Commissioning Overview, A 
Report of Cost-Effective Commissioning of Existing and Low Energy Buildings. 
Annex 47 of the International Energy Agency, Energy Conservation in Buildings 
and Community Systems Program. 
 
Lee, H. H.Y., Scott, D. (2009). Overview of maintenance strategy, acceptable 
maintenance standard and resources from a building maintenance operation 
perspective. Journal of Building Appraisal. Vol. 4. pp. 269–278 
 



 

181 
 

Lehrer, D. (2009a). Research Scoping Report: Visualizing Information in 
Commercial Buildings. Interim Report to the California Energy Commission 
(CEC) Public Interest Energy Research (PIER), September. 
 
Lehrer, D. (2009b). Visualizing Building Information - Using information 
feedback to educate and influence building managers and occupants. In: 
Centerline - Newsletter of the Center for the Built Environment at the University 
of California, Berkeley. Winter 2009. 
 
Lehrer, D., Vasudev, J. (2010). Visualizing Information to Improve Building 
Performance: A Study of Expert Users. Proceedings of the ACEEE Summer Study 
on Energy Efficiency in Buildings. Pacific Grove, CA, August 15-20. 10 p. 
 
Levermore, G. J. (2000). Building energy management systems: applications to 
low-energy HVAC and Natural Ventilation Control. 2nd ed. London. E & FN 
Spon. 519 p. ISBN 0-419-26140-0 
 
Liu, M., Claridge, D. E, Turner, W. D. (2002). Continuous Commissioning 
Guidebook for Federal Energy Managers, Maximizing Building Energy Efficiency 
and Comfort. Federal Energy Management Program, United State Department of 
Energy.  
 
Lindholm, A-L. (2008). A constructive study on creating core business relevant 
CREM strategy and performance measures. Facilities. Vol. 26. No. 7/8. pp. 343-
358. 
 
Lucid Design. (2011). Lucid Design Group - Building Dashboard - Making energy 
and water use visible, home page. [Cited 2 Aug 2011]. Available at: 
http://www.luciddesigngroup.com/index.php 
 
Lukka, K. (2000). The key issues of applying the constructive approach to field 
research. In: Reponen, T. (ed.). Management Expertise for the New Millenium, In 
commemoration of the 50th anniversary of the Turku School of Economics and 
Business Administration. Publications of the Turku School of Economics and 
Business Administration, A-1: 2000. 
 
Lukka, K. (2003). The constructive research approach. In: Ojala, L., Hilmola, O-P 
(ed.). Case study research in logistics. Publications of the Turku School of 
Economics and Business Administration, Series B 1: 2003. 
 
March, S. T., Smith, G. F. (1995). Design and natural science research on 
information technology. Decision Support Systems. Vol. 15. No. 4. pp. 251-266 
 
Marble, R. P. (2000). Operationalising the implementation puzzle: an argument 
for eclecticism in research and in practice. European Journal of Information 
Systems. Vol. 9. pp. 132–147 
 
Matson, N. E., Piette, M. A. (2005). Review of California and National Methods 
for Energy-Performance Benchmarking of Commercial Buildings. Lawrence 
Berkeley National Laboratory No. 57364. 
 
Mazzarella, L., Liziero, M., Neumann, C., Jacob, D (ed.). (2009). Description of 
European Prototype Tool for Evaluation of Building Performance and the national 
tools. Building EQ Tools and methods for linking EPDB and continuous 
commissioning. 91 p. 
 



182 
 

McConville, J., LaRocque, T. (1999). Simple, Low-cost Vibration Monitoring of 
Cooling Towers at Bristol-Myers Squibb. P/PMTECHNOLOGY, August, 1999. 
[Cited 25 March 2011]. Available at: 
https://www.ctconline.com/pdf/pubTechPapers/03-Cooling%20Towers%20-
%20Low%20Cost%20Vibration%20Monitoring%20-
%20Machine%20Plant%20&%20Systems.pdf 
 
Mclean, S. (2009). Why does maintenance planning require a bespoke approach. 
Journal of Building Appraisal. Vol. 5. No. 1. pp 1-5 
 
McNeill, J., Zhai, J., Tan, G., Stetz, M. (2007). Protocols for Measuring and 
Reporting the On-site Performance of Buildings Except Low-Rise Residential 
Buildings, Final Report. University of Colorado and Nexant, Inc 
 
Merz, H., Hansemann, T., Hübner, C. (2009). Building automation: 
communication systems with EIB/KNX, LON und BACnet. Berlin. Springer. 282 
p. ISBN 978-3-540-88828-4 
 
