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ABSTRACT

Taking the lighting energy efficiency retrofit-
ting of a university library as a case study, this 
study aims to solve the existing problems in ener-
gy efficiency retrofitting in library lighting, such as 
one-sided consideration of factors, deviation from 
reality, and rebound of energy use. On the basis of 
illuminance suitability analysis, this study considers 
the technology and economy factors into the deci-
sion-making process and constructs a decision-mak-
ing system for realizing the energy saving goal of 
the system. Findings show that using the illumi-
nance suitability analysis data to determine the il-
luminance trigger threshold of energy saving light 
source and intelligent lighting system can guar-
antee the lighting energy saving rate and lighting 
visual environment, eliminate the “energy use re-
bound effect”, and achieve good technical and eco-
nomic results.

Keywords: intelligent lighting, energy effi-
ciency retrofitting, illuminance analysis, economic 
evaluation

1. INTRODUCTION

Building energy consumption accounts for ap-
proximately 40 % of total energy consumption, 
which makes the building the main target of ener-
gy efficiency retrofitting [1]. A primary means 
to reduce building energy consumption is ener-
gy efficiency retrofitting of existing buildings, 
the important part of which is the lighting ener-

gy efficiency retrofitting. The measured data from 
Tsinghua University show that lighting power con-
sumption accounts for (20–40)% of the total ener-
gy consumption of large public buildings [2]. Swed-
ish researchers found that the actual average annual 
energy consumption of lighting systems in office 
buildings was 21 kW∙h/m2, whereas theoretical cal-
culations and simulation experiments showed that 
the annual average energy consumption of light-
ing systems reached 10 kW∙h/m2, which could sati-
sfy the demand for office lighting, and the energy 
saving space was 50 % [3]. Particularly, the light-
ing energy consumption in a university library is 
higher than that of common public buildings, and 
reducing the lighting energy consumption of a uni-
versity library has obvious effect on building ener-
gy saving.

Many buildings only consider lowering the light-
ing power but neglect the change of illuminance 
value after retrofitting due to the lack of system-
atic consideration. Other studies have shown that 
users tend to exert minimal effort on energy sav-
ing and have an “energy use rebound” effect after 
energy efficiency retrofitting due to the reduction of 
energy consumption [4], which results in a decline 
in the effectiveness of energy efficiency retrofitting. 
Meanwhile, some schemes of lighting energy effi-
ciency retrofitting only focus on the high standard 
of lighting system but ignore the economic feasi-
bility, which results in the failure of the energy effi-
ciency retrofitting.

According to the above analysis, this study takes 
a university library as an example to optimize the 
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process of lighting energy efficiency retrofitting 
completely and achieve its overall goal

2. RELATED WORKS

Scholars at home and abroad have studied light-
ing energy conservation from theory and practice. 
In the development of lighting energy saving tech-
nology, some scholars have attempted to apply out-
door intelligent lighting control systems to green 
and intelligent buildings [5], use energy saving con-
trol sensors in changing the brightness of luminaires 
[6] and lighting system composed of multiple con-
trol devices [7], and apply remote traffic engineer-
ing modelling technology to lighting control sys-
tems [8].

In terms of illumination analysis, using intelli-
gent management system can maintain maximum 
visual comfort [9]; using energy saving glass to re-
duce reflection and astigmatism can save lighting 
energy consumption [10]; utilizing a hyperbolic 
lens can improve the uniformity of the illumina-
tion of light emitting diode (LED) light source [11]; 
and using of daylight reasonably can improve visual 
comfort [12].

In view of the energy use rebound effect, the de-
sign and test of ecological feedback system, simula-
tion of lighting consumption [13] and lighting feed-
back [14], deployment of new energy monitoring 
system, and investigation of new energy use beha-
viours [15] can adjust human energy use behaviour 
and improve lighting system for reducing energy 
consumption.

From the existing literature, most scholars at 
home and abroad lack a systematic and comprehen-
sive perspective by focusing on certain type of tech-
nology or a certain phenomenon to study the unila-
teral problems of lighting energy saving. However, 
the actual lighting energy efficiency retrofitting is 
a comprehensive system engineering that integrates 
technology, economy, and management. Moreo-
ver, the lack of analysis of key elements brings risks 
to project implementation. Therefore, this study 
comprehensively considers all elements of light-
ing energy efficiency retrofitting of university libra
ries and their relations starting from the engineering 
practice and formulates practical and feasible ret-
rofit schemes to address the shortcomings of previ-
ous studies.

