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Abstract: In Canada, higher educational institutions (HEIs) are responsible for a significant portion
of energy consumption and anthropogenic greenhouse gas (GHG) emissions. Improving the
environmental performance of HEIs is an important step to achieve nationwide impact reduction.
Academic buildings are among the largest infrastructure units in HEIs. Therefore, it is crucial to
improve the environmental performance of academic buildings during their operations. Identifying
critical academic buildings posing high impacts calls for methodologies that can holistically assess the
environmental performance of buildings with respect to water and energy consumption, and GHG
emission. This study proposes a fuzzy clustering approach to classify academic buildings in an HEI and
benchmark their environmental performance in terms of water, energy, and carbon flows. To account
for the fuzzy uncertainties in partitioning, the fuzzy c-means algorithm is employed to classify the
buildings based on water, energy, and carbon flow indicators. The application of the developed
methodology is demonstrated by a case study of 71 academic buildings in the University of British
Columbia, Canada. The assessed buildings are grouped into three clusters representing different
levels of performances with different degrees of membership. The environmental performance of
each cluster is then benchmarked. Based on the results, the environmental performances of academic
buildings are holistically determined, and the building clusters associated with low environmental
performances are identified for potential improvements. The subsequent benchmark will allow HEIs
to compare the impacts of academic building operations and set realistic targets for impact reduction.

Keywords: higher educational institutions; academic buildings; environmental performance;
performance benchmarking; fuzzy clustering analysis; metabolic flows

1. Introduction

The United Nations Paris Agreement set ambitious goals for 191 countries to reduce the
anthropogenic greenhouse gases (GHG) emissions linked to climate change, in an aim to curb
the global temperature increase by 1.5 ◦C above the pre-industrial levels [1]. Canada is among the
nations that ratified the agreement and committed to reducing their emissions, by 2030, to a level that
is 30% lower than level reported in 2005 [2]. In Canada, the building sector is the third largest GHG
emitting source, and is responsible for 12% of the total emission [2]. Moreover, the building sector
consumes 20–40% of the total produced energy in developed countries; for instance, in the US and EU
this sector is the third largest in terms of energy usage [3]. Buildings are believed to be responsible for
more than one-third of the GHG emissions and 32% of the total energy consumption [4]. A building
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emits GHG during different phases, but the largest portion of the GHG emissions is generally associated
with the operational phase, i.e., about 80–94% of the entire lifecycle emissions of a building [5–7].

The educational sector stays among the largest public sectors of many countries around the world.
For instance, being the largest public sector in China, it consumes 40% of the total energy supplied to
the public sector [8]. Many large universities operate on a scale similar to a small city [9–13]. In Canada,
higher educational institutions (HEIs) generally use 60% of the electricity allocated to the educational
sector, equivalent to that consumed by a small city of 430,000 households [14]. In British Columbia (BC),
Canada, the educational sector alone emitted 309,222 ton of CO2e as of 2018, accounting for 41.25%
of the total public sector emissions in the province; specifically, HEIs in the province are responsible
for 19% of the entire emissions from the public sector alone [15]. Moreover, in the United States,
educational buildings use approximately 6% of the entire public water usage in the country [16]. HEIs
are reported to have a larger impact than any other organizations or institutions in the educational
sector. It is reported that HEIs use 3–4.9 more times of energy than schools [17]. In China, the energy
and water consumed by university/college students are four and two times higher than the average
consumptions [18]. In Norway, the emission per student at a university is significantly higher than the
national average per citizen [19]. Many studies highlighted the significance and challenges of HEIs
buildings in the overall environmental impact reduction in different countries, such as Australia [20],
Spain [21], China [8,22], the UK [23], Norway [19], Saudi Arabia [24], and Canada [25]. These studies
also pointed out challenges that universities are facing to achieve their goals, e.g., 43% of the HEIs in
Canada fell behind their energy baseline targets [26].

The National Science Foundation defines an engineering system as “a combination of components
that work in synergy to collectively perform a useful function.” [27] Infrastructures in HEIs like
academic buildings can be considered as engineering systems because they require many different
components, such as energy, water, lighting, and air circulation systems, in order to function properly.
The operation of academic buildings is associated with significant amounts of water, energy, and
carbon (WEC) flows. The current sustainability assessment tools aggregate the indicators of an HEI
’s performance regarding the social, economic, and environmental sustainability to a final score;
however, this aggregated score may not be very useful to the improvement of the HEI’s environmental
performance from an infrastructure management perspective. Thus, an assessment tool focusing
on WEC flows is essential for enhancing the environmental performance of infrastructure in HEIs.
To this end, this study aims to develop a methodology for environmental performance benchmarking
of academic buildings through the lens of infrastructure management. Thus, the environmental
performance in this paper is evaluated by assessing WEC flows in academic buildings [25].

Significant WEC flows in HEIs make them a pivotal point of attraction for countries to meet the
international emission reduction commitments and sustainable development targets [28]. Figure 1
shows a conceptual road map to improve the sustainability performance of HEIs. Attesting to
declarations is the first step that HEIs acted upon to deal with the plethora of attempts to define,
raise awareness, and communicate sustainable issues on campuses. These non-statutory declarations
cover a wide range of topics in sustainability (pedagogical and operational), and they impact the
sustainability in HEIs in three distinctive ways: (i) They help shape an instrumental argument of the
surrounding role of a university in relation to sustainable development [29,30]; (ii) these declarations
help formulate national legislations around resource utilization and highlight goals towards reducing
the adverse impacts of HEIs; (iii) they pave the road towards the development of tools that help rank,
assess, and communicate the progress of sustainability in HEIs [25,31]. As of 2011, there were 31
declarations in the context of education, and 1400 universities have signed them [31]. However, the
number of universities that have signed these declarations is small comparing to the total number
of HEIs worldwide. Furthermore, the declarations primarily focused on raising the awareness of
sustainability in HEIs but did not provide any mechanism to assess sustainability performance [32].
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Figure 1. Roadmap to a sustainable campus [28].