Metso. (2011). Metso DNA feature & benefits. [Cited 12 Aug 2011]. Available at: 
http://www.metso.com/Automation/ip_prod.nsf/WebWID/WTB-110316-2256F-
2F528?OpenDocument 
 
Mills, E, H., Friedman, T., Powell, N., Bourassa, D., Claridge, T., Haasl, T., Piette, 
M. A. (2004). The Cost-Effectiveness of Commercial-Buildings Commissioning: A 
Meta-Analysis of Energy and Non-Energy Impacts in Existing Buildings and New 
Construction in the United States. Lawrence Berkeley National Laboratory Report 
No.56637 
 
Mills, K., Mercken, R. (2004). The use of the balanced scorecard for the 
evaluation of information and communication technology projects. International 
Journal of Project Management. Vol. 22. No. 2. pp. 87 – 97. 
 
Mills, E., Mathew, P. (2009). Monitoring-based commissioning: Benchmarking 
analysis of 24 UC/CSU/IOU projects. Report Prepared for:California Energy 
Commission Public Interest Energy Research (PIER) Technology Demonstration 
Program. Lawrence Berkeley National Laboratory. LBNL-1972E. 
 
Mobley, R. K. (1998). Condition based maintenance. In: Davies, A. (1998). 
Handbook of condition monitoring: techniques and methodology. London. 
Chapman & Hall. 592 p. ISBN 0-412-61320-4 
 
Mobley, R, K. (2004). Maintenance Fundamentals, 2nd ed. USA. Elsevier Inc. 418 
p. ISBN 0-7506-7798-8.  
 
Moseki, L. K., Tembo, E., Cloete, C. E. (2011). The principles and practice of 
facilities maintenance in Botswana. Journal of corporate Real Estate. Vol. 13. No. 
1. 
 
Motegi, N., Piette M., Kinney, S.,  Herter, K. (2002). Web-based Energy 
Information Systems for Energy Management and Demand Response in 
Commercial Buildings. Lawrence Berkeley National Laboratory Report 52510 
 
Muchiri, P., Pintelon, L., Gelders, L., Martin, H. (2011). Development of 
maintenance function performance measurement framework and indicators. 
International Journal of Production Economics. Vol. 131. No. 1. pp. 295-302 
 



 

183 
 

Månsson, L-G., McIntyre, D. (1997). Technical Synthesis Report. A Summary of 
IEA Annexes 16 & 17 Building Energy Management Systems. International Energy 
Agency, Energy Conservation in Buildings and Community Systems. 
 
Mäkelä, K. (1990). Kvalitatiivisen analyysin arviointiperusteet. In: Mäkelä, K. 
(Ed.) Kvalitatiivisen aineiston analyysi ja tulkinta. Helsinki. Gaudeamus. p. 285. 
ISBN 951-662-502-9 
 
Nakajima, S. (1989). TPM Development Program: Implementing Total Productive 
Maintenance. Productivity Press. 403 p. ISBN 0-915299-37-2.  
 
Nasa. (2008). RCM Guide, Reliability-centered Maintenance Guide for Facilites 
and Collateral Equipment. National Aeronautics and Space Administration. 
September 2008. 472 p.  
 
Neely, A., Adams, C., Kennerley, M. (2002).  The Performance Prism: The 
Scorecard for Measuring and Managing Business Success. Financial Times 
Prentice Hall. 208 p. ISBN 978-0273653349 
 
Neuendorf , K. A. (2002). The content analysis guidebook. Thousands Oaks. Sage 
Publications. 320 p. ISBN 978-0761919780 
 
Neumann, C., Jacob, D. (2010). Results of the project Building EQ Tools and 
methods for linking EPBD and continuous commissioning.  
 
Neumann, C., Yoshida, H., Choinière, D., Ferretti, N. M. (2010). Commissioning 
tools for existing and low energy buildings. A Report of Cost-Effective 
Commissioning of Existing and Low Energy Buildings. Annex 47 of the 
International Energy Agency Energy Conservation in Buildings and Community 
Systems Program. 
 
New Buildings Institute (NBI). (2009). Advanced metering and energy 
information systems.. White Salmon, Washington. New Buildings Institute. 34 p. 
 
Nielsen, J. (1993). Usability Engineering. San Diego, USA. Academic Press. 362 p. 
ISBN 978-0-12-518406-9 
 
Nita, K., Sun, M., Petly, G., Barret, P. (2002). Improving the business process of 
reactive maintenance projects. Facilities Vol. 20. No. 7/8.  
 
