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Building energy consumption is increasingly becoming a matter of global concern. A key aspect of this is the nature of building
cold source systems and their effectiveness. However, choosing the cold source for a building is a complex decision-making
process. The traditional evaluation method is relatively simple, and it is difficult to comprehensively consider multiple factors and
their mutual influences, and it is even more difficult to increase the consideration of the whole life-cycle cost on this basis.
Especially in China, the cost of extra-large public projects invested and constructed by the government plays a significant role in
the decision-making process, and it should not be affected by other factors to change the decision-making. Therefore, this paper
proposes a new decision-making system, which is based on value engineering (VE) and combined with analytic network process
(ANP) to conduct a comprehensive study of project decision-making. Based on existing approaches to construction project
evaluation and the selection of cold source systems, we establish an evaluation index for building cold source system functional
models and network structures. This approach can take into account the impact of cost on decisions. We then present the results of
a simulation-based case study of potential central air-conditioning cold source system solutions for the new Xiang’an New Airport
in Xiamen, China. The corresponding value coefficients for conventional electric refrigeration, ice storage, and water storage were
found to be 0.8262, 1.0049, and 1.2442, respectively. This suggests that water storage-based cooling offers the best technical and
economic benefits for this project. It also confirms that the proposed decision support system can identify the modes with the
highest value coefficients, which is one of the most effective methods for selecting a building cold source system scheme. Therefore,
the system has the potential to support the effective selection of other building cold source schemes.

1. Introduction

As urbanization had continued to advance apace in coun-
tries around the world, accompanied by increasing levels in
energy demand, building energy consumption has become a
critical consideration for strategic decision-makers who are
concerned with energy conservation and emission reduction
[1, 2]. Air-conditioning systems, especially the central air-
conditioning systems in public buildings, have always been
significant sources of energy consumption and emissions.
They, therefore, present a huge opportunity for energy
saving. Central air-conditioning systems are currently the

principal source of heating and cooling in major public
buildings throughout the world [3]. They are increasingly
important energy consumers and a serious cause of envi-
ronmental pollution [4]. Taking large public building fa-
cilities in Beijing as an example, the annual total power
consumption of shopping malls, hotels, and office buildings
in the city can be as high as 350 kWh/m? [5]. The power
consumption of air-conditioning systems accounts for be-
tween 40% and 60% of the total power consumption of these
buildings and the power consumption of the fans and pumps
used for cooling transmission and distribution can account
for more than 70% of an air-conditioning system’s overall
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power consumption [6]. There is a particular demand for
cooling provision in southern China, especially in Guang-
dong, Fujian, and Hainan, with the annual average duration
of this demand being notably longer [7]. Comparative
studies show that the development and application of im-
proved technology, optimized project design, and enhanced
operational management can achieve an energy-saving of
between 30% and 50%, making research in this area of
potentially enormous significance [8]. In recent years, we
have developed a range of refrigeration technologies, in-
cluding improved conventional electric refrigeration, ice
storage, water storage, gas direct-fired engines, gas-fired
combined cooling and heating systems, ground source heat
pumps, and seawater source heat pumps, which together
constitute the major part of the new possibilities for the
cooling of air-conditioning systems [9].

However, careful scientific evaluation of these different
cooling technologies and schemes, together with deci-
sion-making methods for ascertaining which ones are most
appropriate, has not kept pace with their development.
Typically, most evaluations focus upon comparing schemes
from the viewpoint of initial investment and operating costs,
though some also consider factors such as energy con-
sumption, pollutant emission, and full life-cycle cost
[5, 10, 11]. As refrigeration technology continues to develop
and cooling schemes become more and more abundant, the
factors to be considered also continue to increase. Green
energy has become an essential focus when evaluating cold
source system schemes. At the same time, as these are often
large-scale projects, economic considerations regarding
construction and operation costs continue to play an im-
portant part in decision-making [12-14]. As a result, the
selection of cold source system schemes typically involves
assessing multiple objectives and criteria [15-17].

This paper is addressed to this multi-faceted decision-
making problem. Established theories and tools are drawn
upon to develop a decision support system for selecting the
best cold source system for buildings that is based on VE and
ANP. The objective of this research is to satisfy the various
functional requirements of the central air-conditioning
system at the lowest cost possible. In this way, the best
cooling source system can be selected for large public
buildings to meet the global strategic needs of energy
conservation and emission reduction.

In the next section, we discuss the relevant literature. In
Section 3, we present our methodology, including the
background to VE and the evaluation process. In Section 4,
we examine a case study where the proposed method is
applied and this is discussed in Section 5. Our concluding
remarks are given in Section 6.

