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Abstract 

Reducing the greenhouse gas (GHG) emissions and shrinking the environmental footprint are 

priority themes of the Federal Sustainable Development Strategy of Canada. Public buildings 

account for the major portion of the corporate GHG footprint of public sector institutions.  

Improving the energy efficiency in buildings is vital in achieving the climate action targets 

pertaining to the public sector. According to Canadian Infrastructure Report Card, the physical 

condition of public buildings is expected to deteriorate in the future. In order to make the best use 

of the limited financial resources, hybrid building management plans which combine energy 

efficiency with physical condition improvement need to be developed. Building maintenance and 

retrofit plans are formulated for medium and long terms in the capital asset planning process. 

There is significant uncertainty associated with asset management decision making due to macro-

economic variations such as technological advancements and new policies. At present, there are 

no pragmatic decision making methods that assist building asset management while incorporating 

future macro-economic changes. This research aims to bridge the aforementioned gap in literature 

by developing a multi-period asset management framework.   

The overall objective of the proposed research is aimed at developing a decision support 

framework for small and medium scale municipalities in Canada to attain climate action targets 

of municipal buildings, while prolonging the service life of the building components. This 

research will help to identify, evaluate, and prioritize maintenance or repair or replacement 

strategies, and to develop a comprehensive multi-period life cycle asset management plan based 

on allocated funding, targeted sustainability performance and future macro-economic changes. 

The findings of this research will extend the current body of knowledge by incorporating potential 

future technological advancement and climate action targets into the asset management decision 

making. The proposed asset management decision support framework consists of a retrofit 

investment planning method, a level of service (LOS) index, life cycle costing (LCC) technique, 

and a risk based maintenance planning approach. This research is expected to assist at all decision 

making levels in public sector institutions related to building asset management, and thereby in 

achieving corporate climate action targets.  
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Chapter 1  Introduction 

1.1 The Challenge 

One of the foremost outcomes of the United Nations Paris Agreement in 2016 was a 

commitment to limit the global temperature increase to 1.5°C above the pre-industrial levels 

(United Nations Framework Convention on Climate Change 2016). This target requires 

strengthening the climate change mitigation plans more than ever before in the history. 

Reducing greenhouse gas (GHG) emissions and reducing the environmental footprint have 

been priority themes of the Federal Sustainable Development Strategy of Canada from 2013-

2016 (Environment Canada 2013). In order to support the ongoing climate action agenda, 

majority of the public sector organizations in British Columbia (BC) have signed the BC 

climate action charter, and have committed to become carbon neutral by 2012 (Government of 

British Columbia 2013b). In the quest of becoming carbon neutral, municipal governments are 

compelled to implement programs and policies that contribute to reducing the carbon footprint 

of both corporate and community actions. In fact British Columbia`s energy step code requires 

buildings to be net-zero ready by 2032 (Office of Housing and Construction Standards 2016). 

Improving the energy efficiency of buildings is one of the most viable ways to achieve 

institutional climate action targets, since buildings emit approximately one third of the GHG 

emissions in Canada (Frappé-Sénéclauze & Kniewasser 2015).    

There are over 28000 federal buildings and a large number of municipal buildings operating 

in Canada, collectively accounting for 15% of the Canadian infrastructure portfolio (Mirza, 

2007; Environment Canada, 2013). Currently, Canada's public building infrastructure is aging 

and has undergone considerable deterioration. Consequently, public buildings have become 

one of the main emitters of GHGs and smog in Canada (Zhao et al. 2012; Lin & Young 2009; 

Federation of Canadian Municipalities 2011). Canadian infrastructure report card reveals that 

based on the reinvestment levels, the condition of building infrastructure is anticipated to 

deteriorate in the future (Canadian Infrastructure Report Card 2016). The reports of 

Government of British Columbia, (2013b) and Government of British Columbia (2016) 

indicate that buildings account for over 75% of the corporate GHG emissions by public sector 

institutions.  Since there is a large number of operating buildings in Canada, there is an urgent 

need to focus on maintenance and renovations of existing buildings to enhance their energy 
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performance, so as to comply with the climate action targets (Industry Canada 2013; Hall 

2014). A number of challenges are associated with sustainable asset management, such as 

increasing renewal deficits, strict environmental regulations, and budget limitations for 

maintenance and deterioration of aging assets (Halfawy et al. 2008).  

Proactive operation and maintenance of existing buildings enhance the energy performance of 

a building while managing the deterioration  (Min et al. 2016). Currently, there is a disconnect  

between the operational knowledge and decision-making process associated with municipal 

infrastructure management (Federation of Canadian Municipalities 2003). Timely 

interventions could avoid accelerated deterioration in the later stages (this is identified as the 

sweet spot) (Grussing 2009a). These decisions are challenged by a great deal of uncertainty 

due to technical advancements, fluctuations in costs, interest rates, inflation and climate 

change. Public sector organizations have a fiduciary responsibility to govern the tax payer 

money in the best possible way. Hence, a paradigm shift is needed in asset management of 

public buildings through integrated and hybrid approaches that focus on improving energy and 

GHG performance while maintaining the condition rating.  

1.2 Research Gap 

The premise for this research was ideated from the aforementioned challenges faced by public 

sector institutions in their operational management of building infrastructure. More specific 

knowledge gaps on the building asset management are presented below: 

Lack of tools for building asset management and continuous performance monitoring:  

Canadian infrastructure report card1 revealed that only 35% of small municipalities, 56% of 

medium size municipalities and 62% of the large municipalities have formal asset management 

practices (Canadian Infrastructure Report Card 2016). Through discussions with infrastructure 

managers, it was revealed that even those municipalities which have formal asset management 

practices are currently using are currently using in-house developed tools for building 

management, which are not comprehensive.   

                                                 

1 Canadian Infrastructure report card survey includes responses from 120 municipalities where 56% of the 

Canadians reside. This is a good response rate given that the usual response rate for a survey is around 10%. 

Further, a similar questionnaire requires extensive resources.  
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Lack of research on building asset management: Published literature highlighted that lack of 

standardized methods for deterioration, risk prioritization, and optimization are main 

challenges for building asset management (Halfway et al. 2006). This research area has been 

overlooked in literature during the recent past. In fact, a database search in Compendex 

engineering village database returned only four journal articles for the key word search 

“building asset management” from 2006-2017. 

Climate action is not integrated with asset management: Hybrid models that combined asset 

management and climate action planning has been overlooked in published literature. Only 

19% of municipalities use climate change adaptation strategies in their asset management 

decision making (Canadian Infrastructure Report Card 2016).  

Inability of incorporating future macro-economic changes into the decision making process: 

Lee et al. (2015) stated that identifying the most cost effective energy retrofits for a building 

is a major challenge (Lee et al. 2015a). The importance of optimizing energy, GHG emissions, 

and life cycle cost in building management is highlighted by several researchers (Chiang et al. 

2014). However, due to the stochastic nature of the future, the optimized plan may not be the 

best course of action, since optimization ignores the interactions within factors. Halfway et al. 

(2006) reveled that despite the large number of commercially available software on municipal 

asset management, there is a lack of software that focus on long-term renewal planning.  

Moreover, uncertain, incomplete, vague, and qualitative data is another challenge associated 

with building asset management (Halfawy et al. 2008).  

Based on the above noted concerns in life cycle management of building infrastructure, the 

following specific research questions emerged in this research: 

i. How can the operational performance of building infrastructure be monitored using 

objective indices? 

ii. How can the economic impact of retrofits be calculated while incorporating future macro-

economic changes? 

iii. How can building maintenance, repair and renewal activities be planned considering 

future technology changes?  

iv. How can uncertain and incomplete data be incorporated into asset management decision 

making?  
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1.3 Motivation and Expected Benefits 

Jiang and Tovey (2009) mentioned that the lack of building control systems disrupt the 

achieving of a building’s energy performance targets. Pragmatic building management is 

crucial for reducing the social and environmental impacts of buildings (Jiang & Tovey 2010). 

Jiang et al.(2013) highlighted the importance of an effective management system in improving 

the energy performance of buildings. Systemic asset management practices and strategies 

would contribute to sustainable and prolonged operation of public buildings at a minimal cost.  

A good energy management program would contribute to the identification of malfunctioning 

equipment at an initial stage. and consequently would reduce significant amounts of carbon 

emissions (Jiang & Tovey 2010). Adequate investment in building asset management would 

prolong the service life, while reducing maintenance and  reconstruction cost and risk of 

service disruption (Canadian Infrastructure Report Card 2016). 

The motivation for the proposed research stems from two distinct realities related to public 

sector buildings in Canada. First, public sector building stock is in poor condition due to lack 

of maintenance. Second, in light of the ongoing climate action agenda, public sector 

institutions are struggling to reduce corporate GHG emissions by improving the energy 

efficiency of buildings. Literature review and state-of-the-practice industry analysis (e.g. 

energy efficiency retrofits used by public/private entities) show that so far building energy 

efficiency improvements projects have been conducted on an ad hoc basis without a systematic 

decision support system (Hall 2014). Moreover, since there are no comprehensive and 

scientific tools for building asset management, municipal facilities managers are compelled to 

manage their building stock by using tools and guidelines developed in-house. Furthermore, 

the present body of knowledge overlooks building maintenance planning methods that could 

integrate future changes into the decision based on a level of confidence.  

This research aims to develop a climate-driven asset management framework to manage public 

buildings by developing long-term response strategies that prolong the service life and 

maintain a target service level, while incorporating the dynamic nature of the parameters such 

as efficiency of systems and costs and revised climate action targets. Since asset management 

plans are developed for long term it is important to incorporate future changes into the current 

decision making process. This research would assist capital planners and final decision makers 
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in effective resource allocation and capital asset investment by providing best building 

management strategy. This research would also contribute in implementing and managing 

energy efficiency improvements in public buildings to ensure environmental protection, 

improved quality of life, economic viability, and welfare of Canadians. The developed 

resources would help in minimizing the disconnection of the operational knowledge in 

decision-making, which is a major problem in asset management (Federation of Canadian 

Municipalities 2003).  

1.4 Research Objectives 

The goal of the proposed research is to develop a life cycle thinking based asset management 

framework to improve the economic and environmental performance of public buildings. The 

proposed internal decision making framework will assist life cycle thinking based asset 

management, by determining the maintenance strategy that minimizes the financial risk for the 

institution. Such decisions would ensure prolonged service life of building assets with minimal 

operational and maintenance costs, energy consumption, and GHG emissions. Specific 

objectives of the proposed research are as follows: 

1. Develop an indicator-based level of service (LOS) index for public buildings  

2. Develop an uncertainty-based life cycle costing technique for building retrofits 

3. Develop a multi-period maintenance planning framework for public buildings. 

4. Develop an investment planning method to achieve net-zero emission in public buildings  

1.5 Public Aquatic Centre Building 

The above-mentioned objectives were demonstrated using a public aquatic centre building 

operating in Okanagan, BC. Public aquatic center buildings are one of the most highly energy 

consuming building types in the public building stock. In fact, the physical condition of 

recreational facilities are the worst compared to other classes of municipal infrastructure 

(Canadian Infrastructure Report Card 2016). Average annual energy consumption within a 

typical office building in Canada can range between 280 -350 kWh /m2 (Natural Resources 

Canada 2012b), while energy consumption within a public aquatic center buildings is between 

632 - 2,247 kWh/m2 (Priyadarsini 2014). Public aquatic center buildings are comprised of more 

building components and systems compared to conventional buildings.  These buildings are 
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also a service center for the public. Hence, public aquatic center buildings require more 

systematic asset management to maintain its level of service and to prolong its life cycle. 

However, it has been observed that asset management of public aquatic center buildings have 

been largely overlooked in the relevant literature.  Energy consumption within public aquatic 

centre buildings is quite different compared to the regular commercial and institutional 

buildings. Figure 1-1 shows annual energy consumption within a typical public aquatic centre 

buildings (Trianti-Stourna et al. 1998).  

 

Figure 1-1: Annual energy consumption in public aquatic centre buildings 

1.6 Meta Language 

This section explains the specific terms used in describing the above-mentioned objectives: 

Life cycle thinking: Life cycle thinking incorporates the total impacts created from a product 

or a process throughout its life cycle. Since this research is aimed at operating buildings, 

operational stage of the building is considered as the life cycle boundary. Hence, the 

contributions from this research are applicable to the operational stage of a building. Life cycle 

impacts and other stages of building life cycle (construction, demolition) were considered 

beyond the scope of this research.  

33%

9%

55%

3%

Pool heating Lighting and electrical equipment

Building HVAC system Service water system
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Climate-driven operational and asset management: Climate-driven operation ensures daily 

operations are conducted in the climate conscious manner. Climate-driven asset management 

ensures the desired physical condition of building energy systems and components at the 

lowest life cycle cost (LCC) while achieving GHG emission reduction targets and LOS.  

Public buildings: The asset management approaches proposed in this study were focused on 

public buildings in general. However, the case studies to demonstrate the findings were 

conducted for public aquatic centre buildings.  

Building components:  Building components and systems that mainly affect the operational 

energy demand were studied. Asset management interventions (i.e. maintenance, repair and 

replacement) are focused on reinstating the condition rating and improving the energy 

performance.  

1.7 Thesis Organization 

This thesis consists of eight chapters (Figure 1-2). Chapter 1 describes the problem statement, 

research gaps, motivation, objectives, methodology and overall asset management framework. 

Chapter 2 succinctly explains the methodology adopted in this study. Chapter 3 presents a 

comprehensive literature review on the related topics. Chapter 4 to 7 are focused on 

deliverables of this research, LOS index for public building, fuzzy based LCC technique, 

climate driven multi period maintenance planning approach, and NZEB investment planning 

method respectively. Chapter 8 discusses conclusions, contributions, limitations and 

recommendations. The sub objectives converge to form the life cycle asset management 

framework, which the overall objective. Further details of each process are discussed in 

following chapters.       
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Figure 1-2: Integration of objectives and thesis organization 

LOS index (Objective 1) assesses the operational performance of a public building. If the 

condition rating is below the target performance, requirement for interventions is triggered. 

NZEB investment planning method (Objective 4) sets annual budgets for retrofits which will 

feed into the climate-driven multi-period maintenance planning framework developed in 

Objective 6. This framework adopts a fuzzy based LCC technique (Objective 2) in determining 

the capital asset planning strategy with the least financial risk and building condition rating 

developed in objective 1 will be used in risk based prioritization of building components.
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Chapter 2 Research Methodology 

This study was conducted in multiple phases that contributed towards the development of a 

comprehensive asset management approach for public buildings. The overview of the 

methodology is illustrated in Figure 2-1. This research was carried out in six interconnected 

phases. Overview of the methods used in each phase in explained below. The methodology used 

for each objective is explained in detail in the respective chapters. 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

· Review energy performance alternatives for 
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· Identify a model for recreational building
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· Identify deterioration curves of building components.
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· Identify retrofit alternatives and respective costs for recreational buildings.
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· Develop an uncertainty based LCC assessment technique (Fuzzy DSW 
algorithm) 
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Phase 6: Application of the models /tools for case studies in Okanagan
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Figure 2-1: Overview of the research methodology  
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2.1 Data Collection (Phase 1) 

An extensive literature review was conducted to collect background data. The review was based 

on articles published during the past 15 years in high impact factor journals on energy engineering 

and management. Appendix A categorizes the main research topics associated with energy 

efficiency enhancement of commercial and institutional buildings during the past 15 years. 

Multiple sources such as peer-reviewed journal and conference articles, reports published by 

reputed organizations, case studies, feasibility studies, cost databases, building energy codes, 

equipment data sheets, ISO standards, and best management guidelines were used for obtaining 

data for following phases. Regular communications were held with project partners for 

determining and refining the specific data requirements.    

2.2 Level of Service (LOS) Index (Phase 2) 

Informed by data collected in phase 1, an indicator-based level of service index was developed for 

operational management of public buildings using fuzzy logic. Summary of the methods adopted 

in phase 2 are as follows: 

i. Operational performance indicators for buildings were identified from content analysis of 

sustainability rating systems (e.g. LEED, BREEM etc.), and published literature. Informed 

by the published literature, the aforementioned indicators were classified into LOS 

categories.  

ii. FSE was selected as the method for synthesizing the indicators.  FSE enables incorporating 

vague and uncertain data into decision making, and is capable of synthesizing both 

qualitative and quantitative data. 

iii. Benchmark performance levels for indicators were identified from published data.  

Performance indicators specific to the institution were determined through consultations 

with the partner municipality.  

iv. Informed by the above steps, a comprehensive index for LOS assessment was proposed.  

2.3 LCCA Algorithm (Phase 3) 

 A fuzzy logic based life cycle cost analysis (LCCA) algorithm was developed. This method is 

capable of incorporating wider uncertainties. A summary of the methods used in phase 3 is as 

follows: 
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i. A fishbone diagram was developed to identify uncertainties associated with LCCA.  

ii. Dong Shah Wong (DSW) algorithm was identified as the LCCA method for building 

energy retrofits. Probabilistic and fuzzy based LCCA methods were compared to identify 

DSW as the suitable method. 

iii. A DSW algorithm based technique was developed for LCCA.  

iv. Data for LCCA was obtained from RSMeans cost data, building energy simulations, and 

government websites. Green building studio software was used to simulate the impact of 

selected retrofits on the energy demand.  

v. The fuzzy based LCCA result was compared with the deterministic result for retrofit 

decision making.  

2.4 Climate-Driven Multi-Period Maintenance Planning Framework for Public Buildings 

(Phase 4) 

The LCC technique developed in phase 3 and the building condition rating established in phase 2 

were combined to develop the climate-driven asset management framework for multi-period 

maintenance planning of public buildings. This phase includes a risk based prioritization index, a 

multi-period maintenance planning framework and a value at risk (VaR) based decision making 

index. The summary of the methods used in phase 4 is as follows:  

i. The literature collected in phase 1 was used to develop the climate driven maintenance 

planning framework.  

ii. Maintenance guidelines specified by US Department of Energy and NASA were used to 

develop the risk based maintenance prioritization index. The condition rating proposed in 

phase 2 was used as the probability of failure, and a qualitative scale was used as 

consequences of failure.  

iii. A Markov chain deterioration model was used to simulate the deterioration of building 

components. Conditional probabilities were obtained from literature.   

iv. LCC was calculated using the LCCA technique proposed in phase 2. RSMeans database 

was used as a source for cost data for the analysis. 

v. Fuzzy membership function of LCC was converted to a probability density function from 

which Monte Carlo simulation performed. The cumulative distribution function was used 

to determine the VaR. 



 12 

2.5 Planning for Net-zero Emission Buildings (NZEB) (Phase 5) 

NZEB investment planning approach was developed by optimizing energy conservation, GHG 

emissions, and operational cost reduction. The summary of the methods used in phase 3 is as 

follows: 

i. A typical aquatic centre building was identified from the literature collected in phase 1 and 

consultations with the partner municipality. An energy model of the aquatic centre building 

was created using the Design Builder software. The model was validated with monitored 

data. 

ii. The retrofits identified in phase 1 were simulated to calculate NZE investment for aquatic 

centre buildings. RSMeans cost data and regional tariff data were used to calculate the 

investment and operational costs. 

iii. This study was extended to different provinces of Canada to assess the impact of different 

tariff regimes and grid emission factors on optimal retrofits. Weighted sum method was 

used to determine the optimal retrofit by considering energy demand reduction, GHG 

emission reduction and annualized LCC. 

iv. Different combinations of retrofits were used to determine the NZE investment for the 

typical aquatic centre building. Furthermore, NZE investment was studied for different 

provinces of Canada.  

2.6 Demonstration of the Proposed Methods using Case Studies (Phase 6) 

These approaches were customized and demonstrated for a public aquatic centre building as case 

studies. An aquatic centre building owned and operated by the partner municipality was used to 

demonstrate the deliverables from above phases. Regular consultations were carried out with 

infrastructure managers and building energy management experts to ensure that the contributions 

of this research would serve the industry requirements. 
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Chapter 3 Improving the Energy Efficiency of the Existing Building Stock: 

A Critical Review of Commercial and Institutional Buildings 

Versions of this chapter has been published in the Elsevier journals Renewable and Sustainable 

Energy Reviews and Energy and Buildings, as articles titled “Improving the energy efficiency of 

the existing building stock: A critical review of commercial and institutional buildings” and 

“Economic evaluation of building energy retrofits: A fuzzy based approach” (Ruparathna et al. 

2016; Ruparathna et al. 2017). 

3.1 Climate Action in Canada 

Canada is committed to the Copenhagen Accord and has targeted an ambitious 17% GHG emission 

reduction by 2020 (612 Mt CO2 eq2) and 30% by 2030 (517.6 Mt CO2 eq)  from the 2005 GHG 

emission level (738 Mt CO2 eq) (Canada`s Action on Climate Change 2013; McDiarmid 2015). 

In 2012, GHG emission in Canada reached 699 Mt CO2 eq which is 5.2 % decrease from 2005 

level. GHG emissions in BC should be reduced 33% by 2020 and 80% by 2050 from 2007 levels 

(Ministry of Environment BC 2007). In 2012, BC reduced its GHG emissions by 4.4% from 2007 

levels (Ministry of Environment BC 2012). More recent findings revealed that BC will miss 

achieving the aforementioned targets (Meissner 2015).  More aggressive approaches are needed if 

Canada is to achieve the Copenhagen Accord target in 2020 (Environment Canada 2014b). 

3.2 Impact of Building Infrastructure on Environment 

Commercial and institutional buildings are key indicators of the socio-economic development of 

any nation. Despite numerous benefits to the society, significant environmental and social 

consequences are created throughout the life cycle of buildings (United States Environmental 

Protection Agency (USEPA) 2009; Industry Canada 2013). The building stock consumes 

approximately 40% , 25%, and 40% of the world’s energy, water, and resources respectively, and 

is responsible for emitting one third of the total GHG emissions (United Nations Environment 

Programme  2015). Energy use forecasts show that in the future, the share of energy consumed by 

                                                 

2 Mega tonnes of carbon dioxide equivalent 
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commercial buildings is expected to increase, while the energy consumption share of residential 

buildings is expected to decrease (US Department of Energy 2012a).   

Statistics Canada revealed that in 2012 the total operational energy expenditure of commercial and 

institutional buildings exceeded CAD 24 billion, which is ~3% of the Canadian gross domestic 

product (Natural Resources Canada 2012a). The total energy use within commercial and 

institutional buildings was 1057 petajoules, which is 12% of the Canada's secondary energy use. 

Same buildings are responsible for emitting 11% of the total GHG emissions in Canada (Natural 

Resources Canada 2014b). Similar statistics are observed in other developed countries in the 

world. The heat discharged from the buildings in an urban settings creates the heat island effect, 

which is a major issue for urban centers in warm climates (Hsieh et al. 2007). Apart from the 

aforementioned environmental and economic consequences, buildings create intense effect on the 

society. As an example, Canadians spend 90% of their time within buildings, by being involved in 

indoor activities (Industry Canada 2013).  

Poor energy performance of existing buildings is a commonly observed issue around the world 

(Roberts 2008). Improving the energy efficiency of operating buildings is an important step in 

minimizing the environmental effects of the building stock (Kneifel 2010).  The basic principle of 

building energy efficiency is to use less energy for operations (i.e. for heating, cooling, lighting 

and other appliances), without impacting the health and comfort of its occupants. This approach 

will eventually reduce primary energy use and CO2 emissions (Nikolaou et al. 2011; Airaksinen 

& Matilainen 2011).  Improving the energy efficiency of operational buildings entails many 

environmental and economic benefits such as reduced GHG emissions and operational cost 

savings (Li & Colombier 2009). Hence, renovating the existing building stock is a main priority 

in improving the energy performance of building stock of a country (Mohareb & Kennedy 2014). 

3.3 Enhancing Energy Performance of Operating Buildings 

In practice, a systematic technical and management change is required to achieve greater 

environmental and energy targets for the future (Mohareb & Kennedy 2014). Energy efficiency 

and resulting cost savings are created from the interactions among the behavioral, organizational 

and technological changes (Figure 3-1). These elements and their interactions facilitate in 

achieving optimal and holistic energy performance targets (Natural Resources Canada 2014a). 
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Figure 3-1: Paradigms for energy performance improvement in existing buildings (Ruparathna et al. 2016) 

3.3.1 Technological changes for energy efficiency 

From the mid 1990s, there has been an increase in energy efficiency patents granted for 

commercial and institutional buildings compared to residential buildings (Altwies & Nemet 2013).  

Published literature have proposed prolific methods, technologies and assemblies that reduce 

building energy consumption and improve the environmental performance. The above 

experimental approaches have a potential to achieve superior building energy performance targets 

in practice. Components and systems are the key determinants in the overall energy performance 

of a building (Pérez-Lombard et al. 2011). This section discusses approaches for improving the 

energy performance of main building components (i.e. building envelope, lighting system, 

building mechanical systems).  

3.3.1.1 Building mechanical systems 

Heating, ventilation, and air conditioning (HVAC) system, is the highest energy consuming 

component in a building (Pérez-Lombard et al. 2008). The main factors affecting the HVAC 

energy demand are the indoor temperature setpoint, air infiltration, window type, window-wall 

ratio, and internal loads (Lin & Hong 2013). In addition to that, the influence of the above 

parameters are dependent on building type and climate (Lin & Hong 2013). Therefore improving 

the efficiency of HVAC system contributes in greater energy savings within the building (Zhao et 
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al. 2009). Studies have identified that proper selection and operation of  HVAC systems can 

provide energy savings as much as 25% while maintaining acceptable indoor conditions 

(Fasiuddin & Budaiwi 2011).  Literature defines two methods (i.e. passive and active measures) 

for reduction of HVAC energy demand (Roberts 2008). Passive measures for HVAC energy 

efficiency include improving the existing building conditions via means such as replacement of 

windows, and proper air tightness with adequate ventilation. Examples for active measures for 

energy demand reduction include upgrading or improving boilers and micro generation through 

renewable energy sources. Some of the popular active technologies for energy efficiency discussed 

in literature are variable frequency-driven direct expansion air-conditioning systems (Yang & 

Hwang 2007), variable refrgenrant flow systems (Li & Wu 2010), use of programmable thermo 

stats (Maheshwari et al. 2001), and inline heat pumps for  water heating (Rankin et al. 2004).  It is 

important that, these measures should not forego the thermal comfort needs of the occupants (i.e. 

temperature control and humidity control) and indoor air quality (Cavique & Gonçalves-Coelho 

2009; Ng et al. 2013; Wang et al. 2013). 

Upgrading the existing mechanical system to an energy efficient technology is a possible route to 

improve the energy performance of existing buildings. Several examples are discussed below. Yik 

et al. (2001) identified that converting from air-cooled to water-cooled air-conditioning systems 

enables significant electricity reductions. Bruno (2011) identified that the use of dew point 

evaporative could reduce the space cooling energy demand by 52-56% compared to conventional 

systems. According to Yu and Chan (2005) converting from head pressure control to condensing 

temperature control contributes in compressor power saving of 5.6%-40.2% (Yu & Chan 2005). 

Chua et al.(2013) identified that use of innovative dehumidification approaches and better 

compression methods could improve the cooling system energy efficiency by  33% and the 

coefficient of performance by 20% (Chua et al. 2013). A study by Fong et al. (2006) identified that 

optimizing the set points of water, and air supply temperatures in HVAC systems can provide 

monthly potential energy savings of 7% (Fong et al. 2006). 

Chillers, chilled water pumps, and motors consume approximately 50% of the total energy use in 

commercial and institutional building (Yu & Chan 2012; Saidur et al. 2011). Hence, energy 

efficiency of chilled water system is important for energy performance of commercial buildings 

(Li et al. 2013). Energy perfromance of chillers depends on the temperature of cooling water 
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leaving the condenser, the temperature of supply chilled water and the load factor (Yu & Chan 

2012). Some researchers identified that higher capacity mechanical systems reduce the payback 

period of the system (Sanaye et al. 2010).  However, Lee and Lee (2007)  disagree with the claim 

that large chillers operating with higer percentage of the full capacity contribute to better energy 

performance (Lee & Lee 2007).  Moreover,  energy performance of a multiple-chiller system 

improves with a higher number of chillers (Lee & Lee 2007).  Yu and Chan (2007) made a similar 

conclusion when they observed that a chiller plant with six chillers instead of four chillers pf equal 

size provided 10.1% electricity savings.  

Utilizing natural ventilation is a viable approach to improve the energy efficiency of the HVAC 

system (Rupp & Ghisi 2014). Many air handling units in operation use the air economizer cycle 

which provides free cooling under certain exterior air conditions (Wang & Song 2013; Wang & 

Song 2012). Moreover, some of the  studies conducted in the past have identified that night time 

ventilation reduces air conditioning loads in the summer  (Artmann et al. 2008). However, 

designing and controlling a natural ventilation system for a building is a complex task due to the 

stochastic nature of building interior (i.e. machine loads, occupancy) and exterior (i.e. wind effect, 

temperature) conditions (Fontanini et al. 2013). A study by Wang and Song (2012) identified that 

optimal state in the air economizer cycle could be achieved through a universal control sequence 

with an additional airflow meter and temperature sensors (i.e. to measure  supply air temperature 

and outside air temperature) (Wang & Song 2012).  