3. DESIGN OF ENERGY SAVING 
SCHEME FOR LIGHTING

3.1. Research Ideas

The present work adopts the research method 
for combining practical test with theoretical ana-
lysis to design and verify the scheme of lighting 
energy efficiency retrofitting of a university library. 
First, an irradiance test is conducted to ensure that 
the illuminance of energy saving lamps after retro-
fitting is not lower than the original illumination le-
vel, and the amount of energy saving produced by 
luminaires replacement is analyzed. Second, the in-
telligent lighting system suitable for the university 
library is replaced by manual management to over-
come the energy use rebound effect while impro-
ving energy efficiency. Finally, the economic be-
nefits of lighting energy efficiency retrofitting are 
verified by calculating the dynamic investment pay-
back period.

3.2. Analysis of Illuminance Suitability

This study aims to solve the current problem that 
the lighting energy efficiency retrofitting only pays 
attention to the change of lighting power and ne-
glects the illumination suitability by analyzing the 
illuminance and power of energy saving luminaire 
via field test. The luminaire is selected as the light 
source after energy efficiency retrofitting to sati-
sfy the requirements of illuminance and amount of 
energy saving.

The analysis shows that the reading room and 
the stacks have the largest lighting area, and the 
reading room has the highest requirements for the 
illumination comfort. Therefore, this experiment 
selects the reading room to perform the illuminan-
ce test and analyzes the energy saving of changing 
the lighting equipment under the same illuminan-
ce. The uniformity ratio of the illuminance is then 
analyzed, and the fitting degree between the measu-
red and theoretical illuminance is compared to cor-
rect the value of correlation coefficient in the illu-
mination theory formula (1) as the basis for related 
calculations.

In theory, indoor illuminance is usually used 
as the evaluation index of illuminance suitability. 
On the basis of “utilization coefficient method” for 
indoor illumination analysis, the theoretical calcu-
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lation formula for the illuminance of the test point 
on the working surface is as follows:

( )
ti

U ME
A

φ × ×= , (1)

where Eti is the theoretical calculation value of the 
illumination of the test point i on the test face [lx], 
ϕ is the luminous flux parameter of luminaire it-
self [lm], U is the utilization factor, M is the main-
tenance factor, and A is the area of the illuminated 
surface in the room.

Formula (1) indicates that when the illuminance 
test is conducted, the influences of the parameters of 
the luminaire itself and the room environment fac-
tors on the indoor illuminance should be considered.

According to the testing requirements of illu-
minance in “Measurement methods for lighting” 
(GB/T 5700–2008), the central point method is used 
in this experiment to design the testing environment 
and arrange the measuring points. The field average 
illuminance measured by the centre point method is 
calculated as

a
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E
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where avE  is the average illuminance on the test sur-
face [lx], a

iE  is the measured illuminance of point 
i on the test surface [lx], M is the vertical number of 
distribution points, and N is the horizontal number 
of distribution points.

In the experiment, an illumination test platform 
with three horizontal and five vertical squares is 
constructed, and the test points are established at the 
centre of each square, as shown in Fig. 1. The dis-
tance between measured points is 1.2 m longitudi-
nally and laterally; the height of the test face from 

the ground is 0.75 m; and the distance from the lu-
minaires to the test face is 2.05 m. TES-1339 illu-
minance meter is used, and the test time selected is 
after 22:00 when the room is unaffected by other 
light sources.

All six types of lamp being used and the five 
types of LED lamp as alternative light sources are 
selected for grouping comparison test to select 
the new light source on the basis of the illumina-
tion suitability and energy saving rate. The lumi-
naire numbers, grouping, test comparison parame-
ters, and replacement results are shown in Table 1.

Table 1 indicates that when the illumination re-
quirements are satisfied, the LED series luminaires 
that replace the original luminaires as the ener-
gy-saving light source can save energy remarkably.

The test results are the average value of illumi-
nance of every single lamp in each point, and the 
uniformity ratio of illuminance of the test platform 
is reflected by the actual illumination distribution of 
each measuring point. The actual test data of T8 
LED are considered as the representative, formu-
la (1) is used for the theoretical calculation and si-
mulation, and the actual and calculated illuminan-
ce and their distribution of each T8 LED measured 
point are obtained (Fig. 2(a)). In addition, whether 
the entire illumination value, uniformity ratio of il-
luminance, and lighting power density (LPD) of the 
room with energy saving luminaires meet the re-
quirements must be tested and identified. Taking 
the first reading room as an example, the overall il-
lumination and LPD of the room before and after 
the retrofitting are compared. Theoretical calcula-
tions show that if the reading room’s lamp positions 
and its number remain unchanged, and each lamp 
position is replaced by three T8 LED tubes in pa-
rallel installations, then the reading room will be 
equipped with 116 sets of lamps, and the power of 
each set of lamps is 56 W. Hence, the requirements 
for illuminance and power density of the reading 
room can be completely satisfied, and the construc-
tion cost can be avoided by changing the lamps 
power and quantity. To verify whether the relevant 
indexes after lighting energy efficiency retrofitting 
satisfy the design requirements, the test platform is 
arranged, as shown in Fig. 2. Table 2 presents the 
related parameters and test, and Fig. 2(b) shows the 
calculated and measured values of the entire illumi-
nance of the reconstructed room.

