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Abstract. Buildings were responsible for over 30% of total Chinese energy consumption in 2010. With a wild range of cli-
mate conditions and a separate air conditioning structure in campus buildings, it is significant but difficult to assess the energy
performance of campus buildings in China. This paper proposes a novel mechanism to assess energy performance of campus
buildings, using a fuzzy analytic network process (FANP). Six criteria are used as key performance indicators based on climate
conditions in China and the air conditioning device deployment structure in campus buildings: 1) building envelope; 2) renewable
energy; 3) illumination; 4) thermal comfort; 5) window and door; and 6) occupation status. A simulation is presented to illustrate
the effectiveness of the proposed approach, analyzing three different rooms in the International School of Software, at Wuhan
University. Assessment results are discussed in terms of optimizing future energy performance of campus buildings.
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1. Introduction

Globally, buildings are responsible for 40% of
the total energy consumption and contribute to more
than 30% of CO2 emissions [1]. In China, buildings
accounted for approximately 24.1% of total national
energy use in 1996, rising to over 30% in 2010 [17]; this
was projected to increase to nearly 40% by 2020 [16,
35]. In addition, power shortages are a serious prob-
lem for countries worldwide [18, 29]. For example,
China had a second quarter electrical power deficit of
44.85–49.85 GW in 2011 [12] and that number experi-
enced a dramatic increase later [22]. With the projected
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increase of the global population from 6.5 billion in
2005 to approximately 9.0 billion in 2035, the power
shortage problem is expected to continue to grow [27].
Improving energy performance of buildings is therefore
becoming a key international objective [24].

In order to optimize building energy performance
[46], many research organizations have invested signifi-
cant resources to create sustainably-built environments,
emphasizing sustainable building renovation processes
in order to reduce energy consumption and carbon
dioxide emissions [25, 50]. Many building rating sys-
tems (BRS) have been designed and implemented for
building engineers and building managers to assess
building energy performance [3, 21, 32]. The Building
Research Establishment Environmental Assessment
Method (BREEAM) [13] and Leadership in Energy
and Environmental Design (LEED) [9] are the two
most widely-recognized building energy performance
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assessment methodologies and are used globally in
buildings and construction industries [26].

China has an area of approximately 9.6 million km2,
approximately 98% of the land area stretches between a
latitude of 20◦N and 50◦N, from subtropical zones in the
south to temperate zones (including warm-temperate
and cool-temperate zones) in the north [4]. The max-
imum solar altitudes vary considerably and there is a
large diversity in climates [20]. China has over 2000
universities, and each university has hundreds of build-
ings [47]. Most of these buildings are deployed with
separate air conditioning devices, meaning that a single
device heats and cools only one room and is indepen-
dent from other devices [19]. In order to improve the
energy performance of these buildings, it is essential to
assess the energy performance of rooms in buildings.
Due to the complex climate conditions and the unique
air conditioning device structure, current BRS methods
cannot be directly adopted to assess Chinese campus
building energy performance.

Based on the Analytic Hierarchic Process (AHP)
[41], the Analytic Network Process (ANP) [43] was
designed as a more generalized model to solve multi-
decision making problems. ANP does not assume any
preconditions about the independence of higher level
elements from lower level elements. Fuzzy theory [30]
is used to address the disadvantages of accurate mathe-
matical logic and language, and focuses on the fuzziness
of factors used in multi-criteria evaluation problems
[28]. Researchers have attempted to integrate APN and
fuzzy theory to construct a fuzzy analytic network pro-
cess (FANP) method [48] for multi-criteria decision
making problems. The FANP allows complex interre-
lationships among decision levels and attributes, and
can deal with the uncertainty of imprecision and vague-
ness of language [33]. This paper utilizes the FANP
to assess the energy performance of Chinese campus
buildings. Six key performance indicators were cho-
sen for the proposed approach: 1) building envelope;
2) renewable energy; 3) illumination system; 4) ther-
mal comfort; 5) window and door; and 6) occupation
status. An example documents three rooms (i.e., one
classroom, one computer lab and one office) in the Inter-
national School of Software at Wuhan University, to
illustrate the effectiveness of the proposed approach.

