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Appropriate technology aims to achieve the optimal comprehensive benefits. The
improvement of comprehensive benefits depends on the betterment of every benefit and
the overall balance between benefits. Through value engineering evaluation, this paper
transforms qualitative method into a quantitative method, and uses the new method to
compare the comprehensive benefits of technical schemes for energy saving of external
envelope of residential buildings, laying the basis for improving technical schemes.
Multiple functional indices were determined, and organized into a hierarchical structure.
The relative weight of each index was calculated through analytic hierarchy process
(AHP). Drawing on the principle of value engineering, function coefficient, cost
coefficient, and value coefficient were calculated for examples, and subjected to empirical
comparison and analysis. After that, the technical schemes were contrasted, analyzed, and
improved, according to the numerical value of the value coefficient. The proposed
evaluation system provides a theoretical guide for making investment decisions on energy-

saving residential buildings, and avoiding blind investment.

1. INTRODUCTION

By 2040, the global consumption of primary energy is
expected to be 32% higher than that in 2017 [1]. In China,
buildings alone consume more than 20% of the total energy
utilized in the country [2].

Energy-saving buildings have long been a hot topic among
various parties [3-5]. The public sector mainly eyes how to
realize energy goals, and ensure the energy-efficiency of
incentives, risk guarantees, and regulations [6]. Meanwhile,
ordinary citizens are concerned with sharing the information
about retrofitting benefits, consulting access, initial
investment cost, and financial support [7, 8]. As for the private
sector, the most interesting issues are financial profits, risk
guarantees, and payback time [9].

In the design circle, the research of building energy-saving
mostly stops at the technology level, with the aim to improve
the energy efficiency of buildings through technology
application. The thermal performance of envelopes is a key
impactor of building energy consumption [10-12]. Buildings
will consume much fewer energy, if their envelopes have a
better thermal performance [13, 14]. In the external envelope
of residential buildings, the energy-saving insulation system
relies primarily on the outer wall to save energy [15-17]. The
outer wall insulation can effectively reduce the air-
conditioning load caused by the heat transfer of building walls
[18-21]. The type and thickness of insulation material directly
bear on the energy-saving effect and economic benefit. Hence,
outer wall insulation is an important measure for building
energy-saving [22-32].

The relevant studies by governments and enterprises
attempt to encourage the development of high and new
technology, overlooking the energy and resources consumed
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by energy-saving materials and equipment. Neither have they
paid sufficient attention to economic foundation, production
and transport of energy-saving materials, or the environmental
impact of such materials. To solve the problem, it is necessary
to implement appropriate technology, which aims to achieve
the optimal comprehensive benefits, involving technical
benefit, economic benefit, and environmental benefit.

With the introduction of the relevant national policies,
codes, and standards, energy-saving residential buildings
boast broad market prospects. However, there is no systematic
research into the evaluation of composite benefits for the
energy-saving insulation system of the external envelope of
residential buildings. On the one hand, the comprehensive
benefits of different combinations of insulation structures are
not compared systematically, under the same energy-saving
standard. On the other hand, different regions have different
economic carrying capacities, facing the current national
situation; it remains unclear which energy-saving rate leads to
the optimal comprehensive benefits. The previous research of
building energy-saving focuses on the energy-saving design of
buildings, application of energy-saving products, and
implementation of energy-saving techniques. Nevertheless,
very few scholars have studied the economy and
appropriateness for the application of energy-saving
techniques [33].

As an applied management technology, value engineering
is often applied to building design to discover, analyze, and
solve contradictions [34-37]. When it comes to the energy-
saving optimization design for the external envelope
insulation system of residential buildings, the principle of
value engineering helps to disclose the relationship between
the functions and cost of the external envelope insulation
system, identify the key nodes that affect the system cost


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.390610&domain=pdf

effectiveness, find the most cost effective combination of
insulation techniques, and thereby optimize the design, control
the overall cost, and improve the cost effectiveness (value) of
the project. Therefore, the relationship between technology
and economy should be handled correctly: the reasonable
technical requirements must not be overlooked for the sake of
cost control, or the project will not meet the functional needs;
neither is it acceptable to emphasize technology over economy,
which results in too futuristic design, and insufficient use or
waste of resources [38-41].

Taking the value engineering theory as an evaluation tool,
this paper combines building technology, building economy,
and building eco-environment, and makes a comprehensive
analysis of the appropriate energy-saving techniques for the
external envelope structure of energy-saving residential
buildings in hot summer cold winter regions. The
appropriateness of energy-saving techniques was evaluated
systematically on a broad front. The relevant results enrich the
domestic theories on energy-saving technology and economy,
and guide the practice of building designers. The main
research contents are as follows:

(1) Determine functional indices, and compile them into a
hierarchical structure.