2. Literature Review

Solving the multi-attribute character of the decision-making
associated with cold source selection now, more than ever,
demands the adoption of an appropriate decision support
system. This has made the technical and economic assess-
ment of cold source systems a topic of growing concern in
recent years. To this end, Liu and Cai [18] developed a fuzzy
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comprehensive evaluation method to quantify the qualita-
tive and fuzzy factors associated with the choice of energy
schemes. By contrast, Yin et al. [19] used an analytic hier-
archy process (AHP) to determine the subjective weight of
each factor from the five perspectives of economy, technical
conditions, environmental impact, energy-saving, and social
benefits. By pairing various factors, they obtained evaluation
scores for different schemes. Yan et al. [20] also used an AHP
to construct a matrix with an optimal degree of membership
function. This reduced the time taken to construct a judg-
ment matrix and made the evaluation results more objective.
Cao and Tu [21] adopted a grey theory approach to generate
a dimensionless evaluation index, based on which they were
able to determine the pros and cons of different schemes
according to the maximum degree of correlation. Mean-
while, Fang et al. [22] used the principles derived from VE to
conduct an economic evaluation of various schemes. This
was a relatively simple and viable approach, but it ignored
other possible attributes, so the evaluation results lacked
comprehensive objectivity. Liu et al. [3] also employed VE
and combined it with an AHP. In this case, it was able to
comprehensively evaluate factors relating to investment,
function, resource consumption, and economy.

Close examination of the extant literature reveals that
there are many methods of technical and economic evalu-
ation in cold source systems, including fuzzy comprehensive
evaluation, AHP, grey theory, and VE; however, there are
many problems in the use of these decision-making
methods. First of all, the evaluation systems developed for
the selection of building cooling source systems typically
ignore the user’s functional experience, and the selection of
cooling source system function evaluation indicators is not
comprehensive enough to demonstrate the actual applica-
bility of different projects. Second, some of the principal
approaches, such as AHP, disregard the interrelation of
multiple factors when using their relative weights to develop
an evaluation index. More importantly, in the evaluation
process, only the functional parameters are considered and
the cost is ignored. Thus, there is an important gap in how to
conduct evaluations currently. In order to avoid the above
problems, this paper attempts to use a more complete and
comprehensive method than AHP—ANP, and integrates the
VE theory into it and then establishes a decision support
system to solve the problem of building cooling source
selection.

After inspecting many regions in China, we found that
Xiamen, as a subtropical zone, has a high demand for
cooling over an extended part of the year. This therefore
offers the ideal mix of resources, climate, and demand to be
able to assess the viability of our research. Having identified
a suitable region, we decided to use the development of the
central air-conditioning refrigeration system at Xiang’an
New Airport in Xiamen, China, as an example through
which to explore the applicability of various currently
commonly-used cooling technologies. As with some of the
approaches mentioned above, our approach is based on VE
principles but is combined with a network analytic hierarchy
(a kind of ANP). We used these combined perspectives to
develop a decision support system, which we evaluated by
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simulating its application to the cooling scheme for the
central air-conditioning system of Xiang’an Airport. The
goal was to identify the most effective cold source system.
This was done by establishing a comprehensive functional
evaluation index system to obtain the most appropriate
functional coefficients for an ANP, together with an expert
scoring method. On this basis, we incorporate the theory of
VE into it. By obtaining data such as the full life-cycle cost of
the project, the value coefficient of each cooling source
system is finally determined. This method overcomes the
limitations and one-sidedness of previous decision support
systems and can comprehensively consider the impact of
functions and costs on decision-making. The system is able
to meet the needs of an airport terminal construction
project. More broadly, it can be applied to the design of cold
source supplies for other large public buildings, thus con-
tributing to both national and global concerns regarding
energy conservation and emission reduction.

3. Methodology

As refrigeration technology has developed, different cooling
schemes have become more and more abundant. As a result,
the range of factors that need to be considered when
evaluating cooling technology and its economic viability has
also increased. Although there is a general interest in
identifying the lowest cost options, it is also essential to meet
the functional requirements involved in deploying a cooling
system in a particular building. We therefore sought to
establish a comprehensive system that could incorporate
functional evaluation indicators, while using ANP and ex-
pert scoring methods to obtain the functional coefficients. By
combining this with the actual cost and using the principle of
VE, we can determine the value coefficients for the program.
As an increasing number of factors need to be considered in
the technical and economic evaluation of refrigeration so-
lutions, it is also becoming increasingly important to ex-
amine how different factors are interrelated and influence
each other. Overall, we want the decision support system we
develop to meet the functional requirements of the cold
source aspects of a central air-conditioning system at the
lowest possible cost. Doing this involves identifying suitable
theories and methods that will best enable the decision
support system to promote the most optimal choices.