The reminder of this paper is organized as follows:
Section 2 describes related works that have attempted
to assess building energy performance and optimize
building operation. The primary characteristics and key
performance indicators of the proposed approach are
documented in detail in Section 3. Section 4 presents a

case study utilizing the proposed approach to illustrate
its effectiveness. Finally, conclusions are provided in
Section 5.

2. Related works

2.1. Building rating system

Building Research Establishment was developed
BREEAM in 1990 [44] as an assessment, rating, and
certification method for building energy performance.
BREEAM accomplishes an assessment process with
independent, licensed assessors and nine criteria (i.e.,
water, waste, transport, innovation, pollution, manage-
ment, materials, health and wellbeing, and energy).
Each criterion contains a number of sub-criteria and is
weighted (Table 1) [26] for overall evaluation of build-
ing performance. Building performance is rated and
certified on a scale of “Unclassified”, “Pass”, “Good”,
“Very good”, “Excellent” and “Outstanding”.

The U.S. Green Building Council designed the
LEED, a set of evaluation systems for the design,
construction, operation, and maintenance of buildings
[8]. LEED provides building owners and managers
with an evaluation framework, which is environmen-
tally responsible and uses resources efficiently. LEED
assesses building energy performance based on seven
criteria (i.e., regional priority, innovation in operations,
material and resources, water efficiency, sustainable
sites, energy and atmosphere, and indoor environmental
quality). Weights of these criteria are listed in Table 2
[26]. LEED classifies building performance on a scale
of “Unclassified”, “Certified”, “Silver”, “Good”, and
“Platinum”.

The BREEAM approach and the LEED approach
have been widely adopted to assess building energy
performance [2, 49], but the two methods also
require building performance expertise to conduct and

Table 1
BREEAM system criterion weights

Criterion Weight (%)

Water 7
Waste 8
Transport 9
Innovation 10
Pollution 11
Management 13
Materials 14
Health and wellbeing 17
Energy 21
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Table 2
LEED system criterion weights

Criterion Weight (%)

Regional priority 4
Innovation in operations 6
Material and resources 10
Water efficiency 14
Indoor environmental quality 15
Sustainable sites 26
Energy and atmosphere 35

supervise the assessment processes. This engenders
additional cost for building energy performance assess-
ment. In addition, the two methods do not take the
Chinese climate condition and unique air condition-
ing device structure in campus buildings into account.
Therefore, they cannot be directly used to assess energy
performance of campus buildings in China.

2.2. Multi criteria decision analysis

The nature of building energy performance assess-
ment is a multiple criteria evaluation problem, which
can be addressed using a multiple criteria decision
analysis (MCDA) method (also called multiple crite-
ria decision making) [10]. MCDA is a sub-discipline of
operations research that explicitly considers multiple
criteria in decision-making environments [15]. A num-
ber of criteria work as alternatives to a problem, which
is defined as obtaining the best criterion for a decision
maker (DM), based on the weights of the set of criteria.
However, it is often difficult to conduct an accurate eval-
uation, considering feelings and recognition of objects
for DMs. The reason for this is the ambiguity of human
recognition and feeling, as well as the availability and
uncertainty of information in evaluation processes [26].

In order to help DMs accomplish a comprehensive
evaluation result, fuzzy set theory is widely employed
by MCDA methods [5, 38]. The fuzzy set theory utilizes
a number of sets, whose elements have degrees of mem-
bership, to illustrate the availability and uncertainty of
information, which is essential to solving multi-criteria
decision making problems [23]. Fuzzy linguistic mod-
els can be used to translate verbal expressions into
numerical ones. Multiple criteria methods use fuzzy
relations to quantitatively handle imprecision in the
expression of the importance of each criterion [51].
Fuzzy multiple criteria decision analysis (FMCDA)
has been widely adopted to deal with decision making
problems (i.e., multiple criteria evaluation/selection of
alternatives) [45] and have shown advantages in deal-

ing with unquantifiable/qualitative issues and achieving
reliable results [11, 34].