Norford, L. K., Wright, J. A., Buswell, R. A., Luo, D., Klaassen, C. J., Suby, A. 
(2002). Demonstration of fault detection and diagnosis methods for air-handling 
units. International Journal of HVAC&R Research. Vol. 8. No. 1. pp. 41-71. 
 
NRCan. (2003). Energy Management Information Systems, Achieving improved 
energy efficiency, A handbook for managers, engineers and operational staff. 
Office of Energy Efficiency of Natural Resources Canada. 93 p. ISBN 0-662-
38024-X 
 
Ollila , A., Malmipuro , M . (1999) Maintenance has a role in quality. The TQM 
Magazine. Vol. 11. No. 1. pp. 17-21.  
 
Office for National Statistics ONS. (2010). Capital Stocks, Capital Consumption 
and Non-Financial Balance Sheets. Office for National Statistics. [Cited 26 Jan 
2011]. Available at: http://www.statistics.gov.uk/pdfdir/capstocks0810.pdf 
 



184 
 

O'Reilly, A. (1982). Variations in decisions makers' use of information sources: 
the impact of quality and accessibility of information. Academy of Management 
Journal. Vol. 25. No. 4. pp. 756-771. 
 
Parida, A., Kumar, U. (2006).  Maintenance performance measurement (MPM): 
issues and challenges. Journal of Quality in Maintenance Engineering. Vol. 12. 
No. 3. pp. 239-251. 
 
Parida, A., Chattopadhyay, G. (2007). Development of a multi-criteria 
hierarchical framework for maintenance performance measurement (MPM). 
Journal of Quality in Maintenance Engineering. Vol. 13. No. 3. pp. 241-258 
 
Parida, A., Kumar, U. (2009). Maintenance Productivity and Performance 
measurement. In: Ben-Daya, M., Duffuaa, S. O., Raouf, A., Knezevic, J., Ait-Kadi, 
D. (Ed.). Handbook of Maintenance Management and Engineering. London. 
Springer-Verlag. 741 p. ISBN 978-1-84882-471-3 
 
Parker, M., Benson, R. J., Trainor, H. E. (1988). Information economics: linking 
business performance to information technology. Prentice-Hall. 352 p.  
 
Patton, M.Q. (2002). Qualitative research & evaluation methods, 3rd ed. 
Thousand Oaks, USA. Sage Publications, Inc. 598 p. ISBN 0-7619-1971-6 
 
Petze, J. D. (1996). Factors Affecting the Acceptance and Successful 
Implementation of Building Automation Systems. Proceedings of the ACEEE 
1996 Summer Study on Energy Efficiency in Buildings. 
 
Pietiläinen, J., Kauppinen, T., Kovanen, K., Nykänen, V., Nyman, M., Paiho. S. 
Peltonen, J., Pihjala, H. (2007). The building commissioning procedure in 
Finland (ToVa). The 2007 National Conference on Building Commissioning, May 
2-4, 2007, Chicago. 13 p. 
 
Piette, M. A., Khalsa, S., Haves, P. (2000). Use of an Information Monitoring and 
Diagnostic System to Improve Building Operations. Proceedings of the 2000 
ACEEE Summer Study on Energy Efficiency in Buildings. Pacific Grove, CA: 
August 2000. 
 
Piette, M. A., Kinney, S., Friedman, H. (2001). EMCS and time-series energy data 
analysis in a large government office building. Lawrence Berkeley National 
Laboratory. LBNL-47699 
 
Piikkilä, V (ed.). (2008). Kiinteistöjen valvomojärjestelmät. ST-Käsikirja 22. 
Espoo. Sähkötieto ry. 168 p. ISBN 978-952-5600-93-3 
 
Portland Energy Conservation, Inc (PECI). (1999a). Fifteen O&M Best Practices 
for Energy Efficient Buildings. [Cited 26 Jan 2011]. Available at: 
http://www.peci.org/documents/PECI_15BestOM_0302.pdf 
  
Portland Energy Conservation, Inc (PECI). (1999b). Putting the “O” Back in O&M 
Best Practices in Preventive Operations, Tracking, and Scheduling. [Cited 26 Jan 
2011]. Available at: http://www.peci.org/documents/PECI_OBackinOM.pdf 
 
Portland Energy Conservation, Inc (PECI). (2006a). California Commissioning 
Guide: New Buildings. California Commissioning Collaborative.  
 