3.1. Value Engineering. VE is an approach to thinking about
and managing technology that analyzes both the cost and
function of different objects in a project to arrive at the
lowest cost solution that will preserve the necessary func-
tionality. It also seeks to improve the value of objects
through research and innovation and it is applicable across a
wide variety of fields, for example, biomedical field [23],
biomaterials [24], game [25], computer network [26],
construction engineering [27], etc. Functional analysis is at
the core of VE. Its primary goal is uncovering the optimal
total benefit that will realize the required functionality of an
object by finding the lowest life-cycle cost associated with it
[28]. To meet the principles of VE, the selection of an

architectural plan for a cold source system must take into
account the full range of the system’s functionality and its
economic grounds. The specific process has three stages:
functional analysis, cost analysis, and value analysis.
Functional analysis is the critical stage. In our case, we seek
to ensure that assessment of a potential technology also
considers its economic rationality; i.e., we are looking for the
lowest price that meets the functional requirements of a
building’s cold source system. This forms the basis of our
evaluation of each scheme’s viability.

3.2. Evaluation Process. Our approach combines the prin-
ciples of VE with the ANP, leading to the following steps in
evaluation.

3.2.1. Establishing a Functional Evaluation Index. First, we
determine the research objects (the things that need eval-
uation). The purpose of an economic evaluation of a central
air-conditioning cooling technology is to choose the optimal
cooling scheme. So the research objects are the different
potential modes of cooling in a central air-conditioning
system. Our goal is to develop a decision support system by
sorting and analyzing the various aspects of the cooling
functionality of a central air-conditioning system.

3.2.2. Determining the Weight of Each Functional Evaluation
Index. The potential cooling modes for the central air-
conditioning system in large buildings need to be considered
and analyzed from different aspects prior to selection. Some
conventional indicators such as the users’ functional ex-
perience, environmental protection, and economy are
fundamental to selection of an appropriate cold source.
However, these basic indicators include a variety of factors
that should be considered. Furthermore, these factors are
mutually dependent and have mutual feedback between
them, for instance, functional experience and economy,
where the greater the economy, the worse the operational
experience, and vice versa. For this reason, we need to find a
reliable way of identifying the dependence and feedback
between the indicators.

The ANP is a generalization of the analytic hierarchy
process (AHP). The AHP combines qualitative and quan-
titative decision-making methods that are used to calculate
the relative importance and weight of multiple selected
options [29, 30]. The main difference between the ANP and
AHP approaches is that the elements in an ANP are in-
terdependent while they are independent in an AHP. Thus,
an ANP considers not only the feedback relationship be-
tween the upper and lower levels of the network but also the
interdependence between elements at the same level [31].
Based on their dependency and feedback, an ANP calculates
the weight of each element in the functional index. More
information about the approach can be found in [32].

3.2.3. Scoring the Functional Index. Experts scored the
various functional indicators of each cooling mode. To
ensure professional and comprehensive scoring, we



interviewed 10 experts, who included academics studying
building energy, managers, technicians, and front-line
employees involved in environmental protection and con-
struction engineering. Based on the average score of each
index, the functional score, f, for each scheme can then be
calculated as follows:

fi=> fulp- GG=L2..,mk=1,2...,n, (1)
k=1

where f ik is the average score of an index, k, in a scheme, j,
and [; is the weight of the index, k, in scheme j. The
functional coefficient is as follows:
f
Fi=ron @
! (Z;’il fi )

where F; is the functional coefficient of scheme j.

3.2.4. Determining the Cost Coefficient for Each Scheme.
Technical experts from related units determined the total
life-cycle cost of each scheme based on the same cooling
system scale and other conditions, including the initial in-
vestment, construction cost, operating expenses, mainte-
nance, and depreciation. The operating expenses cover the
installed electrical load, energy consumption, energy stor-
age, energy-saving, environmental protection, and emission
reduction. The summation of all these costs is the total life-
cycle cost for all of the schemes. Finally, the cost coefficient
for each scheme is the entire life-cycle cost for every single
scheme divided by the total life-cycle cost for all the schemes.
This is calculated as follows [33]:

C;
Ci=iz—-(j=1,2,...,m), 3
g Zj:lC] ©

where C; is the cost coefficient for scheme j, ¢; is the life-cycle

cost for scheme j, and m is the total number of schemes.

3.2.5. Calculating the Value Coefficient for Each Scheme.
The higher the value coefficient, the better the technical and
economic efficiency of the cooling scheme. The calculation
of the value coefficient for each scheme can be realized using

E.
Vi=-L (4)
Cj

where V; is the value coefficient for scheme j.