In order to comprehensively assess building energy
performance, a set of criteria must be used as per-
formance indicators. The ANP can empower building
performance expertise to analyse the impact of each
criterion on every other criterion, according to pair-
wise comparisons [42]. However, building performance
experts cannot always explain their judgments about
certain attributes, such as quality or performance, with
distinct and discrete scales. The fuzzy set theory allows
expertise to illustrate evaluation models in linguistic
terms.

Based on the advantages of fuzzy set theory and
the ANP, this paper applies a fuzzy analytic network
process to the assessment Chinese building energy per-
formance. The approach chooses six key performance
indicators, taking into consideration the climate condi-
tion in China and the air conditioning device structure in
Chinese campus buildings. The six indicators are: build-
ing envelope, renewable energy, illumination, thermal
comfort, window and door, and occupation status. The
proposed approach enables campus building managers
to assess building energy performance with knowledge
of building performance expertise, to serve as a basis
for future building operation optimization.

3. The fuzzy analytic network process approach

3.1. The FANP approach

A fuzzy set is a class of objects with a continuum of
grades of membership. Such a set is characterized by
a membership function, which assigns to each object a
grade of membership ranging between zero and one.

A triangular fuzzy number (TFN) M (Fig. 1) is a
fuzzy number represented by three parameters (l, m, u).
The parameter of l is the smallest possible value in
a fuzzy event; the parameters m and u are the most
promising value and the largest possible value, respec-
tively. A TFN has linear representations on its left and
right side, and its membership function is defined by
Equation (1), where fM(x) : R → [0, 1].

fM(x) =

⎧⎪⎨
⎪⎩

(x − l)/(m − l) l ≤ x ≤ m

(u − x)/(u − m) m ≤ x ≤ u

0 x < l or x > u

(1)
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Fig. 1. A triangular fuzzy number M.

Based on the TFN, the process of the FANP com-
prises the following four steps:

– Model construction

An ANP approach consists of two main parts. The
first part is a control network, containing a set of criteria
and sub-criteria, which is used to control the interac-
tions in the approach under evaluation. The second part
is an impact network containing influences among ele-
ments and clusters in the model. The impact network
varies by criterion. The ANP approach decomposes a
problem into a set of criteria, and each criterion can have
a set of sub-criteria. Sub-criteria of a criterion can inter-
act with some or all sub-criteria of another criterion.
Relationships among elements in the same criterion are
represented by arcs with directions. The model of the
proposed approach is shown in Fig. 2.

– Pairwise comparisons matrix establishment

In order to construct a pairwise comparison matrix,
pairwise criteria are compared with respect to their
impacts on other criteria. The method of conducting
pairwise comparisons and obtaining priority vectors is
the same as in AHP. The relative importance values are
computed using the linguistic scales of relative impor-
tance, as illustrated in Table 3. A score of 0.5 indicates
equal importance of the two criteria, while 0.9 repre-
sents the extreme importance of one criterion compared
to another.

In a pairwise comparison matrix Equation (2), the
score of pij Equation (3) represents the relative impor-
tance of the component in the ith row over the
component in the jth column (Table 3); the complemen-

Criteria

Fig. 2. Network structure of the proposed approach to assess building
performance.

Table 3
Linguistic scales of relative importance of (Ci, Cj)

Linguistic scale for importance Relative importance

Ci is absolutely more important than Cj 0.9
Ci is much more important than Cj 0.8
Ci is more important than Cj 0.7
Ci is slightly more important than Cj 0.6
Ci is equally important as Cj 0.5
Ci is slightly less important than Cj 0.4
Ci is less important than Cj 0.3
Ci is much less important than Cj 0.2
Ci is absolutely less important than Cj 0.1

tary value Equation (3) is used when the component j

is compared to component i. The proposed approach
selects one criterion (criterion k) from all criteria, and
assign the component i of a pairwise comparison matrix
to the relative importance value of criterion i and crite-
rion k. The value of component j in the pairwise matrix
is the relative importance value of criterion j and cri-
terion k. Therefore, a pairwise comparison matrix is
constructed by regarding criterion k as the reference
criterion, and n pairwise comparison matrices are con-
structed for a multi-criteria problem with an n number
of criteria.
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P =

⎛
⎜⎜⎜⎜⎜⎝

(l11, m11, u11)

(l21, m21, u21)
...