HEIs began reporting their sustainability performances through reporting systems in early
2006. The first sector-specific reporting system was the Graphical Assessment of Sustainability in
Universities (GASU) [33]. Many reporting systems were created afterwards, and the most used one is
the sustainability tracking, assessment, and rating system (STARS) [34]. STARS evaluates an HEI’s
performance in five categories: engagement, planning and administration, academics, innovation,
and operations. Moreover, within those categories are subcategories and criteria of measurement.
STARS assesses the HEI in terms of its performance in 247 areas and then provides with one of the
overall performance ranks: platinum, gold, silver, or bronze [34]. STARS was firstly used to assess
the HEIs in North America, and later its application was promulgated across the world. The system
launched its first reporting version in 2010 with 149 HEIs and, to date, there are nearly 1000 registered
institutions. Out of the registered HEIs, over 600 reports from 40 different countries. The number of
reporting HEIs is still relatively small in comparison to the overall number of HEIs [35]. This can be
due to certain challenges faced by the HEIs such, e.g., complexity of the sustainability assessment
methods and the limitations in resources to complete the assessment within the allocated timeframe [34].
Another limitation of these reporting systems is related to the weighting structure used [35]. As these
systems cover a wide array of areas, the direct impact on climate change (i.e., GHG emissions) can be
underestimated by assigning higher weights to other socio-economic parameters [36]. One of such an
example is the case of the University of Alberta: The university reported an increase of nearly 34% in
emissions and at the same time received a Gold ranking [37].

HEIs face several challenges in reporting their sustainability performance, such as lacks of
(i) interpretation of sustainability specifically in the area of climate change [38], (ii) guides or mechanisms
to provide systematic roadmaps to a sustainable campus [39], and (iii) baseline values to create a
cross-institutional performance comparison [40]. To overcome these limitations, Martin and Samels [41]
proposed benchmarks as a means to establish a mechanism for disseminating key information,
establishing best practices, and set baseline values for the industry [41]. The current methods consider
a singularity approach in benchmarking buildings, i.e., building type. Such methods may come up
with misleading outcomes because of their inability to consider opposing or multiple features of a
building [42].

Benchmarking is a widely used tool to compare the performance of a building or a set of buildings
to those of a larger pool of similar buildings under similar pressures (e.g., GHG emissions). There
are two approaches of benchmarking: The top-down approach and the bottom-up approach, and
the selection of a suitable approach depends on the purpose of assessment, type of data, and the
level of information available. The top-down approach is suitable for evaluating the overall building
performance, such as the total energy usage intensity (EUI) [43], while the bottom-up approach builds
on the aggregated values of each inner component of the building at each zone, e.g., the summation of
the total heating, ventilation and air condition (HVAC), and lighting [44]. Benchmarking consists of
three stages: Planning (to define the objectives and scope), analysis (to identify performance gaps), and
finally an integration step to continuously and systematically implement the findings [45]. There are
several methods used to benchmark buildings performance depending on the data available and the
degree of benchmarking to be completed: white-box, black-box, and grey-box. The first refers to data
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generated from simulations, the second is referred to when statistical approaches are used, and the
final is a combination of the first two [46]. A number of studies conducted on educational buildings
can be found in the recent literature [20,21,47,48].

Benchmarking for buildings should be performed in buildings with similar functions and
characteristics. For instance, a residential building should not be compared with a commercial building
due to the differences in internal factors (e.g., demand, scope, operational hours) and external factors
(e.g., climatic conditions). Therefore, data need to be collected in ways that meet the definition,
scope, and strategy of the benchmarking process. However, due to the large set of data collected,
issues of misleading information may arise. For example, whether or not to include water used
for irrigation as part of the total water usage could lead to a significant difference in water usage
benchmarking of buildings because this part of water usage is heavily influenced by climate factors,
area of the landscape, and the vegetation species. To minimize the uncertainty caused by dissimilar data,
use of multi-dimensional features instead of one parameter/indicator is encouraged in performance
benchmarking [42].

With a continuous and rigorous data collection, the need to compare the performances of buildings
based on similarities in function, size, and climatic conditions becomes prominent. The act of measuring
the performances of a group (i.e., cluster) of buildings, sharing similar features and characteristics,
and compare those to other building groups has emerged as a new benchmarking approach [42,49,50].
Many studies used classification methods as a means to understand energy consumption patterns in
HEIs. For example, Khoshbakht et al. [20] classified 80 HEI buildings in Griffith University, Australia
into six classes—office, administration, library, research, teaching, and mixed buildings—based on
the major activities that are carried out within those buildings. For instance, if 40% of the area in
a building is allocated to laboratories, then the building will be classified into the research type.
In another study, Chihib et al. [21] classified 33 buildings of the University of Almeria into six classes,
i.e., research, administration, teaching, library, sports facilities, and restaurants, and compared their
performances over a time span of 8 years using independent climate variables and other dependent
variables like occupancy [21]. Both studies found that buildings classified into the research type
(i.e., laboratory-intensive) use a higher ratio of energy than other building types. Tan et al. [22] analyzed
Tongji University in China and broke down the energy consumption for student dorms, research
buildings, classrooms, office, libraries, and others, and the results showed that dorms account for 29%
of the total energy consumption [8,22].

Studies also highlighted that the research buildings equipped with many laboratories consume
significantly higher amounts of energy than other research buildings [20,21]. This agrees with the
findings reported by Mills et al. [51] that laboratorial buildings are 4–5 times more energy-intensive
than commercial and institutional (non-laboratory) buildings. Another study by Federspiel et al. [52]
reported similar findings. One reason for the high energy consumption could be that the air-exchange
rate uses more energy in laboratory-intensive buildings than that traditional buildings [52]. Furthermore,
natural science and engineering buildings are equipped with more laboratories than buildings designed
for economic, law, and art sciences, and thus, they are associated with higher energy consumptions [53].
Federspiel et al. [52] applied a model-based benchmarking methodology on an academic building at
the University of California, Berkeley campus and calculated the total building energy consumption
based on the minimum amount of energy required to fulfill a set of functions in compliance with
code-compliant environmental controls, then used the calculated energy consumption and compared
it with the actual reported data to assess the efficiencies of the cooling equipment and identified the
inefficient mechanical cooling designs. The results can help identify potentials for reducing energy
consumption when devising a laboratory-intensive research building.

Finally, benchmarking is a technical performance tool used in liaison with a broader management
strategy to help the leading organizations to improve their performance through identification of
best in class, communication of performances, and to improve resource utilization systematically
and dynamically [38,54]. However, benchmarking alone does not propose a set of solutions for an
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organization—benchmarking is a means to an end, not the final destination [55–58]. A number of
studies focused on different approaches to underpin the cause and effect of inefficient energy use
in universities. Some of the studies used classification approaches to determine the characteristics
of buildings in terms of their intended uses (e.g., library, office, and laboratory) [20–22]. Others
attempted to pinpoint the behavioral aspect by using stochastic approaches to define the influence
of occupancy [48,57,58], and finally, a macro study analyzed the sector performance in terms of their
ability to achieve their commitments to reduce GHG emissions [25].