4. Case Study

To assess the viability of our proposed approach, we used
data from a hypothetical example relating to the central air-
conditioning cold source system of the Xiang’an New
Airport in Xiamen, China. We then employed the proposed
decision support system to select a reasonable building
cooling source plan.
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4.1. Project Overview. Xiamen’s Xiang’an New Airport is in
Xiang’an District, Xiamen City, Fujian Province, China. The
scope of the airport includes Xiaodeng Island,the eastern
part of Dadeng Island, the shoal area between Dadeng,
Xiaodeng Island, and also involves part of the sea around
Dayang Island. The airport uses a central air-conditioning
system with the designed cooling load of its energy station
being 170.85mw. The terminal is designed around the
concept of a “humanistic airport” that can meet the triple
goals of meeting “functional priority and being economical
and practical,” while “considering its image.” The terminal
thus seeks to reflect fully the characteristics of the times and
the region, with not only humanistic features but also green
environmental protection, efficient operation, and up-to-
date scientific and technological capabilities that will still
remain economical and practical.

4.2. Analysis of the Preliminary Refrigeration Scheme.
There are various possible modes for building refrigeration.
These include conventional electric refrigeration, water
storage, ice storage, gas direct-fired engines, gas cooling-
heating and triple power supplies, ground source heat
pumps, and seawater source heat pumps. There are a
number of contextual factors that can affect the applicability
of these, such as the scale and use of the building, the natural
conditions, energy status, structure and price of the con-
struction site, the current national energy conservation, and
emission regulations and environmental protection policies.
In this study, we consider three potential refrigeration
modes: conventional electric refrigeration, ice storage, and
water storage.

Conventional electric refrigeration works on the prin-
ciple of having a refrigeration compressor that sucks a
working medium in the form of a low-pressure and low-
temperature gas (such as ammonia or freon) into an
evaporator. The transformed high-temperature and high-
pressure gas is discharged into a condenser after com-
pression. This method is widely used and easily adjusted and
provides stable operation. Ice storage technology uses a cold
storage medium to store cold energy during low power
consumption periods (e.g., at night). This cold energy is then
released during peak power consumption periods (e.g.,
daytime) to reduce the peak load, having filled drop-ofts in
consumption, thus saving the operating costs. As with ice
storage air-conditioning systems, water storage air-condi-
tioning aims to save energy by exploiting the difference
between peak and trough electricity prices in the power grid.
Here, water chillers store cold energy in a pool overnight and
discharge the cold energy from the pool during the day, with
the main engine running off-peak.

The latter two types of cold storage air conditioning
reduce the unit capacity and the consumption and leakage of
refrigerant to offer more effective environmental protection.
However, ice storage systems need substantial investment,
require complex debugging, and are challenging to realize. It
is therefore much more straightforward to use water-based
cold storage. However, the conversion efficiency of water
storage is lower than that of ice storage, due to the complex
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TaBLE 1: Functional evaluation index system and notes.

Control layer Network layer

Network layer factors

Notes

Safety and reliability By,
Convenience of use B;,

Functional
experience B,

Flexible load adaptability B3
Difficulty of operation and

The system functions are safe and efficient; the
temperature is stable; and it is easy to maintain.

maintenance management

Degree of green
environmental protection

Social and
environment
1 benefits B,

Functional evaluation index
system for the building’s cold
source system A

Conservation of energy,
reduction of emissions B,
Enhancement of
architectural landscape B,

Green environmental protection means that the
scheme adapts to the local ecological environment,
attaches importance to building environmental
protection, and makes full use of renewable
resources. Energy-saving and emission reduction
refers to the CO, emission reduction and annual total
electricity consumption generated by the same
refrigeration capacity. Landscaping refers to the
impact of the exposed facilities on the architectural
landscape.

Energy supply B,

Reliability B3

Energy-resource structure

The system offers flexibility of resource allocation and
adjustability.

Energy price fluctuation Bs;

Use of modern techniques

Demonstrable
advances B4

Project
applicability B5

Application of science and
technology By,
Policy orientation By
Natural conditions Bs;
Building scale Bs,
Building use Bs;
Installation area Bsy

The project uses globally advanced technology and

equipment and can be widely used in other projects.

If the technology used is not referential, it actively
responds to national policies.

Project applicability refers to the fact that different
projects have different requirements for their cold
and heat sources. The greater the degree of
satisfaction, the better the applicability.

structure of the water storage tank, the large area it has to
occupy, the complexity of its construction, the high initial
investment, the surplus pump power requirements, the
difficulties associated with treating the water, and the high
labor costs. Having said this, as large buildings typically have
a fire pool, this can be used for cold storage, which offsets
some of the associated costs.

4.3. Evaluation Model. In this study, a functional evaluation
index system of the building cold source system was con-
structed and an ANP network structure diagram was
established on this basis. This model can be used to evaluate
the weight of various functional indicators of the building
cold source system. The specific steps are given in the fol-
lowing sections.