Despite the potential energy savings, direct use of natural ventilation in a mechanically ventilation 

building minimizes the ability to control of indoor conditions (Chang et al. 2004). Mixed mode 

buildings are an innovative approach to reduce the energy consumption and GHG emissions 

(Center for the Built Environment (CBE) 2013). “Mixed mode” buildings use a hybrid approach 

to condition the building space through natural ventilation and mechanical ventilation (Ezzeldin 

& Rees 2013). Natural mode is used when outdoor conditions are suitable. Mechanical mode is 

used as a backup when outdoor conditions are not favorable (Wang & Chen 2013). Even though 

mixed mode ventilation suits various climates, implementation is hindered by various challenges 

such as lack of information, lack of understanding,  and safety concerns (Center for the Built 

Environment (CBE) 2013).  
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Heat and moisture recovery is a popular approach for improving the energy efficiency of the 

HVAC system. Energy recovery ventilators (ERV) are used to transfer heat and moisture from 

exhaust air to outdoor fresh air resulting in significant energy savings (Liu et al. 2010). Past studies 

have identified that energy saving performance of ERV depends on outdoor climatic conditions, 

the enthalpy efficiency, fan power consumption, and fresh air change rate (Liu et al. 2010).  Many 

researchers have also studied the benefits of heat recovery systems.  Roberts (2008) identified that 

the use of a flat plate exchanger for incoming and outgoing air leads to 70% heat recovery (Roberts 

2008). Another study by Wallin et al. (2012) revealed that retrofitting a traditional run-around coil 

heat recovery system could result in 65% heat recovery. 

The shading effect in older and more established districts is a predominant factor which needs to 

be considered in HVAC system design. Ignoring this effect causes over design of HVAC (Cooling) 

system, eventually increasing the operational energy requirement (Lam 2000). However, present 

HVAC system designs do not consider shading effect from neighbouring buildings (Lam 2000). 

Lam (2000) studied the shading effect on commercial buildings in Hong Kong, and identified that 

25-31% of the energy use in buildings was due to ignoring the shading effect in the HVAC design.  

Even though building materials contributes to the thermal mass of buildings, the same has rarely 

been considered for managing the energy performance. Thermal mass elements within new and 

existing buildings can be exploited to achieve desirable load-leveling and peak-shifting behaviors 

(Talyor & Miner 2014). Thermally activated building systems (TABS) is an energy efficient and 

economically viable approach for building operation (Lehmann et al. 2007). TABS uses massive 

floors and ceilings for heat storage (Lehmann et al. 2007). Compared to mechanical methods, this 

method is an economic approach to improve the building energy efficiency (Talyor & Miner 2014; 

Lehmann et al. 2007).  

There are multiple equipment operating in a building simultaneously. The general perception is 

that  there are interactions among equipment energy consumption as well as changing climates 

and indoor conditions (Peng et al. 2014). However, studies showed that the reduction of lighting 

energy doesnot create a significant impact on HVAC energy for commercial and institutional 

buildings (Sezgen & Koomey 2000).  
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3.3.1.2 Lighting system 

Lighting system consumes approximately 15% of the total building energy demand (Pérez-

Lombard et al. 2008). Previous researchers have proposed numerous methods to improve the 

energy performance of the lighting system. These methods include installing lamps with higher 

luminous efficacy, task based lighting design, daylight linked lighting systems and use of 

occupancy sensors for work areas (Haq et al. 2014). Various factors that should be considered in 

selecting a feasible lighting source, including, power factor, output luminous flux, power required 

to operate, high current harmonic distortions, correlated color temperature, market price, and color 

rendering index (Khan & Abas 2011).  

Converting to light emitting diode (LED) lighting system is a popular approach to improve energy 

performance of building lighting system (Khan & Abas 2011; Peng et al. 2014). However, Khan 

& Abas (2011) stressed the need for more awareness programs to spread LED lighting. Likewise, 

more awareness programs should be conducted to inform building managers about the alternative 

approaches building lighting systems and adopting appropriate technologies.  

Lighting control system is another important aspect of the lighting system. Factors that should be 

considered in determining the lighting control system include the behaviour pattern of the 

occupants, geometric properties of the room or building, daylight entrance, and the work 

performed (Haq et al. 2014). Currently, automated lighting has been largely overlooked in retrofit 

projects while the same is highly popular in new building constructions (Haq et al. 2014).  A large 

number of research studies have focused on automated the lighting systems. For instance,  

installing photo sensor lighting controls in day lit corridors can provide substantial energy savings 

(Chow et al. 2013).  Moreover, the use of day light sensors for electric lighting, use of energy 

efficient day lighting devices, and appropriate ambient and task lighting could reduce lighting 

energy demand by 75-90% (Hinnells 2008). However, the unreliability of light sensor systems has 

been identified as a challenge in gaining market popularity (Ehrlich et al. 2002). Other challenges 

for automated lighting controls are the high initial cost and complicated commissioning (Haq et 

al. 2014). Ehrlich et al. (2002) proposed a solution that could accurately simulate photo sensor 

based lighting controls, which provides guidance for successful installation and operation, and 

reduce the need for expensive commissioning process  .  
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Recent studies have identified that long term exposure to blue or ultra-violent lighting can cause 

several health concerns such as potential changes in melatonin production,  disruption of human 

sleep cycles and risk of damage to retinal  cells (Harvard Health Letter 2014; European 

Commission 2012; Lougheed 2014). LED lighting produces a fair amount of lighting in the blue 

spectrum  and do not emit ultra-violet rays (Harvard Health Letter 2014; European Commission 

2012).  Further research is required to assess the human health risk of prolonged exposure to LED 

and other energy efficient lighting.  

3.3.1.3 Building envelope 

Improved insulation reduces the heat loss or gain from the buildings, and results in improving the 

thermal performance of the building (Yun et al. 2013; Peng et al. 2014; Artmann et al. 2008). In 

fact, a study by Chua & Chou (2010) identified that there is a strong correlation between the annual 

cooling energy requirement and envelope thermal transfer value. Many studies have focused on 

improving the energy performance of building envelope material. As an example, vacuum 

insulation panels enclose the building structure into an air tight envelope. Thermal performance of 

this technology is five times more effective than conventional insulation techniques (Roberts 

2008).  Gagliano et al. (2012) identified that ventilated roofs with an insulation layer results in a 

cooling load reduction of approximately 50%. Insulation effect can be created from as far back as 

the construction phase. Yun et al.(2013) identified that the use of light weight aggregate glass 

bubbles during the construction of the structure reduces thermal conductivity (Yun et al. 2013). 

However,  not more than 20% glass should be used to satisfy structural properties (Yun et al. 

2013).  

Building fenestration geometry factors (i.e.  window to wall ratio, window orientation, and room 

width to depth ratio)  affect energy performance in all climate zones (Susorova et al. 2013). The 

energy savings achievable in hot climates through manipulating fenestration geometry factors is  

significantly high (approximately up to 14%) while it is negligible  for colder and temperate 

climate regions (Susorova et al. 2013). Due to its importance, sundry studies have focused on 

improving the fenestration features to improve building energy efficiency. Several examples for 

innovative windows include, vacuum glazing, triple glazing and use of aero gels (Roberts 2008). 

Chow et al. (2011) identified that water-flow window provides significant reductions of air 

conditioning load and water heating loads. In fact, when compared with conventional double and 
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single pane windows, water-flow window enables 32% and 52% heat gain reductions (Chow et al. 

2011). Some of the issues associated with the above technology are energy requirement for water 

pumping and scarcity of water. Furthermore, replacing building transparent systems using 

polycarbonate enhances day lighting at a lower cost while achiving significant energy savings (i.e. 

by using multiwall polycarbonate panels)(Moretti et al. 2014).  

Building finishes such as paint can be used to improve the energy efficiency. Roberts (2008) 

identified that Insulating paints based on nanotechnology enables improved thermal performance 

within the building. These paints possess low conduction based on the colour heat reflectivity 

compared to conventional  paints (Roberts 2008).  As an example, energy performance of buildings 

with high-reflectivity coating applied on the external surface is better in locations where a large 

temperature difference exists between daytime and nighttime (Yu Huang et al. 2013). When the 

difference between day time temperature and night time temperature is smaller, buildings with 

interior insulation perform better (Yu Huang et al. 2013). 

Phase change materials can be used to increase the insulation and thermal capacity of the building 

envelope (Ramana et al. 2014; Borreguero et al. 2014). The use of shape-stabilized phase change 

materials (SSPCM) in the building envelope can exploit time-of-use utility rates by shifting the 

peak electrical loads to off-peak times (Zhu et al. 2011). The same authors identified that the use 

of SSPCM results in over 11% in electricity cost reduction and over 20% in peak load reduction 

(Zhu et al. 2011).  

Ventilated double skin facades for buildings have been gaining popularity in the recent past. 

Advantages of using double skin facades include, better ventilation, reduced heat loss during 

wintertime, improved acoustics and improved moisture and fire safety (Manz & Frank 2005; Zhou 

& Chen 2010).  Zogou & Stapountzis (2011) studied the effect of using photovoltaics (PV) 

integrated double facades in south facing walls of office buildings. The air gap between the 

backsides of the PV modules facilitates the use of outdoor air to cool the PV modules, which in 

turn increases their efficiency. The heated outflow air can be used in the HVAC system as pre-

heated air, which contribute to reducing the HVAC energy requirement (Zogou & Stapountzis 

2011). However, only a building with high energy efficiency can benefit by double PV façade 

concept (Zogou & Stapountzis 2011). 
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Lollini et al. (2010) observed a dynamic glazing system that can reduce energy use reductions in 

an office building. A dynamic glazing system can be used in windows and curtain walls and 

contains triple glazed system with the possibility to mechanically ventilate the inner gap. Factors 

that should be considered in design, construction and management of a dynamic envelope 

component include building typologies, ( i.e. defining an open system instead of a closed one) and 

the ability to change the location parameters of a buildings (Lollini et al. 2010).  Other innovative 

glazing technologies included automatic shading systems, electrocromic glazing and 

photochromic glazing (Roberts 2008). However,  validating new technologies and implementation 

of new technologies are identified as the main barriers associated with building energy efficiency 

(Peterman et al. 2012).  

Glass facade buildings have been a popular architectural consideration in the recent past. A major 

portion of the façade is glazed with high transmittance glazing that results in poor thermal 

performance (Lee et al. 2002).  A large number of technologies have been adopted to improve the 

performance of the glazed buildings such as solar control facades, daylighting facades, active 

facades, double skin facades and natural ventilation. Above measures are associated with several 

side effects. For example, highly glazed double skin façade buildings are affected by unwanted 

heat gains in the summer consequently demanding a high air conditioning load (Eicker et al. 2008).  

Moreover, use of tinted glasses increase the lighting energy consumption of the building (Shameri 

et al. 2011).  

3.3.1.4 Microgeneration using renewable energy sources 

Numerous authors have stressed the importance of using renewable energy to improve the 

environmental performance of commercial buildings (Pitts 2008).  Findings associated with 

renewable energy use within commercial and institutional buildings are discussed below. 

Multifunctional renewable energy based elements are a lucrative method in achieving high 

performing buildings (Bansal & Goel 2000). Building integrated photovoltaic thermal (BIPVT) 

systems are desirable features of urban buildings that generate electricity and hot water. These 

features could be installed in the building as retrofits (Ibrahim et al. 2014). A study by Ibrahim et 

al. (2014) identified that BIPVT system improves building energy efficiency from 73% to 81%. 

However, the energy saving potential of this method is not yet fully utilized. Further improvements 
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are required on energy efficiency, cost reduction and building integrated application of BIPVT 

features (Hussain et al. 2013).  Building integrated photovoltaic panels (BPIV) windows enable 

significant energy savings in commercial and institutional buildings (P. K. Ng et al. 2013). In order 

to maximize building energy performance, it is important to customize the BIPV features  

according to the location characteristics (Chae et al. 2014). Existential Technology Research 

Center (ETRC), located in downtown Toronto, Canada has incorporated several multifunctional 

BPIV systems such as flexible solar membrane, solar awnings, solar louvre, and solar outdoor lab 

space, which produce energy while supporting the occupant behaviour (Mann et al. 2006). 

Distributed generation (DG) and combined heating and power (CHP) systems are expected to play 

a major role in future buildings, by reducing GHG emissions and minimizing the operational cost 

(Ruan et al. 2009; Xu & Qu 2013; Mago & Smith 2012; Naimaster & Sleiti 2013). A study in 

Thailand identified that building level CHP plants would enable primary energy saving of 3.2% 

from 2003 levels (Gvozdenac et al. 2009). Chua et al. (2013) identified that combined cooling 

heating and power plants improve thermal and electrical efficiency approximately by 70%. 

Naimaster et al. (2013) observed that the solid oxide fuel cell CHP plants allow 7.5%-14% utility 

cost reductions and more than 50% of reduction in the GHG emissions. Design of DG/tri-

generation systems should consider building and location parameters. As an example, solid oxide 

fuel cell CHP plants are well suited for colder climates (Naimaster & Sleiti 2013).  Huang et al. 

(2011) and Huang et al.(2013) identified that tri-generation system with a bio mass gasifier would 

suit commercial and institutional buildings with low heat to energy ratio (approximately 0.5-0.75)( 

Huang et al. 2013; Huang et al. 2011).  

Use of hybrid technologies at building level improves the energy and environmental performance  

(Haq et al. 2014; Rezaie et al. 2011). Despite its high cost, hybrid technologies are one of the best 

approaches for reducing the carbon footprint of buildings (Rezaie et al. 2011). Studies show that 

the solar thermal is one of the most cost-effective approaches for space heating (Rezaie et al. 2011). 

Ground-coupled heat pumps (GCHP) are a viable method for both cold and hot weather regions 

as a heating/cooling method for commercial and institutional buildings (Sarbu & Sebarchievici 

2014; Yang et al. 2010). A hybrid GCHP systems (e.g. solar-assisted with a latent heat energy 

storage tank) could improve the coefficient of performance of the building heating system (Yang 

et al. 2010).  
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Building owners should consider renewable energy after having incorporated all possible energy 

conservation measures (Medrano et al. 2008; Yalcintas & Kaya 2009; Yamaguchi et al. 2007). A 

study by Yalcintas and Kaya (2009) demonstrated that energy efficiency measures are 

approximately 50% or more cost-effective compared to photovoltaic systems. Hence, it is 

important that federal and provincial policy makers opt for policies that require energy efficiency 

measures mandatory for any incentive payments for renewable energy sources (Yalcintas & Kaya 

2009). In addition, it is important to focus beyond mere micro-generation, and identify other 

technical aspects associated with renewable energy technologies. As an example, installing direct 

current (DC) circuits for the lighting system in grid connected and PV powered buildings could 

reduce annual costs by 2%-21% compared to similar system with AC circuits (Thomas et al. 2012). 

Therefore, Authorities should establish safety regulations and standards for these innovative 

approaches (Thomas et al. 2012).  

There are several barriers associated with micro-generation at the building level. The main barrier 

for micro generation in building level using renewable resources is the high upfront cost. Other 

barriers for micro generation include lack of reliability of the technologies, uncertainty of the fuel 

supply (e.g. bio fuel), and uncertain pricing structure (Wijayatunga et al. 2006). 

3.3.1.5 Energy retrofitting and performance assessment 

Energy retrofitting is the most preferred building GHG emission mitigation strategy (Estes 2011). 

Building energy retrofits are aimed at reducing GHG emissions, improving energy performance, 

and reducing fuel consumption while maintaining comfort levels (Picco et al. 2014) (Yu & Chow 

2007). The feasibility of energy retrofits would depend on number of factors such as building 

characteristics and location (Kircher et al. 2010; Yu Huang et al. 2013; Liu et al. 2010). The whole 

building energy system should be analyzed to select feasible energy retrofits (Zhao et al. 2009). 

This method should be capable of detecting abnormalities in a building energy efficiency and 

improving performance of the  building (Escrivá-Escrivá et al. 2012). Furthermore, building 

retrofits can be analyzed and optimized based on multiple factors such as GHG emission reduction, 

and life cycle cost (Vine 2003).  

Building energy retrofits should reduce environmental impact (e.g., GHG emissions), gain 

economic benefits (e.g. improving energy performance, reducing fuel consumption),  increase 
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indoor comfort levels, and improve architectural appearance (Picco et al. 2014; Yu & Chow 2007). 

Effective building retrofit design requires extensive analysis of all the alternatives including linear, 

volumetric and material changes to the building, and exclusion of the obsolete building elements. 

External factors such as building orientation and location are equally important in selecting the 

retrofit methods (Kircher et al. 2010; Yu Huang et al. 2013; Liu et al. 2010). Most importantly, 

optimal decisions with regards to building retrofits should receive the acceptance of all 

stakeholders (Woo & Menassa 2014). Moreover, energy retrofits aim to optimize additional 

objectives such as environmental quality, life cycle cost, level of service, etc. Incorporating these 

additional objectives should be promoted through regulation, financing, and redesigning existing 

programs and incentives (Vine 2003).   

As the first step of building energy retrofit projects, it is important to diagnose and analyze building 

energy consumption (Zhao et al. 2009). Thermal processes within a building are complex and 

difficult to understand, which makes manual calculations of building energy performance a 

difficult task. As a result, energy simulations are commonly used to detect abnormalities in 

building energy use and to assess the effectiveness of  available retrofit alternatives (Roberts 2008; 

Escrivá-Escrivá et al. 2012). Moreover, researchers have stressed the importance of having 

accurate and simplified models for realistically calculating the energy performance of buildings 

(Melo et al. 2012; Picco et al. 2014).  

There have been an increasing number of studies focused on building energy characterization. 

These studies provided innovative, simplified, and cost-effective methods to characterize building 

energy performance. Carlo and Lamberts have developed equations to classify building envelope 

efficiency (Carlo & Lamberts 2008). Azar and Menassa (2014) have developed a framework to 

quantify energy saving potential from improved operation of commercial building systems (Azar 

& Menassa 2014). Woo and Menassa (2014) have designed a virtual retrofit model for decision 

making with regards to building retrofits. This model has integrated theories and technologies such 

as building information modelling, building energy simulation, agent-based modeling, and multi-

criteria decision making with the aid of state-of-the-art software (Woo & Menassa 2014). Menassa 

(2011) have developed a framework to evaluate investments for building retrofits considering 

uncertainties in costs and benefits, and to achieve optimal investment strategies. Moreover, several 
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countries around the world have developed country-specific building energy performance 

assessment tools (Melo et al. 2012; Melo et al. 2014). 

Accuracy of the energy simulation results for commercial and institutional buildings is a much-

discussed topic in literature. Researchers maintain that there is usually a discrepancy between 

simulation data and the actual data (Roberts 2008). Bhandari et al. (2012) stressed the importance 

of the accuracy of energy data, especially when it is used for energy assessment and calibration.  

The use of less accurate data in design leads to overestimation of equipment size, which is a major 

setback for building  performance (Lee et al. 2001). A study conducted in Hong Kong revealed 

that the use of realistic design data enabled 6-22% increase in building energy efficiency (Menassa 

2011).  

Incorporating energy-saving measures in existing buildings is a major challenge (Yamaguchi et al. 

2007). Common barriers for building retrofit projects identified in literature include lack of 

funding, lack of interoperability, and unstructured decision-making (Woo & Menassa 2014; Mann 

et al. 2006; Wijayatunga et al. 2006). Moreover, despite numerous  policy instruments aimed at 

improving building energy efficiency, the pace of innovations is deemed inadequate (Altwies & 

Nemet 2013). Altwies and Nemet (2013) identified the reasons pertaining to the aforementioned 

problem as insufficient information, disjointed decision-making, principal-agent problems, and 

lack of learning from dissimilar projects.  

3.3.2 Building Energy Management 

Many researchers have emphasized the importance of adopting organizational changes to improve 

the energy efficiency of buildings (Fong et al. 2006; Buck & Young 2007; Masuda & Claridge 

2014; Zhao et al. 2009). The published literature reviewed revealed four important attributes 

associated with building energy management, which are building commissioning, energy 

monitoring, energy benchmarking, and standardization including energy labelling. The following 

sections discuss these attributes in detail.  

Real-time energy monitoring is vital in improving the building energy performance (Wagner et al. 

2014; Zhao et al. 2009). Energy metering is commonly used for life cycle management of the 

building energy performance (Masuda & Claridge 2014; Zhao et al. 2009).  Energy metering helps 
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in diagnosing issues with building energy use when there is a significant discrepancy between 

metered value and the anticipated value (Masuda & Claridge 2014). Futuremore, having energy 

sub-meters facilitates closer monitoring of secondary energy consumption (Lam & Li 2003). In 

order to achieve the above, researchers have emphasized the importance of effective and scientific 

measures to monitor the building energy use (Zhao et al. 2009). Standard design guidelines and 

regulations are required to guide the design and installation of energy sub-meters in commercial 

buildings (Lam & Li 2003).  

Modern energy codes require the installation of advanced features such as daylight sensors and 

occupancy sensors (Tulsyan et al. 2013). A study by Kamilaris et al. (2014) revealed that real-time 

monitoring and behavioural changes could save up to 40% of the energy used in a building. Smart 

meters allow building users to see daily energy consumption patterns and encourage changes in 

behavioural patterns to reduce the peak demand (Roberts 2008). In fact, a study in California 

showed that peak demand can be reduced by 13% when customers were warned about peak energy 

rates. Building zone level control considering personalized occupancy patterns is another viable 

approach for reducing energy consumption within buildings. In fact, studies revealed that user 

profile based control could reduce HVAC related energy use as much as 8% in an office building 

(Yang & Becerik-Gerber 2014). The future of energy metering and fault detection requires smart 

building equipment with sensors that enable central control and remote monitoring (Hinnells 2008; 

Tulsyan et al. 2013).  

Energy codes provide valuable guidance for managing and improving the energy performance of 

buildings (Radhi 2009; Yu et al. 2014). Several studies have been conducted to determine the 

benefits of using energy codes. For instance, Tulsyan et al. (2013) studied the energy saving 

potential of using energy code in India, and identified an energy saving potential through the use 

of the energy code ranging from 17 to 42%. Lee & Yik (2002) mentioned that if building energy 

code was made mandatory, annual electricity consumption in Hong Kong can be reduced by 7.9%. 

A study by Radhi (2009) showed that approximately 7% of electricity demand reduction could be 

achieved by using the energy codes in Bahrain.  

Building commissioning is important, but remains a neglected area in building energy 

management. This approach helps to reduce energy consumption by streamlining the systems 
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(Bynum et al. 2012). However, benefits of commissioning fade over the years (Bynum et al. 2012). 

As a solution,  Bynum et al. (2012) have developed a fault detection and diagnostic tool to support 

building commissioning (i.e. Automated Building Commissioning Analysis Tool) (Bynum et al. 

2012). Similarly, Du et al.(2014) developed neural networks based tool to ensure fault detection 

in commercial buildings (Du et al. 2014). 

Establishing building energy consumption quotas is a beneficial method in measuring the building 

energy consumption and use it as a basis for examining the impact of energy retrofits (Zhao et al. 

2012). Energy consumption quota could be used as the threshold to assess the building energy 

efficiency. Furthermore, the same could be used to impose penalties for the energy users who 

exceed the energy quota and provide incentives for those who use energy below the quota. 

However, more research is required to study the effective energy standards and benchmarks for 

buildings.  

Energy benchmarking defines a value that represents typical energy use, which will be used as the 

baseline against which building is compared (Chung 2012; Martin 2013). Moreover, energy 

benchmarking  improves the energy efficiency and transparency of energy consumption,  promotes 

competition among institutions, establishes baselines for energy labelling programs, and helps to  

investigate reasons for poor energy performance (Borgstein & Lamberts 2014; Chung et al. 2006; 

Chung 2012). Researchers have proposed numerous approaches for benchmarking building energy 

use. For instance, Borgstein and Lamberts (2014) proposed an energy benchmarking method 

considering statistical data and energy audit data (Borgstein & Lamberts 2014). Chung (2012) 

considered a fuzzy based linear regression model for energy benchmarking (Chung 2012). Chung 

et al.(2006) used energy use intensities, building age, occupants’ behaviour,  occupancy, 

maintenance procedures, indoor temperature set-point, and installations to set energy use 

benchmarks (Chung et al. 2006). Martin (2013) developed energy benchmarks considering energy 

use intensities.   

Building energy labelling programs can be observed around the world (e.g. LEED, Energy Star 

etc.). LEED, which is the most popular building rating system, is available for currently operating 

buildings. LEED certified facilities enable 34% energy savings compared to conventional 

buildings (Sabapathy et al. 2010). Similarly, a study revealed that Hong Kong Building 
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Environmental Assessment Method has the potential to achieve 32% energy savings from the 

current levels (Lee & Yik 2002). Furthermore, other building rating systems and programs such 

as Energy Star (US based) , EN15251 (European Union) have also gained popularity in the past 

few decades (Alexandre et al. 2011). The success of an energy labelling program is critically 

dependent on its partnerships and alliances (Brown et al. 2002). As an example, the success of 

Energy Star was partially due to its partnership with federal, regional, state, and local programs. 

In addition to energy savings, energy labels facilitate the claiming of subsidies for energy tariffs. 

For instance, LEED certified buildings in India gain energy tariff subsidies (Sabapathy et al. 2010).  

Despite their numerous benefits, impacts of building labeling tools have not reached the expected 

level.  This issue is mainly because strict technical requirements stipulated by the building rating 

programs are not sufficient to improve the energy efficiency single-handedly (Batista et al. 2011). 

In addition, major building rating systems predominantly focus on building design, which makes 

these rating systems more suited for new buildings (Borgstein & Lamberts 2014). In order to 

reinforce energy efficient building practices, rating systems should focus more on performance 

(i.e. operation and maintenance) rather than material specifications (Andrews & Krogmann 2009).  

Achieving the future energy efficiency targets require vigorous implementation of policies such as 

strengthening the building codes, adopting efficiency standards, labelling of office equipment and 

restructuring the heat metering and pricing structure (Zhou & Lin 2008; Azar & Menassa 2014). 

There should be best practise standards for more controlled and systematic building energy usage. 

Moreover, governments should support operations focused on energy management programs in 

commercial buildings (Azar & Menassa 2014). As an example, Canada has updated the energy 

code to improve the energy performance in commercial and institutional sector (Mohareb & 

Kennedy 2014). It is important that regulators ensure compliance to the energy codes and 

maintenance in the long term. Moreover, in order to ensure compliance with the national energy 

code for buildings, it is important to update conventional regulatory approval processes and 

publicize the benefits of energy efficient buildings (Yu et al. 2014). Further research is required to 

develop and execute policy instruments 

There are several organizational barriers associated with building energy management. Studies 

show that buildings owned by non-profit groups are less energy efficient compared to private 
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buildings (Buck & Young 2007).  Some of the other organizational barriers affecting building 

energy management include volatile energy prices, meeting regulation, making a business case 

(i.e. difficulty in showing the monetary impact of behavioral changes), and establishing operational 

best practices (Peterman et al. 2012). 

Importance of energy audits is an important initiative for the building energy management. A 

comprehensive energy audit should consider the environmental profile, occupants’ behaviour, and 

energy devices used in the building  (Kamilaris et al. 2014). Energy audits determine the energy 

performance assessment of the building by a credible third party. This approach is important for 

authorities when implementing carbon taxes. Moreover, periodic energy audits provide an 

objective basis for building performance assessment and rating. 

3.3.3 Occupancy and operational Improvements 

Many researchers have agreed that behaviour and lifestyle choices are important factors in 

reducing building energy demand (Hall 2014; Roberts 2008; Janda 2014; Azar & Menassa 2014; 

Lin & Hong 2013). Previous studies have identified that buildings which caters to a customer-base 

who spend considerable time on-site have a high likelihood of displaying energy inefficiencies 

(Buck & Young 2007). Therefore, it is important to move beyond the technical changes and 

explore alternative approaches such as behavioural changes to achieve  superior energy 

performance (Janda 2014).  

Improved building energy performance requires cooperation of all the stakeholders (Pitts 2008). 

Escrivá-Escrivá (2011) observed that even the actions of the non-specialized technical workers 

can significantly affect the building energy performance. An inter-disciplinary understanding of 

organizational culture, occupant behaviour, and technology adoption is required to set up 

occupancy/operation best practises (Janda 2014). Moreover, cooperative efforts are required to 

establish energy efficiency culture, to identify opportunities for low-carbon operations, and to 

execute proposed solutions by the management (Pitts 2008). The following are the seven basic 

actions that can contribute to reducing the energy use in buildings (Escrivá-Escrivá 2011).   

i. Accurate measurement of the operational energy usage and record keeping: This action is 

required to identify energy over-consumption and savings. 
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ii. Schedule building processes and maintaining a diary: This action can contribute to the 

deployment of facilities according to user requirements while adhering to electricity utility 

contract. 

iii. Automatic monitoring of electricity energy consumption: This feature enables building 

managers to repair or solve malfunctions in the event of an electricity consumption 

increase.  

iv. Assign the responsibility of monitoring energy consumption to an individual: The 

responsibility to individual would ensure better management of building energy 

consumption.   

v. Pro-active measures to improve the building energy efficiency: This action would support 

proper management of the building stock. 

vi. Training building users: Provide easier understanding and control of building energy 

system for the building users. Intensive awareness programs would reinforce energy 

efficiency efforts at the organizational level  (Pitts 2008). 

vii. Promote communication: Promote communication between managers and users to interact 

and exchange information for facilitating optimal use of facilities. 