Portland Energy Conservation, Inc (PECI). (2006b). California Commissioning 



 

185 
 

Guide: Existing Buildings. California Commissioning Collaborative.  
 
Poulos, J. (2007). Existing Building Commissioning. ASHRAE Journal. Sept. 
2007 
 
Reinisch, C., Kastner, W., Neugschwandtner, G., Granzer, W.  (2007). Wireless 
Technologies in Home and Building Automation. 5th IEEE International 
Conference on Industrial Informatics, Vienna, Austria, 23-27 July 2007. pp. 93-
98 
 
Rembrand. (2004). Palveleva kiinteistöliiketoiminta Rembrand 1999-2003, Tekes 
teknologiaohjelmaraportti 16/2004. Helsinki. ISBN 952-457-171-4. 54 p. 
 
Rice, R.E., Shook, D.E. (1988). Access to, usage of, and outcomes from an 
electronic messaging system. ACM Transactions on Office Information Systems. 
Vol. 6. No. 3. pp.  255-276 
 
Rossi, T. M., Braun, J. E., Ray, W. (1996). Fault detection and diagnosis methods. 
In: Hyvärinen, J., Kärki, S. (1996). Building Optimization and Fault Diagnosis 
Source Book. Espoo. Technical Research Center of Finland. 324 p. ISBN 952-
5004-10-4. 
 
Roth, K. W., Westphalen, D., Feng, M. Y., Liana, P., Quartararo, L. (2005). Energy 
Impact of Commercial Building Controls and Performance Diagnostics: Market 
Characterization, Energy Impact of Building Faults and Energy Saving Potential, 
Final Report. Prepared by TIAX LLC for U.S Department of Energy Building 
Technologies Program. 
 
Roulet, C-A. (2001). Indoor environment quality in buildings and its impact on 
outdoor environment. Energy and Buildings. Vol. 33. No. 3. pp. 183-191 
 
SAP. (2011). SAP Crystal Dashboard Design, personal edition. [Cited 3 Aug 2011]. 
Available at: http://www.sap.com/solutions/sap-crystal-solutions/dashboards-
visualization/sapcrystaldashboard-personal/index.epx 
 
Sapp, D. (2010). Facilities Operations & Maintenance. [Cited 26 Jan 2011]. 
Available at: http://www.wbdg.org/om/om.php 
 
Schein, J., Bushby, S. T. (2005). Fault Detection & Diagnostics For AHUs and 
VAV Boxes. ASHRAE Journal. Vol. 47.  No. 7. pp. 58-63 
 
Schein, J. (2006). Results from Field Testing of Embedded Air Handling Unit and 
Variable Air Volume Box Fault Detection Tools. National Institute of Standards 
and Technology Report 7365. 
 
Schultzea, U., Boland, R. J. (2000). Knowledge management technology and the 
reproduction of knowledge work practices. Journal of Strategic Information 
Systems 9. pp. 193-212. 
 
Seaman, A. (2001). Condition Based Maintenance: An Evaluation Guide for 
Building Services. BSRIA Application Guide AG 5/2001. 47 p. 
 
Seeley, I. H. (1987). Building Maintenance. 2nd ed. Great Britain. Macmillan 
Press ltd. 452 p. ISBN 0-333-71692-2 
 
Seem, J. (2001). A personal view of commercial exploitation. In: Dexter, A; 



186 
 

Pakanen, J. (2001). Demonstrating Automated Fault Detection and Diagnosis 
Methods in Real Buildings. Espoo. Technical Research Centre of Finland, 
Laboratory of Heating and Ventilation. 381 p. ISBN 951-38-5725-5. 
 
Seppänen, O. (ed.) (2004). Tuottava toimisto 2005. Loppuraportti. Raportti B77. 
Espoo. Teknillinen korkeakoulu.  
 
Shaw, S. R., Norford, L. K., Leeb, S. B., Luo, D. (2002). Detection and Diagnosis 
of HVAC Faults via Electrical Load Monitoring. HVAC&R Research. Vol. 8. No. 1. 
 
Smith, C., Norton, B., Ellis, D. (1992). Leavitt's Diamond and the Flatter Library - 
A Case Study in Organizational Change. Library Management. Vol. 13. No 5. pp. 
18-22. 
 
Smith, W. (2003). Final Report: Energy efficient and affordable commercial and 
residential buildings. California Energy Commission. Report number P500-03- 
096. [Cited 22 May 2007] Available at: http://www.archenergy.com/cec-
eeb/P500-03-096-rev2-final.pdf. 
 