(2) Construct a judgement matrix.

(3) Compute the relative weight of each functional index
through analytic hierarchy process (AHP).

(4) Drawing on the principle of value engineering,
empirically compare and analyze function coefficient, cost
coefficient, and value coefficient of examples, and contrast,
analyze, and improve the technical schemes according to the
numerical value of the value coefficient.

2. DETERMINATION OF FUNCTIONAL INDICES
2.1 Index weighting

According to the features of functional value evaluation for
residential communities, and the strengths/weaknesses and
applicable scopes of the relevant methods, this paper chooses
the AHP to determine the weight of each functional index, and
establishes a hierarchical structure for the appropriate
technology evaluation of the external envelope insulation
system of residential buildings:

(1) Goal layer

From the previous analysis on the relevant concepts,
appropriate technology pursues the optimal comprehensive
benefits. To examine the comprehensive benefits of the
energy-saving techniques for the envelope structure, it is
necessary to establish a hierarchical analysis structure.

(2) Criterion layer

The appropriate technology was examined
comprehensively from three aspects: technology, economy,
and ecology. Referring to Performance Evaluation Method
and Index System for Commercial Residential Buildings and
Todd and Simpson’s research [42], the key properties of
residential buildings were defined as applicability, safety,
durability, economy, and ecology. As physical manifestations
of the essential attributes, these properties basically cover all
the functions of residential buildings. Hence, this paper
defines the criteria under the goal of comprehensive benefits
of appropriate techniques as applicability, safety, durability,
economy, and ecology.

(3) Alternative layer
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The applicability criterion consists of the following
alternatives: heat preservation and insulation, lighting and
ventilation, compressive strength, water absorption, and
soundproof performance. The safety criterion consists of the
following alternatives: structural safety, flame retardancy,
construction safety, toxic and harmful substance emissions,
and health hazard. The durability criterion consists of the
following alternatives: material service life, material corrosion
resistance, waterproof and leakproof, and air permeability. The
economy criterion consists of the following alternatives: cost-
effectiveness, industrialization level, construction
convenience, construction period, construction controllability,
and technical maturity and innovation. The ecology criterion
consists of the following alternatives: physical-chemical
energy, renewable material utilization, locality, ecological
destruction, and waste recycling.

In this way, the authors established the hierarchy of
evaluation indices for the appropriate techniques of the
energy-saving insulation system of the external envelope of
residential buildings (Figure 1), and assigned a code for each
evaluation index (Table 1).
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Figure 1. Hierarchy of evaluation indices



Table 1. Codes of evaluation indices

Goal A Criterion B Alternative C
Code Index Code Index Code Index
0101 Heat preservgtlon and
insulation
. colpp ~ Lighting and
BO1 Applicabilit ventilation
y C0103 Soundproof
performance
C0104 Compressive strength
C0105  Water absorption
C0201  Structural safety
C0202  Flame retardancy
B02  Safety C0203 Consfructwn safety
Toxic and harmful
C0204 .
substance emissions
C0205 Health hazard
C0301 Material service life
Technology €0302 Matirel':ilstcaglrégslon
AO01 appropriate B03  Durability Waterproof and
C0303
ness leakproof
C0304  Air permeability
C0401 Cost-effectiveness
C0402 Industrialization level
C0403 Constmctlon
convenience
B04 Economy C0404 Construction period
Construction
0405 controllability
C0406 Techm.cal mat.urlty and
mnovation
C0501 Physical-chemical
energy
C0502 Renewable material
BOS Ecology 503 Locality

C0504 Ecological destruction
C0505  Waste recycling

2.2 Judgement matrix

2.2.1 Questionnaire design

The relative importance of each criterion and alternative in
Figure 1 was evaluated against a 9-point scale (Table 2). For
indices on the same level, a pairwise comparison of
importance was carried out to produce a judgement matrix,
which records the importance of each index on the current
layer relative to an index on the superior layer.

Table 2. Saaty’s 9-point scale

Definition (comparison between factors i and j)
1 Equal relative importance

3 Moderately more important
5 Strongly more important
7 Very strongly more important
9 Extremely more important
2,4,6,8 Intermediate values of importance
The scale value of comparing factor i with factor j
Reciprocal is the reciprocal of that of comparing factor j with

factor 1.

2.2.2 Evaluation objects

This paper attempts to evaluate the technical functions of
the energy-saving insulation system for the external envelope
of residential buildings. Therefore, the scientific weight of
each function was obtained by consulting architects. No
weight was assigned to each architect.
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2.2.3 Questionnaire sorting

Nine building designers were selected from design
companies. They were asked to fill out the prepared
questionnaire about the weights of technical appropriateness
functions for the energy-saving insulation system for the
external envelope of residential buildings. A total of 8 replies
(89%) were recovered.