Roberts (2008) identified that building occupants are more forgiving of thermal discomforts if they 

are provided with control to alter it. Ability of zone control and occupancy measurements enables 

significant energy savings while creating minimal impact on the thermal comfort (Goyal et al. 

2013). Sun et al. (2010) developed a demand limiting strategy that optimizes monthly cost savings 

while maintaining acceptable indoor conditions through adjusting the indoor temperaure set point. 

This approach was able to save monthly energy costs up to 8.5%. Maheshwari et al. (2001) 

identified that the use of programmable thermostats in an institutional building in Kuwait enabled 

25% energy savings.   

Some of the researchers have stressed the difficulty in measuring the effectiveness of energy 

management practices and behavioral changes in commercial buildings (Azar & Menassa 2014). 

Furthermore, research on improving building energy performance has scarcely focused on how 

new approaches should be implemented in practice including socio-technical frameworks 

associated with them (Janda 2014). As a solution, Zhou et al.(2006) has developed a distributed 

energy resource choice and operations program which is capable of finding the optimal 
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combination of installed equipment considering the utility tariffs, thermal loads and available 

equipment, which enables reducing the carbon emissions of the buildings (Zhou et al. 2006). Due 

to political challenges, gaining the support of users for occupancy reforms is an important hurdle 

to be surmounted (Peterman et al. 2012; Mohareb & Kennedy 2014). Other barriers associated 

with improving building operations include managing demand response, demonstrating success of 

energy efficiency programs, and improving energy performance (Peterman et al. 2012).  

Table 3-1 summerizes advntages and challenges of implementing energy performance alternatives.  

Table 3-1: Summary of energy efficiency improvement initiatives 

Energy performance enhancement initiative Advantages Challenges 

Technologies and 

assemblies 

Mechanical components 

Converting / Upgrading 

the existing HVAC 

system (e.g. upgrading 

chillers etc.) 

Produce significant energy 

savings 

Disruptive to the building 

occupants 

High cost of installation 

Use of natural ventilation 

for cooling 

Provide healthy breathing 

air to the occupants 

Use of natural ventilation 

depends on the outdoor 

conditions / season 

Difficulty to comply with energy 

code requirements. 

Heat and moisture 

recovery (e.g. energy 

recovery ventilators, 

enthalpy exchangers) 

Produce significant energy 

savings 

Performance of the system 

depends on outdoor conditions 

Lighting system 

Installing state-of-the-art 

lighting methods (e.g. 

LED lighting etc.) 

Low cost retrofit method 
Lack of awareness with facilities 

managers 

Installing sensors / 

automated lighting 

controls 

Reduces lighting energy 

demand. 

Complicated commissioning  

Unreliability of light sensor 

systems with users 

High initial cost and complicated 

commissioning 

Building envelope and micro generation  

Use of thermal mass 

elements inside the 

building 

Shifting the peak power 

demand 
Limited impact on the overall 

building energy usage 
Energy load levelling 

Low-cost, easy to 

implement approach 

Changing building 

fenestration geometry  

Produce significant heating/ 

cooling energy savings 

Disruptive to the building 

occupants 

Could reduce lighting 

energy demand. 

High cost of construction/ 

installation 

Upgrading the building 

envelope (e.g. Ventilated 

double skin facades etc.) 

Produce significant heating/ 

cooling energy savings 

Complexity of validation and 

implementation of new 

technologies 
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Energy performance enhancement initiative Advantages Challenges 

Validating new technologies and 

implementation of new 

technologies 

Building level micro 

generation ( e.g. CHP) 

Significant improvements in 

thermal and electrical 

efficiency 

High cost of installation 

Enhances the aesthetics of 

the building (e.g. building 

integrated photovoltaics)  

Lack of reliability of the 

technologies and uncertainty of 

the fuel supply 

Energy 

management  

Energy monitoring, 

energy benchmarking and 

standardization 

Help to diagnose issues 

with building energy use 
Lack of standard design 

guidelines and regulations to 

guide the design and installation 

of energy sub-meters 
Facilitate in claiming 

subsidies and energy rebates 

Building commissioning 

Reduce energy consumption 

by streamlining building 

systems 

Lack of attention provided by 

facilities managers.  

Occupancy and 

operational 

requirements 

Establish energy 

efficiency culture in an 

organization. 

Involve nominal costs for 

organizing 

Gaining the support of users for 

occupancy reforms is an 

important hurdle 

 

Informed decision making is vital for improving the energy performance of existing buildings. 

These decisions are reinforced by information, incentives, knowledge and access to capital 

(Hinnells 2008). However, currently lack of information and know-how is a clear obstacle for 

energy efficiency enhancement projects (Khan & Abas 2011). The above identified barrier curtails 

selecting for the optimal decision with regards to building energy efficiency.  In addition, lack of 

information hinders the building owners in pursuing potential funding sources for building energy 

improvements. Current approaches such as utility energy service contracts, energy savings 

performance contracts, and on-site renewable power purchase agreements are innovative solutions 

to those who lack initial funding. In addition to the funding, these approaches provide expert 

technical knowledge for energy efficiency enhancements.  

Ruparathna et al. (2016) developed a strategy map to improve building energy efficiency. The 

proposed strategy map illustrates the sequence of value creation within an organization.  The goal 

of this strategy map is to abate building energy demand and promote sustainable operation. This 

method shows the sequential stepwise connections between objectives to gain a superior energy 

performance within the building.  As shown in the first level, energy performance vision of owners 
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or the top management assists the organization to set the foundation for improved building energy 

performance. Secondly, the tactical management integrates the vision to the daily operations by 

means of best management practices (BMPs) and continuously monitors them. The tactical 

management should observe and respond to irregularities and publicize the success of energy 

efficiency improvements. As the third level, building users should alter the behavioral patterns 

according BMPs. This strategy would create value for the organization by fostering environmental 

wellbeing, economic benefits, and improved organizational image as depicted in the top levels.  

Figure 3-2 illustrates the strategy map for improving the building energy performance. 

 

Figure 3-2: A road map for improving building energy operations (Ruparathna et al (2016) 

According to the published literature, there are many approaches available for improving the 

energy performance of operating buildings. It is evident from the literature that that there is a 
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considerable need for studies that are focused on behaviour-specific improvements. Hence, future 

studies can focus on behavior based approaches in improving the building energy performance. 

Further research is required to understand how organizations develop energy management best 

practises and implement them.  Moreover, safety risks, design, installation, and regulatory barriers 

associated with innovative technologies should be studied before they are used in practise.   

A building energy system is comprised with several components, which determines the energy 

performance of the building. Due to deterioration, these components would perform below their 

expected level. Therefore, asset management frameworks should be in place to improve the energy 

performance of buildings. As per the author’s knowledge, there are no comprehensive studies 

focused on building asset management. Asset management would be a rewarding approach for 

improving the life cycle performance of commercial and institutional buildings. 

3.4 Asset Management 

Deterioration is a unavoidable process for all buildings (Richardson 2000). Chronological “Age” 

is one of the main factors that may contribute to the deterioration of the building energy 

performance (Chung et al., 2006;  Sabapathy et al., 2010;  Andrews and Krogmann, 2009).   

Multiple factors contribute in deterioration of buildings. Based on ISO 15686, Edirisinghe et al., 

(2015) identified seven factors in 3 categories that affect building life span (Table 3-2). 
  

Table 3-2: Factors affecting the service life of buildings 

Impact category Factors 

Quality characteristics  

Design level 

Quality of construction 

Quality of component 

Environment 
Indoor environment 

Outdoor environment 

Operating conditions 
In use conditions 

Maintenance level 
 

Building deterioration could be minimized by taking care of design stage and the selection of 

materials (quality characteristics) (Edirisinghe et al. 2015). Maintaining the correct operating 
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conditions is the only route available to minimize the building deterioration during the operational 

stage. 

The determinants for a solid facility investment strategy are lowering life cycle costs, improving 

the performance, and managing the risk (Grussing 2009a). Key features of an asset management 

system are objectivity, repeatability, and affordability (Grussing 2009b). Timely interventions 

could avoid accelerated deterioration in the later stages (this is identified as the sweet spot) 

(Grussing 2009b). As a solution to aforementioned issues, it is important to establish sound asset 

management practices. An effective asset management system requires assessing of the 

deterioration of building components, identifying effective condition monitoring methods, 

forecasting deterioration and resulting maintenance expenditure, decision making considering risk, 

cost, and sustainability throughout life cycle of assets. 

Building asset management needs to consider minimizing the life cycle costs, while ensuring 

building performance levels related to condition,  serviceability, safety, and capacity (Grussing 

2013). Even though every building is unique, each building passes through similar stages in their 

respective life cycles. Condominium home owners association, (2012) identified five main stages 

in building life cycle (i.e. pre-natal stage, childhood stage, adolescence stage, adulthood, and old 

age). These stages are associated with various operational, maintenance, and asset renewal costs 

(Figure 3-3).  

 

 

Figure 3-3: Life cycle stages of buildings and asset management costs 

Performance of buildings and components should be measured regularly to implement 

interventions. Having practical and easy to use performance assessment methods are vital for 

assessing the performance of buildings. One of the most commonly used method in the industry 

for performance assessment is the use of indicator based rating systems.  

Pre-natal Childhood Adolescence Adulthood Old age 

     

     

     

     

< 2 Years Years 2-16 Years 17-29 Years 30-49 Years 50+ 

 

Capital 

Development 

Routine maintenance 

Asset renewals 



 37 

Sustainable building and facilities management (FM) is a high data intensive process where data 

is provided by users, inspectors and sensors (Shoolestani et al. 2015). Khan et al. (2014) mentioned 

that rational, fact-based, reproducible, transparent, and systematic processes are required to assist 

this exercise. Furthermore, it has been observed that intricacy and diversity of building ownership 

profile affect the building performance management during the operational phase.  

3.5 Building Asset Management Decision Making  

Various project appraisal methods such as payback time, net present value, internal rate of return, 

or cost of conserved energy have been used for analyzing building maintenance to identify the best 

course of action (Martinaitis et al. 2007). Chiang et al. (2013) developed a framework to compute 

the optimal maintenance strategy for sustainable buildings considering life cycle GHG emissions, 

LCC, and labor requirement (Chiang et al. 2014). Wang et al. (2014) proposed a multi-objective 

optimization approach for building retrofit planning by optimizing energy savings and economic 

benefits (Wang et al. 2014a). Martinaitis et al. (2005) proposed a two factor method, which 

separates investments into retrofits improve energy efficiency and building renovations 

(Martinaitis et al. 2007). Halfawy et al. (2008) proposed a decision support system for renewal 

planning of sewer networks (Halfawy et al. 2008). This approach focused on optimizing the 

renewal costs, condition state, and risk of failure in developing the renewal plan (Halfawy et al. 

2008). Kim et al. (2016) developed a model for identifying optimal green systems by thermal 

comfort and energy saving for educational buildings (Kim et al. 2016).   

Decision making based on the capital cost can be a main drawback in infrastructure management 

since it ignores the operating costs of assets, which can be substantial  along  the life of the 

constructed facility (iceberg effect) (Bull 1993; Wübbenhorst 1986). Hence, during the recent past, 

life cycle cost became popular as a basis for making engineering related decisions. More recent 

literature reveals that integrated decision making approaches have been adopted in infrastructure 

related decision making. Innovative triple bottom line based infrastructure management decision 

making methods include water-energy nexus (Assaf et al. 2002; Hossaini et al. 2014); water-

energy-GHG nexus (Nair et al. 2014) and eco-efficiency analysis (Seiler-Hausmann 2004; USEPA 

2014).  
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Identifying the optimal retrofit level for buildings has been one of popular research topics in the 

recent years (Leal et al. 2014a; Ferrara et al. 2014). Ibn-Mohammed et al. (2013) have developed 

an approach to evaluate and identify economically efficient building retrofit options that achieves 

highest operational and embodied GHG reductions (Ibn-Mohammed et al. 2014). Ashrafian et al. 

(2016) proposed a framework that facilitates in identifying energy retrofits from cost and energy 

saving (Ashrafian et al. 2016) . Chidiac et al. (2011) proposed a regression approach to estimate 

the impact of building energy retrofits. Leal et al. (2014b) identified that medium efficiency is the 

best retrofit level from economic perspective. McArthur & Jofeh (2015) suggested an approach 

that identifies strategic investments for building retrofits in a building portfolio.  Jafari & Valentin 

(2015) developed an approach that identified the optimal retrofit level for residential building 

based energy consumption savings. The findings of this study were based on a single case study 

and required additional case studies to improve the validity of the findings.  

Simulation based optimization methods have been developed to identify cost-optimal energy 

efficiency retrofit configurations (Ferrara et al. 2014).  Asadi (2012) used a TRNSYS, Genopt and 

MATLAB based multi-objective optimization model to select retrofit strategies (Asadi et al. 2012). 

Asadi et al (2014) proposed genetic algorithm and artificial neural network based model for 

assessing energy retrofits (Asadi et al. 2014a).  Similar approach was used by Magnier et al. (2010) 

to optimize the design of a building (Magnier & Haghighat 2010). Wang et al (2014) proposed an 

optimization model for building retrofitting that maximizes energy savings and operational cost 

savings (Wang et al. 2014b). Ferrara et al. (2014) tried cost optimal configuration of near Net Zero 

energy building (Ferrara et al. 2014). Malatji et al. (2013) proposed a multi objective optimization 

model for building retrofits by optimizing energy savings and payback period (Malatji et al. 

2013a). Shao et al. (2014) used a multi objective optimization (MOO) model and stakeholder 

requirement analysis based framework for decision making in selecting building energy retrofits 

(Shao et al. 2014). Zhivov et al (2012) proposed energy optimization method for operating army 

buildings (Zhivov et al. 2013). 

3.5.1 Current Building asset management methods 

There are various municipal infrastructure asset management software products that are 

commercially available. Based on a comprehensive review, Halfawy et al. (2006) stated a small 

number of software had limited capabilities in terms of long-term renewal planning (Halfawy et 
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al. 2006). The majority of building maintenance planning methods are optimization-based 

approaches (Fan & Xia 2017a; Wang & Xia 2015a; Ye et al. 2015a). Most rating systems are 

focused on a specific component or system in a building. Furthermore, present methods are 

oblivious to technological advancements and related costs.  Most retrofit analysis models do not 

consider integrated effects and focus on single major analysis (Lee et al. 2015b). Several building 

asset management methods have been proposed in literature. Table 3-3 compares the features of 

literature-based asset management systems. The majority of maintenance planning approaches 

proposed in the literature are focused on individual building components and do not focus on the 

building as a complete system. The objectives of the proposed approaches have not focused on 

prioritizing building components. In addition, a majority of maintenance planning approaches have 

not considered data uncertainty. More importantly, maintenance planning requires the 

incorporation of future technological and cost changes. However, none of the proposed approaches 

take the future technological changes into account. Furthermore, Grussing (2015) identified 

optimized building maintenance intervention planning considering energy savings as a future 

research area. 

A study similar to the proposed research is the building façade maintenance management method 

proposed by Lacasse et al. (2008). This approach used Failure Mode Effect and Criticality Analysis 

in developing a criticality index in prioritizing façade components. Markov chain deterioration 

was used to model the deterioration. This method only focused on building façades. Moreover, 

this method does not account for future technological changes.  Another study, Keshavarzrad 

(2015), developed an asset management approach for community buildings. This approach 

proposed a methodology to integrate deterioration and cost to optimize maintenance requirements. 

Grussing (2016) developed a probabilistic framework for characterizing building component 

condition degradation, which was used to identify optimal interventions during the operational 

stage. Zhang (2006) developed a Markov based optimization model for FM of building systems. 

This study focused on optimizing the management actions to allocate limited resources effectively. 
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Table 3-3: Comparison of building maintenance planning methods 
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Chiang et al 

(2014)   

Sustainable building operational management through 

optimizing life-cycle carbon, cost and labor. 
Y Y N N N Y N N N 

(Fan & Xia 

2017b) 

Multi-objective maintenance planning model for 

building envelope retrofitting.  
Y Y N N N Y N N N 

(Wang & Xia 

2015b) 

Improving energy efficiency of a building through 

optimization maintenance planning approach.   
Y Y Y Y N Y N N N 

(Ye et al. 2015b) 
Optimized maintenance planning approach for energy 

efficient lighting retrofits  
Y Y Y Y N Y N N N 

(Fan & Xia 2016) 
Optimized building envelope maintenance planning 

method to increase energy and cost savings 
Y Y Y Y N Y N N N 

(Lacasse et al. 

2008) 
Maintenance management planning for building façades Y N Y Y N Y N N N 

(Keshavarzrad 

2015) 
Deterioration prediction of building components N N Y N N N N N Y 

(Grussing 2015) 
Sustainability focused operational management approach 

for existing buildings.  
Y N Y Y N N N N N 

Zhang (2006)  

(Zhang & Asce 

2006) 

Optimized maintenance planning for building network Y N Y N N Y N N N 

(Augenbroe et al. 

2009) 

Investment planning strategy for enhancing the energy 

performance of an existing building portfolio 
Y Y N Y Y Y N N Y 

 Y : Yes                  N : No          
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3.5.2 Building maintenance alternatives 

Building maintenance is the upkeep of components and systems of the building in proper 

conditions.  Building maintenance alternatives can be categorized into three categories.  

Corrective/ reactive maintenance: This strategy ignores preventive maintenance and operates 

the component until it fails. Repair or replace decision is taken following the failure. This 

strategy has been criticized for degradation of the reliability, frequent replacements, and the 

cost damages from the component failure. This strategy requires less cost and staff, and only 

can be justified for non-critical components whose consequences of failure are not significant 

or for components where no preventive maintenance is available (Schneider et al. 2006).  

Preventive maintenance: Preventive maintenance ensures no failures or significant damages 

for caused for components/ systems.  This method is estimated to achieve 12%-18% more cost 

savings compared to reactive maintenance. Other benefits of preventive maintenance include 

increased component life cycle, energy saving, and increased reliability.  Disadvantages include 

high labor intensity, inability to prevent catastrophic failures, and execution of unneeded 

performance. Time based maintenance is the most widely used preventive maintenance strategy 

(Schneider et al. 2006). Time intervals are determined by equipment manufacturers or 

experience of the operators  (Wang et al. 2014a). Condition based maintenance triggers 

maintenance when a threshold condition is reached. This approach creates moderate 

maintenance costs.  

Predictive maintenance: This approach is measures the degradation and eliminates/ controls 

causal stressors before significant deterioration. Maintenance action is triggered based on the 

condition of the component.  Advantages of predictive maintenance include decreased 

equipment down time and costs, increased component service life, better product quality, and 

energy savings. Moreover, predictive maintenance enables 8% -12% more cost savings 

compared to preventive maintenance. Disadvantages include increased costs for diagnostics and 

need for staff training. Advantages of this method are not seen by the management (US 

Department of Energy 2010).  

Reliability centred maintenance: This approach considers both component condition and 

system performance (Wang et al. 2014a). This approach evaluates and ranks possible 
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interventions. This strategy is a feasible method where combinations of conditions exist with 

building components/ systems (Wang et al. 2014a). Advantages of reliability centred 

maintenance include minimized frequency of overhauls, eliminating unnecessary overhauls, 

reduced probability of equipment failures and increased reliability, focus on critical components 

and inclusion of root cause analysis. Disadvantages of this approach include high initial costs 

and training. Similar to the case of predictive maintenance, the management is oblivious to the 

potential benefits of this method as well.  

3.6 Building Performance Assessment 

Although the majority of buildings do not perform as planned, performance assessment in the 

operational stage has been an unpopular initiative in the building industry. Various performance 

evaluation approaches for buildings include benchmarking, post-occupancy evaluation (POE), 

balanced scorecard, critical success factors, and key performance indicators (Lavy et al. 2014a). 

POE has been used to obtain feedback on building performance (BRE Global 2015; Leaman & 

Bordass 2001). Facility performance evaluation (FPE) was introduced as an upgrade to the 

POE, where FPE evaluates building performance based on various categories such as aesthetics, 

accessibility, functionality, cost-effectiveness, productivity, safety and security, as well as 

sustainability (Zimring 2014).  

Building performance evaluation approaches observed in the literature have been used in 

isolation (Oyedele et al. 2012). Total building performance (TBP) is a diagnostic approach that 

incorporates six features, which are spatial, acoustic, visual, thermal,  indoor air quality (IAQ) 

and building integrity (Oyedele et al. 2012; Wong & Jan 2003; Hartkopf & Loftness 1999). This 

approach incorporates both subjective and objective measure to evaluate the building. TBP has 

been used to assess the holistic performance of commercial buildings (Oyedele et al. 2012; 

Wong & Jan 2003) and performance related to individual mandates (e.g. acoustic) (Mahbub et 

al. 2010). El shenawy and Zmeureanu (2013) developed an exergy based building rating system. 

This index calculates and aggregates different sustainability indicators into a single unit 

(Exergy) (El shenawy & Zmeureanu 2013). FM is an important feature in building performance 

assessment. Lai & Yik (2011) have developed a method to assess the FM operations of an 

apartment building (Lai & Yik 2011). Zhang and Gao (2010) have proposed an optimization 
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based FM approach for buildings (Zhang & Gao 2010). However, literature revealed that FM 

overlooks the physical condition assessment of buildings and systems.  

A significant body of knowledge exists on sustainability assessment aspects of the built 

environment. There are a large number of building rating systems, indices and  tools that are 

currently in use (El shenawy & Zmeureanu 2013). Various energy based building assessment 

systems are found in published literature. A large number of sustainability rating systems are 

geographically dispersed (Berardi 2012). Berardi (2012) identified three different building 

rating systems, namely cumulative energy demand systems (focus on energy consumption), life 

cycle assessment (LCA) systems (focus on environmental aspects), and total quality assessment 

(TQA) systems (Berardi 2012). The aforementioned evaluation methods used in rating systems 

are classified into three classes, namely calculation-based, measurement-based, and hybrid 

methods (S. Wang et al. 2012). 

Majority of the building rating system are credit based systems, e.g. BREEM, LEED etc. 

(Mistry 2007). However, indicator based systems have been commonly used in the literature to 

assess the sustainability performance of civil infrastructure. As an example, Dasgupta & Tam 

(2005) proposed an indicator based multilayered screening process to compare alternatives for 

civil infrastructure systems (Dasgupta & Tam 2005). Namini et al. (2014) developed an 

indicator based system for sustainability assessment of buildings. Vučićević et al. (2013) 

developed an indicator based sustainability rating system for residential buildings in Serbia 

(Vučićević et al. 2014). This rating system primarily consisted of indicators related to building 

energy consumption.  

Performance assessment of infrastructure should look into various perspectives such as agency 

view point (performance related to municipality objectives), user view (performance related to 

user requirements), and community view point (i.e. infrastructure performance related to 

community objectives) (Transportation Research Board 2013). Hence, building performance 

management could be improved by studying the specific needs of user groups ( Huang et al. 

2013). Lai and Yik (2008) studied the user perceptions on building indoor quality parameters. 

This study identified thermal comfort as the most important parameter (Lai & Yik 2009) 
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Various drawbacks of building rating systems have been highlighted in the literature. A major 

criticism for building rating systems is related to the length of time spend on project evaluation 

(Namini et al. 2014). Complexity of sustainability rating systems have been found to create 

hindrance while adopting in practise (Berardi 2012). Rogers in his innovation diffusion theory 

maintains that complexity of an innovation can affect its adaptation. It is noted that economic 

aspects of buildings have been ignored in many rating tools. BREEM and LEED do not consider 

social or economic criteria when rating a building (Berardi 2012). DGNB is the only rating 

system that considers economic aspect (Green Building Council Denmark n.d.). Moreover, all 

third party building rating systems are not comprehensive as they do not simultaneously address 

social, environmental and economic aspects. Despite the large body of knowledge, only limited 

rating systems have survived in practical use. Nguyen and Altan (2011) compared building 

sustainability rating systems based on multiple criteria (i.e. popularity and influence, 

availability, methodology, applicability, user friendliness, accuracy and verification and data 

collection process) (Nguyen & Altan 2011). This study has identified LEED and BREEM as 

rating systems with strong bases. In this study LOS is used as a building performance 

assessment method. 

3.6.1 Level of service  

Infrastructure that fails to meet LOS standards reduces quality of life for users, the ability to 

support economic development, and the safety of residents (Sharma, Al-Hussein, et al. 2008). 

The concept of LOS was initially developed for roads, and was later extended to other 

infrastructure classes. LOS incorporate level of operation by defining, maintenance and level of 

availability as an indicator of the capacity (Chasey et al. 1997). Ireland, Fearon, & Hawker, 

(2008) defined LOS as the performance of an asset. G.Y. Félio & Lounis, (2009) and Federation 

of Canadian Municipalities, (2002) identified LOS as an assessment of the quality of the service 

provided with respect to society and economy. Assessing the LOS assists infrastructure 

managers in, promoting sustainable practice, supporting decision making related to investment 

planning and management, and facilitating community involvement in managing the 

infrastructure asset (Federation of Canadian Municipalities 2002). 

Determination of LOS assists the municipal decision makers in prioritizing the infrastructure 

assets in investment planning related to expansion, operation and maintenance, rehabilitation, 
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and replacement of infrastructure (Ireland et al. 2008). It is important to determine performance 

measures and indicators needed to set and monitor the LOS (Han et al. 2015). LOS is a central 

part of the sustainable asset management that combines strategic asset management plan to asset 

condition assessment (Khan et al. 2009). Establishing LOS could differ based on the type of 

infrastructure asset (Federation of Canadian Municipalities 2002). LOS indicators incorporate 

social, environmental, and economic plans of a community and could change from one 

community to another (Khan et al. 2009). 

Figure 3-4 illustrates parameters associated with the LOS. According to Infrastructure Canada 

(2002), LOS of infrastructure is assessed based on the criteria such as safety, customer 

satisfaction, quality, quantity, capacity, reliability, responsiveness, environmental acceptability, 

cost, and availability (Federation of Canadian Municipalities, 2002 ; G.Y. Félio & Lounis, 

2009;Ireland et al., 2008).   

Each parameter that defines LOS is explained below.  

Safety: Occupant health and safety is affected by a building design and operation. Safe building 

should ensure healthy indoor air quality, ergonomic, electrical safety and accident prevention. 

In addition, the building should include measures to prevent potential natural and human-caused 

hazards to the building users (National Institute of Building Sciences 2015).  

User satisfaction: Cao et al. (2015) identified user satisfaction as an important parameter in 

post occupancy evaluation of buildings. Insufficient operation and maintenance would result in 

service quality and user dissatisfaction (Siu et al. 2001). 

Quantity: Quantity is the ability of buildings to serve the current demand for a building. 

Capacity: Capacity assess the ability of a building to serve expected service demand in future. 
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Figure 3-4: LOS Parameters 
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Quality: Building FM services should be of high quality reaching expected quality of key 

stakeholders (Lepkova & Ūselis 2013; Ahmad et al. 2009). 

Reliability: Capability to perform a service dependently and accurately (Parasuraman et al. 

2016). 

Responsiveness: Readiness to help users and provide speedy service (Parasuraman et al. 2016). 

Environmental Acceptability: Environmental acceptability assess the environmental 

performance of the building.  

Cost: Cost effective building should be the desire of every building manager. Cost effective 

building operation should include attributes such as low building operation and maintenance 

costs and longer life span (National Institute of Building Sciences 2012). 

Availability: Agreed service time of the infrastructure asset to perform the agreed service 

function (Office of Government Commerce 2007). 

Stakeholders of municipal infrastructure system includes the municipality (Agency), persons 

who are using the asset (Customer), and the community. The aforementioned stakeholders have 

different expectations from the municipal infrastructure system. LOS defines the terms of 

reference for quality of service provided from an infrastructure system (Khan et al. 2009).  

According to Han et al (2015) LOS include two paradigm, customer perspective and mangers 

perspective (Han et al. 2015).  Sharma et al. (2008) suggested that user expectations, legislative 

requirements, performance standards, budget limitations, and delivery mechanisms should be 

considered when setting up a target LOS.  

According to Transportation Research Board (2006), agencies target their expected service level 

by tracking track performance over time. The agency, managing the asset, has to pool 

considerations from the customer and society.  According to Transportation Research Board 

(2006) the factors that are considered in setting up a target LOS for a road system include the 

following: 

 Expected funding levels; Present condition, past performance trends; 

 Policy goals of the organization, regional priorities, or priorities by route classification; 

 Public opinion; 

 Internal and external input and discussions with the construction industry;  

 Life cycle cost and trade-off analyses and Marginal value of additional investment; 
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Chapter 4 Asset Management of Building Infrastructure:  A Level of 

Service (LOS) Index for Operational Management  

A version of this chapter has been accepted (in press) by Sustainable Cities and Society, an 

Elsevier journal, as an article titled “Developing a Level of Service (LOS) Index for Operational 

Management of Public Buildings” (Ruparathna et al. 2017a). 