Table 2 shows that the power of three T8 fluo-
rescent tubes in parallel installations and electro-

Fig. 1. Scheme of test points
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nic ballast used before retrofitting is 120 W per set. 
Although the illuminance conforms to the standard, 
the LDP value exceeds it. After replacing three T8 
LED tubes in parallel installations, each index is 
better than the target value.

The distribution trend of the two types of test 
data and the calculated results at each measuring 
point are consistent (Fig. 2), which verifies the cor-
rectness of formula (1). The overall calculation re-
sult is slightly higher than the measured value be-
cause of the high value of the utilization coefficient 
U and the maintenance coefficient M, such that the 

empirical values of U and M must be revised accor-
ding to the actual situation.

3.3. Design of Intelligent Lighting

Illumination testing is an important link in the 
implementation of lighting energy efficiency retro-
fitting. However, automatic control of lighting sys-
tem, that is, intelligent lighting must be implemen-
ted to achieve the goal of lighting energy efficiency 
retrofitting. First, the traditional manual control 
lighting system not only increases the cost of labour 

Table 1. Illuminance Test and Replacement Result of Luminaires

NO. Luminaire Model Power, 
W

Luminous 
flux, lm

Average 
illuminance, lx

Replacement 
result

Energy saving 
rate, %

1 T5Fluorescent lamp 28 1720 49.6 T5 LED 46

2 T5 LED 15 1860 53.9

3 T8Fluorescent lamp 36 1800 52.3 T8 LED 50

4 T8 LED 18 2070 60.7

5 3U Energy saving 
lamp 20 1260 37.8 11W LED bulb 45

6 3U Energy saving 
lamp 14 730 21.1 6W LED bulb 57

7 Spiral energy saving 
lamp 13 670 19.7 6W LED bulb 54

8 Spiral energy saving 
lamp 6 346 10.9 4W LED bulb 33

9 LED bulb 11 1070 42.2

10 LED bulb 6 590 22.4

11 LED bulb 4 430 13.6

Fig. 2. Calculated and actual values of illuminance and its distribution
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but also loses control of the opening of light source 
according to the actual demand of each room, there-
by wasting considerable electric energy. Second, 
people tend to desalinate the consciousness of ener-
gy saving and the phenomenon of energy use re-
bound becomes evident because of the decrease of 
lighting power. However, the manual control light-
ing system cannot overcome this phenomenon. Fi-
nally, manual control can neither effectively identi-
fy the effect of outdoor natural light on illuminance 
nor fully use natural light to reduce lighting energy 
consumption.

The analysis of the electricity utilization data of 
each room before the lighting energy efficiency ret-
rofitting of the library indicates that the stacks and 
the reading room have large lighting area, dense 
light source, and high demand for illuminance, ac-
counting for over 85 % of the total lighting power 
consumption of the library, which is the key point 
of lighting energy saving control. Therefore, the in-
telligent lighting control system, which is designed 
for the stacks and the reading room, provides three 
control modes or their combination, that is, timing, 
inductive, and illuminance control. Inductive con-
trol is adopted for the other public rooms or pas-
sageways. The stacks adopt the combined mode of 
timing and inductive. During opening hours, only 
the luminaires of the main channels are opened. 
The bookshelf and reading areas are equipped with 
dual technology detector to sense the activity of 
the personnel. The lighting system in the area is 
automatically turned on when someone looks up 
for books and periodicals, and the lighting system 
automatically shuts down otherwise. The reading 
room adopts the illuminance control preferentially, 
supplemented by the induction control mode. Du-
ring regular opening hours of the reading room, the 
brightness of the artificial light source is reduced 
automatically when the illuminance is higher than 
the set value. Correspondingly, the induction con-

trol mode is activated when the illuminance is be-
low the set value and automatically turns on the 
lighting for people’s reading activities. The illumi-
nation detection of the reading area near the outer 
window is strengthened to maximize the use of na-
tural light, obtain comfortable visual environment, 
and save electricity for lighting. Generally, the clo-
ser the reading area is to the window, the higher the 
illuminance of the natural light and the weaker the 
artificial illumination. By adjusting the illuminance 
of artificial light source through intelligent control 
system, the synthetic illuminance can be maintained 
within the set range.