2.3 Weight determination and consistency test
2.3.1 Index weights and consistency test
Table 3 shows the judgement matrix, index weights, and

consistency ratio (CR).

Table 3. Judgement matrix, index weights, and CRs

Index B01 B02 B03 B04 B05  Weight Wi
BO1 1 6 8 3 5 0.498
B02 1/6 1 2 1/4 173 0.067
B03 1/8 172 1 1/5 1/7 0.040
B04 1/3 4 5 1 172 0.181
B05 1/5 3 7 2 1 0.215

Amax=5.295 CI=0.073 RI=1.12 CR=0.065
Note: CI and RI are short for consistency index and randomized index,
respectively. The same below.

(1) Each element of judgement matrix B=[b;]5x5 is
normalized. The general term of the element can be expressed

as: b = b/¥j-1b (i, j=1,2...5). Thus, we have:
ij ij ij

0.548 0.414 0.348 0.465 0.716
0.091 0.068 0.087 0.039 0.048
0.068 0.035 0.044 0.031 0.021
0.183 0.276 0.217 0.155 0.072
0.110 0.207 0.304 0.310 0.143

(2) After normalizing each column, the judgement matrices
are added up: W=Z;‘=1b_ (i=1, 2...5). Thus, we have:
i ij

W=(2.491, 0.333, 0.199, 0.903, 1.074)T.
L

(3) Vector W is normalized to obtain weight Wi={0.498,
L

0.067, 0.040, 0.181, 0.215} in Table 3: Wi={0.498, 0.067,
0.040, 0.181, 0.215}.
(4) Maximum characteristic root

(BW)

nw,

A=

We have Amax=5.295.
Since CI = %, we have CI=0.073. By looking up the

table, we have RI=1.12. Therefore, CR=0.065<0.1. Hence, the
judgement matrix has satisfactory consistency.

2.3.2 Weight of BO1 and consistency test

Table 4. Judgement matrix, index weights, and CRs of BO1

B01 indices C0101 C0102 C0103 C0104 C0105 Weight Wi

C0101 1 3 7 8 6 0.520
C0102 1/3 1 4 5 4 0.253
C0103 1/7 1/4 1 1/2 2 0.073
C0104 1/8 1/5 2 1 3 0.101
C0105 1/6 1/4 12 173 1 0.053

Amax=5.320 CI=0.080 RI=1.12 CR=0.071




Table 4 shows the judgement matrix of index BO1 and the
corresponding weight and CR.

(1) The elements in each column of judgement matrix
B=[b;]5%5 are normalized. The general term of the element

can be expressed as: b = b/ Xi=1b (i, j=1, 2...5). Thus, we
ij ij ij

have:
0.565 0.638 0.483 0.539 0.374
0.189 0.213 0.276 0.337 0.25
0.081 0.053 0.069 0.035 0.125
0.071 0.043 0.138 0.067 0.188
0.094 0.053 0.034 0.022 0.063

(2) After normalizing each column, the judgement matrices
are added up: W = Yi=1b (=1, 2...5). Thus,
i ij
W=(2.599, 1.265, 0.363, 0.507, 0.266)T.
L
(3) Vector W is normalized to obtain weights: Wi={0.498,
2

0.067, 0.040, 0.181, 0.215}.
(4) Maximum characteristic root

we have:

5 (BW),
ﬂfmax =Z(HW)|

i=1
We have kmax—S 320
Since CI = , we have CI=0.080. By looking up the

n—
table, we have RI= 1 12. Therefore, CR=0.071<0.1. Hence, the
judgement matrix has satisfactory consistency.

2.3.3 Weight of B02 and consistency test
Table 5 shows the judgement matrix of index B02 and the
corresponding weight and CR.

Table 5. Judgement matrix, index weights, and CRs of B02

B02 indices C0201 C0202 C0203 C0204 C0205 Weight Wi

C0201 1 1/4 2 2 172 0.136
C0202 4 1 5 5 3 0.484
C0203 172 1/5 1 1 173 0.079
C0204 172 1/5 1 1 173 0.079
C0205 2 1/3 3 3 1 0.222

Amax=5.059 CI=0.015 RI=1.12 CR=0.013

(1) The elements in each column of judgement matrix
B=[b;]5%5 are normalized. The general term of the element

can be expressed as: b = b/ Xi=1b (i, j=1, 2...5). Thus, we
ij ij ij

have:

0.125 0.126 0.167 0.167 0.097
0.5 0.504 0.417 0.417 0.581
0.0625 0.101 0.083 0.083 0.064
0.0625 0.101 0.083 0.083 0.064
0.25 0.168 0.25 0.25 0.194

(2) After normalizing each column, the judgement matrices
are added up: W = Z7=1E (i=1, 2...5). Thus, we have:
i ij
W=(0.682, 2.419, 0.394, 0.394, 1.112)T.
13
(3) Vector W is normalized to obtain weights: Wi={0.136,
13

0.484, 0.079, 0.079, 0.222}.
(4) Maximum characteristic root
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BW
;( )i

We have Kmax—S 059
Since CI = , we have CI=0.015. By looking up the

table, we have RI 1 12. Therefore, CR=0.013<0.1. Hence, the
judgement matrix has satisfactory consistency.

2.3.4 Weight of B03 and consistency test
Table 6 shows the judgement matrix of index B03 and the
corresponding weight and CR.

Table 6. Judgement matrix, index weights, and CRs of B03

B03 indices C0301 C0302 C0303 C0304 Weight Wi

C0301 1 6 5 6 0.642
C0302 1/6 1 172 1 0.095
C0303 1/5 2 1 2 0.168
C0304 1/6 1 172 1 0.095

Amax=4.033 CI=0.011 RI=0. 90 CR=0.012

(1) The elements in each column of judgement matrix
B=[b;]5%5 are normalized. The general term of the element

can be expressed as: b = b/ Yi=1b (i, j=1, 2...4). Thus, we
y ooy ij

have:
0.652 0.6 0.714 0.6
0.109 0.1 0.071 0.1
0.130 0.2 0.144 0.2
0.109 0.1 0.071 0.1

(2) After normalizing each column, the judgement matrices
are added up: W = Xi=1b (i=1, 2...4). Thus, we have:
i ij

W=(2.566, 0.38, 0.674, 0.38)T.
L

(3) Vector W is normalized to obtain weights: Wi={0.642,
L

0.095, 0.168, 0.095}.
(4) Maximum characteristic root

BW
;( )i

We have kmax—4 033
Since CI = , we have CI=0.011. By looking up the

table, we have RI O 90. Therefore, CR=0.012<0.1. Hence, the
judgement matrix has satisfactory consistency.

2.3.5 Weight of B04 and consistency test
Table 7 shows the judgement matrix of index B04 and the
corresponding weight and CR.

Table 7. Judgement matrix, index weights, and CRs of B04

B04 indices C0401 C0402 C0403 C0404 C0405 C0406 Weight Wi

C0401 1 4 7 7 4 6 0.469
C0402 1/4 1 4 3 1 3 0.172
C0403 177 1/4 1 1 /4 172 0.049
C0404 /7 173 1 1 173 172 0.052
C0405 1/4 1 4 3 1 173 0.132
C0406 176 173 2 2 3 1 0.126

Amax=6.539 CI=0.1 RI=1.24 CR=0.087




(1) The elements in each column of judgement matrix
B=[b;]5%5 are normalized. The general term of the element

can be expressed as: b = b/ 2i=1b (i, j=1, 2...6). Thus, we
ij ij ij

have:
0.512 0578 0.367 0.412 0.417 0.469
0.128 0.145 0.211 0.176 0.104 0.172
0.073 0.036 0.053 0.059 0.027 0.049
0.073 0.048 0.053 0.059 0.035 0.052
0.128 0.145 0.211 0.176 0.104 0.132
0.086 0.048 0.105 0.118 0.313 0.126

(2) After normalizing each column, the judgement matrices
are added up: W = Yi=1b (i=1, 2...6). Thus, we have:
i ij

W=(2.815, 1.03, 0.292, 0.312, 0.793, 0.758)T.
14

(3) Vector W is normalized to obtain weights: Wi={0.469,
L

0.172, 0.049, 0.052, 0.132, 0.126}.
(4) Maximum characteristic root

5 (BW),
ﬂfmax :Z(nW)|

We have kmax—6 539
Since CI = , we have CI=0.100. By looking up the

n—
table, we have RI= 1 24, Therefore, CR=0.087<0.1. Hence, the
judgement matrix has satisfactory consistency.

2.3.6 Weight of BO5 and consistency test
Table 8 shows the judgement matrix of index B05 and the
corresponding weight and CR.