The Standish Group. (2009). CHAOS Summary 2009. [Cited 6 Apr 2011]. 
Available at: http://www.standishgroup.com/ 
 
Soucek, S., Loy, D. (2007). Vertical Integration in Building Automation Systems. 
Proceedings of the 5th IEEE International Conference on Industrial Informatics 
2007. pp. 81-86 
 
Sugarman, S. C. (2005).  HVAC fundamentals. Lilburn, USA. Fairmont Press. 300 
p. ISBN 0-88173-489-6.  
 
Sullivan, G. P., Pugh, R., Melendez, A. P., Hunt, W. D. (2010). Operations & 
Maintenance Best Practices, A Guide to Achieving Operational Efficiency, Release 
3.0. U.S. Department of Energy, Energy Efficiency and Renewable Energy. [Cited 
26 Jan 2010]. Available at: http://www1.eere.energy.gov/femp/pdfs/OandM.pdf 
 
Suomen Standardisoimisliitto (SFS). (1993). SFS 5768, Controls for air 
conditioning systems, function requirements (in Finnish). Helsinki. The Finnish 
Standards Association 
 
Tom, S. (2004). Introduction to Web-based Information and Control Systems. In: 
Capehart, B.L. (ed.). Information Technology for Energy Managers. Lilburn. The 
Fairmont Press. 400 p. ISBN 0-88173-449-7 
 
Tridium. (2011). Solutions For Connecting Devices to the Enterprise. [Cited 3 Aug 
2011]. Available at: http://www.tridium.com/ 
 
Tsang, A. H. C. (1998).A strategic approach to managing maintenance 
performance. Journal of Quality in Maintenance Engineering. Vol. 4. No. 2. pp. 
87–94. 
 
Tsang, A. H. C., Jardine, A. K. S., Kolodny, H. (1999). Measuring maintenance 
performance: a holistic approach. International Journal of Operations & 
Production Management. Vol. 19. No. 7. pp. 691-715. 
 
Tsang, A.H.C. (2002).  Strategic dimensions of maintenance management. 
Journal of Quality in Maintenance Engineering. Vol. 8. No. 1. pp. 7-39. 
 



 

187 
 

Tuomela, A., Puhto, J. (2001). Service Provision Trends of Facility Management 
in Northern Europe. Espoo. Helsinki University of Technology Construction 
Economics and Management Publications 199. TKK-RTA-R199. 102 p. ISBN 951-
22-5791-2.  
 
Tuomi, J., Sarajärvi, A. (2002). Laadullinen tutkimus ja sisällönanalyysi. 
Helsinki. Tammi. 158 p. ISBN 951-26-4856-3 
 
Ulickey, J., Fackler, T., Koeppel, E., Soper, J. (2010). Building Performance 
Tracking in Large Commercial Buildings: Tools and Strategies, Subtask 4.3 
Research Report: Characterize Energy Performance Tracking Strategy Support 
Tools. California Energy Commissioning 
 
Veldman, J., Klingenberg, W., Wortmann, H. (2011). Managing condition-based 
maintenance technology, a multiple case study in the process industry. Journal of 
Quality in Maintenance Engineering. Vol. 17. No. 1. pp. 40-62 
 
Venkatasubramanian, V., Rengaswamy, R., Kavuri, S. N., Yin, K. (2003). A review 
of process fault detection and diagnosis Part III: Process history based methods. 
Computers and Chemical Engineering 27. pp. 327-346. 
 
Venkatesh, V., Morris, M.G., Davis, G. B, Davis, F. D. (2003). User Acceptance  of 
Information Technology: Toward a Unified View. MIS Quarterly. Vol. 27. No. 3. 
pp. 425-278  
 
Viglione, L. (2010). Accelerating Wireless Controls in the Retrofit Market. 
AutomatedBuildings.com. [Cited 15 Sept 2011]. Available at: 
http://www.automatedbuildings.com/ 
 
Visier, J. C. (2004). Commissioning tools for improved energy performance. 
Results of IEA ECBCS Annex 40. 201 p. 
 
Visier, J-C., Heinemeier, K. (2001). Customer benefits, user needs, and user 
interfaces. In: Dexter, A., Pakanen, J. (2001). Demonstrating Automated Fault 
Detection and Diagnosis Methods in Real Buildings. Espoo. Technical Research 
Centre of Finland, Laboratory of Heating and Ventilation. 381 p. ISBN 951-38-
5725-5 
 
Wacklin, J. (2010). Utilization of Frequency Converter Measurement Data in 
Facility Technical Drives (in Finnish). Master’s thesis. Tampere University of 
Technology, Electrical Engineering. 57 p. 
 