4.3.1. Functional Evaluation Index System. According to the
above-mentioned functional requirements for Xiamen’s
Xiang’an New Airport terminal design, the evaluation index
system for the cold source system focused on five consid-
erations: operational experience, social-environmental
benefits, reliability, demonstrable advances, and project
applicability. To establish the functional evaluation index
system, we studied and reviewed the evaluation indexes for
cold and heat sources in air-conditioning systems in the
relevant literature. This gave us a preliminary refrigeration
system scheme for the project. We also referred to the

current relevant national and local design codes and stan-
dards and followed established principles regarding scien-
tific rigor, objectivity, and comparability.

Table 1 shows the various layers in the functional
evaluation index system. The first layer is the control layer
for the airport terminal building. The second layer is the
network layer, which contains the five evaluation criteria
detailed above. The third layer relates to the various factors
in the network layer with a total of 20 sub-standards. Here,
the functional experience focuses on safety, efficiency,
temperature stability, and the ease of maintenance for users.
The social and environmental benefits mainly focus on
whether the system meets green environmental protection
requirements, reduces energy consumption and emissions,
and enhances the building landscape. Reliability is con-
cerned with the provision of energy and the structure and
cost of operating the system. Demonstrable advances look at
the technological and scientific level of the system and
whether it meets government policy. The applicability of the
project considers where it will be used, such as the natural
conditions, the building’s size and its use, and the instal-
lation area, so as to be able to judge how closely the system
meets the project requirements.

4.3.2. Establishing an ANP Network Structure Diagram.
In the functional evaluation index system, the factors of each
group are interdependent with a feedback relationship. The
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TaBLE 2: Factor interactions.

B [ )

By, [ )

Bjs [ )

By

By o
BZZ

By

By @ o

B, @ e o o o
B"H . .
By, e O

B42

Bys e O

B @ ® 6 o o o

Bs, ® 6 o o o

Bss ® 6 o o

Bs, e O o

characteristics of the different groups of factors are also
interdependent. As discussed in Section 3.2, expert analysis
and discussion provided the reference for identifying the
specific relationships among the various factors. Table 2
shows the outcome of this exercise. The indicators in the
rows are those effected, and the ones in the columns are the
effectors. For example, the intersection of row B,; and
column B, indicates that the safety and reliability of the
building’s cold source system has an impact on the difficulty
of operation and maintenance management. To put it an-
other way, the degree of difficulty in operating and main-
taining the building’s cold source system depends on its
safety and reliability.

Figure 1 shows a network structure diagram of the
evaluation index system, based on the relationships between
the indexes. According to Figure 1, the control layer has only
one objective, which is evaluation of the cooling functions of
the central air-conditioning system, so there is no evaluation
criterion. In the network layer, the arrows show the direction
of influence of each factor on the other factors. The cur-
ved arrows indicate the influence between different
internal factors in a factor group. The model reveals the
interrelationships between the different indicators, so that
subsequent comparison of all the elements in the indicators
can be used to construct a judgment matrix.

4.3.3. Constructing the Judgment Matrix. This step relates to
the construction of a judgment matrix based on the method
described in Section 2.2, the expert assessments and the

literature review. The focus here is upon the relative im-
portance of the specific elements and entails comparison of
the importance of all the elements in the functional eval-
uation index.

As an example, the first column of judgment matrix A in
Table 3 represents the importance of By, B,, B;, By, and B;
with a given B;. Based on these degrees of importance, the
last column shows the weight of each factor. Note that where
there is an unaffected evaluation criterion, the corre-
sponding eigenvector is zero.

The normalized values of B;, B,, B;, By, and Bs are
w=(0.545, 0,0.2329, 0.1385, 0.0837), respectively. After
calculation, the maximum eigenvalue is A ;,,, =4.0511 and
the consistency ratio is CR=0.0189 < 0.1, which is an ac-
ceptable level of consistency.

The final weighted matrix, A, is as follows:

[ 0.545 0.3431 0  0.4277 0.49157
0 0.288 0.3537 0.2543 0
0.2329 0.1171 0.4402 0.0813 0.1248 |. (5)
0.1385 0.1925 0.1271 0.2367 0.0778
| 0.0837 0.0593 0.0791 0 0.3059 ]

4.3.4. Constructing the Hypermatrix and Calculating the
Weights. Based on the network structure in Figure 1, the
initial hypermatrix of the network layer is as follows:
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Function Evaluation Index System A ‘g =
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Advanced Project
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Socialand environmental B
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e Reliability B %
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FIGURE 1: Network structure of the functional evaluation index system.
TasLE 3: Judgment matrix a TaBLE 4: Judgment matrix B.
Bl Bl B3 B4 B5 w B14 Bll B12 B13 w
B1 1 3 4 5 0.545 By 1 5 3 0.6483
B3 1/3 1 3 0.2329 Bz 1/5 1 1/2 0.1220
B4 1/4 1/2 2 0.1385 Bi; 1/3 2 1 0.2296
B5 1/5 1/3 1/2 1 0.0837

W1l W12 W13 W14 W157
W21 W22 W23 W24 W25
W =| W31 W32 W33 W34 W35 |. (6)
W41 W42 W43 W44 W45
LW51 W52 W53 W54 W55 |

The fourth column of Table 4 shows the weights for
judgment matrix B, which relates to W, for a given B1 when
compared with B14.