Table 8. Judgement matrix, index weights, and CRs of B05

BO0S indicesC0501C0502C0503C0504C0505Weight Wi
C0501 1 1 1/3 1 172 0.120
C0502 1 1 1/3 1 172 0.120
C0503 3 3 1 3 4 0.437
C0504 1 1 1/3 1 172 0.120
C0505 2 2 1/4 2 1 0.203

Amax=4.12 CI=0.04 RI=0.9 CR=0.044

(1) The elements in each column of judgement matrix
B=[b;]5%5 are normalized. The general term of the element

can be expressed as: b = b/Z 1b (4, j=1, 2...5). Thus, we

have:
0.125 0.125 0.148 0.125 0.077
0.125 0.125 0.148 0.125 0.077
0.375 0.375 0.444 0375 0.615
0.125 0.125 0.148 0.125 0.077
0.250 0.250 0.112 0.250 0.154

(2) After normalizing each column, the judgement matrices
are added up: W=Z§-l=1b (i=1, 2...5). Thus, we have:
i ij

W=(0.600, 0.600, 2.184, 0.600, 1.016)T.
i

(3) Vector W is normalized to obtain weights: Wi={0.120,
i

0.120, 0.437, 0.120, 0.203}.
(4) Maximum characteristic root

BW
21:( )i

We have Amax=4.12.
Since CI = M we have CI=0.04. By looking up the

table, we haveRI 0 90. Therefore, CR=0.044<0.1. Hence, the
judgement matrix has satisfactory consistency.

3. CASE ANALYSIS
3.1 Project background and relevant parameters

The above evaluation method was adopted to analyze four
insulation schemes of residential buildings, denoted as A-D in
turn. Figure 2 shows the floor plan of the residential building,
and Tables 9 and 10 show the overview of the engineering
project.

(1) Scheme A

Table 11 shows the energy-saving insulation system of the
envelope structure in scheme A. Table 12 reports the designed
energy-saving rate of the building.

(2) Scheme B

Table 13 shows the energy-saving insulation system of the
envelope structure in scheme B. Table 14 reports the designed
energy-saving rate of the building.

(3) Scheme C

Table 15 shows the energy-saving insulation system of the
envelope structure in scheme C. Table 16 reports the designed
energy-saving rate of the building.

(4) Scheme D

Table 17 shows the energy-saving insulation system of the
envelope structure in scheme D. Table 18 reports the designed
energy-saving rate of the building.

Figure 2. Floor plan of residential building 20#

Table 9. Project overview

Project name

Residential buildings 16# and 17# of a residential community in

Project location Chuzhou, Anhui Province,

Chuzhou, Anhui Province, China China
Construction . 5
company A property development company in Chuzhou Floor area (A0) 3528 m
Building shape Strip shape Shape 0.31 Surface area 3313.06 m?
coefficient ’ '
Number of floors 6 Building ¢ 50y~ Building 10140.96 m?
height volume




Table 10. Surface area of envelope components

Type of structure  Walls  Columns Beams External windows and doors  Roof

Area (m?) 1280.62  205.77  294.77 555.57 553.32

Table 11. Energy-saving insulation system of the envelope structure

Wall

Flat roof

Floor slab
Doors
Windows
Thermal bridge
columns and beams

Alkali resistant broken fiber gridding cloth, anti-crack mortar (5 mm)-rubber powder polystyrene particle insulation
mortar (20 mm)-240 mm porous clay brick-composite mortar 20 mm
Blocks-coarse sand cushion (25 mm)-polymer modified asphalt waterproofing membrane (4 mm)-cement mortar 1 (20

mm)-extruded polystyrene board (20 mm)-light-weight aggregate concrete (30 mm)-reinforced concrete (100 mm)

Cement mortar floor, raised floor slab with natural ventilation at bottom
Energy-saving external door
Insulated aluminum alloy hollow glass window, with a heat transfer coefficient of 2.8 W/(m?-K)

Alkali resistant broken fiber gridding cloth, anti-crack mortar (5 mm)-rubber powder polystyrene particle insulation

mortar (20 mm)-reinforced concrete (240 mm)-composite mortar 20 mm

Table 12. Designed building energy-saving rate

Calculated result Designed building  Reference building  Energy-saving rate

Annual power consumption (kWh/m?)

46.38 48.63 52.31%

Table 13. Energy-saving insulation system of the envelope structure

Alkali resistant broken fiber gridding cloth, anti-crack mortar (5 mm)-polystyrene board (30 mm)-240 mm porous clay

Wall brick-composite mortar 20 mm
Flat roof Blocks-coarse sand cushion (25 mm)-polymer modified asphalt waterproofing membrane (4 mm)-cement mortar 1 (20
mm)-extruded polystyrene board (30 mm)-light-weight aggregate concrete (30 mm)-reinforced concrete (100 mm)
Floor slab Cement mortar floor, raised floor slab with natural ventilation at bottom
Doors Energy-saving external door
Windows Plastic steel single frame ordinary hollow glass window, with a heat transfer coefficient of 2.5 W/(m?-K)
Thermal bridge Alkali resistant broken fiber gridding cloth, anti-crack mortar (5 mm)-rubber powder polystyrene particle insulation

columns and beams

mortar (30 mm)-reinforced concrete (240 mm)-composite mortar 20 mm

Table 14. Designed building energy-saving rate

Calculated result Designed building Reference building Energy-saving rate

Annual power consumption (kWh/m?)