4.1 Background 

Several researchers have highlighted the importance of focusing on the operational stage of a 

building due to its high environmental impact (Rincón et al. 2013). Lack of supervision of 

building performance during the operational stage and complexity of scoring systems are major 

issues associated with building performance assessment (Namini et al. 2014).  Moreover, no 

further evaluation is carried out after the building rating is assigned. Performance management 

is an inherent part of asset management which determines objectives, measures progress against 

predefined objectives, and uses the findings to improve municipality’s delivery of services to 

the community. Currently, there is a disconnect between the operational knowledge and the 

decision-making process associated with municipal infrastructure management (Federation of 

Canadian Municipalities 2003). Moreover, engineers’ expert knowledge is focused mainly on 

the technical aspects, and ignores the service provided by the building (Han et al. 2015). 

Therefore, innovative approaches are required for performance improvement of public 

buildings though life cycle asset management.  

Evaluating the performance of a facility is important for attaining strategic goals of the 

organization (Lavy et al. 2014b). In building rating systems there is a trade-off between the 

complexity and quality of results (Shohet 2003). A proactive building management requires 

accurate and current information (Grussing 2013). Hence, performance evaluation is an 

important step in building management (Shohet 2003).  

Evaluation of LOS is a central tenant for asset management (Han et al. 2015). LOS indicates 

the ability of an infrastructure to support environmental, social and economic functions of a 

community, region or a country (Chasey et al. 1997). LOS has been used in infrastructure 

management of core municipal infrastructure classes (e.g. water supply systems, pavements) to 

ensure the service delivery. The same concept can be adopted for municipal buildings to monitor 
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and manage building performance. Advanced asset management systems require LOS to be 

defined using measurable gauges that can be monitored through established performance 

indicators (Asset Management BC 2011). This chapter develops a LOS index for building 

performance management. The proposed index would enable operational performance 

monitoring of buildings to ensure that buildings conform to desired features and delivers desired 

services.  Based on the above definitions, LOS for a public building infrastructure can be defined 

as an assessment of the operational performance provided to the building users and society. 

Environment-conscious performance is embraced by the contemporary world. Hence, 

environment consciousness is an important parameter defining the building service. Operational 

performance provided to users is being assessed based on the LOS parameters defined by 

Federation of Canadian Municipalities, (2002). 

LOS occurs at multiple levels, e.g. components, assets, systems and agency wide (USEPA 

2010a). The same concept could be adopted for building infrastructure as shown in Figure 4-1.  

As illustrated in Figure 4-1, setting the LOS for building components (e.g. window) would 

facilitate in achieving the LOS of building systems (e.g. building envelope). Maintaining the 

LOS of building systems would enable achieving LOS of the building. USEPA, (2010) defined 

the aforementioned as roll up LOS.  

 

Figure 4-1: LOS propagation for buildings 

LOS occurs at both asset and customer levels (USEPA 2010b) . According to USEPA, (2010b) 

there are internal and external LOS targets. External LOS are strategic targets that are 

determined by customer demand and local legislative body requirements (e.g. building level) 

(USEPA 2010b). Internal LOS targets are tactical, and focus on the management of operations 

(e.g. component, system and building level).  
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The literature review indicates that there is no standard method to assess the LOS of 

infrastructure as several methods have been used in the calculation of LOS. One of the studies 

viewed LOS from various users of the infrastructure asset. Sharma et al. (2008) used pedestrian 

LOS, bicycle LOS and vehicle LOS when assessing the overall asset LOS of municipality/urban 

roads (Sharma, Al-hussein, et al. 2008). Han et al. (2015) used a hierarchical framework to assess 

LOS related to water infrastructure focusing on TBL of sustainability (Han et al. 2015). This study 

has been conducted by using a customer survey. A psychometrical scaling technique was adopted 

by Correia and Wirasinghe (2008) to assess the LOS of airport departure lounges (Correia & 

Wirasinghe 2008). This approach adopted surveys where passengers were requested to rate service 

characteristics relative to preference, importance, and satisfaction. Above mentioned approaches are 

primarily survey-based, which require significant resources. However, these surveys do not look 

into wider parameters (defined in Figure 3-4) associated with the LOS. The use of an objective 

approach in the assessment of LOS would ease the present challenges in LOS assessment.  

Advanced asset management methods require LOS to be defined using measurable gauges that 

can be monitored through established performance indicators (Asset Management BC 2011). 

LOS indicates the ability of an infrastructure to support environmental, social and economic 

functions of a community, region or a country (Chasey et al. 1997). LOS has been used in 

infrastructure management of core municipal infrastructure classes (e.g. water supply systems,) 

in ensuring the service delivery. The same concept can be adopted for municipal buildings to 

monitor and manage building performance. This chapter aims to develop a level of service index 

(LOSI) for building performance management. The proposed index would enable operational 

performance monitoring of buildings to ensure that buildings confirm to desired features and 

delivers desired services. A comprehensive LOS assessment approach was developed for 

buildings. This approach adopts fuzzy set theory to account for operational data and benchmark 

uncertainty.  LOS performance indicators (PI) were identified from literature and customized 

for an aquatic centre building. A case study was performed to demonstrate the tool with actual 

data from Okanagan, BC, Canada, for different priorities. The proposed LOSI bridges the gap 

between the practicality and scientific rigour of a rating system. The proposed approach would 

assist all three layers of infrastructure management decision makers in municipalities (i.e. 

strategic, tactical and operational) in planning, standard setting, and operational monitoring.   
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4.2 Methodology 

A comprehensive framework was developed to assess the LOS of buildings. This approach 

incorporates fuzzy synthetic evaluation (FSE) in assessing the building performance. The 

proposed framework includes sequential steps in assessing the LOS of building infrastructure. 

4.2.1 Fuzzy Logic 

Zadeh (1965) proposed fuzzy sets to deal with imprecise data and subjectivity. This is a 

breakthrough theory to represent vague knowledge. Fuzzy set theory helps to deal with non-

statistical uncertainty. In this theory, a fuzzy set (A) is represented by an object (x) and a grade 

of membership to the membership function3 x: µA(x). The membership value is the grade of 

possibility that an element x belongs to set A.  The two main conditions for a fuzzy set to satisfy 

are normality and convexity.  

4.2.2 Fuzzy Synthetic Evaluation (FSE) 

Deterministic evaluation of an ill-defined object can be complex, vague, and distant from the 

reality.  Fuzzy synthetic evaluation (FSE) is a process of evaluation where several individual 

elements and components are synthesised into an aggregate form. FSE can be used to handle 

uncertainties associated with data and information, aggregated categories, and overall index 

rating (Umer et al. 2016). FSE accommodates both numerical and non-numerical data in 

evaluation by adopting linguistic terms (Ross 2005).  

Following example explains FSE in detail. LOS performance of a building is evaluated based 

on performance categories such as safety, quality, reliability etc. LOS performance level of a 

building is measured using a linguistic scale (i.e. excellent, superior, adequate, inferior). After 

consultation with experts, a membership could be developed that assign relations between 

different perspectives. R represents the fuzzy relationship between performance factors and 

levels.  

                                                 

3 Membership function is different from the probability density function as latter represents the probability of a 

random variable within a sample space. 
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𝑅 =

 
 

𝑆𝑎𝑓𝑒𝑡𝑦
𝑄𝑢𝑎𝑙𝑖𝑡𝑦

𝑅𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦
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The LOS of a selected building is provided as membership to performance categories (w). 

w = {w1, w2, w3,……,wn) 

where  ∑ 𝑤𝑖 = 1𝑖  

 Fuzzy vector (e) contains membership values for each building for performance levels.  

𝑒⏟ = 𝑤⏟ ° 𝑅⏟                                                                  Equation 4-1 

4.2.3 FSE Based LOS Calculation method 

Building performance is defined using qualitative and quantitative performance indices. 

Uncertainties are inherent in the performance evaluation of infrastructure systems. Due to the 

fuzziness of information, performance indicators of infrastructure systems can be estimated with 

different levels of certainty (most likely, minimum and maximum). Benchmarks for 

infrastructure performance too are associated with significant uncertainties and subjectivity 

(e.g. LOS). Therefore FSE is used for the performance evaluation of building infrastructure. 

(Ruparathna et al. 2015) have used FSE for LOS assessment of recreational centre buildings. 

The proposed performance management index, as outlined below, involves four steps in 

calculating the performance of a public building (Ruparathna et al. 2015; Khatri et al. 2011). 

i. Identification and classification of performance indicators.  

ii. Fuzzification of the performance indicators. 

iii. Aggregation of LOS indicators and LOS performance categories using FSE. 

iv. Defuzzification of the aggregated categories to calculate the building performance. 

Figure 4-2 illustrates the methodology adopted for assessing the LOS of buildings. 
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 Figure 4-2: LOS assessment methodology 
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4.2.4 Identification and Classification of Indicators 

A comprehensive review was conducted to identify building operational performance indicators 

(Appendix B). Indicator based systems have been commonly used in the literature to assess the 

sustainability performance of civil infrastructure. As an example, Dasgupta & Tam (2005) 

proposed an indicator based multilayered screening process to compare alternatives for civil 

infrastructure systems.  Published literature and established building rating methods were used 

to identify performance indicators. Appendix B lists the sources used for identifying operational 

performance indicators. Identified indicators were classified into LOS categories identified in 

section 3.6.1 based on published literature. Table 4-1 presents the classified indicators according 

to the LOS categories. The indicators stated in Table 4-1 include building performance 

indicators (BPI), system performance indicators (SPI) and component performance indicators 

(CPI). Only building level indicators were focused upon in this study.  
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Table 4-1: Classification of indicators 
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B I1 Availability of measures for protection against vandalism and security          

B I2 User satisfaction level  (Through a survey)          

B I3 Indoor air quality (IAQ)          

B I4 Thermal comfort to the users           

B I5 Building cleanliness and visual comfort to the users          

B / S / C I6 Indoor noise level          

B I7 Indoor luminance level          

B I8 Adequacy of building amenities to users (Customizable based on the building 

type) 

         

B / S / C I9 Condition rating of building equipment          

B I10 Access to services in normal and emergency conditions          

B I11 Number of deaths and injuries caused by using the public building (i.e. Number 

of safety related incidents) 

         

B / S / C I12 Non planned service interruptions as a percentage to planned service 

interruptions 

         

B I13 Number of user days with no service interruptions           

B I14 Quality of swimming pool water          

B / S / C I15 Annual energy use intensity (GJ/m2)          

B I16 Annual renewable energy consumption (As a proportion of the total energy)          

B I17 Annual GHG emission reduction          

B I18 Annual water consumption per user          

B I19 Amount of water recycled as a % to waste water          

B / S / C I20 Average cost of operation as a percentage of annual income          

B I21 Amenities for persons with disability          

B I22 Cycling convenience for the users          
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4.2.5 Fuzzification of the Performance Indicators 

In order to establish LOS, asset managers should have predefined  performance levels (Khan 

et al. 2014).  Literature defines standard performance levels for several building performance 

indicators which could be used as benchmarks. Hence, both standard benchmarks and manager 

defined benchmarks can be established.   

The method adopted by Umer et al. (2016); Khatri et al. (2011); Rajani et al. (2006) was used 

to develop fuzzy sets for PI based on its association to the performance benchmarks. 

Benchmarks defined by building owners (Appendix B) were used to generate fuzzy sets.  After 

fuzzification each PI is expressed as a pentadruple fuzzy number. Performance level associated 

PIs can be in multiple forms, which are monitored crisp value (i.e. energy consumption: 6000 

GJ per year), monitored uncertain value (i.e. condition rating of building components: 6-7) and 

qualitative value (i.e. building cleanliness and visual comfort: average). Highest membership 

value for performance level was selected for multiple intersections. Similar to Umer et al., 

(2016),  pseudo numeric values were used to fuzzily and plot qualitative fuzzy numbers (Umer 

et al. 2016).   

4.2.6 Aggregation of LOS Indicators and LOS Performance Categories Using FSE 

The aggregation operation involves of combining PIs level performances to upper levels (i.e. 

performance category (PC) and building). The hierarchical process is presented in Figure 4-3. 

Pentadruple fuzzy numbers of PI were aggregated to calculate the performance related to LOS 

categories. LOS performance categories were aggregated to calculate the LOS of the overall 

building. Weighted sum method was used to aggregate PIs and PCs. Weights were defined 

according to the priorities of the public-sector institution.  



 56 

 

Figure 4-3: Aggregation of PI and PC to calculate LOS 

4.2.7 Defuzzification of the Aggregated Indexes  

Pentadruple fuzzy number derived for performance categories and the building would be made 

a crisp number through a defuzzification operation. A commonly used defuzzification method, 

the centroid method, would be used for the defuzzification operation. Overall LOS index is 

calculated using. 

𝑳𝑶𝑺𝑰 = 𝑫𝟏𝑪
𝑻 

                                    Equation 4-1  

CT = Transpose of a vector of centroid values of the membership functions 

D = Performance of a category/building  

4.3 Case Study 

The proposed generic framework was customized for aquatic centre buildings owned and 

operated by public-sector institutions. The proposed approach was demonstrated through a 

case study an operating aquatic centre building in Okanagan, BC, Canada. A public-sector 

institution was contacted to obtain performance data for LOS. Building LOS performance 

levels defined by Nilashi et al., (2015) were used in the study (Table 4-2) (Nilashi et al. 2015).  
 

Table 4-2: Performance levels for building/ categories 

Performance Very low Low Moderate High Very High 

TFN -0.2,0,0.2 0,0.2,0.4 0.3,0.5,0.7 0.6,0.8,1 0.8,1,1.2 

 

Table 4-3 presents monitored PI values and fuzzified PI values. PI fuzzification was performed 

considering the benchmarks defined in Appendix C.  
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Table 4-3: Monitored indicator values and analysis 

 Indicator 
Target LOS 

Performance 
Unit 

Membership Value   
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Monitored 

Performance 

LOS 

Achieved? 

I1 Good Qualitative 0 0 1 0 0 Moderate No 

I2 Very Good Qualitative 0 0 0 1 0 Very Good Yes 

I3 Very Good Qualitative 0 0 0 0.76 0.76 Good No 

I4 22-24  °C 0 0 0.34 0.66 0 23-25 No 

I5 Very Good Qualitative 0 0 0 0.76 0.76 Good No 

I6 40-45 dB 0 0 0 0 1 30 Yes 

I7 500-600 lumans/m2 0 0 0 1 1 450 Yes 

I8 Very Good Qualitative 0 0 0.66 0.32 0 Very Good Yes 

I9 Good Qualitative 0 0 0.5 0.74 0.25 Moderate No 

I10 Good Qualitative 0 0 0 1 0.34 Moderate No 

I11 0 Incidents 1 0 0 0 0 3 No 

I12 2% Ratio 0 0.5 0.5 0 0 2.5% No 

I13 0 Ratio 0 1 0 0 0 98% No 

I14 Good 
Qualitative/ 

Quantitative 
0 0 0 0.66 0.66 Good Yes 

I15 500 kWh/m2 0 0 0 0 1 426 Yes 

I16 10 Percentage 0 0 0 1 0 5 Yes 

I17 0% Percentage 0 0 0 0.28 0 2% No 

I18 100 m2/ user/year 0 0 1 0 0 90 Yes 

I19 40% Percentage 0 0 0 0.5 0 30% No 

I20 Good Cost/Income 0 0.5 0.5 0 0 Good Yes 

I21 Moderate Qualitative 0 0 0 1 0 Moderate Yes 

I22 Good Qualitative 0 0 0 1 0 Moderate No 

According to Table 4-3, the building did not achieve the target LOS related to 12 of the LOS 

indicators. Fuzzy memberships of LOS categories are presented in  Table 4-4. All LOS 

categories have the highest membership in high performance. 
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Table 4-4: Memberships to LOS categories 

LOS Category Very Low Low Moderate High Very High Highest 

membership 

Safety 0.25 0.00 0.25 0.44 0.19 High 

Quality 0.00 0.00 0.11 0.71 0.38 High 

Quantity 0.00 0.00 0.33 0.66 0.00 High 

Capacity 0.00 0.00 0.39 0.69 0.08 High 

Reliability  0.17 0.25 0.17 0.46 0.10 High 

Responsiveness 0.00 0.38 0.13 0.44 0.19 High 

Environmental 

acceptability 

0.00 0.00 0.13 0.51 0.27 High 

Cost 0.00 0.25 0.25 0.50 0.00 High 

Availability  0.00 0.00 0.00 0.67 0.33 High 

 

Figure 4-4 illustrates performance related to LOS categories after defuzzification. LOS 

performance related to category performance is highest related to quality of service. 

Performance related to other LOS categories are in following order; availability, capacity, 

environmental acceptability, quantity, responsiveness, safety, reliability, and cost.  

 

Figure 4-4: Performance related LOS categories 
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4.3.1 Weight schemes for overall building performance assessment  

Priorities of municipalities differ from one municipality to another. Hence, universal weights 

cannot be defined for PIs and PCs. Weight schemes have been used by previous researchers to 

mitigate uncertainty of user priorities (Umer et al. 2016). This analysis adopted three weight 

schemes. Weight schemes and performance benchmarks were established with the consultation 

of the municipality and literature.   

User defined: Consultations with infrastructure and planning group of the municipality were 

conducted to determine performance benchmarks and PC weights. Equal weights were 

assigned to PCs.  

Pro-Environment: In this pseudo scenario, environmental performance has been given 

prominence. Environmental performance category was assigned higher weight. Equal weights 

were assigned to other PCs.  

Service oriented: In this pseudo scenario, the service provided by the facility is given 

prominence. Equal weights were assigned to service related performance categories. 

Environmental performance and cost were assigned lower weights.      

Memberships of overall building performance for three scenarios are presented in Table 4-5. 

Table 4-5: Membership of overall building performance  

LOS Category Very Low Low Moderate High Very High 
Highest 

membership 

User defined: 0.05 0.10 0.19 0.56 0.17 High 

Service oriented 0.06 0.13 0.25 0.72 0.21 High 

Pro-Environment 0.04 0.09 0.19 0.56 0.18 High 

 

Overall building performance is presented in Table 4-6. According to the analysis, the overall 

building performance is high and does not change based on the user priorities.  

Table 4-6: Building LOS for different scenarios 

Scenario Pro-Environment Service oriented User defined 

Building performance 0.74 0.95 0.74 
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4.4 Discussion  

Operational performance assessment of buildings has received ample attention during the 

recent past. Despite providing a snap shot view, commonly used performance rating systems 

do not provide adequate information on managing the operational performance of buildings. 

LOS is commonly adopted by infrastructure managers in managing the service provided to the 

public. Hence, LOS could be adopted to sustain the service provided by public buildings. 

LOS index proposed in this chapter has incorporated the multidimensional nature of 

operational indicators on LOS of buildings, which addresses a shortcoming of the previous 

work. The LOS assessment methodology uses FSE, which enables the use of incomplete, 

qualitative and vague data in the analysis. LOS assessment approach was demonstrated using 

a case study for an aquatic centre building operating in Okanagan, BC. Furthermore, in order 

to demonstrate this method, various weight scenarios were analyzed to illustrate the how the 

priorities of the municipality affect the LOS of the building. The LOS assessment methodology 

was customized to assess the LOS of the selected public aquatic centre building. The overall 

LOS of the building had the highest membership to high performance in all three weight 

schemes.  Performance related to LOS categories had the highest membership to high category. 

However, the building did not achieve the target performance in 12 LOS indicators. Hence, 

building operators should more focus on the performance related to individual performance 

indicators. The three levels of above information would provide detailed information in 

managing the operational performance of the building in focus.  

Building LOS approach combines asset management, build operational rating and FM. Hence, 

the LOS based approach incorporates a holistic view on the operational performance of a 

building. This research provides a unique assessment of the performance of a building asset by 

focusing on the condition rating of component level and system level to define the overall 

condition rating of the building. This scrutinized information assists asset management and 

resource allocation decision making by comparing the physical condition rating related to 

building, components, and systems. Component level and system level condition rating will 

identify poorly performing building components and systems, assisting building managers in 

implementing maintenance, repair, and renovation of buildings.  Building level LOS indicates 

the service provided to the building users. This approach identifies underperforming LOS 
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categories where the service could be improved through allocating more resources, by 

improving processes, and by retrofitting. The initiatives that could improve the LOS include 

energy retrofitting, improving the safety/security arrangements, and improving FM services. 

The cost implications could be weighed against target LOS to identify optimal LOS that could 

be delivered at the available budget.   

The proposed approach is a self-assessment method for a public aquatic centre building. 

However, LOS could be used as an internal building performance management strategy by 

conducting intra-benchmarking among building operated by the public institution. LOS 

evaluation informs building users about the status of building service performance. More 

importantly, this information ensures the transparency of municipality operations since the 

facility is operated by tax dollars/ subscriptions. The proposed rating system can be 

implemented by the infrastructure department of the municipality. This approach could be a 

common basis to compare operational performance of municipal building categories. 

Presently, LOS is assessed for key municipal infrastructure classes. Hence, the proposed 

method would add to the existing system.  This approach would enable annual performance 

monitoring of the building.  The proposed approach analyses building performance related to 

two hierarchical levels (i.e. overall performance and categorical performance). Corrective 

actions could be initiated if the performance of the building is below the pre-established targets. 

The corrective action triggers could be related to the overall performance and categorical 

performance. Using the LOS enables comparing the LOS of a building with other buildings 

and other classes of infrastructure. Besides being an internal performance management 

approach, LOS could be used for continuous reporting regarding the services provided to users. 

Reported LOS would inform building users in comparing and selecting recreational facilities 

such as aquatic centres.     

The municipality should define the benchmarks for the LOS based on organizational priorities. 

The overall LOS rating of a building is influenced by both pre-established performance 

benchmarks and category weights. This is one of the unique features of the proposed approach. 

Furthermore, LOS targets are established for several performance categories. As a responsible 

organization, the municipality should establish constructive performance benchmarks. 
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Benchmarks could further be adopted to improve the service provided by the building. 

Benchmarks and category weights could be used to define the priorities of the building owners.  

Building LOS is evaluated by performance related to indicators through monitored 

performance, annual user survey, and the expert judgement of the building manager. Even 

though building level indicators are commonly available, obtaining performance related to 

component and system level indicators can be a challenge.  As an example, component and 

system LOS assessment requires energy use information for the specific component/system. 

Since energy sub-metering has not been fully incorporated into building management, 

obtaining specific energy demand data could be a challenge. Component/ system condition is 

proportional to the energy consumption. Hence, assumptions can be made for component / 

system energy efficiency using mathematical models. Furthermore, this process requires 

extensive data for all stakeholders. Shoolestani et al (2015) proposed an approach that allows 

occupants to interact with buildings and provide feedback on buildings using building 

information modelling (BIM)  (e.g. SocioBIM (Shoolestani et al. 2015). The proposed system 

could be integrated with a real-time data capturing approach that enables real time LOS 

assessment of the building. User satisfaction depends on number of incidents encountered. 

Though this could be a future technology, real time monitoring of LOS could enable the 

delivery of the best service to building users. 

4.4.1 LOS for Building Asset Management 

Roll-up LOS illustrates how the condition of components and systems will affect the overall 

building condition rating. As presented in Figure 4-5, condition rating of a building depends 

on the system and component condition rating. Condition rating of a component depends on 

component performance indicators (CPI), including physical condition of the component, 

energy efficiency, noise level etc. Condition rating of the system components and system 

performance indicators (SPI) defines the condition of the system (e.g. HVAC system, building 

envelope). Condition ratings of systems and building performance indicators (BPI) define the 

condition rating of the overall building.  
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Figure 4-5: Defining condition rating of the building 

Strategic, tactical, and operational management of municipalities could use this information to 

enhance their asset management practices. As an example, strategic management will define 

the vision for the institution (e.g. eco-centric), tactical management will define the operational 

LOS targets and performance benchmarks, and operational management will monitor the 

building performance and report the performance gaps to higher management. This task would 

be further informed by the public opinion. Furthermore, performance gaps and resource 

demands will redefine the LOS targets of the building (Figure 4-6).   

 

 

 

 

Condition Rating 
of the building

System 1 
Condition Rating

Compoenet  C11, 
Condition Rating 

Physical 
Condition rating

Energy efficiency

Noise level

CPI(1....n)

Componenet C1n, 

Condition  Rating

SPI (1...n)

System 2 
Condition Rating

Componenet  C21

Condition Rating

SPI (1...n)

BPI (1,...n)



 64 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

4.5 Summary 

This chapter introduced a LOS assessment approach for building infrastructure and developed 

a LOS index for public recreational centre buildings. The LOS index is an objective method 

for assessing performance which addresses a number of shortcomings in current building 

performance evaluation methods. Additionally, the use of FSE enables incorporating vague, 

incomplete and qualitative data into the analysis. This approach would assist facilities 

managers in monitoring and managing the operational performance of public buildings. The 

proposed methodology can be customized to suit the function of the public building. 

Implementation of the LOS index was demonstrated for a public aquatic centre building 

operating Okanagan, BC, Canada. LOS index provides three levels of detail for operational 

management of public buildings; overall building performance for strategic management, 

performance of LOS categories for tactical management, and indicator performance for 

operational management.   

Feedback loop 

Resource demands to maintain 

Feedback loop 

Performance gaps / resource 

demands Operational Management  

Monitor performance and asset management 

Tactical Management  
Defines performance benchmarks and LOS targets 

Strategic Management  

Defines the vision for the institution  

 Resource availability 

Public/ user 
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Figure 4-6: Building asset management by a public-sector institution 
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Chapter 5 Economic Evaluation of Building Energy Retrofits 

Version of this chapter has been published in Energy and Buildings, an Elsevier journal, as an 

article titled “Economic evaluation of building energy retrofits: A fuzzy based approach” 

(Ruparathna et al. 2017b).  

5.1 Background 

LCCA can be used to compare alternatives for building performance improvements, in order 

to maximize savings (Fuller 2010). There is a growing body of knowledge on LCC for built 

environment and civil infrastructure. Jafari and Valentin (2015) proposed a model for 

evaluating energy retrofits based on energy saving potential and required investment (Jafari & 

Valentin 2015). Menassa (2011) proposed an uncertainty based framework to evaluate 

sustainable retrofits (Menassa 2011). Li and Guo (2012) developed a life cycle cost prediction 

method for university buildings combining simple linear regression, multiple regression, and 

back propagation artificial neural networks (BPN) (Li & Guo 2012). Results of this research 

showed that BPN are able to provide the best estimation (Li & Guo 2012). Tsai et al. (2014) 

proposed an activity based costing decision approach for life cycle cost assessment of green 

construction projects (Tsai et al. 2014). This approach is expected to assist construction 

managers in accurately determining the energy saving potential and cost of resources of green 

building initiatives. Morrissey and Horne (2011) compared life cycle cost implications and 

environmental savings for various housing designs (Morrissey & Horne 2011). Li and Guo 

(2012) developed a life cycle costing method using back propagation artificial neural networks 

for repair and maintenance of university buildings (Li & Guo 2012). Kuusk et al. (2014) 

assessed the economic impacts of deep energy retrofits for Estonian multifamily residential 

buildings (Kuusk et al. 2014). This study identified that insulating external walls has the 

highest effect on reducing energy demand. Mahlia et al. (2011) analyzed LCC of lighting 

retrofits for the University of Malaya buildings, and found that energy savings of 

approximately 40% can be achieved by replacing university lighting with a T5 system (Mahlia 

et al. 2011).  

The two main components of LCC are cost of ownership (i.e. initial costs, depreciation, 

insurance, taxes, storage, and investment costs) and operating costs (i.e. energy costs, 

maintenance costs, and repair, refurbishment, and renovation costs) (Gransberg 2015). 
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Moreover, end-of-life costs would be borne by the owner (i.e. environmental costs, landfill 

cost, and scrap value). The aforementioned costs are affected by the value and timing of future 

costs, service life capital recovery factor, and interest rates (Zeynalian et al. 2013; Rahman & 

Vanier 2004). Figure 5-1 outlines the major costs related to building energy retrofits.  

 

Figure 5-1: Overview of building retrofit LCC 

The foundation for LCCA is time value of money (Ammar et al. 2013; Rahman & Vanier 

2004). Commonly used economic evaluation methods are explained below (Fuller 2010). 

· Net Savings (NS): NS is the difference between income generated from operational 

savings and capital investment costs. Net savings should be greater than zero.  

· Savings-to-Investment Ratio (SIR): SIR is the ratio of present value of operational cost 

savings to capital investment costs. In order to be feasible, SIR should be larger than 1. 

· Equivalent annual cost (EAC): EAC is the cost of owning the asset over time. EAC is 

calculated by dividing net present value by an annual equivalence factor. 

· Internal rate of return (IRR): IRR is the discount rate at which the estimated NPV is 

equal to zero. Adjusted IRR is the annual yield from an investment when the interim 

returns are taken into account. IRR should exceed the expected rate of return.   