After calculation, the maximum eigenvalue is A
max = 3.0036 and the consistency ratio is CR =0.0031 < 0.1,
which is again an acceptable level of consistency. According to
Table 4, the weight vector, w, of the fourth column of W, is
w = (0.6483, 0.1220, 0.2296). Similarly, the weight vector for
the first, second and third columns of W, is zero as follows:

00 0 0.6483
000 0.1220

Wi, = . (7)
000 0.2296
000 0

Table 5 shows the other weighted matrices to obtain the
initial hypermatrix.

Each submatrix of the initial hypermatrix is multiplied
by its corresponding weight (the value given by Matrix A) to
obtain the weighted hypermatrix, W;;. The value of the
weighted Matrix A is W;; = a;;W;;,i=1,2,3,4,5,j=1,2,3,
4, 5, a;; with Wj; being the submatrix in the initial hyper-
matrix, so

0.545W11 0.3431W12 0 0.4277W14 0.4915W15
0 0.288W22 0.3537W23 0.2543W24 0
WU =10.2329W31 0.1171W32 0.4402W33 0.0813W34 0.1248W35 |.
0.1385W41 0.1925W42 0.1271W43 0.2367W44 0.0778W 45
0.0837W51 0.0593W52 0.0791W53 0 0.3059W55

(8)

The weighted hypermatrix is given in Table 6.

The weighted hypermatrix W;; is stabilized by
being multiplied by itself 4 times (the column vectors
are normalized before each self-multiplication), so that
W_ij00 =lim, , WW, jt.The stabilized hypermatrix is given
in Table 7. The weight of each functional evaluation index is
then as follows: w = ( 0.0486,0.0187, 0.1574, 0.0372, 0.0539,
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TaBLE 5: ANP initial hypermatrix.

Bll BlZ B13 B14 BZI BZZ B23 B31 B32 B33 B41 B42 B43 BSl B52 B53 B54
B11 0 0 0 0.6483 0 0 0 0 0 0 0 0 1 0 0 0 0
B12 0 0 0 0.1220 0 0 0 0 0 0 01634 0.1634 0 0 0 0 1
B13 0 0 0 0.2297 1 0.6667 0 0 0 0 0.5396 0.5396 0 1 0.5 0 0
B14 0 0 0 0 0 0.3333 0 0 0 0 02970 0.2970 0 0 05 0 0
B21 0 0 0 0 0 0 0 1 0.5 0.5 0 0 0.4000 0 0 0 0
B22 0 0 0 0 1 0 0 0 0.5 0.5 0 0 0.4000 0 0 0 0
B23 0 0 0 0 0 0 0 0 0 0 0 0 0.2000 0 0 0 0
B31 075 0 0 0.1219 0 0 0 0 1 05 0 0.6667 0.6667 0 0.75 0.75 0
B32 025 0 0 0.3196 1 1 0 075 0 05 0 0.3333 03333 0 0.25 0.25 1
B33 0 0 0 0.5584 0 0 0 025 0 0 0 0 0 0 0 0 0
B41 1 1 1 1 0.2 0.25 0 0 0 0 0 1 0.5 0 0 0 0.8
B42 0 0 0 0 0 0 0 0 0 0 0.75 0 0.5 0 0 0 0
B43 0 0 0 0 0.8 0.75 0 0 0 1 0.25 0 0 1 1 1 0.2
B51 1 0 0.539 0.1277 0.4550 0.1429 0.3330 1 1 0 0 0 0 0 1 1 0.1634
B52 0 0 01634 0.3128 0.1411 0.4286 0.5695 0 0 0 0 0 0 0 0 0 0.5396
B53 0 0 0.2970 0.0840 0.1411 0.4286 0 0 0 0 0 0 0 0 0 0  0.2969
B54 0 0 0 0.4754 0.2627 0 0.0973 0 0 0 0 0 0 0 0 0 0

0.0394, 0.0042, 0.0741, 0.0626, 0.0142, 0.1740,0.1358, 0.0738,
0.0680, 0.0154, 0.0200, 0.0027). At this point, the most
critical step in the VE based functional analysis is complete
because the functional evaluation index weights have been
obtained. The functional coefficients are a combination of
these results with the expert scores.

4.4. Calculating the Value Engineering Correlation Coefficient.
The experts used a 10-point system to score the 17 functional
evaluation indexes corresponding to the three potential
cooling schemes (conventional electric refrigeration, ice
storage, and water storage), which was based on analysis of
the preliminary refrigeration system scheme in accordance
with the process described in Section 3.2. Figure 2 shows the
average scores.