Wang, P., Vachtsevanos, G. (1999). Fault Prognosis Using Dynamic Wavelet 
Neural Networks. AAAI Technical Report SS-99-04. Association for the 
Advancement of Artificial Intelligence. 
 
Wang, S., Xu, Z., Cao, J., Zhang, J. (2007). Middleware for web service-enabled 
integration and interoperation of intelligent building systems. Automation in 
Construction. Vol. 16. pp. 112–121 
 
Webster, T. (2005). Trends in Energy Management Technologies - Part 5: 
Effectiveness of Energy Management Systems: What the Experts Say and Case 
Studies Reveal. New Technology Demonstration Program, Federal Energy 
Management Program. Lawrence Berkeley National Laboratory. LBNL – 57772 
 
Williams, J. H., Davies, A., Drake, P. R. (1994). Condition-based maintenance and 



188 
 

machine diagnostics. Chapman & Hall. London. 0-412-46500-0. 187 p. 
 
Williamson , R. M. (2004). Don’t Be Misled by O.E.E. Strategic Work Systems, 
Inc. [Cited 12 May 2011]. Available at: 
http://www.swspitcrew.com/articles/Don't%20be%20Misled%20by%20OEE%2
00804.pdf 
 
Wixom, B. H., Todd, P. A. (2005). A Theoretical Integration of User Satisfaction 
andTtechnology Acceptance. Information Systems Research. Vol. 16. No. 1. pp. 
85-102. 
 
Wong, A. C. W., So, A. T. P. (1997).  Building Automation In The 2lst Century. 
Proceedings of the 4th International Conference on Advances in Power System 
Control, Operation and Management, APSCOM-97, Hong Kong, November 1997. 
pp. 819-824 
 
Wood, B. (2003). Approaching the care-free building. Facilities. Vol. 21. No. 3/4. 
pp 74–79. 
 
Wood, B. (2005). Towards innovative building maintenance. Structural Survey 
Vol. 23. No. 4.  pp. 291-297 
 
Wudhikarn, R. (2010). Overall Weighting Equipment Effectiveness. IEEE 
International Conference on Industrial Engineering and Engineering 
Management (IEEM), Macau 7-10 Dec.  
 
W3C. (2004). Web Services Glossary, W3C Working Group Note 11 February 
2004. The World Wide Web Consortium. [Cited 4 Sept 2011]. Available at: 
http://www.w3.org/TR/ws-gloss/ 
 
Ympäristöministeriö (YM). (2003). Ilmanvaihdon lämmöntalteenotto 
lämpöhäviöiden tasauslaskennassa. Ympäristöministeriön moniste 122. 
Ympäristöministeriö, Asunto- ja rakennusosasto. Helsinki. 35 p. 
 
Zhivov, A., Pietiläinen, J., Reinikainen, E., Schmidt, F., Woody, A. (2009). Energy 
Process Assessment Protocol. International Energy Agency, Energy Conservation 
in Buildings and Community Systems Program, Annex 46. 

Zviran, M., Erlich, Z. (2003). Measuring IS User Satisfaction: Review and 
Implications. Communications of the Association for Information Systems. Vol. 
12. pp. 81-103 
 
Österlind, F., Pramsten, E., Roberthson, D., Eriksson, J., Finne, N., Voigt, 
T.(2007). Integrating Building Automation Systems and Wireless Sensor 
Networks. 12th IEEE Conference on Emerging Technologies and Factory 
Automation, Patras, Greece, 25-28 September 2007. pp. 1376-1379 
 
 

 

 

  



 

189 
 

Appendix A: Key building 
performance indicators 

Key building performance indicators (adapted from Lavy et al. 2010) part 1/2 

 
 

 

 

 

 

 

 
 

 

 

Indicat o rs U ni t s Ind icat o rs Unit s Ind icat o rs Unit s Ind icat o rs U ni t s

Operat ing costs $US per (1) unit area, 
(2) person, (3) 
employee or (4) 
product

Building physical 
condition - 
quant itat ive: Building 
Performance Index 
(BPI)

M easured as a 100-
point scale

Product ivity (1) turnovers per 
year; (2) absentees 
per year; (3) survey-
based data