· Adjusted Internal Rate of Return (AIRR): AIRR is the annual yield from an alternative 

over the analysis period, considering reinvestment of interim revenues at the discount 

rate. 

· Payback Period (PP): PP is the time taken to recover the initial investment. Simple PP 

ignores the time value of money. Discounted PP is calculated by considering the time 
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value of money. Payback period should be used as a screening method and should be 

less than the study period.  

5.1.1 Uncertainties in life cycle cost analysis 

Even though conducting LCCA increases the probability of selecting projects with the best 

economic performance, the final LCC result is subject to significant uncertainty. Previous 

studies have emphasized the importance of taking into account LCCA uncertainties (Morrissey 

& Horne 2011). LCCA is performed during the early stages of the planning phase, where cost 

estimates are available rather than exact dollar amounts. Due to the volatile macro-

environment, significant uncertainties are associated with LCCA variables (Dhillon 2010). 

Uncertainty in inputs means monitored (real) outcomes can vary from the estimated outcome 

(Fuller 2010). Common uncertainties associated with LCCA are as follows (International 

Organization for Standardization 2007). 

· Errors in judgement: over-optimistic estimates, unattainable service lives, impractical 

maintenance programs. 

· Future activities: Uncertainty in achieving the required maintenance, variations in 

future requirements, and potential changes in user behaviour. 

· Other factors: Changes in predicted inflation rates, material and labor costs, changes in 

legislation, and impacts of climatic change. 

· Refurbishments require a revised service life of a component. 

Uncertainties associated with specific variables used in LCCA are as follows: 

Energy consumption: A high level of uncertainty is associated with energy consumption since 

it is often difficult to predict. Other uncertainties such as user behaviour and occupancy 

patterns also have an impact on energy consumption of a building (Fuller 2010). 

Energy prices: Energy prices are subject to various uncertainties in terms of utility rate type, 

summer and winter rates, rate structure, and demand charges (Fuller 2010). 

Operation, Maintenance, and Repair Costs (OM & R): OM&R costs are difficult to estimate 

due to variations in maintenance schedules from building to building (Fuller 2010). 
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Uncertainties associated with prediction of service life make it a challenge to forecast the best 

timing of MR&R activities (Rahman & Vanier 2004). 

Replacement Costs: Replacement costs depend on the frequency of replacements during the 

service life, and the cost of each replacement. The number of replacements required depends 

on the estimated useful life of the system considered and the study period (Fuller 2010). 

Residual value: Residual value is calculated using resale value, value in place, salvage value, 

conversion costs, net of any selling, and disposal costs. This value can be calculated through 

proper prorating of the initial costs (Fuller 2010).  

Service life and Remaining life: Forecasting the service life of infrastructure assets and their 

components is a major step in LCCA (Rahman & Vanier 2004). Remaining service life 

depends on multiple factors such as maintenance, construction, and environmental factors. 

Periodic Charges: These charges include loan interest payments, contract payments for Utility 

Energy Services Contract (UESC), or Energy Savings Performance Contract (ESPC). These 

payments depend on the interest rates and other conditions of the contract. 

Discount Rate: The discount rate is the investor's minimum acceptable rate of return. 

Generally, the discount rate is assumed to be constant over the period of analysis (Rahman & 

Vanier 2004). 

Inflation: The general approach used in LCCA ignores real effects of inflation and assumes 

that all costs increase at the same rate. This assumption is erroneous, since in reality labour, 

material, energy, and equipment costs do not change at the same rate (Rahman & Vanier 2004).  

Depreciation: There are different types of depreciation associated with engineering equipment, 

such as monetary depreciation, physical depreciation, technological depreciation, and 

functional depreciation (Dhillon 2010). Commonly used monetary depreciation methods 

include the sum-of-years (SYD) method, the straight line method, and the declining balance 

method.  

The above factors have been plotted in a fishbone diagram for clarity in Figure 5-2. The 

fishbone diagram (Ishikawa's diagram) is used to present uncertainties related to LCCA. Dr. 
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Kaoru Ishikawa developed the fishbone diagram as a systematic method to visualize cause-

and-effect relationships. This approach assists stakeholders in analyzing a problem and 

generating ideas about the causes of that issue (Coghlan & Brydon-Miller 2014). 

 

Figure 5-2: LCC uncertainties in energy retrofits (Ruparathna et al. 2017b) 

Energy retrofitting is a popular climate action initiative adopted and promoted by various 

institutions around the world. LCC calculation of energy retrofits is associated with a number 

of uncertainties. This chapter proposes a fuzzy logic-based approach to calculate LCC that is 

applicable to buildings owned and operated by owners. The proposed approach integrates 

qualitative and imperfect data into the LCC analysis. A case study analysis was conducted for 

two different building retrofits to illustrate the results. 

5.2  Methodology 

The published literature commonly adopts probabilistic methods (e.g. Monte Carlo simulation) 

to interpret uncertainties associated with LCCA (e.g. ISO 15686-5:2008). Probabilistic 

methods are criticized for over-complexity and extensive data requirements (Zeynalian et al. 

2013). Much of the LCC-related information is incomplete, vague, and imprecise. As a result, 

fuzzy set theory is used as an approach to account for variable uncertainties. Fuzzy logic has 

been used to incorporate imperfect data into LCC (Zeynalian et al. 2013; Whyte & Scott 2010). 

Fuzzy logic addresses limitations of the probability theory and is capable of handling 

imprecise, vague, linguistic, qualitative, and incomplete data (Ammar et al. 2013; Whyte & 
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Scott 2010). Plebankiewicz et al. (2015) noted that fuzzy logic alleviates numerous problems 

encountered in probabilistic methods (Plebankiewicz et al. 2015). Shaheen et al. (2006) 

established that comparable LCC results can be obtained using the Monte Carlo simulation 

(MCS) and a fuzzy set theory-based approach (Shaheen et al. 2007). Fuzzy set theory has 

commonly been used in the literature to conduct LCCA. For example, Heravi and Esmaeeli 

(2014) used fuzzy set theory to compare life cycle costs of pavement projects (Heravi & 

Nezhadpour 2014).  

The fuzzy extension principle was proposed by Zadeh (1975) to determine the fuzziness in the 

output, y, based on a fuzzy input or a function (Ross 2005). Several methods are proposed to 

simplify the computation in applying the extension principle for continuous-valued functions. 

These methods include the Dong, Shah, and Wong (DSW) algorithm, the Vertex method, and 

the restricted DSW algorithm (Ross 2005). Ross (2010) claimed that the results of the 

extension principal, the vertex method, and the DSW algorithm are similar. Therefore, the 

DSW algorithm will be used for LCCA of building energy retrofits. Fuzzy set theory along 

with DSW algorithm has been used by many previous researchers. For example, Ammar et al. 

(2013) used fuzzy logic and the DSW algorithm to compare sewer rehabilitation alternatives 

(Ammar et al. 2013). 

5.2.1 DSW Algorithm 

The Dong, Shah, and Wong (DSW) algorithm is a commonly used fuzzy extension technique 

that adopts α -cut representation. This method differs from the vertex method by using the full 

α-cut intervals in a standard interval analysis. The following steps are used in the DSW 

algorithm: 

a) Select an α value where 0 ≤ α ≤ 1. 

b) Find the interval(s) in the input membership function(s) that correspond to the selected α-

cut. 

c) Use standard binary interval operations to calculate the interval for the output membership 

function for the selected α -cut level. 

d) Repeat above steps for different α values to complete α -cut representation of the solution. 
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Alpha (α) cut is a crisp set derived by elements of fuzzy set A, whose membership value is 

equivalent to a defined threshold value (0< α< 1). The α-cut of fuzzy set A is represented by 

Aα (Ammar et al. 2013). Under the fuzzy set theory, α-cut (interval of confidence) is used to 

calculate algebraic computations.   

While used in decision making, fuzzy numbers should be transferred into crisp values (Naaz 

et al. 2011). Defuzzification method is used to obtain a quantifiable result out of a fuzzy set. 

Various defuzzification methods are used, such as Centroid of area, Bisector of area, Mean of 

maximum (MoM), and Smallest of maximum (Naaz et al. 2011). Mean of maximum has been 

commonly used as a defuzzification method (Equation 5-1), as illustrated in Figure 5-3. The 

following Equation 5-1 is used for defuzzification (Naaz et al. 2011). 

𝑀𝑒𝑎𝑛 𝑜𝑓 𝑚𝑎𝑥𝑖𝑚𝑢𝑚(𝑀𝑜𝑀) =
(𝑎 + 𝑏)

2
 

Equation 5-1 

 

Figure 5-3: ‘Mean of maximum’ defuzzification method 

5.2.2 Possibility  

Possibility theory accounts for uncertainties arising from incomplete data (Agarwal & Nayal 

2015). Possibility and necessity are the dual measures used to describe the epistemic 

uncertainty of possibility theory (Ross 2010). Equation 5-2 & 5-3 express possibility and 

necessity (Pedrycz & Gomide 2007) (X is the input fuzzy set for Ai fuzzy relations): 

𝑃𝑜𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (𝐴𝑖, 𝑋) = 𝑆𝑢𝑝𝑥∈𝑋[𝑋(𝑥)𝑡𝐴𝑖 (𝑥)] 

Equation 5-2 

𝑁𝑒𝑐𝑒𝑠𝑠𝑖𝑡𝑦 (𝐴𝑖, 𝑋) = 𝑖𝑛𝑓𝑥∈𝑋[(1 − 𝐴𝑖 (𝑥))𝑠𝑋(𝑥)] 

Equation 5-3 

The possibility measure describes the level of overlap between two fuzzy sets. The necessity 

measure presents the level of inclusion of X in Ai (Pedrycz & Gomide 2007). Possibility 
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distribution is numerically equal to the membership function (Tesfamariam et al. 2006). 

Possibility theory has been used previously to interpret fuzzy based results (Tesfamariam et al. 

2006).  

A fuzzy set theory-based algorithm was developed to conduct LCCA for various energy 

retrofits for buildings. The proposed model considers internal factors such as deterioration of 

components as well as capital, operational and maintenance costs, and external factors such as 

interest rates and inflation, which have been overlooked in the previously published literature.  

LCCA requires analysis of costs and benefits associated with the selected retrofit alternatives 

(Estes 2011). Energy retrofits are evaluated by adding the present value of benefits (i.e. cost 

reduction from energy conservation in future periods) and present value of costs (i.e. initial 

investment expenditures, annual operating and maintenance costs) (Kumbaroglu & Madlener 

2012). Based on Kumbaroglu and Madlener (2012) and Dhillon (2010), the Equation 5-4 was 

developed to analyze the LCC of energy retrofit (Dhillon 2010): 

𝑳𝑪𝑪𝑬𝑺 = 𝑰𝑪𝑷𝑽 + 𝑵𝑭𝑶𝑴𝑪𝑷𝑽 + 𝑵𝑹𝑪𝑷𝑽 + 𝑹𝑪𝑷𝑽 ± 𝑺𝑽𝑷𝑽 − 𝜟 𝑬𝑪𝑷𝑽           

Equation 5-4 

𝐿𝐶𝐶𝐸𝑆 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑦𝑠𝑡𝑒𝑚 𝐿𝐶𝐶 

𝛥 𝐸𝐶𝑃𝑉 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡 𝑠𝑎𝑣𝑖𝑛𝑔 

𝐼𝐶𝑃𝑉 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 

𝑆𝑉𝑃𝑉 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒 (Can be a cost or benefit) 

𝑁𝐹𝑂𝑀𝐶𝑃𝑉 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑎𝑛𝑛𝑢𝑎𝑙𝑙𝑦 𝑟𝑒𝑐𝑢𝑟𝑟𝑖𝑛𝑔 𝑛𝑜𝑛 − 𝑓𝑢𝑒𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 

𝑁𝑅𝐶𝑃𝑉 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑛𝑜𝑛 − 𝑟𝑒𝑐𝑢𝑟𝑟𝑖𝑛𝑔 𝑛𝑜𝑛 − 𝑓𝑢𝑒𝑙 𝑎𝑛𝑑 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡𝑠 

𝑅𝐶𝑃𝑉 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓  𝑟𝑒𝑐𝑢𝑟𝑟𝑖𝑛𝑔 𝑛𝑜𝑛 − 𝑓𝑢𝑒𝑙 𝑎𝑛𝑑 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡𝑠 

Real discount rate (i) is used to calculate the present value (PV) of future cash flows (Foster et 

al. 2010). Interest rate is the rate at which capital increases if invested, and inflation is the rate 

at which the price of commodities would increase. 

i = Interest rate – Inflation rate 

Equation 5-5 
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Present value (PV) of a future value (FV) occurring on period (n) at a discount rate (i) is 

calculated by (Rahman & Vanier 2004). 

𝑷𝑽 = [
𝟏

(𝟏+𝒊)𝒏
]                                                                             

Equation 5-6 

Present value (PVA) of annually recurring costs for n periods at discount rate (i) is calculated 

using Equation 5-7 (Dhillon 2010). 

𝑷𝑽𝑨 = [
(𝟏+𝒊)𝒏−𝟏

𝒊(𝟏+𝒊)𝒏
]                                                                         

Equation 5-7 

With fuzzy input data, Equations 5-7 were changed as equation 5-11 respectively, as follows: 

 𝑳𝑪𝑪𝑬𝑺
̃ = 𝑰𝑪𝑷�̃� + 𝑵𝑭𝑶𝑴𝑪𝑷𝑽

̃ + 𝑵𝑹𝑪𝑷𝑽
̃ + 𝑹𝑪𝑷�̃� ± 𝑺𝑽𝑷�̃� − 𝜟 𝑬𝑪𝑷𝑽

̃   

Equation 5-8 

�̃� = 𝑰𝒏𝒕𝒆𝒓𝒆𝒔𝒕 𝒓𝒂𝒕𝒆 ̃ − 𝑰𝒏𝒇𝒍𝒂𝒕𝒊𝒐𝒏 𝒓𝒂𝒕𝒆̃  

Equation 5-9 

𝑷�̃� = [
𝟏

(𝟏+�̃�)�̃�
]  

Equation 5-10 

𝑷𝑽�̃� = [
𝟏−(𝟏+�̃�)−�̃�

�̃�
]  

Equation 5-11 
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The computational algorithm illustrated in Figure 5-4 was used to conduct LCCA of energy 

retrofits. This algorithm incorporates 11 steps that are explained below. 

 

 

 

Step 1 Select an innovative and proven energy retrofit technology for a building. 

Step 2 Simulate and validate the considered building using energy simulation software. 

Estimate the impact of the retrofit on the building energy performance and identify 

energy saving potential of the retrofit alternative. 

Step 3 Collect data related to installation cost, maintenance cost, future energy prices, 

disposal cost, inflation, interest rate, and service life (from literature and expert 

opinion). 

Step 4 Identify memberships of uncertain variables from literature, and fuzzify. 

Step 5 Select an α-cut value such that 1> α>0 

Step 6 Find corresponding interest rate, inflation, and depreciation rates for the-α cut value. 

Step 7 Find corresponding intervals for initial cost, maintenance cost, energy saving, and 

salvage value for the α-cut value. 

Step 8 Use the DSW algorithm to calculate the membership function of LCC for the selected 

α-cut level using Equation 6. 

Step 9 Repeat steps 5-8 for different α-cut values 

Step 10 Different α-cut values for output function obtained from step 5-9 will be used to obtain 

complete α-cut representation of LCC of retrofit alternative. 

Step 11 For decision making, defuzzify the output function (using MoM method) to determine 

a crisp value. This will be the uncertainty-based, predicted LCCA result. 
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Figure 5-4: LCCA algorithm 
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5.2.3 Fuzzification of variables  

Fuzzification creates a fuzzy variable from a crisp value. Cost uncertainty is commonly expressed 

as trapezoidal fuzzy numbers (Shaheen et al. 2007). Fuzzy cost ranges can be expressed in a 

number of formats (i.e. triangular, trapezoidal, uniform, and singleton) based on expert opinion 

(Shaheen et al. 2007). According to Shaheen et al. (2006), the meaning of the aforementioned 

fuzzy input formats are as follows: 

 A triangular fuzzy number is selected when there is a most likely point between a maximum 

and a minimum boundary. Inflation and discount rate have been published in the 

aforementioned format (Innovation Science and Economic Development Canada 2014; 

Bank of Canada 2016). 

 A trapezoidal fuzzy number is selected when the most probable range is between a 

maximum and a minimum boundary. Cost items (i.e. installation, maintenance, disposal 

costs) are commonly expressed as trapezoidal fuzzy numbers (Shaheen et al. 2007; Ammar 

et al. 2013).  

 A uniform fuzzy number is selected when the estimate should form an interval that has 

minimum and maximum points. Real energy saving can be +10 % of the simulated value 

(Ricker 2006). Therefore, uniform distribution is a feasible format to express uncertainty 

associated with energy savings. 

 A crisp number is selected when it is 100% certain about a variable without any uncertainty. 

Table 5-1 summarizes LCC uncertainty variables and associated uncertainty.   

 

Table 5-1: Uncertainty variables and associated uncertainty 

LCC component/ Factor Type of uncertainty 

Installation cost Epistemic 

Energy price Aleatory 

Maintenance cost Epistemic 

Disposal cost/ Scrap value Aleatory 

Energy saving Aleatory 

Service life Aleatory 

Inflation Aleatory 

Interest rates Aleatory 
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5.3 Case Study 

The proposed algorithm was illustrated using a case study. The case study was conducted for a 

public office building in the Okanagan region of BC, Canada. Energy simulation was conducted 

using Autodesk Green Building Studio software. Building data and assumptions considered for 

the building are as follows: 

· Inside temperature: 21.8 degrees Celsius. 

· Building Occupancy: Monday to Friday from 7:30am to 4:30pm. 

· Number of building users: 90 council chambers; 45-50 staffing areas. Staffing areas are 

assumed to be occupied during work hours. 

· Domestic hot water: Sixty US gallon electric water heater with fraction HP pump. 

· Lighting system: Fluorescent fixtures retro-fitted with electronic ballasts. 

· HVAC equipment: Large squirrel cage fans, electric heating elements in the unit. 

· Air infiltration: 0.35 ACH. 

· Space cooling: Carrier chiller with cooling coils in the air handling units.  

· Building envelope construction: Bricks (R~14) with single-glazed windows. 

· Wall-to-window ratio (WWR): 0.5. 

· Building Orientation: 105°. 

· Layout: Conventional layout with partitioned interior. 

The energy model was validated using actual energy consumption data of the selected building. 

Since sub-metering was not available, the total building energy consumption was used for 

validation. Energy usage records for years 2012, 2013, and 2104 were compared with simulation 

results (Figure 5-5). According to the comparison, the energy model is a reasonable representation 

of the real building. There is a difference between actual and monitored energy data. Therefore 

incorporating the uncertainty associated with energy saving is important in LCCA. 
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Two energy retrofit alternatives were considered for this study (one major retrofit and one deep 

retrofit) as follows (Table 5-2): 

Table 5-2: Energy saving potential of retrofits 

 

Retrofit alternative Description Type of retrofit Annual energy saving 

(KWh) 

Improving the roof insulation 

(Alternative 1) 

 R49 

insulation 
Major 114063 

Installing ground source heat 

pumps (Alternative 2) 
200 ton Deep 249796 

 

Cost data associated with retrofit alternatives were collected from various sources including 

RSMeans cost data, expert opinion, government reports, and other published literature. Cost 

variables were expressed as fuzzy variables.  

 

 

 

 

 

Figure 5-5: Model Validation 
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Table 5-3 lists fuzzified LCCA variables for retrofit alternatives.   

Table 5-3: Fuzzification of LCCA variables 

LCC component/ 

Factor 

Membership 

Function 

Retrofit Alternative 

Alternative 1 Alternative 2 

Installation cost 

(`000 CAD) 
Trapezoidal (55,56,60,62) (284,325,337,392) 

Maintenance cost 

(`000CAD) 
Triangular (0,0,0,0) (1.85,2.0,2.5, 3) 

Disposal cost/ 

Scrap value (CAD) 
Trapezoidal (0,0,0,0) (0,0,0,0) 

Energy saving 

(Kwh) 
Triangular (102656,114063,125469) (224816,249796,274775) 

Service life (Years) Trapezoidal (50,50,80,100) (15,25,30,38) 

Energy price 

(CAD) 
Trapezoidal (0.042,0.0797,0.1075,0.1872) 

Inflation (%) Triangular (1,2,2,3) 

Interest rates (%) Triangular (3.5,5,8) 

 

LCC for various α-cut values are presented in Table 5-4.  

 

Table 5-4: LCC for various α-cut values4 

α-cut Alternative 1 Alternative 2 

 Low High Low High 

0 -  24,438 -  259,840 190,613 -    400,636 

0.2 -  39,494 -   240,517 163,426 -    357,212 

0.4 - 54,821 -   220,295 131,699 -    309,176 

0.6 -  70,405 -  199,106 95,811 -    256,661 

0.8 -   86,235 -  176,873 56,166 -    200,015 

1 -  102,300 -  153,516 13,190 -    139,831 

 

Fuzzy membership functions for LCC of energy retrofits are presented in Figure 5-6. According 

to Table 5-4 and Figure 5-6, there will be a cost saving from alternative 1, while there is possibility 

of a loss from implementing alternative 2.  

 

                                                 

4 Minus (-) values indicate a financial gain.  
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Figure 5-6: Membership functions for LCC: Alternative 1 (a) alternative 2 (b) 

5.3.1 Deterministic Analysis 

Most likely values were selected from various sources for the deterministic analysis. Table 5-5 

presents values used for variables. Equations 5-7 were used for analysis. Based on Table 5-5, there 

will be a LCC saving from retrofit alternatives 1 and 2.  

Table 5-5: Deterministic analysis 

LCC component/ Factor Alternative 1 Alternative 2 

Installation cost (`000 CAD) 57,000 325,000 

Maintenance cost (`000CAD) 0 2,000 

Disposal cost/ Scrap value (CAD) 0 0 

Energy saving (Kwh) 114,063 249,769 

Service life (Years) 25 25 

Energy price (CAD) 0.0797 0.0936 

Inflation (%) 2% 2% 

Interest rates (%) 5% 5% 

LCC ($) -101,300 -47,264 

 

Figure 5-7 presents the deterministic result on possibility distribution. For alternative 1, possibility 

value is 0.99, while for alternative 2 possibility value is 1.  
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(a) (b) 

Figure 5-7: Analysis of the deterministic result 

Table 5-6 presents the main LCCA results of this study.  

Table 5-6: LCCA results for building energy retrofits 

 Alternative 1 Alternative 2 

Deterministic result 

Possibility measure  

Necessity measure 

-101,300 

0.99 

0.01 

-47,264 

1 

0 

Defuzzified Result -127,908 -63,320 

 

5.4 Discussion  

LCC calculation of energy retrofits is associated with a number of uncertainties. This chapter 

proposes a fuzzy logic-based approach to calculate LCC that is applicable to buildings owned and 

operated by owners. The proposed technique integrates imperfect data into the LCC analysis. A 

case study analysis was conducted for two different building retrofits to illustrate the results.  

LCC of two energy retrofit alternatives - a major retrofit and a deep retrofit – were assessed for an 

office building using the proposed fuzzy-based LCCA method. The results obtained through the 

fuzzy-based method were compared with LCC results derived using the deterministic calculation 

method.  

Output membership functions for two retrofit alternatives depict a significant variation in LCCA 

results. Output membership function of LCC savings from insulating the roof ranges from CAD 

102,300 to 153,516 with a membership value 1. Moreover, membership of LCC from deterministic 
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analysis (a saving of CAD 101,300) has a 0.99 membership to the output membership function. 

Hence, possibility measure of obtaining the results of deterministic LCCA result is 0.99. The 

fuzzy-based method reveals that it is possible to achieve higher LCC savings from insulating the 

roof than what was calculated by the deterministic method. This information is useful in comparing 

two competing alternatives.  

The LCC of a geothermal heating system ranges from CAD 13,190 to -139,831 with a membership 

value of 1. Therefore, LCC of the geothermal heating system could be cost (loss) or savings. LCC 

calculated from deterministic analysis reveals that there would be LCC savings of CAD 47,264, 

which has full membership to the output membership function. Using this value in decision making 

can be erroneous, since there is a possibility of an economic loss for the building owner. The 

building owner has minimal control over most parameters associated with the LCC. The building 

owner could adopt financial risk mitigation measures to mitigate this risk (e.g. hedging). However, 

the objectives of adopting energy retrofits are multifaceted (e.g. economic gains, GHG reduction). 

Hence, this risk of economic loss could be compared with the benefits to obtain the optimal 

alternative.  

Output membership function should be defuzzified for final decision making. Similar to the 

deterministic result, the defuzzified result indicates that both insulating the roof and using a 

geothermal heating system are financially viable. Moreover, LCCA results showed that there is a 

high discrepancy between deterministic and fuzzy based methods. The major retrofit had a 21% 

difference while the deep retrofit had a 33% difference. The above result can be attributed to the 

number and extent of uncertainties associated with both retrofit alternatives. This discrepancy 

could significantly affect the final decision, especially if the building owner is planning to obtain 

an optimal decision based on cost factors, GHG emissions, and energy consumption.  

Considering the parameters for LCCA to be deterministic is not a valid assumption in practical 

situations (Ammar et al. 2013). Significant cost variances (i.e. cost estimate verses actual cost) can 

be observed during various stages of the life cycle of a construction/retrofit project. The results of 

the proposed approach should ideally have been validated by comparing it with the monitored LCC 

of a retrofit over its project life cycle. This was not possible due to unavailability of data. Previous 

studies have identified that the cost variance during the conceptual design stage can be -20 % to 
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+30% (Creese & Moore 1990; Canadian Construction Association 2012). Since LCCA includes 

estimated costs occurred in installation, operation, and disposal stages, cost variance can extend 

over a wider range. Proposed LCCA incorporates uncertainties associated with the LCCA 

parameters throughout the service life, providing a detailed illustration of the LCC. However, this 

result is heavily dependent on data accuracy and how well future uncertainties can be incorporated.  

LCCA allows decision makers to analyze capital investments where high initial costs could be 

traded for anticipated future cost reductions. LCCA provides an improved assessment of long and 

short-term economic impacts of investments, compared to the conventional methods that only 

consider initial costs or short-term operational costs. Moreover, LCCA is particularly suitable 

when comparing alternatives with differences in parameters such as initial investment costs, OM 

& R costs, energy saving potentials, and service lives. The proposed method helps to incorporate 

the above-mentioned factors into the analysis. 

The reviewed literature lists a multitude of issues related to LCC calculations with reference to 

constructed assets. These issues include indecisive costs that should or should not be included, 

evaluation methods, transparency of the process, lack of details in the pre installation stage, 

predicting service life, and shortage of experts to conduct LCC (International Organization for 

Standardization 2007). The proposed method provides a reliable LCC estimation approach for 

building owners. The ability of the proposed approach to incorporate vague and incomplete data 

into LCCA eases the challenges associated with cost data scarcity and data uncertainty.  

Selecting the most probable value (deterministic method) for a variable assumes that the value is 

certain. This assumption is not realistic in the given context. Using trapezoidal fuzzy numbers 

suggests that even the most probable value is uncertain. The proposed LCC approach uses fuzzy 

set theory to account for parameter uncertainty. Unlike in probabilistic methods, fuzzy logic does 

not require excessive data and can integrate expert judgement, which is another unique feature.  

This technique is sensitive to several data uncertainties associated with LCCA (i.e. installation 

cost, operation cost, energy rates, energy savings, discounting rate, and service life). The fuzzy 

based analysis revealed a wide range of possible LCC values for each retrofit alternative. This 

range can be narrowed by using more accurate data. Cost data from expert opinion and literature 
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could be fed into the model. A sensitivity analysis can be used to illustrate the impact on LCC 

from external uncertainties such as peak rates and seasonal rates in energy prices.  

LCCA results should not be the sole factor considered in decision making. LCCA studies for 

building energy retrofits should also consider service life of the new components and the remaining 

service life of the building. Moreover, scheduled major renovations in the near future need to be 

investigated. Combining deep energy retrofits with major renovation projects would reduce several 

costs, while minimizing the disturbance to building operations.  

The proposed technique uses the real discounting rate for LCCA. Previously published LCCA 

studies have overlooked inflation in the analysis. Low risk interest rates identified by the Treasury 

Board of Canada, and 10-year government bond rates were considered the nominal interest rate 

range. The interest rate range was calculated based on inflation data obtained from the Bank of 

Canada, which plans to maintain inflation at 2 + 1% (Bank of Canada 2016).  

5.5 Summary 

Conventional life cycle cost (LCC) analysis methods ignore uncertainties associated with 

parameters. This chapter analyzed uncertainties associated with LCC parameters in detail. A fuzzy 

set theory based LCCA technique was proposed for analysis of building energy retrofits. The 

LCCA technique was demonstrated using a public building in Okanagan, BC. Fuzzy based result 

was compared with deterministic approach. Even though deterministic result has a high 

membership to the fuzzy membership function, the possible LCC spans a wide range. Moreover, 

Fuzzy-based result informs about the range of possible LCC, which enables planning for adverse 

situations. The aforementioned range can be narrowed down by improving the precision of LCC 

parameters. However, much of the parameters are macroeconomic parameters that are beyond the 

control of the organization.  