To establish a benchmark for academic buildings, several issues must be considered. Firstly, the
challenge of appropriate classification of buildings: Since only the performance of similar buildings
can be compared, and there is no publicly accessible database to assist the classification, a methodology
that uses unsupervised learning to derive the hidden patterns of building performance data is
needed. Secondly, conventional crisp clustering approaches, such as the k-means clustering draw
hard boundaries between the classified groups, which may bring uncertainties to the clustering
results. For example, two buildings with similar performance may be classified into two different
groups because of the hard boundary created by the crisp clustering. Fuzzy logic can address
this issue by introducing the concept of “partial truth”. Thirdly, several studies have used fuzzy
logic to help benchmark a building’s performance; however, the performance was benchmarked
based on single-dimensional data (e.g., energy consumption or carbon emission) [42,59]. Limited
attention has been placed to performance benchmarking by considering a multitude of a building’s
characteristics (e.g., WEC flows). To address these issues, this study proposes an unsupervised fuzzy
clustering analysis to reduce the uncertainty of the building classification results generated based on
multi-dimensional data.

Fuzzy clustering analysis is used in the literature to limit the uncertainties that may arise from a
large number of data and parameters used. Many studies applied fuzzy approaches to performance
benchmarking of different systems; for example, Chung [60] applied fuzzy linear regression analysis to
develop a benchmarking method for commercial buildings, Iliadis et al. [61] applied fuzzy c-means
algorithms to determine the risk factors in a Greek forest, Krajnc et al. [62] applied fuzzy logic to
compare performances between two plants, Santamouris [59] applied fuzzy clustering techniques to 320
schools in Greece to assess energy and environmental performance in school buildings. Kouloumpis
and Azapagic [63] used fuzzy evaluation for life cycle-integrated sustainability assessment as a tool to
evaluate five different sources of energy and identified the most sustainable sources of energy to help
decision and policy makers. Haider et al. [64] used a fuzzy synthetic evaluation technique to develop a
sustainability index for small-sized urban neighborhoods. However, limited studies have used fuzzy
clustering analysis to classify academic buildings based on their WEC flows.

The objectives of this paper are to provide a review of the steps and studies taken historically
to define, attain, and measure environmental performance in HEIs; to propose fuzzy clustering
analysis-based framework for HEIs to benchmark the performance of academic buildings by holistically
considering energy and water consumption and carbon emission. The developed framework is applied
to a university in Canada, and based on the benchmarking results, potentials for environmental
performance improvement in the university are recommended. The developed framework can aid
decision-makers in setting, and achieving, environmental goals and targets in the context of HEIs.

2. Methodology

2.1. General Framework

The proposed fuzzy clustering-based framework is outlined in Figure 2. The framework provides
a local classification of different buildings within a university according to their similarities in resource
consumption and GHG emissions, and then holistically benchmarks the environmental performance
of individual buildings, among others within the same class. The first step is to select the performance
indicators needed to be benchmarked. In the case of this study, energy and water consumption data
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were collected, and subsequently, the carbon emission was derived from the energy consumption
data collected. These parameters relevant to water, energy and carbon are referred to as metabolic
flows (MF). The MF are used as performance indicators because they are the most important aspects
influencing the environmental impacts within the context of HEIs. The second step is to normalize MF
data using a common factor, such as climatic factors, area, and a number of users. After normalization,
MF data can be converted to several performance indices, such as water usage intensity (WUI), energy
usage intensity (EUI), and carbon usage intensity (CUI).

Figure 2. The framework of fuzzy clustering-based environment performance benchmarking of
academic buildings.

The derived indices are used as inputs to the fuzzy clustering analysis using the fuzzy clustering
algorithm. The optimal number of clusters is determined by using the elbow method. This method
is used to evaluate the reduction of within-group variance that is brought by increasing the number
of clusters. The reduction of within-group variation as a function of the increase of cluster number
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is graphically represented as an “elbow”, where the “elbow point” is often selected as the optimal
number of clusters [42,65]. After the fuzzy clustering analysis, each building assessed will be assigned
a degree of membership (DOM) to the clusters formed. The general environmental performance of
each cluster, in terms of WUI, EUI, and CUI, will be evaluated and ranked. A weighting method may
be needed if the performance indices do not follow the same direction. Finally, an environmental
performance index is generated for each building based on its DOMs to different clusters using a
weighted aggregation method. The environmental performance of individual buildings can be ranked
according to their environmental performance indices.

In this study, the framework is applied at the building level (top-down benchmarking) based on
the available data and the type of study conducted [66]. However, the framework can be generalized
further to include a bottom-up approach of benchmarking by aggregating data of building components
(e.g., HVAC components and lighting type). By including this sort of data for each level of the
building, a better understanding of these characteristics will be gained, and better information will
be provided for the management to act upon (i.e., by determining inefficient components). The
bottom-up approach is shown in Figure 3. As more data becomes available (through simulations
and or measurements), better information can be gained which will help improve the quality of the
data and subsequently improve the assessment results by pinpointing inefficiencies in a building (e.g.,
inefficient cooling method).

Figure 3. Scalability of the framework.

2.2. Case Study

The University of British Columbia (UBC) is investigated as a case study. UBC is one of the largest
and highly ranked universities in Canada, and is home to 64,798 students and a total of 16,891 faculty
and staff. UBC consists of two main campuses: The Vancouver campus (UBCV) and the Okanagan
campus (UBCO) in two different yet close geographical regions. The first is in Vancouver where is
a moderate oceanic climate, while the other campus in Kelowna is roughly 280 km inland towards
the east. Kelowna is characterized as a subcontinental hemiboreal climate that is generally drier than
Vancouver with warmer summers and colder winters. The annual precipitation in Vancouver is about
3.25 times more than Kelowna on average [67]. There are over 160 buildings in both the campuses,
including classroom, laboratory, library, administration, residential, and recreational buildings. Due
to the lack of continuous data recording for more than half of the buildings, only 71 buildings are
included in the case study.

The university uses energy from several sources to operate buildings, such as electricity supplied
by the service providers, natural gas, and biomass-derived energy. Close to 95% of BC’s electricity is
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generated from renewable sources, with hydro being the most dominant and important source [68].
There are other small energy sources, such as geothermal and biodiesel, and limited quantities of
solar energy panels on the residential buildings. UBCV reports energy by source for general usage
as electricity and for the source of energy used for heating as well, in addition to water usage in the
Skyspark portal [66]. The portal provides the energy and water consumption data for most of the
buildings, in days, week, months and years. In addition to the types of buildings (e.g., percentage
of classrooms, laboratories, libraries, and offices), and the areas of buildings are also recorded in the
Skyspark portal. The distributions of heating energy by sources used in this study are presented in
Table 1.

Table 1. Distribution of energy source for building heating in University of British Columbia Vancouver
campus (UBCV).