(ln1, mn1, un1)

· · ·
· · ·
. . .

· · ·

(l1n, m1n, u1n)

(l2n, m2n, u2n)
...

(lnn, mnn, unn)

⎞
⎟⎟⎟⎟⎟⎠ (2)

pij = (lij, mij, uij)

pji = (1 − uij, 1 − mij, 1 − lij)
(3)

The inconsistency ratio (IR) is used to identify pos-
sible errors and actual inconsistencies in comparison
matrices. For example, if criterion C is less important
than criterion B and criterion B is less important than
criterion A, then criterion A is definitely more impor-
tant than criterion C. If the value of IR is smaller or
equal to 10%, comparison matrices are acceptable for
the next step; if the IR is greater than 10%, comparison
matrices should be evaluated and revised. The inconsis-
tency value is considered during all stages of pairwise
comparison construction [7].

– Weighted supermatrix formatting

Based on pairwise comparison matrices, a prior-
ity value of criterion j (Cj) is calculated according
to Equation (4), and a probability value P(Cj ≥ Ck)
is calculated according to Equation (5). The mini-
mum probability of criterion j is obtained according to
Equation (6).

Cj = (ljc, m
j
c, u

j
c) =

n∑
k=1

pjk ⊗
[

n∑
k=1

n∑
h=1

pkh

]−1

(j = 1, 2, . . . , n)

(4)

P(Cj ≥ Ck) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1 m
j
c ≥ mk

c

u
j
c−lkc

u
j
c−lkc+mk

c−m
j
c

(mj
c < mk

c lkc ≤ u
j
c)

0 other

(5)

dij = min V (P(Cj ≥ Ck), P(Cj ≥ Ch))

(j = 1, 2, . . . , n)(k = 1, 2, . . . , n&k /= j)

(h = 1, 2, . . . , n&k /= j /= h)

(6)

A local priority vector is constructed using minimum
probabilities. If criterion i functions as the reference
criterion of a pairwise comparison matrix, the local
priority vector of the comparison matrix is calculated
according to Equation (7).

Wi = (d(ui1), d(ui2), . . . , d(uin))T (7)

After normalization, local priority vectors are entered
into appropriate columns of a supermatrix Equa-
tion (8). The supermatrix is used to calculate global
priorities.

W ′
i =

⎛
⎜⎜⎜⎝ d(ui1)

n∑
j=1

d(u1j)
,

d(ui2)
n∑

j=1
d(u1j)

, . . . ,
d(uin)

n∑
j=1

d(u1j)

⎞
⎟⎟⎟⎠

W =
(

W ′
1, W ′

2, · · · , W ′
n

)
(8)

– Comprehensive weight calculations

A supermatrix is constructed with n (number of cri-
teria) local priority vectors according to step 3. Final
priorities of criteria can be obtained in corresponding
columns in a limit supermatrix. The limit supermatrix is
constructed with the supermatrix by raising it to expo-
nents Equation (9). The purpose of the Equation (9)
is to compute influence transmission along all possible
paths in the supermatrix.

W̄ = lim
n→∞(Wn) (9)

3.2. Key performance indicators

The proposed approach uses six key performance
indicators to assess the energy performance of cam-
pus buildings in China. These indicators are chosen
based on Chinese climate conditions and the air
conditioning device deployment structure in campus
buildings, namely: building envelop, renewable energy,
illumination, thermal comfort, window and door, and
occupation status (Fig. 2).