 

  



 85 

Chapter 6 Climate-Driven Multi Period Maintenance Planning Approach 

A version of this chapter has been submitted to Journal of Cleaner Production, an Elsevier journal, 

as an article titled “Multi-period maintenance planning for public buildings: A risk based approach 

for climate conscious operation”. 

6.1 Background 

Eighty percent of the total energy use in the building life cycle is calculated in the operational stage 

(Jiang et al. 2013). Moreover, a typical building’s operational phase accounts for the highest CO2 

emissions and energy consumption of the building’s life cycle (Wu et al. 2011; Escrivá-Escrivá et 

al. 2012). Each building component deteriorates over time, which affects its performance 

(Grussing 2009a). Building retrofitting is one of the most feasible and cost-effective ways to 

improve the energy efficiency of a building (Wang et al. 2014a). Energy efficiency and building 

renovations are interrelated (Martinaitis et al. 2007). Previous researchers identified the 

importance of building management in maintaining and improving the energy efficiency of 

operating buildings (Curtis et al. 2017; Ruparathna et al. 2016). A good energy management 

program can contribute to the identification of malfunctioning equipment at initial stages,  and  

consequently could reduce significant amounts of carbon emissions (Jiang & Tovey 2010).  Jiang 

and Tovey (2009) mentioned that a lack of building control systems impedes buildings from 

meeting energy performance targets. Published literature reveals that building energy efficiency 

improvements have been conducted on an ad hoc basis without a systematic decision support 

system (Hall 2014). Moreover, published literature overlooks systematic approaches for building 

intervention planning which incorporate the dynamic nature of the parameters.  

The operational phase is the longest of a building’s life cycle, and activities undertaken to maintain 

assets can lengthen or shorten the service life. In fact, the importance of building  maintenance is 

highlighted by many researchers (Chiang et al. 2014; Min et al. 2016). Halfawy et al. (2008) 

identified that an integrated multi-criteria approach is needed to develop maintenance, repair, and 

renewal plans to optimize asset performance and LCC, and to reduce the risk of failure (Halfawy 

et al. 2008). The use of multiple criteria in building asset management appraisals is expensive and 

time-consuming, due to the uncertainty assumptions and the requirement for sophisticated tools 

(Martinaitis et al. 2007). The importance of intelligently appraising maintenance investments has 
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been highlighted in literature (Martinaitis et al. 2007). Importance of optimizing energy, GHG 

emissions, and life cycle cost in building management has been highlighted by several researchers 

(Chiang et al. 2014). Moreover, optimization should be conducted at multiple future points in time. 

Deterioration modelling and pragmatic building management are crucial for reducing the social 

and environmental impacts of buildings (Jiang & Tovey 2010).  

Public sector institutions are adopting proactive and optimized solutions to sustainably manage 

infrastructure assets in short and long term (Halfawy et al. 2008). Chiang et al (2014) identified 

objectives of sustainable building management, including minimizing life cycle carbon emissions 

and LCC, and generating life cycle employment opportunities (Chiang et al. 2014). There is a 

number of challenges associated with sustainable asset management, such as increasing renewal 

deficits, strict environmental regulations, budget limitations for building maintenance, and 

deterioration of aging assets (Halfawy et al. 2008). Halfway et al. (2006) revealed that despite 

many commercially available software programs for municipal asset management, there is a lack 

of software that focuses on the renewal of assets.  The same authors further reported that a lack of 

standardized models for deterioration, risk prioritization and optimization models are the main 

constituents of these problems. A lack of reliable data is another associated challenge (Halfawy et 

al. 2008). Lee et al (2015) stated that identification of the most cost-effective energy retrofits for 

a building is a major challenge (Lee et al. 2015a). Even though asset management of civil 

infrastructure systems has been commonly used by public sector entities, there are numerous 

challenges in applying the same management practices for buildings (Grussing 2013).   

Proactive operational maintenance of existing buildings can enhance the energy performance of 

the buildings  (Min et al. 2016). The determinants for a solid facility investment strategy are 

lowering life cycle costs, improving performance, and managing risk (Grussing 2009a). Key 

features of an asset management system are objectivity, repeatability, and affordability (Grussing 

2009a). Timely interventions could avoid accelerated deterioration in later stages (Grussing 

2009a). As a solution to the aforementioned issues, it is important to establish sound asset 

management practices. Effective asset management systems require the evaluation of building 

component deterioration, identification of effective condition monitoring methods, forecasting 

deterioration and resulting maintenance expenditures, and decision making considering risk, cost 

and sustainability throughout the life cycle of assets. 
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This chapter presents a multi-period maintenance planning approach to manage public buildings 

by prolonging service life while maintaining a target condition rating, and more importantly, 

incorporating the dynamic nature of the parameters. This framework enables managing the 

condition of aquatic center buildings, evaluating solutions, and planning for long-term response 

strategies. This research would assist planners and decision makers in effective resource allocation 

and capital investment by providing an optimized building management plan. This research would 

also contribute to the implementation and management of energy efficiency improvements in 

public buildings to ensure environmental protection, improved building physical condition and 

reduced lifecycle cost. This is a complete decision support method that determines the optimal 

course of action for a stipulated performance level at the lowest LCC. The proposed approach is 

demonstrated using a case study for an operating aquatic center building in Okanagan, BC. 

Building and facilities managers would achieve aforementioned benefits from applying the 

proposed method for their buildings.     

6.2 Methodology 

Figure 6-1 illustrates the methodology adopted in this research. As illustrated in Figure 6-1, the 

proposed asset management methodology incorporates five phases. Each phase is explained in 

detail in following sections:  

Phase 1: Identification of components and deterioration modelling 

Phase 2: Risk-based prioritization  

Phase 3: Scenario development 

Phase 4: Multi-period maintenance planning based on optimal cost and life cycle costing  

Phase 5: Decision making based on Value of Risk 
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Building system/component deterioration modelling using 

Markov models

Component/system condition rating 

is below the target performance 

Identify component/systems below target condition rating / Identify 

components systems with low efficiency and GHG emissions

Yes

Risk based prioritization of building components 

Consequences of failure x probability of failure (Condition rating) 

Scenario development
Macro economic changes: Policy changes, technological advancements

Market trends & new market developments

Scenario 1 Scenario 2 Scenario 3

Conduct Monte-Carlo simulation and identify Value at Risk at 95% 

confidence level

Decision making based on organizational risk tolerance 

Impact assessment of each scenario

No

Life Cycle Cost of each scenario Fuzzy DSW algorithm based on the 

method (Ruparathna et al. (2017))

Phase 1: Identification of components and deterioration modelling

Phase 2: Risk based prioritization

Phase 3: Scenario development 

Phase 4: Multi period maintenance planning 

and Life Cycle Costing

Maintenance Renewal and Replacement Plan for each scenario

Target condition rating
Energy and emission plan of 

the organization

Phase 5: Decision making based

 on Value at Risk 

Identify energy consuming components of the building

Building 

Envelope

HVAC 

system

Lighting 

system

Service water 

system

 

Figure 6-1: Overall methodology of multi-period maintenance planning framework 
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6.2.1 Identification of components and deterioration modelling 

This study aims to propose planned repairs for major building systems with a climate-driven asset 

management perspective. Asset componentization eases the accounting of asset management 

expenses (Asset Management BC 2011). The use of asset componentization facilitates 

deterioration modelling and treatment option assessment, which is necessary for implementing 

advanced asset management practices (Asset Management BC 2011). The following building 

systems and their components have considerable effects on the energy demand of a typical building 

(Keshavarzrad 2015).  

1. Building envelope: Wall structure and insulation, wall finish/façade, windows, doors 

fascia, soffit, awning, canopy, envelope ventilation components, etc. 

2. HVAC system: Supply fans, air handling units, chiller, pumps, valves, compressor etc. 

3. Lighting system and electrical system: Lamps, lights, fittings, distribution boards, switch 

board, etc.  

4. Service water system: Boilers, insulation, pumps, water tanks, etc. 

The listed equipment may differ according to the function of the building. Hence, it is important 

to identify the components based on observations and consultations with building managers.  For 

example, a aquatic centre building will have a pool heating system, a moisture control system, etc. 

6.2.1.1 Building deterioration using Markov Chain 

Service life prediction is an important step in life cycle cost predictions, failure risk analyses, and 

maintenance planning. Deterministic, regression, stochastic, and artificial intelligence-based 

deterioration models have been used in the published literature. ISO proposed ISO 15686-1:2011 

that establishes general principles for service life planning and a systematic framework for 

undertaking service life planning of a proposed building or construction work. This standard is 

applicable for existing or new buildings (ISO 2011). Edirisinghe et al., (2015) combined the above 

standard with the Markov chain concept to propose a component based deterioration model for 

building components.  

Markovian specification is frequently used by researchers in developing deterioration models. This 

method implies that the probabilistic deterioration in a given period is independent of history 

(Samer et al. 1997). Markov chain models describe the probability of a transition from one 



 90 

condition state to another over a unit of time (Scheidegger et al. 2011; Ens 2012). This approach 

predicts future conditions relative to present condition without considering the past conditions. A 

transition matrix is used to present the sequence in moving from one state to another. Markov 

chain analysis has been used in deterioration prediction of building envelope and electro-

mechanical systems (Edirisinghe et al. 2015; Keshavarzrad et al. 2014; El-rayes et al. 2016). 

Markov models have emerged from wireless communications and have been applied in various 

disciplines such as traffic engineering and finance. (Yin & Zhang 2000). The Markov chain 

process is capable of capturing uncertainty in initial condition, applied stresses, condition 

assessment errors, and uncertainty in the deterioration process (Morcous et al. 2003).  

A stochastic process {X} is in state in at time tn and in state j after next time step tn+1. According to 

Markov chain theory, probability of a stochastic process moving from state in to state j depends 

only on the initial state (i) (Edirisinghe et al. 2015). This can be expressed as a discrete parameter 

stochastic process (Xt) with a discrete state space as; 

𝑃(𝑋𝑡+1 = 𝑖𝑡+1| 𝑋𝑡 = 𝑖𝑡 , 𝑋𝑡−1 = 𝑖𝑡−1 ……𝑋1 = 𝑖1, 𝑋0 = 𝑖0) 

𝑃(𝑋𝑡+1 = 𝑖𝑡+1| 𝑋𝑡 = 𝑖𝑡 ) 

The probability of an element that is in state “i” to reach “j” after the next time step: Pij  (Transition 

probability) (Wang et al. 2008; Karunarathna et al. 2015; Edirisinghe et al. 2015). Hence transition 

matrix is where ijth element would provide Pij. Transitional probabilities should satisfy the 

following conditions (Edirisinghe et al. 2015).  

Pij>0 ΣPij< 1 

Assuming the conditional probability does not change over time;  
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𝑃𝑖𝑗 = 𝑃{𝑋𝑡+1 = 𝑗|𝑋(𝑡) = 𝑖} 

Transition probability matrix (TPM) of a Markov chain with five condition states is presented as 

a 5x5 matrix (Karunarathna et al. 2015): 

[
 
 
 
 
𝑃11 𝑃12 𝑃13 𝑃14 𝑃15

𝑃21 𝑃22 𝑃23 𝑃24 𝑃25

𝑃31 𝑃32 𝑃33 𝑃34 𝑃35

𝑃41 𝑃42 𝑃43 𝑃44 𝑃45

𝑃51 𝑃52 𝑃53 𝑃54 𝑃55]
 
 
 
 

 

(Ci(t)) is the probability of a component/system with condition rating i (for i = 1, 2, 3, 4, 5) after 

t years.  

Condition rating of a component/system at time t is expressed as a condition state vector (C(t)). 

𝐶(𝑡) = [𝐶1(𝑡) 𝐶2(𝑡) 𝐶3(𝑡) 𝐶4(𝑡) 𝐶5(𝑡)] 

Condition state at the initial state is defined as initial condition state vector C(0), for a new 

component / system (Karunarathna et al. 2015). 

𝐶(0) = [1 0 0 0 0] 

When initial condition state vector (C(0)) and TPM (P) are known condition state after time t (C(t)) 

can be obtained by Chapman-Kolmogorov formula (Equation 6-1). 

C(t)=C(0) x Pt 

Equation 6-1 

GHG emission reduction levels would be demonstrated using five performance levels established 

based on organizational policies. Similar to condition rating, the GHG emission reduction level 

(GHGR i(t)) is the probability of energy consumption and GHG emissions reduction by i (for i = 

80%, 50%, 33%, 17%, 0) after t years. The GHG emission reduction level of system at time t is 

expressed as a condition state vector (C(t)). 
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𝐺𝐻𝐺𝑅(𝑡) = [𝐺𝐻𝐺𝑅1(𝑡) 𝐺𝐻𝐺𝑅2(𝑡) 𝐺𝐻𝐺𝑅3(𝑡) 𝐺𝐻𝐺𝑅4(𝑡) 𝐺𝐻𝐺𝑅5(𝑡)] 

GHG emission reduction from the base year at the initial state is defined as initial GHG emission 

state vector 𝐺𝐻𝐺𝑅 (0). BC has set 2007 as the base year for GHG emission reduction targets. Hence, 

GHG emission reduction levels can be established based on current performance and 

organizational targets (Karunarathna et al. 2015).  

𝐺𝐻𝐺𝑅(0) = [0 0 0 1 0] 

When initial condition state vector (𝐺𝐻𝐺𝑅 (0)) and TPM (PGHGR) are known, the GHG emission 

reduction state after t time (C(t)) can be obtained by Equation 6-2. 

𝐺𝐻𝐺𝑅 (t)= 𝐺𝐻𝐺𝑅 (0) x Pt
GHGR  

Equation 6-2 

6.2.2 Risk-based prioritization 

Aging infrastructure and funding shortages are the main problems faced by municipalities 

(AbouRizk et al. 2005). To address the above challenges, municipalities are prioritizing 

infrastructure classes based on the potential of failure. Similar approaches can be adopted for 

buildings in order to prioritize crucial components based on the risk of failure. The risk associated 

with building components can be measured using numerous indicators, such as complexity of the 

component, the impact of failure of a building component, critical components, and overall 

condition (AbouRizk et al. 2005). These indicators provide an unbiased and objective measure of 

the risk of failure with respect to the asset component. Moreover, the best value for money can be 

achieved under the limited available budget by focusing on the critical building components. 

Prioritization is based on the organizational objectives. Failure risk of building components 

depends on the consequence of failure and probability of failure. Equation 6-3 calculates the failure 

risk of each energy consuming equipment in aquatic center buildings.  

 

𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑖𝑠𝑘 = 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑋 𝐶𝑜𝑛𝑠𝑒𝑞𝑢𝑛𝑐𝑒𝑠 𝑜𝑓 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 

Equation 6-3 
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Identifying probability of failure: Condition rating of a building system is used to depict the 

probability of failure. Condition rating would be established based on the age, energy 

consumption, etc. Condition ratings of building system components were adopted from Grussing 

et al. (2016) (El-rayes et al. 2016). Probability of failure is the inverse of the current condition 

rating (Table 6-1). 

Table 6-1: Condition rating of building components 

Condition 

state 

Condition 

value 
Description  

Probability 

of failure 

C1 5 Minimal or no condition loss 0.20 

C2 4 Minor condition loss 0.25 

C3 3 Noticeable condition loss 0.33 

C4 2 Major condition loss 0.50 

C5 1 Severe condition loss/near failure 1 

 

Consequences of failure: Different levels of consequences of failure would be established for 

energy consuming equipment based on literature and expert interviews. The following 

consequences of failure were developed based on data from literature (Table 6-2) (NASA 2000; 

Keshavarzrad 2015).  

Table 6-2: Consequences of failure 

Consequence of 

failure 
Score Description 

None 1 
Failure of equipment does not have an impact on safety, health, 

environment or mission. 

Low 2 Failure of equipment creates a minor effect on facility function.  

Moderate 3 
Failure of equipment creates a moderate effect on facility 

function. Entire function would be affected.  

High 4 
Failure of equipment creates high disruption to facility function. 

Significant delays in restoring function. 

Very High 5 
Failure of equipment halts facility function. Significant delay in 

restoring function. 

Hazard* Priority There is a potential safety, health, or environmental impact.  
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Based on the failure risk rating, building components can be prioritized for maintenance. 

Maintenance priority levels were adopted from published literature is presented in Table 6-3 

(NASA 2000).  

Table 6-3: Maintenance priority levels 

Emergency Maintenance interventions when there is a health and safety risk 

Urgent Maintenance interventions when there is a risk to continuous operation 

Priority Maintenance interventions when there are project deadlines 

Routine Maintenance interventions attempted on first-come, first-served basis 

Discretionary These are maintenance requirements that are not a necessity but a desire. 

Deferred This maintenance undertaken when resources are available 

 

6.2.3 Scenario planning  

Porter (1995) identified a scenario as “an internally consistent view of what future might turn up 

to be”. Scenario planning is the link between the future and strategy (Lindgren & Bandhold 2009). 

Scenario planning has been commonly adopted by various disciplines for strategic planning due 

to its ability to incorporate both objective analysis and subjective interpretations. More 

importantly, each scenario illustrates how relevant factors affect each other under certain 

conditions (Schoemaker 1995). Scenarios provide a number of illustrative ranges of plausible 

futures rather than predicting or forecasting the future (Kang & Lansey 2013).  

Explorative scenario planning enables decision making in an uncertain environment (Parkinson & 

Guthrie 2014). Scenario planning is distinct from other planning methods such as contingency 

planning, sensitivity planning, and computer simulations, as this approach limits extensive data 

from many states to a few. Furthermore, scenario planning enables the incorporation of 

innovations, new regulations, and value shifts, which cannot be handled by computer simulations.  

Scenario planning has been used in urban planning (Chang et al. 2015), water system planning 

(Kang & Lansey 2013; Kang & Lansey 2014; Scholten et al. 2015), supply chain risk assessments 
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(Thekdi & Santos 2016), transportation planning (Schroeder & Lambert 2011), and water 

conservation planning ( Wang et al. 2013).  

Developing the scenarios is the most important step in scenario planning (Kang & Lansey 2014). 

Scenario construction requires comprehensive discussions and input from key stakeholders and 

experts (Kang & Lansey 2014). Previous authors have adopted various methods for scenario 

planning. This study used the method steps proposed by Schoemaker (1995) and Kang and Lansey 

(2014) in constructing scenarios (Kang & Lansey 2014; Schoemaker 1995). 

i. Define the scope 

ii. Identify key stakeholders 

iii. Identify key trends 

iv. Identify key uncertainties 

v. Construction initial scenario themes 

vi. Check for consistency and plausibility 

vii. Develop learning scenarios 

viii. Identify research needs 

ix. Develop quantitative models 

x. Evolve toward decision standards 

The sequential approach listed above enables planning for most possible future situations. Expert 

input was sought to validate the plausibility of scenarios.  

6.2.4 Multi-period maintenance planning and life cycle costing  

Deterioration of identified building components can be modelled using Markov chain 

deterioration. Microsoft Excel platform was used to develop the model. Standard operating 

conditions were assumed, and three different maintenance alternatives (do nothing, repair, and 

replace) were considered. A maintenance plan for each building system was determined by 

minimizing the life cycle cost for the specified minimum condition rating and GHG emissions 

reduction. A maintenance plan for the building was determined by combining the maintenance 

plans for all building systems.  
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The fuzzy-based LCCA method proposed by Ruparathna et al. (2017) was used to calculate the 

detailed LCC of the capital plan. Ruparathna et al. (2017) used fuzzy DSW algorithm to calculate 

the life cost of building maintenance approaches. Fuzzy logic is a powerful approach used to 

incorporate uncertain and incomplete data into detailed analysis. Moreover, fuzzy logic has been 

commonly used in LCC analyses in published literature. Equation 6-4 was used to calculate the 

LCC of the maintenance strategy. 

𝐿𝐶𝐶 =  ∑(𝑁𝑒𝑡 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 (𝑁𝑃𝑉) 𝑜𝑓 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑐𝑒, 𝑟𝑒𝑝𝑎𝑖𝑟 𝑎𝑛𝑑 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑠)

− ∑𝑁𝑃𝑉 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 𝑓𝑟𝑜𝑚 𝑟𝑒𝑝𝑎𝑖𝑟 𝑎𝑛𝑑 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑠 

Equation 6-4 

6.2.5 Decision making based on Value of Risk 

Value at risk (VaR) has been a popular risk-based decision criteria in various disciplines (Mishra 

et al. 2013a) . VaR depicts the maximum amount of money that could potentially be lost for a 

defined probability and time horizon (Dempster 2002). VaR has been used for infrastructure 

investment decision making. Mishra et al. (2013) used VaR for transportation infrastructure 

investment decision planning (Mishra et al. 2013b).  Parkinson and Guthrie (2014) proposed a 

VaR framework for building energy performance capital budgeting (Parkinson & Guthrie 2014). 

VaR is the quantile of estimated distributions of profit/loss for the specified time period (Mishra 

et al. 2013a). A VaR calculation follows following steps (Choudhry 2013).  

i. Determine the time horizon over which potential loss should be estimated  

ii. Select the degrees of certainty required to estimate the VaR 

iii. Create a probability distribution of the likely returns for the investment in focus 

iv. Calculate the VaR estimate that is chosen for the confidence level chosen in step 2 

Monte Carlo simulations enable the use of actual historical distribution in the VaR calculation 

(Choudhry 2013). Hence, a historical simulation method was used in this study.  

6.2.6 Monte Carlo Simulation 

Monte Carlo simulation (MCS) is a mathematical model of a real system simulated for large 

numbers of times using random samples (Osman 2005; Thomopoulos 2012). MCS has been used 

in various fields, such as warfare, business, engineering, science and finance (Thomopoulos 2012). 
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Particularly, MCS has been commonly used for risk analysis in construction management (Sadeghi 

et al. 2010). The advantages of using MCS in risk management includes the lack of necessity for 

sophisticated mathematical knowledge, the availability of computer software for processing, 

mutually independent iteration results, and reliable and realistic results (Vose 2000; N. Wang et 

al. 2012).  

The @Risk, educational version was used to conduct the MCS. The membership function of LCC 

was determined using the approach proposed by Ruparathna et al. (2017), and was used to 

determine the probability distribution function of the life cycle cost of the operational scenario. 

Ruparathna et al. (2017) proposed a fuzzy DSW algorithm to account for uncertain data, which 

will be used to calculate the membership function of the LCC of the maintenance plan. Ten 

thousand iterations were simulated to obtain the cumulative distribution function of alternative 

future scenarios. A ninety-five percent confidence level was selected to obtain the VaR.  

6.2.7 Obtaining probability density function (PDF) from membership function 

Yoon (2008) used linear transformations to convert membership function to a PDF  (Yoon 2008). 

According to the previous author, probability of a fuzzy event is proportional to the membership 

function (µ (A)). Hence, 

f1(x) = C1 µA(x) 

Equation 6-5 

C1 is a relative constant value that satisfies the condition that the area under the continuous 

probability function is equal to one. Figure 6-2 illustrates the transformation process of the 

trapezoidal membership function to the PDF.  Though the original shape of the membership 

function is proportionally lost, the converted PDF is retained in the domain of X variables.   
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Figure 6-2: Transformation into proportional probability distribution 

6.3 Case Study 

The proposed methodology was demonstrated using a case study for an aquatic center building 

operating in Okanagan, BC, Canada. The selected energy consuming systems are as follows. 

· Lighting and electrical systems 

· Building HVAC system 

· Building envelope 

The current condition value was identified based on observation and with reference to Table 6-1, 

and are presented below (Table 6-4). 

Table 6-4: Condition rating of the component  

System Condition rating 

Lighting and electrical systems 4 

Building HVAC system 4 

Envelope 3 

 

Based on published reports, capital asset plans can have a timespan as long as 20 years. The current 

year was considered as the base year. Hence, a 20-year period was selected for building 

maintenance planning. In asset management, common alternatives are do nothing, repair, and 
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replace (AASHTO 2011; Ettouney & Alampalli 2012). Hence, the aforementioned maintenance 

alternatives were considered in developing the plan.   

Routine Maintenance : A do-nothing policy implies that no significant rehabilitation is done to 

the facility, and the condition deterioration continues until the time at which the facility is 

abandoned. Routine maintenance will be conducted for the building.  

Repair: The repair alternative will enhance the building systems to achieve a higher condition 

rating (below the highest condition rating).  

Replace: The replace policy will replace the building system components considering future 

technology changes and organizational targets. 

The following TPMs were used to model the performance (condition rating and GHG emission 

reduction) of building systems (Grussing 2015). 

Regular maintenance:             

HVAC 

[
 
 
 
 
𝟎. 𝟕𝟔 𝟎. 𝟏𝟖 𝟎. 𝟎𝟓 𝟎. 𝟎𝟏 𝟎. 𝟎𝟎

𝟎 𝟎. 𝟒𝟕 𝟎. 𝟑𝟑 𝟎. 𝟏𝟔 𝟎. 𝟎𝟒
𝟎 𝟎 𝟎. 𝟑𝟏 𝟎. 𝟒𝟒 𝟎. 𝟐𝟓
𝟎 𝟎 𝟎 𝟎. 𝟑𝟕 𝟎. 𝟔𝟑
𝟎 𝟎 𝟎 𝟎 𝟏 ]

 
 
 
 

 

Regular maintenance: 

Building envelope 

[
 
 
 
 
𝟎. 𝟖𝟐 𝟎. 𝟏𝟓 𝟎. 𝟎𝟑 𝟎 𝟎

𝟎 𝟎. 𝟔𝟎 𝟎. 𝟑𝟎 𝟎. 𝟏𝟎 𝟎
𝟎 𝟎 𝟎. 𝟒𝟔 𝟎. 𝟒𝟏 𝟎. 𝟏𝟑
𝟎 𝟎 𝟎 𝟎. 𝟓𝟑 𝟎. 𝟒𝟕
𝟎 𝟎 𝟎 𝟎 𝟏 ]

 
 
 
 

 

Regular maintenance: 

Lighting & electrical  

[
 
 
 
 
𝟎. 𝟗𝟓 𝟎. 𝟎𝟓 𝟎 𝟎 𝟎

𝟎 𝟎. 𝟖𝟕 𝟎. 𝟏𝟑 𝟎 𝟎
𝟎 𝟎 𝟎. 𝟖𝟏 𝟎. 𝟏𝟗 𝟎
𝟎 𝟎 𝟎 𝟎. 𝟖𝟑 𝟎. 𝟏𝟕
𝟎 𝟎 𝟎 𝟎 𝟏 ]

 
 
 
 

 

Replace 

[
 
 
 
 
𝟏 𝟎 𝟎 𝟎 𝟎
𝟏 𝟎 𝟎 𝟎 𝟎
𝟏 𝟎 𝟎 𝟎 𝟎
𝟏 𝟎 𝟎 𝟎 𝟎
𝟏 𝟎 𝟎 𝟎 𝟎]

 
 
 
 

 

 Repair/Rehabilitate 

 

[
 
 
 
 
1 0 0 0 0
1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0]

 
 
 
 

 

TPM for GHG emission reduction are presented below.  

Regular Maintenance1 

[
 
 
 
 
𝟏 𝟎 𝟎 𝟎 𝟎
𝟎 𝟏 𝟎 𝟎 𝟎
𝟎 𝟎 𝟏 𝟎 𝟎
𝟎 𝟎 𝟎 𝟏 𝟎
𝟎 𝟎 𝟎 𝟎 𝟏]

 
 
 
 

 

Repair/Rehabilitate1  

[
 
 
 
 
𝟏 𝟎 𝟎 𝟎 𝟎
𝟎 𝟏 𝟎 𝟎 𝟎
𝟎 𝟎 𝟏 𝟎 𝟎
𝟎 𝟎 𝟎 𝟏 𝟎
𝟎 𝟎 𝟎 𝟎 𝟏]

 
 
 
 

 

Replace-Optimistic 

[
 
 
 
 
𝟏 𝟎 𝟎 𝟎 𝟎
𝟏 𝟎 𝟎 𝟎 𝟎
𝟏 𝟎 𝟎 𝟎 𝟎
𝟏 𝟎 𝟎 𝟎 𝟎
𝟏 𝟎 𝟎 𝟎 𝟎]

 
 
 
 

 

Replace-Most likely  

[
 
 
 
 
𝟎 𝟏 𝟎 𝟎 𝟎
𝟎 𝟏 𝟎 𝟎 𝟎
𝟎 𝟏 𝟎 𝟎 𝟎
𝟎 𝟏 𝟎 𝟎 𝟎
𝟎 𝟏 𝟎 𝟎 𝟎]

 
 
 
 

 

1 GHG emission increases from general deterioration are ignored.  



 100 

6.3.1 Scenario development 

Scenarios provide plausible visions of possible future alternative situations. A scenario-based 

approach does not provide answers, but rather raises questions related to conceivable stories used 

to promote thinking and debates focused on future possibilities. In long-term capital planning of 

buildings, the incorporation of future developments in technology, cost and institutional targets is 

important. Three plausible future scenarios for future planning are given below. Table 6-5 

summarizes the characteristics of the energy efficiency scenarios. 