Energy Source Percent

Renewable Gas 10%
Biomass 25%

Natural Gas 65%

The present study includes 11 buildings in UBCO. The sustainability office on campus provided
the information of source wise energy distribution. Electricity from the main grid and natural gas are
the two primary energy sources at UBCO. The geothermal plant consumes natural gas to increase the
efficiencies of heating and cooling.

To derive the carbon emissions for each building, it is important to know the energy by source for
calculating the carbon equivalent of each building. Energy supplying facilities, such as the central
heating plants, for both campuses were not included in this study, due to their energy exporting nature.

Based on the available data, a total of 71 buildings at both campuses were evaluated. MF of
water and energy consumption data from 1st April 2018 to 31st March 2019 were obtained for the
benchmarking. Carbon equivalents were calculated using the method recommended in the BC Best
Practices Methodology for Quantifying GHG Emissions [69]. The sources of emission factors are
calculated from the relevant literature from the utility companies on the emission factors for the energy
source supplied [70]. Table 2 summarizes the emission factors for different energy sources to estimate
carbon emission. Table 3 shows the reported energy and water consumptions, and the calculated GHG
emissions for Alumni Centre in UBCV as an example. By using the BC Best Practices Methodology for
Quantifying GHG Emissions, the CO2e emissions were found to be 38.4 kg for Alumni Centre for both
heating energy and electricity used.

Table 2. Carbon emission factors by energy source. UBCO, University of British Columbia
Okanagan campus.

Source kg CO2e/GJ UBCV kg CO2e/kWh UBCO kg CO2e/kWh

Renewable Gas 0.29 0.0010 0.0010
Biomass 0 0.0000176 0.0000176

Natural Gas 49.87 0.1795 0.1795
Electricity 0 0.0107 0.0026

Table 3. Metabolic flow data of Alumni Centre, UBCV.

Source Value

Electricity (kWh) 713,572
Heating (kWh) 229,117

Water (m3) 3968
Natural gas (m3) 2025
GHG (kg, CO2e) 38
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The overall goal is to reduce the MFs in the buildings without compromising the operational
efficiencies. Part of the MFs is related to water usage; the usage of water, throughout a building’s
lifecycle, uses energy and emits GHGs. The upstream emissions associated with energy or water
(production, transportation, and recycling) are neglected in this study because they do not fall within a
university’s control or sphere of influence. The WEC data of all investigated buildings are summarized
in Appendix A. Normalization of the WEC data was carried out by using the building floor area as the
normalizing factor.

2.3. Fuzzy Clustering Analysis

The fuzzy clustering analysis conducted in this paper is used in Hu et al. [71]. Before the
application of fuzzy clustering analysis, the MF data were normalized based on the building area.
The resultant WUI, EUI, and CUI have values on a scale ranging from 0 to 1. The c-means fuzzy
clustering algorithm (FCA) was used to group the index values based on their performance on the
three factors. One of the FCA characteristics is that it offers each data point in a dataset a DOM to
every cluster formed, indicating that each data point belongs to different clusters with a different
level of association. The DOM is a unique feature that distinguishes FCA from other crisp clustering
algorithms, such as the k-means clustering and hierarchical clustering. This feature offers FCA great
flexibility in benchmarking of buildings because it can address fuzzy uncertainties (i.e., the concept of
partial truth) and is suitable for grouping data points with weakly defined boundaries [61]. A widely
accepted fuzzy clustering algorithm is fuzzy c-means. For a dataset x = (x1, x2, . . . , xn) comprising n
data points, the fuzzy c-means algorithm classifies the data points into predefined p pclusters based on
measured similarities among the data points. Each cluster has a center e j( j ∈ [1, p]), and the Euclidean
distance di j between a data point xi and e j can be calculated as:

di j = ||xi − e j || (1)

In this study, each additive was considered as a data point defined by three-dimensional values
(a, b, c) the metabolic flows (i.e., WUI, EUI, and CUI). Thus, the Euclidean distance between data point
xi(ai, bi, ci) and e j

(
a j, b j, c j

)
in a three-dimensional space was calculated as:

di j =

√
(ai − a j)

2 + (bi − b j)
2 + (ci − c j)

2 (2)

At the beginning of fuzzy c-means, random centers (usually with a value of zero) are selected for
the clusters. Based on the derived di j, a DOM (µ(xi)) can be calculated as a measure of the similarity
between a data point xi and the jth cluster:

µ j(xi) =
(1/di j)

2/(m−1)∑p
k=1 (1/dik)

2/(m−1)
(3)

where m is a fuzzification parameter to determine the degree of fuzziness between different clusters.
A higher value of m will lead to higher fuzziness between clusters. Commonly m takes values between
1.25 and 2 [72,73]. In this study, m value was set at 2. The parameter dik is the Euclidean distance
between xixi and the center of the kth cluster. The new centers of clusters can be calculated as:

e j =

∑
i [µ j(xi)]

mxi∑
i [µ j(xi)]

m (4)
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Based on the new ej, µj(xi) will be updated. The iteration will continue until the minimum objective
function J is achieved:

J =
n∑

i=1

p∑
j=1

[µ j(xi)]
md2

i j; p ≤ n (5)

A total of three clusters were formed based on the available factors. The FCA process was carried
out using the statistical computing software R TM (version 1.0.136). Based on the value ranges of
the three factors, the benchmark characteristics of each cluster can be interpreted. After the FCA,
three DOMs (µ1,µ2,µ3) can be generated for each value to show the degrees of similarity between the
benchmark characteristics and the number of clusters. An environmental performance index (EPI) can
be calculated for each value based on the DOMs using Equation (6):

EPI =
p∑

j=1

µ j w j (6)

where w j is the specific quality-ordered weight of cluster j, and p is the total number of clusters. The
values of w j were determined by the characteristics of different clusters. For example, w j values (i.e.,
the DOMs) can be assigned to the number of clusters ordered from the lowest to the highest benchmark,
respectively. The values of w j were assigned subjectively, and they can be modified to accommodate
different levels of the benchmark [74].

To determine the useful number of clusters, an elbow analysis is conducted to calculate
within-cluster sum of squares or validity index (VI) as a function of the number of clusters. VI
is calculated using the equation adapted from [42]:

VI =


∑

i=1, . . . ,k
∑

j=1, . . .d
∑ni j

q=1 (xq −
_
x j)

2∑
i=1, . . . , k

∑
j=1, . . . , d

(
ni j − 1

)


1/2

(7)

where,
_
x j is the mean of data values of j dimension and ni j is the number of data values of j dimension

that belongs to cluster i.

3. Results

3.1. Benchmarking

Boxplots of the normalized MF are shown in Figure 4. The mean values are also identified within
the boxplots. All variables are not normally distributed, where CUI is more skewed than WUI and
EUI. Thus, assuming the mean to be the reference point (benchmark), misleading information could be
generated about the distribution of the data.
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Figure 4. Boxplots of the normalized metabolic flows (MF).