42.53 48.63 56.3%

Table 15. Energy-saving insulation system of the envelope structure

Alkali resistant broken fiber gridding cloth, anti-crack mortar (5 mm)-240 mm autoclaved lightweight aerated concrete-

Wall .
composite mortar 20 mm
Flat roof Blocks-coarse sand cushion (25 mm)-polymer modified asphalt waterproofing membrane (4 mm)-cement mortar 1 (20
mm)-extruded polystyrene board (30 mm)-light-weight aggregate concrete (30 mm)-reinforced concrete (100 mm)
Floor slab Cement mortar floor, raised floor slab with natural ventilation at bottom
Doors Energy-saving external door
Windows Plastic steel single frame ordinary hollow glass window, with a heat transfer coefficient of 2.5 W/(m?-K)
Thermal bridge Alkali resistant broken fiber gridding cloth, anti-crack mortar (5 mm)-rubber powder polystyrene particle insulation

columns and beams

mortar (30 mm)-reinforced concrete (240 mm)-composite mortar 20 mm

Table 16. Designed building energy-saving rate

Calculated result Designed building Reference building Energy-saving rate

Annual power consumption (kWh/m?)

42.2 48.63 56.6%

Table 17. Energy-saving insulation system of the envelope structure

Alkali resistant broken fiber gridding cloth, anti-crack mortar (5 mm)-rigid foam polyurethane board (50 mm)-240 mm

Wall porous clay brick-composite mortar 20 mm
Flat roof Blocks-coarse sand cushion (25 mm)-polymer modified asphalt waterproofing membrane (4 mm)-cement mortar 1 (20
mm)-extruded polystyrene board (50 mm)-light-weight aggregate concrete (30 mm)-reinforced concrete (100 mm)
Floor slab Cement mortar floor, raised floor slab with natural ventilation at bottom
Doors Energy-saving external door
Windows Plastic steel single frame low radiation hollow glass window, with a heat transfer coefficient of 1.8 W/(m?-K)
Thermal bridge Alkali resistant broken fiber gridding cloth, anti-crack mortar (5 mm)-rigid foam polyurethane board (50 mm)-

columns and beams

reinforced concrete (240 mm)-composite mortar 20 mm
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Table 18. Designed building energy-saving rate

Calculated result

Designed building Reference building Energy-saving rate

Annual power consumption (kWh/m?)

34.91

48.63 64.1%

4. VALUE ANALYSIS
4.1 Index comparison

(1) Applicability

According to the matrix of index weights in Table 4, the
applicability indices are ranked in descending order of weight
as heat preservation and insulation, lighting and ventilation,
compressive strength, soundproof performance, and water
absorption. As a basic attribute of energy-saving insulation
system, heat preservation and insulation has a much greater
weigh than the other indices. Thus, the performance of heat
preservation and insulation is the main indicator of scheme
appropriateness. In terms of energy-saving rate, Scheme D had
an energy-saving rate of 64.1%, achieving the best heat
preservation and insulation performance. Schemes B and C
were comparable in heat preservation and insulation. Both
achieved an energy-saving rate of 56%. Scheme A performed
the worst in this respect.

In terms of lighting and ventilation, Scheme D was not as
good as the other schemes, because the low radiation LOW-E
glass window cannot be open for a long time. The soundproof
performance should be considered comprehensively in the
light of wall insulation material and door/window material.
Schemes B and D had an obvious advantage in soundproof
performance than Schemes A and C. The reason is that both
adopt composite insulation of board walls, and use plastic steel
and low radiation hollow glasses.

The compressive strength and water absorption are mainly
dependent on the attributes of wall insulation material in the
energy-saving insulation system. Compressive strength
directly reflects the material strength, and the resistance of
material to external damage. Among the wall insulation
materials, the insulation material of the aerated concrete wall
boasts the highest compressive strength, while that of
polystyrene foam plastic board has the lowest compressive
strength. Thus, the latter is not suitable for positions that are
often accessed by humans.