– Building envelop

Building envelop is a type of building component,
which is used to separate indoor space from outdoor
space, e.g. windows and doors, roofs, and exterior
walls. Building envelop is essential to the heat transfer
between indoors and outdoors, and works as a key factor
affecting building energy performance. In order to eval-
uate heat gain and loss of the building envelope, three
design parameters were identified by previous research
[20]: 1) the U-values of external walls, windows and
roof; 2) window-to-wall ratio (i.e., ratio of the window
area to the total external wall area, including windows)
and skylight-to-roof ratio (i.e., ratio of the skylight area
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to the total roof area, including skylight); and 3) shading
coefficients of the glazing materials.

– Renewable energy

Renewable energy (e.g., sunlight and wind) is a spe-
cial type of energy from resources that are naturally
replenished on a human timescale [14].

REN21’s 2014 report [36] concluded that renewable
energy comprises 19% of the global energy consump-
tion in 2012 and 22% of the electricity generation
in 2013. Renewable energy provides resources and
significant opportunities to improve building energy
efficiency over wide geographical areas, whereas other
types of energy sources are concentrated in a limited
number of countries. The proposed approach used the
proportion of renewable energy in buildings to evaluate
building energy performance in regard to this indicator.

– Illumination

Illumination is important for teachers and students
to conduct teaching, research and learning. Illumina-
tion stems from two sources: 1) the natural light from
the sun; and 2) the light from illumination systems
deployed in buildings. The effectiveness of the natural
light depends on the weather and the design of windows
in rooms. The effectiveness of the illuminating system
comes from the lamp material and the structure of the
system. This approach utilizes indoor illumination, out-
door illumination, the design of the illumination system,
and the status of the illuminating system (on/off) to
evaluate the illumination performance of a room.

– Thermal comfort

The thermal comfort of occupants is considered a
key requirement by most research organisations. The
Predicted Mean Vote (PMV) and Predicted Percentage
Dissatisfied (PPD) [31] are two thermal comfort indi-
cators, which form the basis of the ISO 7730 thermal
comfort standard [6]. The two indicators are used to
predict the mean response of a large group of people to
thermal conditions. Due to a shortage of corresponding
environment data required by PMV and PPD, the pro-
posed approach evaluates thermal comfort of occupants
according to outdoor temperature, indoor temperature
and indoor relative humidity (Fig. 3).

– Window and door

The design, the materials used, and the status
(open/close) of windows and doors affect the energy
performance of rooms, particularly in summer when the

Fig. 3. Acceptable range of operative temperature and humidity for
the thermal comfort rooms [21, 39].

average temperature is greater than 30◦C and in win-
ter when the average temperature is lower than 10◦C in
China. Windows and doors should be closed to improve
energy efficiency of air conditioning devices in summer
and winter. However, they should be open to improve
natural ventilation when the outdoor temperature is suit-
able for occupants in spring and autumn. This paper
calculates the score of the window and door criterion
according to the area of windows and doors in rooms,
as well as their status as opened or closed.

– Occupation status

The purpose of energy consumption devices in build-
ings is to provide bright and comfort environment for
occupants. Rooms should achieve zero energy con-
sumption by turning off all devices, if there are no
occupancies. Therefore, occupied status is very impor-
tant in assessing building energy performance. The
longer the unoccupied status of a room with devices
turned on, the lower the energy performance of the
room. This paper evaluates the performance of the occu-
pation status criterion through the time of unoccupied
status of a room and the status of illumination and air
conditioning devices.

4. Demonstrator

This paper proposes a FANP to assess energy perfor-
mance campus buildings in China. In order to test its
effectiveness, a demonstrator is built in International
School of Software, in Wuhan University. This section
constructs six pairwise comparison matrixes based on
the climate condition of Wuhan city and air condition-
ing devices deploying structure in International School
of Software.
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Table 4
Pairwise comparison calculated with the six criteria and view C1 the referencing criterion