An alternative approach to use the mean as a benchmark for each normalized flow, a cumulative
distribution function (CDF) was applied, and the 50th and 75th percentile ranges were used as
the benchmarks. This will allow the nature of the distribution in the data to be better reflected and
subsequently, give more meaning to the benchmarks. Table 4 shows the suggested benchmarks, the 50th
and 75th percentiles, and the number of buildings above and below the benchmark levels. Buildings
above the 75th percentiles are considered the buildings with low environmental performance, and
buildings below the 50th percentile are considered as the high-environmental performance buildings.
A graphical presentation for each normalized MF is presented in Figure 5a–c. By assuming the 75th
percentile as a benchmark, all points (buildings) above would be identified with low environmental
performance and require management attention.

Table 4. Cumulative distribution of functional benchmarking.

Parameter Percentile Value No. of Buildings Above No. of Buildings Below

WUI
50th Percentile 0.84584 35 35
75th Percentile 1.262188 18 53

EUI
50th Percentile 235.05355 35 35
75th Percentile 315.3586 18 53

CUI
50th Percentile 0.01029 35 35
75th Percentile 0.02273 18 35

Academic buildings were considered a subgroup of buildings as per the commercial and
institutional building surveys in Canada. This raises two limitations when interpreting similar
CDF benchmarking results. First, they cannot be compared against similar (academic) buildings in
national reports. Second, it is difficult to conclude which set of buildings has satisfactory environmental
performance in comparison with the overall population if the performance of the entire population is
not satisfactory [52]. Comparing the best performers to a known high-environmental performance
building may help determine whether the performance of the best performers is satisfactory or not.
A clustering approach is used to resolve these two limitations.
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3.2. Fuzzy Clustering

The suitable number of clusters is derived from Equation (7), and the variation of the within
cluster sum of squares (WCSS) as a function of the number of clusters is shown in Figure 6. The sum of
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squares is the sum of the squared distance between each member of the cluster and its centroid. As can
be seen in Figure 6, three clusters are selected to optimally represent this case study.

The cluster centers are shown in Table 5. The lower value of the index, the better performance
of the cluster. Based on the centroids for the MF, cluster 2 is identified as the group with the highest
environmental performance, followed by cluster 1 and cluster 3.

Table 5. Cluster centroids.

Cluster WUI EUI CUI

1 1.008317 308.9435 0.016878
2 0.796999 130.3005 0.008255
3 1.603258 714.9797 0.034582

Figure 6. Within cluster sum of squares (WCSS) plot to select the number of clusters.

The detailed fuzzy clustering analysis results are shown in Appendix A. As shown in the appendix,
the green shaded buildings are the buildings with a high environmental performance (cluster 2),
and the red shaded are the buildings with low performance (cluster 3), while the orange being the
moderately performed buildings (cluster 1). In addition to the building name, cluster number and
the codes (which refers to the location of the building) of buildings are also listed in the appendix.
Some buildings have information about the areas for specific functions, namely, classroom, laboratory,
library, and office. For example, the given data from the portal shows that the Alumni Building has
18% of the area used as offices, 0% for libraries, 0% for laboratories, and 0% for classrooms. Similar
information for the other buildings is also provided in Appendix A.

A building may serve multiple functions, e.g., one building may contain a library, classrooms, and
administration offices. Therefore, to negate the intertwined effect of multiple areas within a building, a
building is assumed to be a specific type of building (i.e., lab building) based on the function that most
of the area is used for. For example, the Asian Centre building has 0% of area for classrooms, 3% of
area for laboratories, 42% of area for a library and 14% of area for offices. Because most of its area
serves as a library, it is considered as a library building. Figure 7 presents a plot of three clusters; each
point in the figure represents a building and its proximity to the centroids of each cluster is presented
by the distance.

To examine the variability in the data and set the benchmarks for the data in total and each cluster,
a statistical summary of the obtained data is presented in Table 6. Cluster 1 has 30 buildings, cluster 2
has 33 buildings, and cluster 3 has eight buildings. The variability (IQR: Inter Quartile Range) in each
cluster is a more accurate presentation than the overall buildings in combination. For example, The
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WUI values for cluster 1, 2, and 3 are 0.384, 0.970, and 2.620, respectively, and the value for all of the
buildings is 0.917. This shows that the cluster analysis generates different water usage assessment
results for different clusters, and the different results cannot be revealed by the average water use value
generated by assessing all buildings together. Cluster 3 has a larger data variance in terms of the three
indices, due to the larger number of outliers.

Figure 7. The three cluster layout.

Table 6. Statistical summary of the cluster results.

Variable Total Mean
Standard

Error
Mean

Standard
Deviation Variance Sum Minimum Q1 Median Q3 Maximum

IQR
Interquartile

Range

WUI_C1 30 1.01 0.15 0.8 0.63 30.3 0.2 0.6 0.87 1.02 4.4 0.38
EUI_C1 30 308.2 13.1 71.9 5170.9 9246 221.1 261.9 283.3 355.2 493.5 93.4
CUI_C1 30 0.02 0.002 0.01 0.0001 0.5 0.002 0.01 0.017 0.02 0.043 0.014
WUI_C2 33 0.8 0.12 0.7 0.5 26.3 0.06 0.292 0.5 1.3 3.22 0.97
EUI_C2 33 127.4 6.58 37.8 1429.6 4204 59.5 89.20 131.3 160.1 189.1 70.92
CUI_C2 33 0.008 0.001 0.007 0.00005 0.3 0.0006 0.00198 0.008 0.01 0.035 0.008
WUI_C3 8 1.7 0.5 1.5 2.3 13.7 0.2 0.754 1.1 3.4 4.16 2.62
EUI_C3 8 690.2 51 144.3 20833 5521 515.8 554.7 652.4 840.0 889.5 285.3
CUI_C3 8 0.03 0.003 0.007 0.00005 0.28 0.03 0.03 0.03 0.04 0.04 0.01

4. Discussion

The fuzzy clustering approach classifies buildings with similar WEC performances into the same
group. It is found that buildings with a large portion of their areas allocated for laboratories are among
the worst performing buildings in the university. Table 7 summarizes the area allocation per function
and the averages per cluster with respect to the flows studied. The results show that the buildings in
cluster 3 are predominantly laboratory-intensive with a higher percentage of the area dedicated to the
laboratories than cluster 1. While cluster 2 was found to be the cluster with the highest environmental
performance and the lowest area of laboratories per buildings on average.

Table 7. Benchmarking results.