Water absorption is also determined by the attributes of wall
insulation material. The value of the index is negatively
correlated with material insulation capacity. The stronger the
water absorption, the higher the heat transfer coefficient, and
the lower the energy-saving rate. The water absorption
performance was measured by the modified thermal
conductivity coefficient. The larger the coefficient, the
stronger the water absorption of the material in the
environment. The modified coefficient of each material was
looked up in Standard for Energy-Saving Design of
Residential Buildings in Anhui Province. The aerated concrete
wall has the highest modified coefficient, and thus the largest
water absorption, followed by rigid foam polyurethane board,
polystyrene board, and rubber powder polystyrene particles.

(2) Safety

Recently, the combustion of insulation materials has
induced frequent building fires across China. In consequence,
the flame retardancy of the insulation system is given high
priority. According to the matrix of index weights in Table 5,
the safety indices are ranked in descending order of weight as
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flame retardancy, health hazard, structural safety, construction
safety, and toxic and harmful substance emissions. As
discussed in the previous sections, Scheme C had an obvious
advantage in safety, because it uses self-insulating material in
most walls, while the other schemes differed slightly in safety.

(3) Durability

According to the matrix of index weights in Table 6,
material service life is the most important durability index. If
the material service life is inconsistent with the lifecycle of the
building, the material needs to be removed before the building
reaches its age limit, resulting in lots of white waste. The
ensuing retrofitting cost and project are another thorny issue.
Scheme C had an obvious advantage in durability, because its
energy-saving insulation system has the same service life as
the building.

(4) Economy

According to the matrix of index weights in Table 7, the
economy indices are ranked in descending order of weight as
cost-effectiveness, industrialization level, construction period,
construction convenience, construction controllability, and
technical maturity and innovation. For doors and windows, as
mentioned in Section 4, plastic steel hollow glass window is
the most cost effective choice, without sacrificing the beauty
of the fagcade. For wall insulation, the self-insulating material
of walls is economic, and technically feasible, capable of
realizing a high energy-saving rate. As a result, Scheme C
boasts the highest cost effectiveness, followed in turn by
Scheme B. Despite having the highest energy-saving rate,
Scheme D had the lowest cost effectiveness, due to the high
cost-input ratio of its energy-saving insulation system. The
other economic indies are related to the construction process
of the energy-saving insulation system. Scheme C enjoys high
construction convenience and construction controllability,
which are brought by relatively high industrialization level.
The high industrialization level also helps greatly shorten the
construction period. Besides, the high technical maturity and
innovation significantly reduces the payback period. That is
why Scheme C is the optimal choice in all respects. Scheme A
was slightly better than Schemes B and D. The reason is that
the composite insulation of board walls in Schemes B and D,
plus the LOW-E low radiation window of Scheme D, require
sophisticated construction skills.

(5) Ecology

According to the matrix of index weights in Table 8, the
ecology indices are ranked in descending order of weight as
locality, waste recycling, physical-chemical energy, renewable
material, and ecological destruction. Schemes A, B, and D
were outshined in all respects by Scheme C, for the composite
wall insulation material is poorer than the self-insulating
material. In terms of energy-saving windows, aluminum alloy
window is slightly better than plastic steel window in ecology.
Overall, Scheme C had an obvious advantage in ecology.

4.2 Functional coefficients of different schemes
The scores of each scheme are listed in Table 19.

The weighted functional scores of the four schemes are
listed in Table 20.



Table 19. Codes of evaluation index system

Goal ACriterion BAlternative C
Code CodeWeight Code Weight

C0101 0.520
C0102 0.253
BO01 0.498 C0103 0.073
C0104 0.101
C0105 0.053
C0201 0.136
C0202 0.484
B02 0.067 C0203 0.079
C0204 0.079
C0205 0.222
C0301 0.642
C0302 0.095
B03 0.040 C0303 0.168
C0304 0.095
C0401 0.469
C0402 0.172
C0403 0.049
C0404 0.052
C0405 0.132
C0406 0.126
C0501 0.120
C0502 0.120
B05 0.215 C0503 0.437
C0504 0.120
C0505 0.203
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Table 20. Weighted functional scores of the four schemes

ApplicabilitySafetyDurabilityEconomyEcology Total

Scheme A 3.628 0.513  0.269 1.309 1.316 7.035
Scheme B 3.881 0449  0.28 1.361 1.492 7.463
Scheme C  3.998 0.578 0.284 1.575 1.626 8.061
Scheme D 4.103 0.449 0.338 1.192  1.479 7.561

The results show that FC>FD>FB>FA. Figure 3

compares top-rated Scheme C with the lowest-rated Scheme
A.

Applicability

Economy

Durability

Figure 3. Comparison of criterion scores of the four schemes

The score of Scheme A can be calculated by:

B Weighted functional score of scheme A
~ Weighted total functional score of the four schemes
_ 7.035 _0
7.035+7.463+8.061+7.561

234
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Similarly, it can be obtained that FB=0.248, FC=0.268, and
FD=0.251.