C1 C1 C2 C3 C4 C5 C6

C1 (0.5,0.5,0.5) (0.4,0.5,0.6) (0.8,0.8,0.9) (0.3,0.4,0.6) (0.4,0.6,0.7) (0.2,0.4,0.5)
C2 (0.4,0.5,0.6) (0.5,0.5,0.5) (0.6,0.7,0.8) (0.4,0.4,0.5) (0.5,0.5,0.6) (0.3,0.4,0.4)
C3 (0.1,0.2,0.2) (0.2,0.3,0.4) (0.5,0.5,0.5) (0.2,0.3,0.3) (0.3,0.4,0.4) (0.1,0.2,0.2)
C4 (0.4,0.6,0.7) (0.5,0.6,0.6) (0.7,0.7,0.8) (0.5,0.5,0.5) (0.6,0.6,0.7) (0.4,0.4,0.5)
C5 (0.3,0.4,0.6) (0.4,0.4,0.5) (0.6,0.6,0.7) (0.3,0.4,0.4) (0.5,0.5,0.5) (0.2,0.3,0.3)
C6 (0.5,0.6,0.8) (0.6,0.6,0.7) (0.8,0.8,0.9) (0.5,0.6,0.6) (0.7,0.7,0.8) (0.5,0.5,0.5)

W =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.217 0.205 0.291 0.171 0.076 0.180

0.154 0.221 0.291 0.219 0.102 0.216

0.000 0.000 0.048 0.042 0.000 0.073

0.245 0.191 0.143 0.222 0.381 0.207

0.056 0.108 0.420 0.074 0.059 0.096

0.329 0.274 0.186 0.271 0.381 0.229

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(10)

W̄ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

C1

C2

C3

C4

C5

C6

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.184

0.199

0.031

0.226

0.081

0.277

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(11)

One comparison matrix, viewing C1 as the refer-
ence criterion, is illustrated in Table 4. The weighted
supermatrix Equation (10) is generated using the six
comparison matrixes. The limit supermatrix Equation
(11) is computed through the weighted supermatrix.

A sensitivity analysis is performed using criteria
weights in the limit supermatrix. It is obvious that
the occupied status is the most import criterion among
these criteria. The reason is that the purpose of energy
consumption in buildings is to provide a comfortable
environment for occupancies, especially teachers and
students in universities. The second most important
factor is the thermal comfort criterion. The thermal
comfort of occupants is considered a key stakeholder
requirement by most research organizations. The ther-
mal comfort level of occupants directly affects energy
consumption in buildings. Follow next is the renewable
energy criterion and the building envelope criterion.
The renewable energy utilization can smooth the power
shortage problem of the world, without damaging the
environment. Performances of the renewable energy
exploitation strongly affect the energy performance of
buildings, especially in China with huge electricity

shortage in summer and winter. The building envelope
is essential to heating and cooling efficiency of air con-
ditioning systems deployed in buildings, especially in
summer in Wuhan (i.e. temperature higher than 30◦C).
The last two factors are the window & door criterion and
the illumination criterion. The window & door systems
moderately affect the heating and cooling efficiency
of air conditioning systems in rooms. The illumination
systems are consisted of low power devices and the nat-
ural sun light can provide much illumination during day
time. The illumination criterion is the least important
factor among other criteria.

The International School of Software, in Wuhan Uni-
versity, has 3 departments including the Department of
Software engineering the Department of Spatial Infor-
mation & Digital Techniques, and the Department of
the Internet of Things. The school has nearly 100
staffs, and 1,500 students, and has three main buildings
containing tens of classrooms, offices and computer
labs.

This demonstrator picks three rooms (one classroom,
one computer lab, one office) and evaluates their energy
performance. The three rooms locate in three different
buildings. The classroom is 100 m2 with 70 m2 win-
dows and doors, approximately. 100 students can sit in
the classroom for lectures. Three air conditioners (i.e.
each 2 Kilowatt (KW)) are deployed in the classroom.
The computer lab is 120 m2 with 40 m2 windows and
doors, approximately. 80 computers and three 2 KW air
conditioners are deployed in this lab. The office is 20
m2 with 8 m2 windows and doors, approximately. One
1 KW air conditioner is installed in this office.

The proposed approach is used to evaluate energy
performance of the three rooms. The energy perfor-
mance of the classroom is illustrated in Fig. 4. The
classroom achieves stable performance according to
three criteria (i.e. the building envelope criterion (7.8),
the renewable energy (0), and the illumination crite-
rion (8.6)). Due to zero performance on the renewable
energy, the classroom just achieves a good energy
performance (score 6.56, Table 5). An outstanding
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Fig. 4. Energy performance assessments of the classroom using the
approach.