The system lifespan was taken to be 20 years. On the basis
of the project feasibility study report, the cost of each scheme
was calculated and used as its life-cycle cost. In Section 3.2,
equations (1) to (4) were used to calculate the functional
score, functional coefficient, cost coefficient, and value co-
efficient. Table 8 shows the results.

5. Discussion

First of all, it should be noted that when only the function is
considered without considering the cost, the ice storage
function coefficient (0.3377) and the water storage function
coefficient (0.3385) are relatively close, but higher than the
traditional electric refrigeration function coefficient
(0.3288). However, if the final value coeflicient considers the
cost of the entire life cycle, the traditional electric refrig-
eration has high cost and poor economic benefits. Finally,
the value coeflicients of traditional electric refrigeration, ice
storage, and water storage are 0.8262, 1.0049, and 1.2442,
respectively, which is different from the simple use of ANP.
The function coeflicients obtained are different, the gap is
obviously widened this time, and the traditional electric
refrigeration shows obvious disadvantages. To sum up, if the

factors of VE are not considered, ice storage, water storage,
and electric refrigeration, there is no difference between the
three, and it is difficult to distinguish the advantages and
disadvantages. However, after the introduction of VE theory,
the value coeflicients of ice storage and water storage both
exceed 1, which is significantly more than electrical re-
frigeration. Therefore, the theory and cost control factors of
proving VE are crucial to the selection of cooling source
systems in large public buildings.

According to the calculation results, the final value
coeflicient of electric refrigeration is the lowest and less
than 1. It can be seen that its function and cost cannot be
well matched, and the cost input is too high, but more
functions cannot be realized. The reasons for its low
function score mainly come from issues such as energy,
technology, and policy orientation. As it stands, the energy
supply in China is still unable to cope with the increasing
demand generated by the rapid development of China’s
national economy and the rapid growth in people’s living
standards. The national power shortage situation has yet to
change fundamentally and there is a particularly pro-
nounced gap between production and demand in the
Eastern coastal areas. In view of the evaluation and this
current situation, a conventional electric refrigeration
scheme should not be pursued for this project. Solving the
current issues involves paying equal attention to devel-
opment and saving. On the one hand, it is necessary to
increase investment in electric power and speed up the pace
of power plant construction. On the other hand, it is essential
to soften the peaks and fill the troughs in demand by saving
electricity and making full use of existing power resources.
This entails adjustments to the national power policy. Given
this situation, if part or even all of the power consumption for
refrigeration systems can be transferred to off-peak periods
during the night, this will have a very positive effect on
balancing the power grid’s load and improving the efficiency
of its load utilization. This has made “air-conditioning cold
storage” of common concern in the power sector and the air-
conditioning and refrigeration industry.
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TABLE 7: Stabilized hypermatrix.

Bl1 B12 ... B54

Bl11 0.0486 0.0486 0.0486
B12 0.0187 0.0187 0.0187
B13 0.1574 0.1574 0.1574
B14 0.0372 0.0372 0.0372
B21 0.0539 0.0539 0.0539
B22 0.0394 0.0394 0.0394
B23 0.0042 0.0042 0.0042
B31 0.0741 0.0741 0.0741
B32 0.0626 0.0626 0.0626
B33 0.0142 0.0142 0.0142
B4l 0.1740 0.1740 0.1740
B42 0.1358 0.1358 0.1358
B43 0.0738 0.0738 0.0738
B51 0.0680 0.0680 0.0680
B52 0.0154 0.0154 0.0154
B53 0.0200 0.0200 0.0200
B54 0.0027 0.0027 0.0027
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3 3
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< 7

6

5

By, By Bz By By By By By By Bsz By By By Bsp Bs; Bsz Bgy
Index

—m— Conventional electric refrigeration
—e— Ice storage
—A— Water storage

FIGURE 2: Expert-based scoring results.

TaBLE 8: Summary of the value engineering correlation coefficients.

Functional score Functional coeflicient Cost (10000) Cost coeflicient Value coefficient

Electric refrigeration 8.1557 0.3238 139489 0.3919 0.8262
Ice storage 8.5045 0.3377 119586 0.3360 1.0049
Water storage 8.5270 0.3385 96858 0.2721 1.2442