Customer/building 
occupants' 
satisfaction with 
products or services

Survey-based data

Occupancy costs $US per (1) unit area, 
(2) person, (3) 
employee or (4) 
product

Building physical 
condition - 
qualitative: general 
building maintenance 
in: (1) building 
physical condit ion; 
(2) sanit ary, 
plumbing adn storm 
water; (3) mechanical 
services; and (4) 
light ing and electrical

M easured on a scale 
of good, fair, poor 
and unsarisfactory 
based on condition 
assessment

Parking Number of parking 
spaces per person

Community 
satisfaction and 
participation

Survey-based data

Utility costs $US per unit area Property and real 
estate

Area in sq. Ft. And 
fraction of leased or 
owned area in % of 
total real estate

Space ut ilization Survey-based data Learning environment , 
educat ional 
suitability, and 
appropriateness of 
facilit y for its 
f i

Survey-based data

Capital costs $US or $US per 
employee

Waste Volume per year or 
month, $US per year 
or month, ton per 
month & $US per 
month; reused or 
recycled waste: 
percentage of total 
waste generated; 
disposal cost :$US 
per volume

Employee or 
occupant 's turnover 
rate

Ratio (number of 
employees turned 
over to the total 
average number or 
employees in a given 
period of time) and 
number or turnovers 
per year

Appearance Survey-based data

Building maintenance 
cost

$US per unit area Health and safety Employees' number 
of accidents per year, 
number of lost work 
hours, number of 
workers' 
compensat ion claims

M ission and vision, 
and M ission 
Dependency Index 
(M DI)

M DI is measured 
using a 100-point 
scale

Grounds-keeping 
cost

$US per unit area Indoor environmental 
qualit y (IEQ)

Each parameter is 
measured in it s 
respective units of 
measurement

Adequacy of space Survey-based data

Custodial and 
janitorial cost

$US per unit area Accessibilit y for 
disabled

M easured on the 
basis of level of 
accessibility of the 
facilit y for disabled 

Current replacement 
value (CRV)

$US Resource 
consumption - 
energy, (1) energy 
use: total facility 
energy use; or 
building energy use; 
(2) net energy 
consumption; (3) 
annual energy 
consumption; (4) 
total natural gas 
consumption; (5) 
building elect rical 
consumption; or (6) 
building elect rical 
demand, demand 
intensity, or peak 

(1) kWh, Btu or 
Joules; (2) kWh, Btu 
or Joules; (3) kWh or 
KVA, kWh or kVA 
per unit area per 
hour, or kWh or KVA 
per person per hour; 
(4) kBtu per unit 
area, kBtu per 
person, or threms per 
year; (5) kW or kVA; 
(6) kWh per sg.f t or 
kVA per sq.ft ., kW or 
kVA

F inancial Physical F unct io nal Survey- based
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Key building performance indicators (adapted from Lavy et al. 2010) part 2/2 

 
  

Ind icat o rs U nit s Ind icat ors Units Ind icat o rs U nits Ind icat ors U nit s

Deferred maintenance 
and deferred 
maintenance backlog

$US Resource 
consumpt ion - water: 
(1) water 
consumption; or (2) 
net water 
consumpt ion

(1) Total building 
water use; (2) Total 
water consumpt ion 
minus reused, 
recycled and t reated 
water

Capital renewal $US Resource 
consumpt ion - 
materials: (1) material 
consumption; or (2) 
net material 
consumpt ion

(1) Quant ity of total 
material used in the 
process of operat ion 
and /or product ion; 
(2) Total material 
consumpt ion minus 
waste, reused, and 
recycled material

M aintenance 
eff iciency indicators 
(M EI)

M EI values can be 
divided into three 
ranges: low, 
reasonable, and high, 
based on the actual 
investment in 
maintenance, 
compared to the 
actual performance 
of the building

Security Describes the 
condit ion of  security  
and ef fect iveness of 
security measures in 
the facility or 
organizat ion

Facility condit ion 
index (FCI)

Percentage of CRV Site and locat ion Characterict is  of  
facility's site in terms 
of sixe, locat ion, 
safety, sound and 
quality, accessibility, 
contours, 
preservat ion and 
development

Churn rate and churn 
costs

Expressed as 
percentage of total 
average employees in 
a specific t ime period 
or in currency

F inancial Physical F unct ional Survey- b ased
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Appendix B: Energy performance 
metrics  

 Energy performance metrics (adapted from Fowler et al. 2010) 

 