Table 5
Energy performance certification levels of the proposed approach

Performance Level Score

Unclassified ≤5.0
Pass >5.0
Good >6.0
Very Good >7.0
Excellent >8.0
Outstanding >9.0

performance on the occupied status is showed in the
Fig. 4, due to nearly 90 students having lecture. Two
fluctuations can be seen during the evaluating process,
due to the breaks between lectures. At last, the class-
room achieves zero energy consumption after 10:35,
when there are no lectures in the classroom.

The energy performance of the computer lab is
illustrated in Fig. 5. The lab also achieves stable per-
formance on three criteria (i.e. the building envelope
criterion (7.9), the renewable energy (0), and the illu-
mination criterion (6.8)). Duet to the same reason with
the classroom (i.e. zero renewable energy), the lab
just achieves a good energy performance (score 6.38,
Table 5). An outstanding performance on the occupied
status also is shown in Fig. 5. However, a worse per-
formance on the thermal comfort criterion, compared
with the classroom (the lab: 6, the classroom: 7.2), is
detected in the lab. The reason is the heat generated by
computers in the lab. Two fluctuations also can be seen
during the evaluating process with breaks between lab-
based lectures. Zero energy consumption is achieved
after 10:35, without lectures in the lab.

Fig. 5. Energy performance assessments of the lab using the
approach.

Fig. 6. Energy performance assessments of the office using the
approach.

The energy performance of the office is illustrated in
Fig. 6. The performance of the office according to three
criteria is stable (i.e. the building envelope criterion
(7.7), the renewable energy (0), and the illumination
criterion (6.8)). Due to the same reason with the pre-
vious two rooms (zero renewable energy), the office
just achieves a good energy performance (score 6.0,
Table 5). With only one teacher occupying the office,
it just gets a good performance on the occupied status
(6.9), but a better performance on the thermal comfort
(8.2). Two fluctuations can be seen in the chart, due
to two unoccupied periods in the office when the air
conditioning device is turned on. In general, the energy
performance of the office is the worst among the three
rooms.



S. Hu et al. / Assessing Chinese campus building energy performance using fuzzy analytic network approach 2637

On the basis of assessments results, several sugges-
tions are provided to improve energy performance of
these rooms as follows: 1. All three rooms have a very
bad performance on the renewable energy. Although it
is still difficult to use much renewable energy in Wuhan,
some devices can be deployed to obtain solar energy
for these buildings. 2. Energy saving lamps should be
used for all rooms to improve performance on the illu-
mination criterion. 3. Precooling technology [40] and
preheating technology [37] can be used to improve the
performance of air conditioning devices for the class-
room and the lab. 4. Laptops should be deployed to
reduce energy consumption and heating generation in
the computer lab. 5. Bigger offices, allowing several
staffs work together, should be used to replace separate
small offices to improve performance on the occupation
criterion.

5. Conclusion

China has various climate conditions and most Chi-
nese campus buildings have separate air conditioning
devices structure. In order to assess energy perfor-
mance of campus buildings, this paper proposes a
fuzzy analytic network process approach based on six
criteria, namely building envelope, renewable energy,
illumination, thermal comfort, window and door, and
occupation status. A detailed description is documented
to illustrate how to integrate the triangular fuzzy num-
ber and analytic network process to calculate a limit
supermatrix, which is used to assess building energy
performance. The paper also estimates the fuzzy algo-
rithm on three rooms (a classroom, a computer lab,
and an office) in the International School of Software,
Wuhan University. Six complementary comparison
matrixes are obtained, through climate condition in
Wuhan city and air conditioning devices structure of
the three rooms. With a limit supermatrix calculate with
the six matrixes, the proposed approach accomplishes
energy performance assessments for the three rooms,
illustrating that its effectiveness upon assessing energy
performance of campus buildings, using the defined six
criteria.
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[7] E.A. Demirtas and Ö. Üstün, An integrated multiobjective
decision making process for supplier selection and order allo-
cation, Omega 36(1) (2008), 76–90.