Cluster No. of
Buildings

Average
Area

Avg
WUI

Avg
EUI

Avg
CUI

Office
%

Library
%

Laboratory
%

Classroom
%

C1 30 11,528 1.01 308.21 0.02 33.33 6.67 43.33 0
C2 33 10,051 0.8 127.4 0.01 30.3 12.12 12.12 9.08
C3 8 5,843 1.72 690.16 0.04 12.5 0 75 0
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Laboratory-intensive buildings are reported to be the assets with the highest environmental
impact in a university, due to the high energy consumption [20,21]. Some research has attributed the
high energy consumption to inefficient HVAC systems which are either outdated or providing flows
more than needed as a precautionary measure [53]. The results of the present study also show that
laboratory-intensive buildings are also responsible for high water consumption and carbon emissions.

The national grid highly influences universities grid in the jurisdiction. Figure 8 illustrates the
GHG growth per province and the number of universities in that province. By collecting the data
(provided in Appendix B) for 36 Canadian HEIs in the STARS database, the baseline GHG values set
by Canadian HEIs. The growth rate was calculated, aggregated by province, and plotted in the graph
with the number of HEIs per province. Only one HEI obtained the platinum ranking (i.e., the most
sustainable rank in STARS), while 16 HEIs obtained the gold, 17 HEIs obtained the silver, and two
HEIs obtained the bronze rating from the STARS reporting system. Provinces that use renewables
as their major source of energy (i.e., BC hydro projects and QB) have shown better performance in
terms of GHG reductions, while AB and SK highly depended on fossil fuels as their main source of
energy, thus, have shown little improvements from their baseline values. This could be attributed to
the offset programs available in provinces like BC as well. For example, the University of Calgary and
the University of Alberta is located in the same province (i.e., Alberta), and use similar electric grid
systems. The former managed to reduce GHG emissions by 24%, while the latter had a 34% increase
in emissions.

Figure 8. GHG Growth rate per province and the number of HEIs per province.

Finally, using holistic reporting systems, such as STARS, to communicate the overall sustainability
may not yield the desirable momentum needed for universities to reach the desired goal of a sustainable
campus. For instance, both universities (the University of Calgary and the University of Alberta) are
ranked gold in the STARS reporting system. This is not to neglect the importance of holistic reporting,
but to provide a mechanism within the holistic reporting systems for infrastructure management
improvements. Furthermore, most reporting systems fail to capture this or reflect this into their
weighing structure.

5. Conclusions

Holistic reporting systems, communicating the overall sustainability performance, may result in
the same (high) performance for different universities based on meeting their overall socio-economic
sustainability goals. While for technical level decision-making to practically optimize the WEC flows
in HEIs, the environmental performance of individual academic buildings needs to be benchmarked.



Sustainability 2020, 12, 4422 16 of 25

Benchmarking academic buildings in HEIs is facing two main challenges. The first challenge is the
lack of available national academic building database that is required to compare and determine a set of
best practices in academic buildings; the second challenge is relevant to the conventional benchmarking
methods that may yield misleading benchmarking results. By determining the environmental
performance of academic buildings, the proposed fuzzy clustering-based framework allows efficient
resource allocation for buildings that are identified with low environmental performance.

The proposed framework was applied to benchmark 71 academic buildings in two different
campuses of UBC. The academic buildings were grouped into three clusters based on the reported MF
in terms of energy and water consumption, as well as carbon emissions. Cluster 2 (33 buildings) is
the group of buildings with the best environmental performance, followed by cluster 1 (30 buildings),
and eight buildings associated with the lowest environmental performance are grouped into cluster
3. The average area of buildings per cluster is 11,528 m2 for cluster 1, 10,051 m2 for cluster 2, and
5,843 m2 for cluster 3. The average WUI and EUI per cluster are 1.01 m3/m2 and 308.21 kWh/m2 for
cluster 1, 0.8 m3/m2 and 127.4 kWh/m2 for cluster 2, and 1.72 m3/m2 and 690.16 kWh/m2 for cluster 3,
respectively. By comparing the results, the average EUI of buildings in cluster 3 is roughly four times
higher than that of buildings in cluster 2 and nearly 120% more than that of cluster 1.

By grouping academic buildings into three clusters, and identifying a set of best performers and
least performers (laboratory buildings), this study also identified the inner characteristics of academic
buildings. The clustering analysis results showed that the environmental performances of predominant
laboratory buildings are generally low, and this is in line with the results discovered in other studies.

There are several limitations to the proposed benchmarking methodology. The carbon emission
factors for converting electricity consumption in two campuses are derived from the BC Best Practices
Methodology for Quantifying GHG. The factor for the city of Kelowna, where UBCO is located, is
reported as 0.719 kgCO2e/GJ, while the factor for the city of Vancouver is reported to be 2.964 kgCO2e/GJ.
However, the values of carbon emission factors vary significantly from year to year. This could result
in variations in the benchmarking results for the same buildings in different years. Moreover,
the benchmarking results cannot provide detailed solutions to help HEIs improve the aspects that
buildings are associated with low performance. Future research can apply a more aggressive data
collection program to report detailed energy and water use behavior in the buildings which are
identified poorly performed in the benchmarking. Based on the collected big data, system dynamic
modeling and optimization can be used to help improve the performance of the buildings.

The developed methodology represents a new approach to track, assess, and aid retrofitting and/or
decision making that best allocates the resources available in order to achieve low-impact infrastructure
management in HEIs. By identifying a set of building performance, decision-makers can manage
their resources more efficiently for further investigations and planning of interventions. Moreover,
by identifying critical buildings, further information may be collected per floor or functional systems
within a building. The flexible nature of the proposed framework allows the decision-makers to include
further information for developing a more detailed decision support tool. The clustering results may
also be used to help set attainable goals and plan future environmental commitments accordingly.
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Appendix A

Table A1. A detailed fuzzy clustering analysis results.