4.3 Cost coefficients

The cost per unit of floor area was calculated for each
scheme. The energy-saving insulation cost per square meters
of Scheme A was 123.351 yuan, that of Scheme B was 104.947
yuan, that of Scheme C was 107.923 yuan, and that of Scheme
D was 182.274 yuan. The cost coefficient CA of Scheme A can
be calculated by:

_ Cost of Scheme A
" Total cost of all schemes
_ 123.351
T 123.351+104.947 +107.923+182.274

=0.238

Similarly, it can be obtained that CB =0.202, CC=0.208, and
CD=0.352.

4.4 Value coefficients

If value coefficient V is equal to 1, then the selected energy-
saving insulation system is basically appropriate.

If value coefficient V is greater than 1, then the selected
energy-saving insulation system is highly appropriate, and
should be preferred.

If value coefficient V is smaller than 1, then the selected
energy-saving insulation system is inappropriate, and should
be modified.

The value coefficient VA of Scheme A can be calculated by:

A FA_0234
" CA 0238

0.983

Similarly, it can be obtained that VB=1.227, VC=1.288, and
VD=0.713.

The value coefficients of Schemes B and C were both
greater than 1, indicating that the energy-saving rate was
around 56%. It is appropriate to choose the two schemes for
energy-saving insulation of the external envelope structure.
Since VC>VB, VC is the most appropriate scheme. The value
coefficient of Scheme A was close to 1, indicating that the
scheme is not very appropriate, and should be modified. The
value coefficient of Scheme D was smaller than 1, indicating
that the energy-saving rate was around 65%. It is inappropriate
to adopt this energy-saving insulation system for the external
envelope structure. This means the appropriateness of energy-
saving insulation system cannot be evaluated scientifically
based on technical indices alone. The quality of a scheme must
be judged through overall consideration of various aspects.

4.5 Improvement suggestions

Admittedly, Scheme A is superior in safety, durability,
economy, and ecology, and low in cost input. But the energy-
saving standard of the scheme is low. The defects of Scheme
A concentrate in applicability. That is why the value
coefficient of Scheme A is below 1. As long as the economic
cost is tolerable, the functional level must be improved as
much as possible. For Scheme A, the most important link of
choosing technical solutions is to improve the technology of
the energy-saving insulation system, and increase the energy-
saving rate. Due to the pursuit of an energy-saving rate as high



as 65%, Scheme D has a high cost coefficient, and relatively
low scores of some economic indices. In addition, this scheme
merely increases the thickness of the insulation material of the
external envelope structure. This practice lowers its durability,
safety, and ecology performance. Hence, the value coefficient
of Scheme D is smaller than 1, despite its significant advantage
in applicability. To increase its value coefficient, the first step
is to adjust the scheme by reducing the shape coefficient of the
residential building. The walls could be supported with double

layer insulation: composite wall insulation plus self-insulation.

Since the external windows have reached the limit of
insulation performance, some movable external shading

devices could be added to enhance the comprehensive benefits.

Furthermore, the parameters for the energy-saving calculation
of the scheme were selected according to the provisions of
Design standard for energy efficiency of residential buildings
in hot summer and cold winter zone: the rated energy
efficiency ratio of air-conditioning = 2.3; the energy efficiency
ratio of heating = 1.9. If the former parameter is properly
increased, the heat transfer coefficient will be lowered for the
same energy-saving insulation system, according to the
analysis on the relationship between heat transfer coefficient
and energy consumption of the envelope structure. Then, the
energy-saving rate will be properly increased, and the cost will
be reduced. This is a feasible way to increase the value
coefficient.

5. CONCLUSIONS

The energy-saving techniques for the external envelope
structure of residential buildings form a highly diverse system.
In practice, the appropriate technology applications manifest
as the composite utilization of existing techniques, including
the debugging, combined use, and innovation of these
techniques. The goal is to improve the overall benefits. This
paper tries to make a comprehensive evaluation of the energy-
saving insulation system for the envelope structure of
residential buildings. Firstly, the components and layers of the
envelope structure were evaluated. On this basis, the value
engineering principle was adopted to predict, analyze, and
assess the technology, economy, and ecology of energy-saving
schemes of residential buildings, trying to optimize the
energy-saving performance of such buildings. The technical
schemes were rated by comprehensive benefits, providing the
basis for scheme selection. In addition, the comprehensive
evaluation sheds light on technical improvement and reform.
For some technical schemes, the overall benefits are dragged
down by the imbalance between benefits of different criteria.
According to the weighting principle of indices, the aspects
with a high weight and a low score should be improved and
reformed, such as to enhance the overall technical benefits.
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