Conventional World, the business as usual scenario: The National Academy of Sciences 

suggests that baseline energy use can be reduced by 30–35 % by 2030 (National Academy of 

Sciences 2009).  No changes from the current trends are expected for energy demand reduction 

potential of energy technologies or cost of installations. Energy tariffs will increase by 30% in next 

20 years. The institution will pursue current GHG emissions reduction targets (i.e. 33% GHG 

emission reduction by 2020).  This is the business as usual scenario.  

Great Transitions, a new horizon in energy efficiency:  Future technology advancements would 

further reduce energy demands higher rate (Nadel 2015; Harder 2015). Due to advanced 

technology future replacements will further reduce energy demands by 40-60%, reducing 40-60% 

of GHG emissions from the system. Installation cost of replacements would be reduced by 25-

50%. Energy efficiency after retrofits would be increased by 40-60%.  The institution will pursue 

current long term BC GHG emission reduction targets (i.e. 80% GHG emission reduction by 2050) 

(US Department of Energy 2015c). This is the optimistic future scenario.  

Exhausted Giant, energy efficiency innovation fatigue: Global interest of energy efficiency has 

faded due to macro-economic changes. Costs of energy efficiency technologies are on the rise (10-

25%). Similar to Conventional World, no changes from the current trends are expected for energy 

demand reduction potential of interventions. Energy tariffs will increase by 30% in next 20 years. 

The institution will pursue current GHG emission reduction targets (i.e. 33% GHG emission 

reduction by 2020).  This is the pessimistic future scenario.  
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Table 6-5: Future scenarios 

 Business as usual Great transitions The exhausted giant 

Energy saving potential 

of interventions   
15%-25% 40%-60% 15%-25% 

Installation cost of 

retrofits (Replacements) 
0-25% 25-50% (Reduction) 10-25% (Increase) 

GHG emission reduction 

target 

33% reduction in 2020 

from 2007 levels 

80% reduction in 2050 

from 2007 levels 

33% reduction in 2020 

from 2007 levels 

 

The following constraints were established to develop the maintenance plan. 

· Target system condition rating: 4 

· Target GHG emissions rating depends on specific emission reduction targets of the 

scenario (80% reduction by 2050 or 33% reduction by 2020 from 2007 levels).  

The costs in Table 6-6 were obtained from feasibility studies of swimming pool projects in 

Canada.  Condition ratings were obtained from observation (Table 6-6).  

Table 6-6: Building Information  

 

Table 6-7 illustrates the maintenance plan for the aquatic center building. The capital plan with 

lowest LCC was identified.  

 

 

 

 

 

 

 

 
Building 

Envelope1 

Lighting and 

electrical systems 

Building HVAC 

system 

Condition rating 4 4 4 

Replacement cost (CAD) 1,750,000 360,000 3,520,000 

1 Finished and insulation of building envelope was considered 
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Table 6-7: Maintenance plan for the aquatic centre building in focus 

Year 
Conventional World Great Transitions Great Transitions 

Building 

HVAC 

system 

Lighting and 

electrical 

systems 

Building 

Envelope 

Building 

HVAC 

system 

Lighting and 

electrical 

systems 

Building 

Envelope 

Building 

HVAC 

system 

Lighting and 

electrical 

systems 

Building 

Envelope 

1 Repair Repair Repair Repair Repair Repair Repair Repair Repair 

2 Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance 

3 Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Repair Maintenance Maintenance 

4 Repair Maintenance Maintenance Repair Maintenance Maintenance Maintenance Maintenance Maintenance 

5 Maintenance Maintenance Repair Maintenance Maintenance Repair Maintenance Maintenance Repair 

6 Repair Maintenance Maintenance Repair Maintenance Maintenance Repair Maintenance Maintenance 

7 Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Repair Maintenance Maintenance 

8 Repair Maintenance Repair Repair Maintenance Repair Maintenance Maintenance Repair 

9 Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance 

10 Repair Maintenance Repair Replace Maintenance Repair Repair Maintenance Repair 

11 Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance 

12 Repair Maintenance Maintenance Maintenance Maintenance Maintenance Repair Maintenance Maintenance 

13 Maintenance Maintenance Repair Maintenance Maintenance Replace Maintenance Maintenance Repair 

14 Repair Maintenance Maintenance Maintenance Maintenance Maintenance Replace Maintenance Maintenance 

15 Maintenance Replace Repair Maintenance Replace Maintenance Maintenance Repair Repair 

16 Repair Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance 

17 Maintenance Maintenance Maintenance Repair Maintenance Repair Repair Maintenance Repair 

18 Repair Maintenance Replace Maintenance Maintenance Maintenance Maintenance Maintenance Replace 

19 Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Repair Maintenance Maintenance 

20 Replace Maintenance Maintenance Maintenance Maintenance Maintenance Maintenance Replace Maintenance 

 

Figure 6-3 illustrates how failure risk changes for different building systems over the years for a 

new building. As described in Figure 6-3, risk-based relative priority of a building component 

changes annually. However, the relative risk levels remain the same despite the scenario. This is 

due to the pre-established performance rating of 4, and an assumption that the consequences of 

failure do not change with time.  Hence, in a budget-constrained institution, it is important to 
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identify building systems with the highest risk at a specific time period to prioritize the 

components/systems which urgently require interventions.  

 

Figure 6-3: Failure risk-based prioritization of building systems for three scenarios (a) Conventional World, 

(b) Great Transitions and (c) Exhausted Giant 

Regular infrastructure maintenance costs have been defined using various methods. With reference 

to the published literature, 2%-5% of the replacement cost was used for  regular maintenance, and 

repair costs can range from 10%-25% depending on the condition rating (Wireman 2004; The 

World Bank 2005). Triangular distributions have been commonly used to incorporate uncertainties 

in LCC, and to define the cost of maintenance alternatives. Table 6-8 presents uncertain cost data 

obtained from published literature. 

  

(a) (b) 

 
(c) 
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Table 6-8: Uncertainty of cost data 

  Building 

Envelope 

Lighting and 

electrical systems 

Building 

HVAC system 

Regular maintenance (As percentage of 

replacement cost) (Wireman 2004)(The 

World Bank 2005) 

2-3.5-5 2-3.5-5 2-3.5-5 

Repair/rehabilitate (As percentage of 

replacement cost) (Wireman 2004; The 

World Bank 2005) 

10-17.5-25 10-17.5-25 10-17.5-25 

Replacement cost 

- In thousands of CAD 

(City of Timmins 2016; 

CEI Architecture Planning 

Interiors 2011; Phelan 

2015) 

Low 1,400 277 3,350 

Most likely 1,750 360 3,520 

High 2,075 490 3,700 

 

Membership function of building LCC is based on the method proposed by Ruparathna et al. 

(2017), and is presented in Figure 6-4 (a) Figure 6-4  (b) and Figure 6-4 (C) illustrate the 

process of converting the LCC of each scenario to a membership function.  

 

Figure 6-4: Conversion of membership function to distribution function 

  

(a) (b) 

 
(c) 
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Figure 6-5 presents the cumulative distribution function for two LCCs and VaRs for each 

scenario. Based on Figure 6-5, the institution should pursue the plausible future scenario which 

minimizes the potential loss for the organization. Based on the VaR, the institution should 

pursue Scenario 1, as it has the lowest financial risk.  

 

Figure 6-5: CDF and VaR for different scenarios 
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6.4 Discussion 

This chapter proposed a risk-based multi-period maintenance planning framework for public 

buildings. There are several unique features of the proposed asset management framework. 

This framework recommends interventions based on the forecast conditions and user-defined 

standards of operations, prioritizes interventions based on risk, assigns funding to the highest 

priority items, predicts future conditions assuming the planned course of action, and predicts 

the future condition based on interventions and deferred maintenance. The proposed 

framework adopts a scenario-based approach to identify optimal multi-period maintenance 

plans for each scenario, eventually determining the best capital planning strategy. The VaR 

based scenario selection method converts the subjectivity of strategic planning into a 

quantifiable format. Risk-based prioritization is a unique contribution from this chapter, which 

enables the identification of maintenance priorities when operating under a limited budget.  

This framework developed three maintenance strategies for three plausible future scenarios for 

an aquatic centre building in Okanagan, BC. Except in the great transitions, maintenance 

strategies were similar in the other two scenarios. For the 20-year period considered, there is a 

net cost in all maintenance strategies.  The possible LCC of the scenarios spans a wide range. 

Based on the analysis, Great Transitions scenario is expected to result in the lowest financial 

risk. Therefore, the Great Transitions is the best maintenance strategy for the building in focus. 

The VaR associated with this strategy is CAD 3,768,000, which is 39% less than that of the 

conventional world scenario. VaR is the 95% confident cost expected by adopting the 

maintenance strategy. Analysis was conducted for three building systems (the HVAC system, 

building envelope and lighting system) to demonstrate this methodology. However, this 

method could be used for the entire building with multiple systems and components.  

A unique feature of the proposed framework is its ability to incorporate future technological 

and economic changes into the capital planning strategy. Several methods have been adopted 

to account for future uncertainties associated with decision making, such as optimization and 

sensitivity analysis. Due to the stochastic nature of the future, optimization-based planning 

may not provide a realistic approach. The scenarios used in this study incorporate future cost 

changes, technology changes, and institutional policy changes (e.g. GHG emission targets). 

Scenarios were developed using a systematic method described in the literature. Moreover, 
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expert input was sought to validate the plausibility of the scenarios. Hence, this approach 

provides a better decision compared to conventional optimization based approaches.   

Based on the evaluation, three building systems needed to be repaired during the year 1, which 

requires significant financial resources. Prioritization is important when repair/replacement is 

needed for multiple items in a single year. Though the proposed approach incorporates a risk-

based prioritization approach, it was not used in the case study since multiple repairs did not 

overlap in the same period. More importantly, this approach identified the years in which more 

budgetary allocations are required to ensure climate-friendly building operation.  

VaR was used as the basis for deciding the planning strategy which enables decision making 

based on a specific confidence level. Different confidence levels could be selected for different 

scenarios based on the uncertainty. Even though there are the criticisms, VaR provides a 

comparable basis for selecting the planning strategy. During the capital planning process, 

institutions prefer to pursue a course of action that is acceptable within the risk tolerance of the 

organization, and VaR could fulfill this data requirement. VaR was calculated using a Monte 

Carlo simulation based method. This research used the LCCA method proposed by Ruparathna 

et al. (2017), which used fuzzy logic in calculating the LCC of the maintenance strategy. Using 

this approach enables the incorporation of a wider range of uncertainties associated with the 

LCC. The output membership function was used to determine the cumulative distribution 

function.  

There are various deterioration models available in the literature, namely, regression models 

(e.g. linear regression, nonlinear regression), curve fitting models (e.g. B-Spline 

approximation, stochastic models), artificial neural networks and case based reasoning (Ens 

2012; Nebraska Department of Roads 2011; Prozzi & Madanat n.d.; Scheidegger et al. 2011; 

Samer et al. 1997; Tran 2007; Morcous 2000; Morcous et al. 2002). Each method has it pros 

and cons with regards to simplicity, detail, and comprehensiveness. This study used Markov 

deterioration for deterioration modeling of building systems, as it has been commonly used as 

a deterioration method in literature. However, in practice, deterioration method used by an 

organization is determined by the organizational policy mainly for financial accounting. The 

objective of this study is to develop and demonstrate the proposed methodology. Furthermore, 
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climate change could have an impact on the deterioration of building components. 

Consequently, prioritized building components may vary based on different condition ratings.  

The findings of this chapter would support capital asset planning for public organizations 

which lack objective methods in their planning approach. This framework requires expert input 

in determining the scenarios, which is a value addition from current methods. The multi-period 

maintenance plan provides a maintenance strategy for building systems that affects the energy 

consumption of the building. The maintenance of structural components has not been studied 

in detail, as this aspect was considered to be beyond the scope of this research. However, 

combining structural deterioration with the physical condition enables a holistic and integrated 

approach in building maintenance. More importantly, this approach would allow cost 

minimization, since multiple retrofits could be implemented as packages. Each building system 

consists of a large number of building components. Generally, repair and replacement of 

building minor components would be included as routine maintenance. However, the proposed 

method could be used for asset management of critical building components (e.g., air handling 

units, chillers, boilers etc.).  

This framework uses multi-period single objective optimization (minimizing the life cycle 

cost) to determine the maintenance plan of respective building systems. Building asset 

management expenditure includes both capital and recurring expenditures. However, only 

capital expenditure is used for capital asset maintenance. In order to provide a holistic view of 

the LCC, regular maintenance was included in the analysis. The cost of maintenance would 

influence the asset management decision. A multi-period multi-objective optimization 

approach can be used to maximize the GHG emissions reduction, in addition to the minimizing 

the LCC. In this approach, GHG emissions reduction was introduced as a constraint (i.e., as a 

target), which is a more practical approach since it is a part of the strategic targets of the local 

government.  

During maintenance planning, it is important to avoid maintenance backlog. Facility condition 

index (FCI) is a commonly used indicator for facility management, which provides information 

regarding deferred maintenance for the building to avoid extensive backlogs. FCI is defined as 

the ratio of deferred maintenance to replacement value (National Research Council et al. 2004). 
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FCI could be used as an indicator to check whether deferred maintenance exceeds the 

anticipated level of the organization.  

6.5 Summary 

This chapter proposed a climate-driven multi-period maintenance planning framework for built 

environment. The proposed framework enables the incorporation of possible future 

technological advancements, cost changes and environmental demands into the decision 

making process. This framework assists building managers in the prioritization and planning 

of building maintenance interventions in order to maintain a specified physical condition while 

keeping pace with constantly evolving environmental standards. The framework was applied 

for an aquatic center building in BC, Canada. Maintenance strategies were developed for three 

plausible future scenarios. Finally, the scenario with least VaR was recommended as the capital 

planning strategy. Use of VaR provides a valid basis for selecting the least risk maintenance 

strategy for the building. Results of the demonstration case study provided detailed information 

for building maintenance planning by recommending the most suitable interventions in specific 

periods. This information will support the development of a climate-conscious capital asset 

planning strategy for a local government.  
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Chapter 7 Investment Planning for Net Zero Emission Buildings (NZEB) 

A version of this chapter has been published in Cleaner Technologies and Environmental 

Policy, a Springer journal, as an article titled “Rethinking net zero emission building 

investment planning”(Ruparathna et al. 2017c). 

7.1 Background 

There are various initiatives in the building industry to mitigate climate impacts, such as net-

zero energy buildings, net-zero emission buildings, net-zero source energy buildings and net-

zero cost buildings (Torcellini et al. 2006). Aforementioned buildings adopt energy efficiency 

features to reduce energy demand, and supply the remaining demand via renewable energy 

sources  (Steven Winter Associates Inc. 2014).  Net-zero emission buildings (NZEB) use 

emission free energy and supplied from on-site renewable energy generation (US Department 

of Energy 2015b). The advantages associated with the aforementioned buildings include 

minimized environmental footprint, minimized operations and maintenance costs, and 

enhanced system reliability and energy security (US Department of Energy 2015b). NZEB was 

identified as a key route for ambitious energy efficiency targets of BC (Frappé-Sénéclauze & 

Kniewasser 2015).  

Similar to net-zero energy buildings, NZEB is a new concept. Improving the energy efficiency 

is the priority in reducing the building energy consumption to achieve net-zero 

energy/emissions status. The remaining energy demand should be supplied by renewable 

energy sources that are economical, readily available, and replicable (Steven Winter Associates 

Inc. 2014). For NZEB, supply could be from on-site or off-site renewable energy sources 

(Torcellini et al. 2006). A building that is situated in an area that has a clean electricity grid 

(e.g. hydro, nuclear) can achieve net-zero emissions status with lesser configurations compared 

to a similar building which is powered from fossil fuel based electricity grid (Torcellini et al. 

2006). Hence regional grid emission factor is an important consideration in NZEB (Torcellini 

et al. 2006).     

Despite the availability of a large number of energy retrofits, methods to  analyze and identify 

the most suitable retrofit remains a challenge (Asadi et al. 2014b). Decision making associated 

with energy efficiency investments are not straight forward (Hertzsch et al. 2012). Various 

appraisal methods have been used for evaluating building energy retrofits (Martinaitis et al. 



 111 

2007). Though energy simulation software can provide an approximate estimation of the 

impacts of energy retrofitting, the use of simulation software is limited to trained professionals 

(Chidiac et al. 2011). Building energy consumption, GHG emissions, and life cycle costs have 

complex interactions when identifying the optimal investment limit for retrofits. Energy, 

environment, economy, and the timing of retrofits are the main decision criteria in building 

management. Since various retrofits are available for GHG emissions mitigation and 

operational cost reduction, it is important to determine the optimal trade off (Chiang et al. 

2014). Conducting a reliable analysis of the interactions between building condition, 

environment, and annual energy consumption is cumbersome task (Peng et al. 2014).  

It is important to select the optimal retrofit option in a timely manner (Asadi et al. 2014b).  

Moreover, the ambiguity about future benefits is a main challenge for investments in energy 

retrofits projects (Malatji et al. 2013b).  Time-dependent simulations are required to identify 

the energy-saving targets, and to provide a justification for selecting retrofit alternatives (Peng 

et al. 2014). The use of integrated and comprehensive computer models can foster 

revolutionary work practices, superior environmental performance, and significant cost 

savings in FM (Yu et al. 2000).  

Budget limitations compel the public to seek innovative decision making methods in obtaining 

the best value for allocated funds. In building retrofitting, it is important to identify the retrofit 

that achieves the optimal reduction in energy consumption, GHG emissions, and operational 

cost (Wang et al. 2014b). However, in practice, optimization of building energy retrofits 

considering multiple factors have been overlooked by the industry (Rysanek & Choudhary 

2013). This chapter proposes an energy retrofit investment planning approach for asset 

management of public aquatic center buildings, by integrating energy-GHG-life cycle cost 

nexus. First, a comprehensive investment planning approach was proposed for NZEB. Second, 

an aquatic centre building that operates in Canada was used as a sample model for proof of 

concept. Innovative and proven building retrofits were identified and the relationships between 

energy consumption, GHG emission, and investment were analyzed to identify the optimal 

investment. Third, the impacts of varying climates and tariff schemes on the optimal retrofit 

were analyzed for various provinces in Canada to determine the optimal net-zero emission 

investments (NZEI).    
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7.2 Methodology 

A sequential process was adopted in identifying the optimal investment and planning method 

for building energy retrofits (Figure 7-1). This generic framework could be adopted for 

different building types.   

Figure 7-1: Energy retrofit planning approach 
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7.2.1 Ranking energy retrofits 

The objective of energy retrofits is to decrease the annual cost savings, decrease energy 

consumption, and decrease GHG emissions. Hence, retrofit alternatives were ranked according 

to the 3Es (energy, economy and environment). Energy simulation and LCC analysis results 

for each retrofit were normalized to obtain a score for each parameter. Scores for 3Es were 

combined using the weighted sum method to obtain a final score. Equal weightings were 

considered for 3Es.  The final score was used to rank the considered energy retrofits. 

7.2.2 Investment planning for NZEB 

The results of the energy simulations for retrofit alternatives were used to determine energy 

cost reduction, GHG emissions reduction, and LCC for various retrofit investments. The 

maintenance cost was assumed to be included in the installation cost contract. Equation 7-1 to 

Equation  were used to calculate the aforementioned values.  

𝐴𝑛𝑛𝑢𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

= 𝐴𝑛𝑛𝑢𝑎𝑙 𝑖𝑛𝑖𝑡𝑎𝑖𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡

− ∑(𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑟𝑒𝑡𝑟𝑜𝑓𝑖𝑡𝑖 × 𝑃𝑟𝑜𝑣𝑖𝑛𝑐𝑖𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑎𝑡𝑒)

𝑛

𝑖=1

  

Equation 7-1 

𝐴𝑛𝑛𝑢𝑎𝑙 𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦

=  ∑(𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑟𝑒𝑡𝑟𝑜𝑓𝑖𝑡𝑖

𝑛

𝑖=1

× 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑟𝑒𝑔𝑖𝑜𝑛)  

Equation 7-2 

𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐿𝐶𝐶𝐸𝑆

= Equivalent annualized cost of initial cost + 𝐴𝑛𝑛𝑢𝑎𝑙 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡

+ 𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑐𝑒 𝑐𝑜𝑠𝑡 

Equation 7-3 

Equivalent annualized cost (EAC) of the initial investment is calculated using Equation 7-4 

(Sasmita 2010).  



 114 

𝐸𝐴𝐶 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 (
𝑖(1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1
) 

Equation 7-4 

Where i is the discounting factor and n is the number of periods.  

7.3 Case Study 

A sample aquatic centre building operating in South Okanagan, BC Canada was used for 

demonstration purposes. The identified system was modelled by using the Design Builder V4 

software environment. The building details collected from drawings and expert input are 

presented in Table 7-1.     

Table 7-1: Building parameters 

Building parameter  Details 

Total floor area  ~9234m2 

Pool area  ~1925m2 

Length   69.43m 

Building height  12.65 m 

Ground Floor  4.115m 

Monitored energy use Electricity 8196 GJ 

 Natural Gas 6017 GJ 

 

Figure 7-2 depicts a schematic view of the Design Builder model used in this study. The model 

was validated using the annual energy consumption data (Shown in Figure 7-2). The annual 

monitored energy values were compared with estimated values from the energy model.  

 

Figure 7-2: Schematic of Design Builder energy model 
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7.3.1 Energy retrofits for aquatic centre buildings  

Published literature was used to identify the energy retrofits for aquatic centre buildings (Table 

7-2). These retrofits have been successfully used in various aquatic centre buildings in Canada.  

The identified energy retrofits were simulated in the Design Builder building energy simulation 

software. The simulation results are presented in the Appendix D. 

Table 7-2: Proven retrofits for aquatic centres 

Building 

Envelope 

R1 Increase the insulation of the roof   
(CEI Architecture Planning Interiors 

2011) 

R2 
Replace front glazing with a 

double-glazed system. 
 

(CEI Architecture Planning Interiors 

2011; Sydney Water 2011) 

R3 Increase the insulation of walls  
(CEI Architecture Planning Interiors 

2011) 

Lighting 

System 

R4 
Change the lighting to LED 

(Except swimming pool areas) 
 

(Stantec Consulting Ltd. 2008; 

Township of Esquimalt 2013) 

R5 PV electricity for the building  
(Sydney Water 2011; City of Toronto 

2014) 

R6 Daylight sensing lighting controls  (City of Toronto 2009) 

Pool heating R7 Geothermal pool heating system  (International Energy Agency 2013) 

Hot water 

supply 

R8 Use of solar preheater   (Sydney Water 2011) 

R9 Solar hot water systems  
(Sydney Water 2011; Township of 

Esquimalt 2013) 

Building 

HVAC system 
R10 Solar Ventilation Air Preheating  (US Department of Energy 2012b) 

 

7.3.2 Regional analysis for Canada 

The same building was simulated at various geographical locations in Canada. Details about 

the locations of the building, the regional electricity grids, and the tariff information are 

presented in Appendix E. 

In order to identify the optimal retrofit investment curves for energy cost reduction, energy 

consumption and LCC should be identified. This step required a large number of data points 

to construct a graph. Hence, various combinations of the retrofits identified in Table 7-2 were 

considered. Microsoft Excel was used to create required data points for the analysis by using 

power sets.  For 10 retrofits, 1024 combinations were created. For all 1024 combinations, the 
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annualized LCC, energy consumption reduction, and GHG emission reduction were calculated 

using Equations 6-1 through 6-3. Current energy demand, operational cost, and GHG 

emissions were incorporated into the Excel model. A second order polynomial function was 

used for similar applications in the literature (Jafari & Valentin 2015), and this function had 

the best fit for the data points.  Hence, a second order polynomial function was assumed for 

trend line. The optimal retrofit investment for net-zero GHG and energy status were calculated 

for various regions of Canada for assuming the same building.  Microsoft Excel solver was 

used to solve the polynomial function obtained for LCC, GHG emission and energy cost 

reduction.  

7.3.3 Energy analysis for BC 

The energy simulation for the selected building returned the following results. Figure 7-3 

compares simulation results with the monitored values. Figure 7-3 shows that the developed 

energy model is a reasonable representation of the building in focus.  

 

Figure 7-3: Model validation 

Table 7-3 presents the values calculated for energy cost reduction, life cycle cost, and GHG 

emissions for Okanagan, BC. Detailed cost and energy information are included in Appendix 

D. Retrofits are ranked based on energy reduction, GHG emissions, and life cycle cost 

assuming equal weights to the three parameters. Based on the analysis, automatic lighting 

controls (R6) is the optimal retrofit. 
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Table 7-3: Energy cost reduction, GHG emission reduction and LCC for various retrofit investments (for 

Okanagan, BC) 

Retrofit # Energy demand 

reduction (GJ) 

GHG emission 

reduction 

(kg CO2eq) 

Annualized LCC 

(CAD) 

Rank 

R1 735 36,675 2085 10 

R2 769 38,342 1233 9 

R3 1,270 63,348 -131 3 

R4 738 530 -425 4 

R5 462 332 -343 6 

R6 388 279 -1453 1 

R7 2,451 122,250 1255 2 

R8 178 8,891 -22 8 

R9 350 17,455 -43 7 

R10 669 33,341 -65 5 

 

Based on Figure 7-4, net-zero emission investment (NZEI) is CAD 824,640 for the building in 

focus. These retrofits will achieve an annual operational cost reduction of CAD 57,737.  

 

Figure 7-4: Retrofit investment analysis for BC 

 

Therefore, in order to become a NZEB, the optimal approach is installing the retrofits R1, R2, R3, 

R5, R6, R7, R8, R9, R10 (Cost CAD 856,796). 
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7.3.4 Regional analysis 

The impact regional characteristic on optimal retrofit alternatives is presented in Table 7-4. Table 

7-4 depicts that optimal retrofit differ based on the provincial grid and energy tariff.  

Table 7-4: Retrofit investment analysis for BC 

 Energy Carbon LCC based Rank 
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R1 8 9 8 9 5 10 10 10 

R2 4 6 7 7 3 7 9 9 

R3 2 2 1 5 2 2 4 3 

R4 3 3 10 1 10 3 2 4 

R5 7 7 9 4 9 5 3 6 

R6 6 4 6 3 8 4 1 1 

R7 1 1 2 2 1 1 7 2 

R8 10 10 5 10 7 9 8 8 

R9 9 8 4 8 6 8 6 7 

R10 5 5 3 6 4 6 5 5 

 

Table 7-5 lists energy retrofit investment analysis for eight Canadian provinces, assuming that the 

building is located in the respective province. The analysis was not conducted for Prince Edward 

Island, Newfoundland and Labrador, Yukon, and Northwestern Territories due to data 

unavailability. Results show that geographical variation is a main factor affecting the optimal 

retrofit. NZEI for different provinces of Canada. NZEI per floor area was calculated in the analysis. 

This data would assist in capital budget planning for building energy retrofits.   
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Table 7-5: NZEI for recreational centre buildings 
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Net zero 

emission  

Investmen

t (NZEI) 

Total 2,902,757 1,887,861 762,719 1,295,502 639,711 1,887,861 2,689,253 924,460 

CAD / 

m2 
314 204 83 140 69 204 291 100 

  

Figure 7-5 presents NZEI as a function of the provincial grid emission factor. There is a strong 

correlation (R2=0.9715) between grid emission factor and NZEI.  

 

Figure 7-5: NZEI vs grid emission factor 

7.4 Discussion  

Considering sustainability, renovation, and refurbishments of existing buildings is a more prudent 

approach compared to new building construction. Building renovation and refurbishment leads to 

improved functional quality and durability besides being a cost-effective solution compared to 

demolition and reconstruction (Poel et al. 2007).  Moreover, the use of proper refurbishment 

methods contributes to the development of environmentally sound buildings with an minimized 

social and financial impacts throughout the life cycle (Poel et al. 2007).  

A planned and systematic investment planning approach was proposed for achieving NZEB.  An 

energy simulation analysis was conducted to identify the optimal energy retrofit investment to 
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achieve net-zero emission status. This study was extended to various provinces in Canada to 

identify the impact of regional grid and energy (i.e. electricity and natural gas) rates on the retrofit 

investment planning. The proposed approach can be applied in budgeting for building energy 

retrofits. At the present, retrofits are planned on an ad-hoc basis. The proposed systematic 

procedure will ensure value for money when operating under limited financial resources. Per floor 

area investment cost identified from this study can be used directly in energy investment planning 

for aquatic centre buildings with similar configurations.  

Based on the analysis, the economic and environmental viability of a retrofit would change from 

locational parameters (e.g. energy tariff, grid emission factor). Hence, technology proven to be the 

most suitable in one province would not be feasible in a different province. Detailed analysis is 

needed before retrofitting the built environment. This study further investigated the correlation 

between grid emission factor and NZEI. The strong correlation reveals that larger investments are 

needed to become net-zero emission in provinces such as Alberta and Nova Scotia.  