Level 1 Level 2 Level 3 Level 4 Reporting Units

Total  Bui lding 
Ene rgy  Us e

kBtu/ft2, tota l & i temized by fuel type

Total  Bui lding 
Ene rgy  Cos t

cost/ft2, total & i temized by fuel type

Indoor Energy Us e kBtu/ft2, tota l & i temized by fuel type

Indoor Energy Cos t cost/ft2, total & i temized by fuel type

Lighting Energy Use kWh/ft2

Ins ta l led Lighti ng Energy Us e kWh/ft2, kWh/occupa nt

Pl ug-in Lighting Energy Us e kWh/ft2, kWh/occupa nt

Fa cade Li ghting Energy Us e kWh/ft2  of  fa ca de  a rea

HVAC  Ene rgy  Us e Btu/ft2, Btu/occupant, tota l & itemized by fuel type

Pump Energy Us e Btu/ft2, Btu/occupant

Fa n Energy Use Btu/ft2, Btu/occupant

Exhaust Fan Energy Use Btu/ft2, Btu/occupant

Chi l ler  Energy Us e Btu/ft2, Btu/occupant

Boi ler Energy Use Btu/ft2, Btu/occupant

Reheat  Coi l  Energy  Use Btu/ft2, Btu/occupant

Pa cka ged HVAC Energy Us e Btu/ft2, Btu/occupant

Hea t Rejection Energy Us e Btu/ft2, Btu/occupant

Purcha s ed Chi l ler Wate r Energy Us e Btu/ft2, Btu/occupant

Purcha s ed Stea m Energy Use Btu/ft2, Btu/occupant

Air Compress or Energy Us e Btu/ft2, Btu/occupant

Freeze Protection Energy Us e Btu/ft2, Btu/occupant

DHW Energy Us e Btu/occupa nt, Btu/gal

People-mover Energy 
Us e

kWh/mover

El evator Energy Us e kWh/mover

Es cal ator/Moving Sidewa lk  Energy Use kWh/mover

Refrigera tion Energy 
Us e

kWh/ft2

Refirgera tion Compres s or Energy Us e kWh/ft2, kWh/occupa nt

Refirgera tion Condens er Energy Use kWh/ft2, kWh/occupa nt

Refirgera tion Evapora tor/Ca se Fan Energy Use kWh/ft2, kWh/occupa nt

Refirgera tion Cas e Lighting Energy Use kWh/ft2, kWh/occupa nt

Refirgera tion Defrost Energy Use kWh/ft2, kWh/occupa nt

Refirgera tion Anti Sweat/Door Heate r Energy Us e kWh/ft2, kWh/occupa nt

Cooking Energy Use kWh/ft2

Dis hwa sher Energy 
Us e

kWh/ft2

Plug Loa d Energy Use kWh/ft2, kW/ft2

Da ta  Center  Energy  
Us e

kWh/ft2, kW/ft2

Other Bui lding Energy 
Us e

kWh/ft2, kW/ft2

Swi mming Pool (hot wa ter) Energy Us e Btu/ft2, Btu/occupant

Swi mming Pool (pump) Energy Us e Btu/ft2, Btu/occupant

Wa ter Feature Pump Energy Use Btu/ft2, Btu/occupant

Wa ter Trea tment Energy Use Btu/ft2, Btu/occupant

Laundry Energy Use Btu/ft2, Btu/occupant

Indus tria l  Proce s s  
Energy Use

Btu/unit production

Cogenera tion Fuel  
Us e

Btu/ft2

Cogenera tion 
Electrica l Output

kWh/ft2

Cogenera tion 
Therma l Output

Btu/ft2

Cogenera tion Los s es % los s /tota l energy

Outdoor Energy Us e kBtu/ft2, tota l & i temized by fuel type

Outdoor Energy Cos t cost/s i te area

Parking Lot Lighti ng 
Energy Use

kWh/s ite area, kW/s ite area

Wa lkway Lighting 
Energy Use

kWh/s ite area, kW/s ite area

Sign Lighti ng Energy 
Us e

kWh/s ite area, kW/s ite area

Lands cape Lighting 
Energy Use

kWh/s ite area, kW/s ite area

Outdoor Swimming 
Pool Energy Use

kWh/s i te  area

Lands cape  Ene rgy  Us e Btu/s i te  area

Lands cape  Ene rgy  Cos t cost/s i te area

Motorized Equipme nt 
Energy Use

fuel  ga l/s i te  area

Electric  Equipment 
Energy Use

kWh/s i te  area
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