S/N Name Code Cluster WUI EUI CUI DOM1 DOM2 DOM3 Area
m2 Class Lab Library Office Office Library Lab Class

1 Alumni Centre V6 1 0.97 235.05 0.01 0.66 0.33 0.02 4106 0 0 0 0.18 Office

2 AMS Nest V2 1 0.93 259.53 0.02 0.86 0.13 0.01 22,933 0 0 0 0.07 Office

3 ASC O3 1 0.88 316.82 0.01 1.00 0.00 0.00 7801 0.11 0.38 0 0.12 Lab

4 Brimacombe-QMI V19 1 0.40 375.39 0.00 0.89 0.07 0.04 13,781 0 0.28 0 0.05 Lab

5 CCM V25 1 0.24 427.85 0.04 0.75 0.12 0.13 10,367 0 0.52 0 0.06 Lab

6 CEME V26 1 1.00 270.76 0.02 0.92 0.07 0.01 9361 0.06 0.29 0 0.32

7 Centre for Brain Health V31 1 1.43 245.79 0.00 0.76 0.23 0.01 15,441 0 0.14 0 0.2 Office

8 Chem Bio V34 1 0.30 379.72 0.02 0.89 0.07 0.04 14,030 0.06 0.33 0 0.15 Lab

9 Chem East V36 1 0.85 348.95 0.03 0.96 0.03 0.01 3573 0.07 0.49 0 0.03 Lab

10 CICSR V27 1 0.49 262.79 0.01 0.88 0.11 0.01 10,097 0 0.47 0 0.16 Lab

11 EME O6 1 0.76 288.11 0.00 0.98 0.02 0.00 16,520 0.11 0.28 0 0.22

12 EOS V45 1 4.44 374.11 0.02 0.90 0.06 0.03 10,799 0.01 0.55 0 0.15 Lab

13 ESB V46 1 0.98 272.83 0.01 0.93 0.06 0.01 17,755 0.06 0.22 0 0.25

14 Fipke O7 1 0.35 308.63 0.00 1.00 0.00 0.00 6725 0.17 0.34 0 0.12 Lab

15 FNH V48 1 1.53 397.79 0.02 0.84 0.09 0.07 5962 0.08 0.26 0 0.17 Lab

16 Forest Sci V50 1 1.54 476.18 0.03 0.58 0.14 0.28 22,459 0.07 0.31 0 0.17 Lab

17 Frank Forward V51 1 2.30 287.50 0.02 0.98 0.02 0.00 7880 0.06 0.29 0 0.22 Lab

18 Henry Angus V62 1 0.93 262.63 0.01 0.88 0.11 0.01 16,922 0.11 0.01 0 0.42 Office

19 ICICS V65 1 0.68 294.79 0.01 0.99 0.01 0.00 10,583 0 0.28 0 0.3 Office

20 J.B. MacDonald V69 1 0.69 332.43 0.03 0.98 0.01 0.00 7328 0.02 0.2 0 0.28 Office

21 Jack Bell V70 1 0.30 221.14 0.00 0.51 0.48 0.02 2712 0.14 0.05 0.38 0 Lib

22 Klinck V72 1 0.73 236.09 0.01 0.67 0.32 0.02 10,720 0.11 0.02 0 0.33 Office

23 Koerner Library V73 1 1.79 235.58 0.00 0.66 0.32 0.02 7303 0 0 0.29 0.12 Lib

24 Life Sci V76 1 1.02 493.52 0.02 0.51 0.13 0.36 52,177 0.04 0.39 0 0.13 Lab

25 Longhouse V78 1 0.79 278.62 0.02 0.96 0.04 0.00 2352 0 0 0.09 0.34 Office
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Table A1. Cont.

S/N Name Code Cluster WUI EUI CUI DOM1 DOM2 DOM3 Area
m2 Class Lab Library Office Office Library Lab Class

26 NSDC-UBC V86 1 1.01 224.54 0.03 0.55 0.44 0.02 3714 0 0 0 0

27 Pond East V94 1 0.45 313.90 0.04 1.00 0.00 0.00 11,080 0 0.18 0 0.05 Lab

28 RHS O11 1 0.79 278.58 0.02 0.96 0.04 0.00 5021 0.17 0.19 0 0.23

29 Strangway V105 1 0.86 267.52 0.01 0.91 0.08 0.01 12,403 0 0 0 0.25 Office

30 University Centre V117 1 0.88 279.16 0.02 0.96 0.04 0.00 3944 0.11 0 0 0.19 Office

31 AERL V1 2 0.33 142.44 0.01 0.01 0.99 0.00 5368 0.06 0.05 0 0.46 Office

32 Allard Hall V5 2 0.11 138.36 0.00 0.00 1.00 0.00 14,909 0.08 0 0.2 0.2

33 Asian Centre V9 2 0.42 59.48 0.00 0.07 0.92 0.01 4926 0 0.03 0.42 0.14 Lib

34 Buchanan A,B,C V21 2 1.09 147.11 0.01 0.01 0.99 0.00 10,936 0.31 0.04 0 0.18 Class

35 Buchanan D,E V22 2 1.28 89.76 0.00 0.03 0.96 0.00 7134 0.28 0.01 0 0.25 Class

36 C.K. Choi V24 2 0.06 124.68 0.01 0.00 1.00 0.00 2912 0.01 0.03 0 0.42 Office

37 Cassiar O18 2 1.56 80.19 0.01 0.05 0.95 0.01 3951 0 0 0 0

38 CCS O5 2 0.20 111.31 0.03 0.01 0.99 0.00 4797 0 0.44 0 0.23 Lab

39 Chan Centre V32 2 0.30 162.56 0.01 0.05 0.95 0.00 11,440 0 0 0 0.02 Office

40 CIRS V28 2 0.30 104.95 0.00 0.02 0.98 0.00 5454 0.08 0.04 0 0.27 Office

41 Cunningham V42 2 0.51 153.17 0.01 0.02 0.98 0.00 4901 0 0 0 0.07 Office

42 Geography V57 2 0.98 160.57 0.00 0.04 0.96 0.00 5525 0.17 0.22 0 0.35

43 I.K. Barber V64 2 0.36 177.77 0.01 0.11 0.88 0.01 27,316 0.05 0.01 0.43 0.12 Lib

44 Kalamalka O19 2 1.24 79.77 0.01 0.05 0.95 0.01 4835 0 0 0 0

45 Kenny V71 2 0.21 131.32 0.01 0.00 1.00 0.00 9613 0.02 0.31 0 0.16 Lab

46 Lasserre V75 2 1.42 88.64 0.00 0.03 0.96 0.00 4710 0.16 0.23 0 0.25

47 Liu V77 2 0.26 73.22 0.00 0.05 0.94 0.01 1729 0 0 0.53 0 Lib

48 Mathematics V83 2 0.22 87.09 0.00 0.04 0.96 0.00 6140 0.15 0 0 0.28 Office

49 MWO O10 2 0.52 123.90 0.04 0.00 1.00 0.00 1681 0 0 0 0

50 Neville Scarfe V88 2 0.56 146.85 0.01 0.01 0.99 0.00 19,382 0.12 0.02 0.15 0.19
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Table A1. Cont.