[8] G. Boeing, D. Church, H. Hubbard, J. Mickens and L. Rudis,
LEED-ND and livability revisited, Berkeley Planning Journal
27(1) (2014), 31–55.

[9] G.R. Newsham, S. Mancini and B.J. Birt, Do LEED-certified
buildings save energy? Yes, but. . . , Energy and Buildings 41(8)
(2009), 897–905.

[10] G. Wei and N. Zhang, A multiple criteria hesitant fuzzy
decision making with Shapley value-based VIKOR method,
Journal of Intelligent & Fuzzy Systems: Applications in Engi-
neering and Technology 26(2) (2014), 1065–1075.

[11] H.S. Aplak and O. Türkbey, Fuzzy logic based game theory
applications in multi-criteria decision making process, Journal
of Intelligent & Fuzzy Systems: Applications in Engineering
and Technology 25(2) (2013), 359–371.

[12] J. Bai and T. Miles, TABLE-China power shortage fore-
casts by region, 2011, Available: http://af.reuters.com/article/
energyOilNews/idAFL3E7H20ZT20110602.

[13] J. Prior, Building research establishment environmental assess-
ment method, BREEAM) Version 1 1993, 93.

[14] J. Twidell and T. Weir, Renewable energy resources,
Routledge, 2015.

[15] J. Ye, A multicriteria decision-making method using aggre-
gation operators for simplified neutrosophic sets, Journal of
Intelligent & Fuzzy Systems: Applications in Engineering and
Technology 26(5) (2014), 2459–2466.

[16] J. Wang, Z.J. Zhai, Y. Jing and C. Zhang, Influence analysis
of building types and climate zones on energetic, economic
and environmental performances of BCHP systems, Applied
Energy 88(9) (2011), 3097–3112.

http://af.reuters.com/article/energyOilNews/idAFL3E7H20ZT20110602
http://af.reuters.com/article/energyOilNews/idAFL3E7H20ZT20110602


2638 S. Hu et al. / Assessing Chinese campus building energy performance using fuzzy analytic network approach

[17] K. Chmutina, Building Energy Consumption and its Regula-
tions in China, China Policy Institute, School of Contemporary
Chinese Studies, International House, The University of
Nottingham, 2010.

[18] L. Hernandez, C. Baladron, J.M. Aguiar, B. Carro, A.J.
Sanchez-Esguevillas, J. Lloret, D. Chinarro, J.J. Gomez-Sanz
and D. Cook, A multi-agent system architecture for smart
grid management and forecasting of energy demand in virtual
power plants, Communications Magazine, IEEE 51(1) (2013),
106–113.

[19] L. Ni, J. Dong, Y. Yao, C. Shen, D. Qv and X. Zhang, A review
of heat pump systems for heating and cooling of buildings in
China in the last decade, Renewable Energy 84 (2015), 30–45.

[20] L. Yang, J.C. Lam and C.L. Tsang, Energy performance of
building envelopes in different climate zones in China, Applied
Energy 85(9) (2008), 800–817.

[21] L. Yang, H. Yan and J.C. Lam, Thermal comfort and building
energy consumption implications–A review, Applied Energy
115 (2014), 164–173.

[22] L. Zhang, J. Ruan and J. Ding, The institutional power short-
age in China: Capacity shortage or capacity under-utilisation?
Applied Energy 136 (2014), 480–494.

[23] L.A. Zadeh, Fuzzy sets, Information and Control 8(3) (1965),
338–353.

[24] M. Hamdy, A. Hasan and K. Siren, A multi-stage optimization
method for cost-optimal and nearly-zero-energy building solu-
tions in line with the EPBD-recast 2010, Energy and Buildings
56 (2013), 189–203.

[25] M. Indraganti, R. Ooka, H.B. Rijal and G.S. Brager, Adaptive
model of thermal comfort for offices in hot and humid climates
of India, Building and Environment 74 (2014), 39–53.
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