Retrofits were ranked using multi attribute decision making by assigning equal weights to energy 

demand reduction, GHG emission reduction and annualized LCC. Therefore, the optimal retrofit 

changed significantly for different provinces. As an example, for Alberta daylight sensors ranked 

the highest. Geothermal heating which was ranked 1st and 2nd in many provinces was ranked 7th 

in Alberta. This difference was due to province’s low natural gas tariff (CAD 1.91) and high grid 

emission factor (910 CO2eq/Kwh).  

Several studies in the past have revealed that excluding the end-of-life stage, retrofitted buildings 

outpace new buildings in assembly and operational phases on environmental performance 

(McGrath et al. 2013). Building retrofits are commonly analyzed based on the impact on energy 

and life cycle costs, overlooking other life cycle impacts (Jafari & Valentin 2015). Other factors 

such as economy and impacts on the ecological environment and heritage value can affect the 

decision making related to refurbishments (Kovacic et al. 2015). Life cycle impacts differ 

depending on the geographic location. Hence, incorporating the life cycle impacts of retrofits from 

a comprehensive LCA can contribute to a holistic analysis of retrofits. These decisions should be 

supported by adequate information, incentives, knowledge, and access to capital (Hinnells 2008). 

Currently, the construction industry lacks such decision support frameworks.  
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In the context of the building considered, net-zero emissions status does not achieve net-zero 

energy or net-zero cost states. The primary reason is the zero-emission hydroelectricity used in the 

building. Even though the emission factor of the BC electricity grid is 9.1g CO2 (eq)/kWh, energy 

utility companies supply electricity with low emission factors. Therefore, net-zero cost status is 

not achieved during the zero-emission stage. Energy operational cost reduction at NZEI in 

provinces with high grid emission factor (e.g. Alberta) would be larger compared to low grid 

emission factor province (e.g. BC). Low emission electricity can be purchased from utility 

companies at a higher tariff, lowering the initial net-zero emission retrofit investment.  

Though buildings are classified net-zero energy or net-zero emissions, these buildings can yet be 

connected to the grid (Steven Winter Associates Inc. 2014). This energy would be utilized at times 

when renewable energy cannot cater the building energy demand. Where the law permits, the 

surplus on-site generation can be supplied to the grid. Due to the high costs associated with energy 

storage, grid connectivity provides better means of ensuring the reliability of a building energy 

system. Energy exported from the building to the grid reduces net operational cost of the building.  

Eventually zero cost status can be achieved by reducing utility bills through lower energy use, and 

by selling on-site electricity to the grid until the two break even. 

Implementing NZEI is a challenge due to budgetary restrictions imposed on public entities. These 

retrofits should be implemented as annual packages to match the annual budget allocation.  Hence, 

a systematic sequential procedure should be adopted to achieve the eventual zero emission status. 

Despite the huge interest within the industry on NZEB, limited frameworks are available within 

the industry to guide the users to achieve zero emission status.  

7.5 Summary 

This chapter focused on identifying the optimal retrofit investment for commercial and 

institutional buildings based on energy, carbon emissions, and life cycle cost. The proposed 

methodology defines a systematic approach for building retrofit planning, which has been 

performed on an ad hoc basis. The impact of regional variations (geography, tariff structure and 

policy) on the building retrofits was explored. The optimal retrofit alternative varies in various 

geographical locations, due to the climate and tariffs. Furthermore, the analysis revealed that NZEI 

is strongly correlated with the grid emission factor. Findings of this chapter would aid energy 

engineers and facilities managers in retrofit planning and budget setting. 
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Chapter 8 Conclusions and Recommendations  

Increased awareness of climate change mitigation and declining physical conditions of the existing 

building stock have called for advanced building management techniques to mitigate the 

environmental impacts and reduce the rate of deterioration. This research proposed a novel 

approach for asset management of public buildings.  The proposed approach enhances building 

asset management decision making, by identifying the best intervention strategy that enables GHG 

emission targets to be achieved at the lowest LCC while also minimizing the risk.  

8.1 Summary and Conclusions  

A summary of the specific sections of the study and the main conclusions are presented below. 

Chapter 4 proposed a LOS assessment approach for building infrastructure, and developed a LOS 

index for public recreational centre buildings. The proposed framework is an objective method for 

assessing performance during the operational phase. The proposed LOS based approach addresses 

a number of shortcomings in current building performance evaluation methods. Additionally, the 

use of FSE enables the incorporation of vague, incomplete, and qualitative data into the analysis. 

This approach would assist building managers in monitoring and managing the performance of 

operating buildings. Further, the proposed approach can be customized to suit the function of the 

public building. The implementation of this framework was demonstrated for a public aquatic 

centre building operating Okanagan, BC, Canada. This approach provided three levels of detail for 

operational management of public buildings, which are strategic, tactical and operational 

management.  

Chapter 5 proposed a fuzzy logic-based LCCA approach for building energy retrofits, which 

enables the estimation of overall costs of energy retrofit alternatives, and facilitates the selection 

of the optimal course of action with the lowest overall cost. The proposed approach eliminates 

several criticisms associated with current LCCA methods. The output membership function 

depicts the possible range of LCC associated with the retrofit. Even though the deterministic result 

has a high membership to the fuzzy membership function, the possible LCC spans a wide range. 

Moreover, the fuzzy-based result encompasses detailed information on the possible LCC, which 

enables planning for possible adverse scenarios in the future.  
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Chapter 6 proposed a multi-period maintenance planning approach for public buildings. This 

approach incorporates a scenario-based approach for deciding the best capital planning strategy 

based on value at risk. Risk based prioritization is used to select the critical building systems / 

components. Fuzzy logic was used to incorporate the uncertainties associated with building 

condition, costs, and retrofit impacts. The proposed method would support capital asset planning 

of local governments by identifying the best maintenance strategy.  

Chapter 7 proposed a systematic approach for building retrofit investment planning, which has so 

far been performed on an ad hoc basis in practice. This study explored the impact of regional 

variations on the building retrofits. Furthermore, the findings of this research revealed that NZEI 

is strongly correlated to the grid emission factor. Findings of this study aid retrofit planning and 

budget setting.  

Figure 8-1 depicts where the aforementioned methods would fit into the strategy map. Proposed 

methods would mainly support building owners and managers in achieving climate action targets 

of the institution while maintaining the condition rating of the building. Having such standardized 

procedures for implementation would reinforce climate-driven asset management function.  
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Figure 8-1: Implementation of the deliverables 

8.2 Originality and Contributions 

This research is expected to deliver two unique contributions which would assist improving the 

performance of public buildings through an asset management lens.  

Enhancing the strategic asset management decision making: This research developed a life cycle 

thinking based asset management framework for public buildings. The proposed framework 

addresses the deficiencies associated with current asset management methods by integrating risk 

management, multi-period planning, uncertainty assessment, maintenance planning, and spatial 

variation to develop an innovative methodology. Previous asset management approaches ignore 

the interaction between macro-economic factors, future technology advancements, and cost 
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changes. Building maintenance planning approach proposed in this study addresses the 

aforementioned limitations in the current methods. Furthermore, a risk based approach (VaR) is 

used to compare alternative strategies for long-term planning.  

Redefining operational management of public buildings: This study proposes a LOS index for 

public buildings. There is a large number of building rating systems available in the literature. 

However, practical value of implementing these rating systems is a grey area. The majority of 

these rating systems are biased towards a research focus, and are not ideal for practical 

implementation. As a result, these rating systems become redundant primarily due to their practical 

inflexibility. LOS has been used in infrastructure management, and can be adopted for municipal 

buildings to monitor and manage building performance. The comprehensive literature review 

could not find any previous studies that have calculated the LOS of a public building.  

8.3 Limitations of the Study 

Limitations identified in this study are discussed below. Adjustments were made to mitigate their 

impacts.  

Focus on the operational stage of the building: This research only focused on the operational 

stage of the building and building components that mainly affect the energy consumption. 

Structural performance of the building was considered to be beyond the scope of this study. The 

contributions from this research are internal building management methods developed for public 

sector buildings. Public sector is service oriented rather than profit oriented. This approach could 

be used in a different context (private users) by adjusting benchmarks and category weights. The 

flexibility is provided to the users to customize this approach to suit their needs. Base line 

performance is specified using literature as the foundation.  

This study used a standard aquatic centre building to demonstrate this study. The sample building 

was used to calculate NZEI and ranking of retrofits. NZEI for Canadian provinces could be 

generalized only after extensive studies. The above results could be used for buildings with similar 

configurations, even though NZEI could differ due to other factors such as the building use, size 

etc. 
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Monetary focus: This research does not consider non-monetary costs or benefits of building 

energy retrofits. Examples of non-monetary benefits and costs include an HVAC system with less 

noise, improved efficiency from a new lighting system with a better illumination level, health 

impacts from a renewable energy, and energy independence due to the use of a geothermal heating 

system. These factors should be considered in an investment decision, extending the decision 

making process beyond the economic aspect. However, LOS approach assesses the building 

performance related to qualitative performance.  

Moreover, the proposed approach does not account for external costs and benefits (e.g. 

environmental benefits and social impacts) or an increase in the market value of the building due 

to higher energy performance. The results of this approach focus purely on the economic 

perspective. Accounting for external benefits may make marginal retrofits more attractive. A 

multi-criteria decision analysis can identify the optimal retrofit based on organizational priorities.  

Data limitations: Specific data collection had been a challenge in this study. Information such as 

component performance data was not available due to a number of reasons, such as the 

unavailability of sub-metering and the extensive time required for a condition survey. Weight 

schemes were used in multiple instances (e.g. LOS index). Assumptions supported by published 

literature were used wherever necessary. Since the focus of this research was to propose the 

method, literature based data provided an acceptable level of accuracy.  

There is significant uncertainty associated with the data used in this study. Fuzzy logic was used 

to account for data uncertainty. This research mainly assumed trapezoidal and triangular fuzzy 

numbers for uncertain data. Even though representing data using fuzzy numbers is the more 

reliable method (as opposed to crisp values), there is still a degree of uncertainty associated with 

it. This uncertainty could be minimized by using more reliable data and consulting experts with 

substantial experience. The above aspects were considered to be beyond the scope of this research. 

Scenario uncertainty is a major limitation associated with this approach. Scenario development 

methods specified in the literature was used to define the scenarios used in this study. Furthermore, 

expert opinion was sought to assess the plausibility of scenarios. 
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Utility rates are subject to the inflation prevailing at that time. Moreover, there can be rate 

arrangements between building owners and utility providers. This drawback was minimized by 

adopting novel energy retrofit life cycle costing methods. This approach ignored the time 

dependency of grid source energy. Time dependent valuations for time of use source energy is an 

important factor in determining the net-zero emissions. Hence, real-time building management is 

needed to maintain the net-zero emission status.  

Limitations in energy simulations:  Thermal processes within a building are complex and difficult 

to understand , which makes manual calculations difficult (Maile et al. 2007). As a remedy, energy 

simulation programs approximate their predictions with qualified equations and methods. An 

energy simulation software incorporates energy principles, thermodynamic equations, and many 

assumptions.  The accuracy of the building energy simulation results depends in turn on the 

accuracy of input data for the simulation (Maile et al. 2007). Input data for the building energy 

model includes building geometry, internal loads, HVAC systems and components, weather data, 

operating strategies and schedules, as well as simulation specific parameters. If certain 

assumptions are not satisfied in the simulation or data is not matched in real life, the simulation 

results could turn out to be incorrect.  

8.4 Future Research 

Following research area were identified as potential extensions of this research.  

Implementation and integration: This research is aimed at improving the operational performance 

of public buildings by mobilizing tactical and operational management with easy-to-use resources 

based on scientific backing. Further research is needed on implementing the findings from this 

research. Characteristics such as life cycle impacts, service life vary from one retrofit to another. 

Hence, further research is required to assess the industry requirements and challenges for 

implementing similar approaches in the industrial context. It is important to focus on developing 

an integrated building asset management tool to be implemented in municipalities. The unique 

features of this tool include individual and portfolio management, users’ ability to alter 

benchmarks and weights based on their priorities, and the ability to incorporate vague and 

imprecise data. Currently, user friendly tools are being developed for the partner municipality to 

implement the outcomes of this research.   
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Impact of climate change: The increase in atmospheric temperature due to global warming has 

adversely affected energy performance, indoor air quality, thermal comfort, and sustainability of 

commercial buildings. The current and future buildings should be capable of adapting to the 

changes in local climatic conditions throughout the building’s service life. It is predicted that more 

cooling and less heating will be required in the future. As an example, a study in Australia 

identified that from 2020-2080 the building energy consumption would change from -0.6% and 

8.3%, and the cooling equipment capacity should be increased by 9.1% to 25% due to climate 

change. Hence, more accurate weather data considering future patterns can be an important 

determinant in future building designs. Future research should focus on aforementioned focus 

areas.  

Research on behavioural aspects: Limited studies have focused on the rebound effect of energy 

consumption due to a reduction in energy cost. An increase in energy demand could trade off the 

benefits of energy cost reduction. Therefore, it is vital to look at the potential of human actions to 

improve or diminish the energy efficiency of commercial buildings. Further research should focus 

on examining, experimenting, and optimizing different energy management strategies and 

occupancy interventions for commercial and institutional buildings.  
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Appendices 

Appendix A: Overview of the literature 

Article focus Description Articles 

Organizational/ 

Management 

paradigm (74) 

These journal articles have 

focused on energy 

benchmarking, building energy 

audits, building energy 

characterization using 

mathematical methods, 

operation management of 

building components and 

development of methods to 

analyze factors affecting 

building energy. 

(Escrivá-Escrivá et al. 2012) (Chung 2012) (Escrivá-Escrivá 2011) (Carlo & Lamberts 2008) 

(Masuda & Claridge 2014) (Chung et al. 2006) (Martin 2013) (Hall 2014) (Peterman et al. 

2012) (Bhandari et al. 2012) (Borgstein & Lamberts 2014) (Melo et al. 2012) (Goyal et al. 

2013) (Yu et al. 2014) (Radhi 2009) (Tulsyan et al. 2013) (Hinnells 2008) (O’Donnell et al. 

2013) (Altwies & Nemet 2013) (Mohareb & Kennedy 2014) (Bynum et al. 2012) (Azar & 

Menassa 2014) (Talyor & Miner 2014) (Sun et al. 2010) (Zhu et al. 2011) (Rupp & Ghisi 

2014) (Yu & Chan 2012) (N. Wang et al. 2013) (Du et al. 2014) (Saidur et al. 2011) (Yik et 

al. 2001) (Fong et al. 2006) (Schein et al. 2006) (Li et al. 2013) (Fontanini et al. 2013) (Chua 

& Chou 2010) (Wagner et al. 2014) (Batista et al. 2011) (Zhou & Lin 2008) (Sabapathy et 

al. 2010) (Buck & Young 2007) (Yang & Hwang 2007) (Alexandre et al. 2011) (Yu & 

Chow 2007) (Kamilaris et al. 2014) (Yau & Hasbi 2013) (Chow et al. 2013) (Kneifel 2011) 

(Ruan et al. 2009) (Yamaguchi et al. 2007) (Bansal & Goel 2000) (Lam & Li 2003) (Sezgen 

& Koomey 2000) (Melo et al. 2014) (Zhao et al. 2009) (Zhou et al. 2006) (Lam 2000) (Lee 

et al. 2001) (Lin & Hong 2013) (Yu & Chan 2007) (Mago & Smith 2012) (Lehmann et al. 

2007) (Bruno 2011) (L. C. Ng et al. 2013) 

Behaviour/ 

operation 

paradigm (4) 

These articles have focused on 

topics related to human 

behavior associated with 

building energy consumption 

including regulatory and 

(Fasiuddin & Budaiwi 2011) (Lee & Yik 2002) (Janda 2014) (Hsieh et al. 2007) 
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Article focus Description Articles 

voluntary approaches associated 

with operations. 

Technical 

paradigm 

(50) 

These articles have 

focused on various 

technologies, methods, 

programs that enable 

superior building energy 

performance. Some of 

these articles have studied 

the impact of energy 

retrofits and other external 

factors on building energy 

performance. 

(Lollini et al. 2010) (Andrews & Krogmann 2009) (Ramana et al. 2014) (Brown et al. 2002) 

(Susorova et al. 2013) (Borreguero et al. 2014) (P. K. Ng et al. 2013) (Manz & Frank 2005) 

(Zhou & Chen 2010) (Ibrahim et al. 2014) (Haq et al. 2014) (Ehrlich et al. 2002) (Thomas et 

al. 2012) (Khan & Abas 2011) (Yan et al. 2014) (Liu et al. 2010) (Huang et al. 2011) (Y. 

Huang et al. 2013) (Chae et al. 2014) (Chow et al. 2011) (Yu & Chan 2005) (Gvozdenac et 

al. 2009) (Sanaye et al. 2010) (Li & Wu 2010) (Xu & Qu 2013) (Wang & Song 2012) (Chua 

et al. 2013) (Lee & Lee 2007) (Wallin et al. 2012) (Maheshwari et al. 2001) (Cavique & 

Gonçalves-Coelho 2009) (Gagliano et al. 2012) (Yun et al. 2013) (Wang & Song 2013) 

(Moretti et al. 2014)(Yang & Becerik-Gerber 2014) (Artmann et al. 2008) (Naimaster & 

Sleiti 2013) (Medrano et al. 2008) (Hussain et al. 2013) (Mann et al. 2006) (Wijayatunga et 

al. 2006) (Zogou & Stapountzis 2011) (Rezaie et al. 2011) (Yang et al. 2010) (Sarbu & 

Sebarchievici 2014) (Menassa 2011) (Kircher et al. 2010) (Yu Huang et al. 2013) (Peng et 

al. 2014) (Zhao et al. 2012) (Vine 2003) (Roberts 2008) (Woo & Menassa 2014) (Picco et al. 

2014) (Daly et al. 2014) (Pitts 2008) (Yalcintas & Kaya 2009) (Rankin et al. 2004) 
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Appendix B: Building operational performance indicators  

 

 Indicator Reference 

I1 Availability of measures for protection against vandalism and 

security 

(Félio & Lounis 2009) 

I2 User satisfaction level  (Through a survey) (Green Building Council of Australia 2015) 

I3 Indoor air quality (IAQ) (Namini et al. 2014)(HKGBC 2010)(Canada Green Building Council 2009a)(Green 

Building Council of Australia 2015) (Green Building Council Denmark n.d.)(Institute 

for Building Efficiency 2013)(Green Building Initiative 2014) (Canada Green Building 

Council 2009a)(Canada Green Building Council 2009a)(Institute for Building 

Efficiency 2013) (Lai & Yik 2009) 

I4 Thermal comfort to the users  (HKGBC 2010)(Green Building Council of Australia 2015)(Green Building Council 

Denmark n.d.)(Lai & Yik 2009) 

I5 Building cleanliness and visual comfort to the users (Canada Green Building Council 2009a)(Green Building Council of Australia 

2015)(Institute for Building Efficiency 2013)(Institute for Building Efficiency 

2013)(Green Building Initiative 2014) (Green Building Council Denmark n.d.)  

I6 Indoor noise level (Oyedele et al. 2012)(HKGBC 2010) (Kamali & Hewage 2015) (Green Building 

Council of Australia 2015)(Lai & Yik 2009) 

I7 Indoor luminance level (Namini et al. 2014) (Canada Green Building Council 2009a)(Green Building Council 

of Australia 2015)(Institute for Building Efficiency 2013)(Institute for Building 

Efficiency 2013)(Green Building Initiative 2014) 

I8 Adequacy of building amenities to users (Customizable based 

on the building type) 

(Correia & Wirasinghe 2008) 

I9 Condition rating of building equipment (Green Building Council Denmark n.d.) (Félio & Lounis 2009) (Institute for Building 

Efficiency 2013)(Green Building Initiative 2014) 
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 Indicator Reference 

I10 Access to services in normal and emergency conditions (Félio & Lounis 2009) 

I11 Number of deaths and injuries caused by using the public 

infrastructure (i.e. Number of safety related incidents) 

(Félio & Lounis 2009) 

I12 Non planned service interruptions as a percentage to planned 

service interruptions 

(Félio & Lounis 2009)(Han et al. 2015) 

I13 Number of user days with no service interruptions  (Félio & Lounis 2009)(Han et al. 2015) 

I14 Quality of swimming pool water (Green Building Initiative 2014) 

I15 Annual energy use intensity (GJ/m2) (Vijayan & Kumar 2005)(Vučićević et al. 2014)(Srinivasan et al. 2014)(El shenawy & 

Zmeureanu 2013) (HKGBC 2010)(BRE Global 2012)(Green Building Council Denmark 

n.d.) (Energy star 2015)(Institute for Building Efficiency 2013) 

I16 Annual renewable energy consumption (As a proportion of 

the total energy) 

(Namini et al. 2014) (HKGBC 2010)(Canada Green Building Council 2009a)(Green 

Building Council Denmark n.d.)(Institute for Building Efficiency 2013)(Green Building 

Initiative 2014) 

I17 Annual GHG emission reduction (Vučićević et al. 2014)(El shenawy & Zmeureanu 2013) (HKGBC 2010)(BRE Global 

2012)(Green Building Council of Australia 2015)(Green Building Council Denmark 

n.d.)(Institute for Building Efficiency 2013) 

I18 Annual water consumption per user (Vijayan & Kumar 2005)(El shenawy & Zmeureanu 2013) (HKGBC 2010)(BRE Global 

2012)(Green Building Council Denmark n.d.) 

I19 Amount of water recycled as a % to waste water (HKGBC 2010)(Green Building Council of Australia 2015) (Institute for Building 

Efficiency 2013) 

I20 Average cost of operation as a percentage of annual income (Green Building Council of Australia 2015) 

I21 Amenities for persons with disability (Namini et al. 2014)(HKGBC 2010) 

I22 Cycling convenience for the users (Green Building Council Denmark n.d.) 
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Appendix C: LOS indicator benchmark definition  
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I1 
Qualitative / 

Observation 

Municipality 

defined 

State of the art security 

features are installed (e.g. 

sensors) , building is 

continuously monitored and 

security service is stationed at 

the facility 

building is continuously 

monitored and security service 

conducts routine patrols 

Security service is contracted 

and they conduct routine 

patrols 

Building is monitored using 

CCTV 

No security measures are in 

place 

I2 Through a survey 
Municipality 

defined 
Very Satisfied Satisfied Neutral Dissatisfied Very Dissatisfied 

I3 Measured (mg/m3) 
Literature (Parrat 

et al. 2012) 
0<0.2 0.2-0.3 0.3<  

I4 Measured (°C) 
Municipality 

defined 
25-26  22-24  <22 & >26 

I5 Through a survey 
Municipality 

defined 
Excellent Good Moderate 

 

Bad 
Very bad 

I6 Measured (dB(A)) 
NRC (Warnock 

2001) 
>40 40-45 45< 

I7 
Measured 

(Lumens/Square 

Meter) 

U.S. General 

Services 

Administration 

(U.S. General 

Services 

Administration 

2016) 

>750 500-750 500> 

I8 Through a survey 
Municipality 

defined 
Very Satisfied Satisfied Neutral Dissatisfied Very Dissatisfied 

I9 Expert judgement 
Municipality 

defined 
Excellent Good Fair About to fail Failed 
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I10 Expert judgement 

Canadian Centre 

for Occupational 

Health & Safety, 

Emergency 

Planning 

(Canadian Centre 

for Occupational 

Health & Safety 

2017) 

Emergency preparedness plan 

is established updated and 

regular drills are conducted 

Emergency preparedness plan 

is established and regular 

drills are conducted 

Emergency preparedness plan 

is available 

Standard safety and emergency 

plans are available 

No emergency response 

procedures 

I11 Daily logs 
Municipality 

defined 
0-2 1-3 2-4 3-5 5< 

I12 
Daily logs 

(Percentage) 

Municipality 

defined 
0-2% 1-3% 2-4% 3-5% 5%< 

I13 Daily logs 
Municipality 

defined 
0-2 1-3 2-4 3-5 5< 

I14 
Monitored 

information 

BC Ministry of 

Health (BC 

Ministry of Health 

2014) 

Chemical parameters are 

maintained in the specified 

range and no health concerns 

are reported 

Chemical characteristics of 

pool waster is maintained 

between following ranges; 

free chlorine 0.5-5 ppm; 

chlorine cyanurate 1-5ppm; 

bromine 1.5-5 ppm; combined 

chlorine <1ppm; pH 7.2-7.8; 

total alkalinity 80-120; 

calcium hardness 180-220; 

Chemical parameters slightly 

deviate from the specified 

range 

Chemical parameters 

significantly deviate from the 

specified range 

Chemical parameters 

significantly deviate from the 

specified range and health 

problems are reported 

I15 
Monitored 

information (GJ/m2) 

CIBSE(CIBSE 

2001) 
<725 725-1573 1149-1997 1573-1997 1785 

I16 

Monitored 

information (As 

proportion of total 

energy) 

LEED (Canada 

Green Building 

Council 2009b) 

>12% 12-7.5% 9-6% 6-3 3%> 
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I17 

Calculated using 

energy demand 

(Percentage of GHG 

emission reduction 

from the previous 

year) 

Municipality 

defined based on 

climate action 

plans 

>33% 33%-20% 20%-0 0 Increase 

I18 

Monitored 

information 

(m3/user/annum) 

 

CIRIA (Waggett 

& Arotsky 2006) 
<60 60-130 95-175 130-220 220< 

I19 

Monitored 

information 

(Percentage of waste 

water recycled) 

LEED (Canada 

Green Building 

Council 2009b) 

<1% 1-2% 1-3% 2-4% 4%< 

I20 
Calculated data from 

P&L 

Municipality 

defined 
>0 0 0< 

I21 
Monitored 

information 

United Nations 

(United Nations 

2004) 

Standard facilities are 

available for disabled workers 

and visitors. Multiple 

entrances one shower room, 

one rest room and one 

changing room per facility are 

accessible to a wheelchair 

user. Sports halls and 

spectator areas are accessible. 

Standard facilities are 

available for disabled workers 

and visitors. Multiple 

entrances are available. 

Standard amenities are 

available disabled workers 

and visitors. Entrance via 

main entrance 

 

Building can be accessed by a 

wheel chair user via alternative 

entrance 

Limited amenities are 

available for disabled. 

I22 
Monitored 

information 

City of Nelson 

(City of Nelson 

2013) 

Bicycle parking lockers are 

available for within 15m of 

the entrance. Bicycle parking 

is well lit , visible to visitors 

and separated from car 

parking 

Bicycle parking is within 15m 

to the main entrance and 

separated from car parking. 

Bicycle parking is available in 

a side of the building and is 

separated from car parking. 

 

Bicycle parking is not separated 

from car parking available at a 

side of the building. 

No parking facilities for 

cyclists 
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Appendix D: Energy simulation results 

 

Component  Description Investment Energy Saving (GJ) 

Natural Gas Electricity 

Building 

Envelope 

R1 Increase the insulation of the 

roof  

119,585 735 0 

 R2 Replace front glazing with a 

double-glazed system. 

89,380 768 0 

 R3 Increase the insulation of 

walls to R38 

83,248 1270 0 

Lighting System R4 Lighting retrofit to LED 124,000 0 737 

 R5 PV electricity for the building 248,300 0 462 

 R6 Daylight sensing lighting 

controls 

92,283 0 388 

Pool heating R7 Geothermal pool water 

heating 

178,000 2451 0 

Hot water 

supply 

R8 Use of solar preheater 9,000 178 0 

 R9 Solar hot water systems 15,000 222 0 

Building HVAC 

system 

R10 Solar ventilation preheating  22,000 668 0 



 178 

Appendix E: Provincial grid and natural gas data 

Province Energy Rate 

(c/Kwh)(Manitoba 

Hydro 2015) 

Emission 

Factor (g 

CO2eq/Kwh)  

Energy 

Rate 

(CAD/GJ)) 

Emission 

Factor (kg 

CO2eq/GJ) 

(Ministry of 

Environment 

BC 2016) 
Newfoundland and 

Labrador  
N/A 

Prince Edward Island N/A 
Nova Scotia 

(Environment Canada 

2014a; Heritage Gas 

2016) 

15.38 790 11.65  49.87 

New Brunswick 

(Environment Canada 

2014a; Enridge Gas 

New Brunswick 2016) 

12.68 4405 6.08 

Quebec 

(Environment Canada 

2014a; Gaz Métro 

2016) 

9.897 3.4 2.37  

Ontario 

(Environment Canada 

2014a; Union Gas 

2016) 

15.124 110 4.73  

Manitoba 

(Environment Canada 

2014a; Manitoba 

Hydro 2016) 

8.147 4 9.34  

Saskatchewan 

(Environment Canada 

2014a; SaskEnergy 

2016) 

12.36 440 4.30  

Alberta 

(Environment Canada 

2014a; ATCO Gas 

2016) 

11.328 910 1.91  

BC 

(Environment Canada 

2014a; FortisBC 2016) 

11.411 9 2.31  

Yukon N/A 
Territories and 

Nunavut 
N/A 

 

                                                 

5 2011 data 