S/N Name Code Cluster WUI EUI CUI DOM1 DOM2 DOM3 Area
m2 Class Lab Library Office Office Library Lab Class

51 Nicola O21 2 1.48 91.53 0.01 0.03 0.97 0.00 5667 0 0 0 0

52 Orchard Commons V90 2 1.83 179.87 0.01 0.13 0.86 0.01 43,194 0.04 0 0 0.03 Class

53 Pond North V95 2 1.38 153.86 0.01 0.02 0.98 0.00 27,922 0.02 0.01 0 0.05 Office

54 Pond West V96 2 0.50 177.47 0.01 0.11 0.88 0.01 18,779 0 0.03 0 0 Lab

55 Purcell O22 2 0.98 81.13 0.01 0.04 0.95 0.01 6208 0 0 0 0

56 Sing Tao V103 2 0.14 189.10 0.01 0.19 0.80 0.01 1571 0.09 0.15 0 0.24

57 SPPH V100 2 0.35 173.27 0.01 0.09 0.90 0.01 8442 0.05 0.06 0 0.48 Office

58 Totem Infill V113 2 0.64 130.24 0.00 0.00 1.00 0.00 15,756 0 0 0 0

59 USB V116 2 0.41 96.07 0.00 0.03 0.97 0.00 11,598 0 0 0 0.2 Office

60 Valhalla O26 2 1.11 78.84 0.01 0.05 0.95 0.01 4797 0 0 0 0

61 Wesbrook Building V130 2 3.22 170.72 0.01 0.08 0.92 0.01 10,272 0.06 0.29 0 0.08 Lab

62 Woodward IRC V133 2 0.29 159.68 0.01 0.04 0.96 0.00 12,049 0.08 0.01 0 0.15 Office

63 Woodward Library V134 2 2.09 139.34 0.01 0.00 1.00 0.00 7777 0 0 0.43 0 Lib

64 Aquatic Centre V8 3 3.99 889.49 0.04 0.08 0.05 0.87 8041 0 0 0 0

65 Bio Sci West V16 3 0.70 609.39 0.02 0.11 0.04 0.85 8021 0.04 0.36 0 0.1 Lab

66 Biomed V17 3 1.33 624.05 0.04 0.07 0.03 0.90 4407 0 0.47 0 0.1 Lab

67 Chem Centre V35 3 1.52 847.20 0.03 0.06 0.03 0.91 7274 0.06 0.37 0 0.16 Lab

68 Chem North V37 3 0.91 680.79 0.04 0.01 0.00 0.99 2739 0 0.53 0 0.09 Lab

69 Chem South V39 3 4.16 536.41 0.04 0.34 0.11 0.55 5373 0.1 0.42 0 0.09 Lab

70 Michael Smith V84 3 0.94 818.22 0.03 0.04 0.02 0.94 8477 0.03 0.41 0 0.15 Lab

71 Tennis Centre—Old V109 3 0.20 515.76 0.03 0.42 0.12 0.46 2409 0 0 0 0.01 Office
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Appendix B

Table A2. Data collected for Canadian HEIs in the STARS database.

HEI Code Province Rank Baseline YR Baseline Value Performance Year Performance Value Growth

MacEwan College AB1 Alberta Silver 13/14 30,754.00 16/17 28,068.00 –8.7%

MRU AB2 Alberta Silver 14/15 29,294.60 16/17 34,393.31 17.4%

NAIT AB3 Alberta Silver 2007/2008 68,190.37 2013/2014 54,128.58 –20.6%

University of Alberta AB4 Alberta Gold 2005/2006 212,190.20 2015/2016 285,815.00 34.7%

University of Calgary AB5 Alberta Gold 2008/2009 239,954.60 2017/2018 182,112.28 –24.1%

Camosun College BC1 BC Silver 2010 1,826.26 2014 1371.32 –24.9%

Okanagan College BC2 BC Silver 2015 1686.00 2018 1236.00 –26.7%

Royal Roads University BC3 BC Gold 2010 1460.00 2017 1016.00 –30.4%

Selkirk College BC4 BC Silver 2008 1698.80 2018 949.12 –44.1%

Simon Fraser University BC5 BC Gold 2007 18,934.00 2017 15,235.43 –19.5%

TRU BC6 BC Platinum 2016 3359.00 2018 3715.00 10.6%

UBC BC7 BC Gold 2007 60,100.00 2017 42,786.00 –28.8%

UNBC BC8 BC Silver 2010 5688.73 2018 7199.00 26.5%

University of Victoria BC9 BC Gold 2010 15,545.90 2018 11,603.00 –25.4%

University of Manitoba MB1 MB Gold 1990/1991 38,442.00 2016/2017 35,304.00 –8.2%

University of Winnipeg MB2 MB Silver 2009/2010 3883.00 2017/2018 2860.40 –26.3%

UNBF NB1 NB Silver 2007/2008 39,070.00 2015/2016 30,947.00 –20.8%

Dalhousie University NS1 NS Gold 2009/2010 106,178.00 2016/2017 87,056.00 –18.0%

Carleton University ON1 ON Silver 2012 26,729.00 2015 26,203.00 –2.0%

Durham College ON2 ON Silver 2012 5600.00 2013 5369.00 –4.1%

Fanshawe College ON3 ON Gold 2005 5366.76 2017 5200.04 –3.1%

Fleming College ON4 ON Gold 2012/2013 4614.00 2017/2018 4506.00 –2.3%

George Brown College ON5 ON Silver 2006/2007 3703.00 2012/2013 4192.00 13.2%

Loyalist College ON6 ON Bronze 2013 2488.10 2014 2484.60 –0.1%

Mohawk College ON7 ON Gold 2007 8521.00 2017 3235.00 –62.0%
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Table A2. Cont.

HEI Code Province Rank Baseline YR Baseline Value Performance Year Performance Value Growth

Sheridan College ON8 ON Silver 2010/2011 8136.00 2016/2017 7306.90 –10.2%

St Lawrence College ON9 ON Bronze 2010 4078.50 2017 3373.30 –17.3%

University of Ottawa ON10 ON Silver 2005/2006 37,317.00 2016 27,918.94 –25.2%

University of waterloo ON11 ON Silver 2010 38,710.92 2017 39,495.34 2.0%

Western University ON12 ON Gold 2009 84,417.50 2016 55,524.00 –34.2%

Wilfrid Laurier University ON13 ON Gold 2009 10,875.61 2018 9901.96 –9.0%

Concordia University QC1 QC Gold 2010/2011 10,362.09 2014/2015 9665.33 –6.7%

HEC Montreal QC2 QC Silver 2005/2007 1909.66 2016 1105.57 –42.1%

McGill University QC3 QC Gold 2002/2003 57,590.00 2014 43,249.00 –24.9%

Polytechnique Montreal QC4 QC Gold 2004/2005 3596.90 2016/2017 3152.60 –12.4%

University of Saskatchewan SK1 SK Silver 2005/2006 151,541.50 2015/2016 152,453.80 0.6%
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