If we look at the ice storage and water storage results, we
can see that their value coefficients are 1.2442 and 1.0049,
respectively, and exceed 1 in both cases. They are both also
better schemes. Although the difference between their

functional coeflicients is minimal, the cost coefficient for
water storage is lower, indicating that it can realize the
necessary functions at a lower cost. From the perspective of
energy utilization, the conversion efficiency of water storage
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technology is 90%, while that of ice storage technology is
80%. So the energy conversion efficiency for water storage is
slightly higher. It is worth mentioning that the airport oc-
cupies a vast area and the land price is relatively low, so there
is enough space for water storage. Water storage also brings
advantages in requiring a lower investment, offering reliable
operation, providing a good refrigeration effect, and deliv-
ering obvious economic benefits. Altogether, this suggests
that it has broad application potential and universal ap-
plicability. To sum up, it is objectively reasonable to choose a
water storage-based cooling scheme when undertaking the
energy supply implementation at Xiamen’s Xiang’an New
Airport. Through the simulation study of Xiamen Xiang’an
New Airport, it can be seen that the decision support system
established in this paper based on the VE theory and ANP
method can select the appropriate cold source system for my
country’s civil aviation airports and even large-scale public
construction projects, so that it can be realized with the least
cost. Therefore, it can effectively promote the strategic goal
of energy conservation and emission reduction in our
country and even in the world.

6. Conclusion

The selection of a building’s cold source system is a cru-
cially important decision and it is a decision that has to be
made frequently and recurrently. This makes it imperative
to choose a method with a sound scientific basis for the
technical and economic evaluation of such projects. We
have developed a decision support system for the func-
tional evaluation of building cold source systems that in-
corporates aspects such as functional experience, social and
environmental benefits, reliability, demonstrable advances,
and project applicability. It avoids the problem of
neglecting costs and social and environmental benefits as a
result of focusing upon functionality. By considering in-
terdependencies and feedback relationships, our proposed
method can objectively analyze the technical economy of
typical cooling modes in central air-conditioning systems.
The system relies on the use of ANP and introduces the
theory of VE. The quantitative data of the actual life-cycle
cost of the project is added, so that the decision-making
takes into account both the function and cost of the cooling
system of large public buildings, and the combination of
qualitative and quantitative improves the rationality of
decision-making results. Overall, by following the precepts
of “function first, economy and practicality, but taking the
image into account,” it has demonstrable potential for the
reasonable selection and application of a range of cold
source systems. The case study has also confirmed the
feasibility of using the method by identifying the best
option for the energy-saving operation of the air-condi-
tioning system in the airport terminal at Xiamen’s new
Xiang’an Airport. This suggests that it could play an im-
portant role in the energy-efficient construction of civil
aviation structures and other large buildings in China, or
even globally, thereby helping to meet the needs of energy
conservation and emission reduction around the world. we
sum up as follows:

11

(1) In recognition of the increasing importance of en-
ergy-savings and emissions reduction, this paper has
presented a functional evaluation index system that
contributes to the planning and construction of more
effective cold source systems. The key novelty of the
approach is, first of all, this paper considers the user’s
functional experience and establishes the system
function evaluation index more comprehensively
than before. Secondly, this paper considers the mutual
influence relationship between factors, so it uses a
more advanced method than AHP-ANP. More im-
portantly, we integrate VE into it, truly consider for the
enterprise, reduce costs, and maximize value. Data
relating to Xiamen’s new Xiang’an Airport was used as
a resource for testing the viability of the approach,
leading to the examination of three potential cooling
modes, namely, conventional electric cooling, ice
storage, and water storage. The proposed decision
support system conducted empirical calculations and
established value coefficients corresponding to the
above three cooling modes of 0.8262, 1.0049, and
1.2442, respectively. This indicates that a final choice of
water storage would be the most scientifically rea-
sonable. The case study served to verify the effec-
tiveness of the proposed model. This research provides
a way of improving upon existing functional evalua-
tion index systems for building cold source systems,
thus offering a solid basis for the technical and eco-
nomic evaluation of similar future schemes.

(2) The selected water storage cooling mode offers good
technical and economic performance as a cold
source supply for the air-conditioning system in the
new airport terminal. In particular, its adoption
would ensure significant energy savings. Thus, the
proposed decision support system has the prospect
of playing an exemplary role in the design and
construction of energy systems in other large
structures and buildings, thereby helping to meet the
ongoing need for more effective energy conservation
and emissions reduction.

Despite the effectiveness of our proposed method, the
key to its success is the application of VE. The ANP model
established in the functional analysis described here does not
consider all possible factors and unpredictable changes.
Moreover, the data in the judgment matrix is at least partly
determined by subjective factors. This means that the final
result that combines all of the relevant information may
deviate from reality. In view of these shortcomings, a
feedback loop could be added to the model, so that un-
satisfactory evaluation factors can be fed back into the
evaluation and revised, making the ANP model a more
effective evaluation tool.

Furthermore, this study is largely based on the energy
supply for a single airport and considers only the cooling
system, not the heating system. As it lacks an overall con-
sideration of the airport’s cold and heat sources, the ap-
proach is not yet sufficiently comprehensive. Future research
needs to cover the heating mode as well, so that it is further
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adapted to meeting the needs of green energy supply, energy
conservation, and emissions reduction [34, 35].
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