The management platform of the intelligent 
lighting system is designed according to the net-
work control mode, and the lighting trigger thresh-
old is set simultaneously with the illuminance test. 
The trigger threshold of the dual technology detec-
tor is set according to the sensitivity requirement. 
Intelligent meter is set up in each lighting control 
area to realize acquisition, statistics, and transmis-
sion of energy consumption data. The intelligent 
lighting controller in the system has the function of 
conventional/intelligent mode switching, which can 
automatically switch to normal mode in case of net-
work failure and improve the reliability of the sys-
tem. Fig. 3 shows the structure of the intelligent 
lighting system.

To test the energy saving effect of the intelligent 
lighting system, the intelligent lighting system is di-
vided according to the floor and kept running ac-
cording to the conventional control mode and the 
intelligent lighting mode for one week after com-
pleting the retrofitting and the trial operation of the 
intelligent lighting system. The opening time of lu-
minaires per day, the average rate of lights off, and 
the amount of electricity consumed are recorded, 
and the data obtained are compared with those ob-
tained before lighting energy efficiency retrofitting. 
Table 3 shows the test results.

Table 2. Uniformity Ratio of Illuminance and LPD Analysis

Light Source
Model

Combination 
mode of 

luminaires

Power 
per set, 

W

Luminous flux 
per set, lm

Illuminance, lx LDP, W/m2

target 
value

measured 
value

target 
value

measured 
value

T8 fluorescent 
lamp

3 lamps in 
parallel 120 6210 300 283.2 9 16.98

T8 LED 3 lamps in 
parallel 56 5400 300 308.8 8 7.91
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Table 3 shows that the total electricity consump-
tion of the intelligent mode for one week after ret-
rofitting is 49.61 less than that before retrofitting. 
If the conventional mode is adopted, then it is only 
28.47 % less than before retrofitting. The open-
ing time of luminaires after retrofitting evident-
ly increases, whereas the ratio of lights off decre a
ses. This result is the main reason for the significant 
increase in energy consumption of the intelligent 
mode and is a typical phenomenon of energy use 
rebound.

3.4. Economic Effect Evaluation

On the basis of the energy consumption bill of 
three consecutive years before lighting energy effi-
ciency retrofitting of the library, the average annual 
lighting power consumption is 545,569.65 kW·h af-
ter the lighting energy efficiency retrofitting and the 
average weekly electricity consumption is 5,288.32 
kW·h under intelligent mode for 36 weeks. With the 
library being open for 48 weeks a year, the annu-
al saving power consumption is 291,730.29 kW·h. 
If the average electricity price is 0.89 yuan, then 
259,640 yuan will be saved every year. Given the 
long service life and low failure rate of replaced 
LED lamps, maintenance cost can be saved. In addi-
tion, the use of intelligent lighting system can save 
on labour management fees and increase the ope-
ration and maintenance costs of intelligent system. 
Table 4 shows the costs details.

The planned payback period is 3.5 years. Given 
the opportunity cost of investment and the average 
social return rate, the dynamic investment payback 
period is calculated as

)
( )

1

1 1

n

E n

B i i
C

i

 + =
+ −

, (3)

where CE is the total investment; B is the total 
revenue; i is the social benchmark rate of return, 
which is assumed to be 8 %; and N is the dyna-
mic investment payback period. After introducing 
CE=776,573, B=364,520, and i=8 % into formu-
la (3), n (2.44 years) is less than 3.5 years, and the 
investment returns are significant.

4. RESULT ANALYSIS AND DISCUSSION

According to the functional characteristics of the 
rooms on each floor of the library, the lighting ener-
gy efficiency retrofitting system is established based 
on illumination suitability analysis, and the intelli-
gent lighting system is used to control the system. 
The overall energy savings rate reaches 50 %, the 
dynamic investment payback period is 2.44 years, 
and the effect of energy efficiency retrofitting is 
good.

The project is based on the illuminance test 
data to design the retrofit scheme. Through the il-
lumination test, the performance of the energy sa-

Fig. 3. Structural diagram of the intelligent lighting system
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ving lamps, the overall illumination uniformity ra-
tio, and power density of the room are guaranteed. 
In the intelligent lighting system with illuminance 
priority, the setting and modification of the illumi-
nance sensor trigger threshold must be based on the 
data of the illuminance suitability analysis, and the 
synergistic optimization of the lighting environment 
comfort and energy saving effect is achieved.

In view of the energy use rebound effect, scho-
lars at home and abroad have overcame this phe-
nomenon by means of ecological feedback and ad-
justment of human energy use behaviour. Although 
the effect is not ideal, the use of intelligent light-
ing system eliminates this phenomenon well. In ad-
dition, this study only considers the dominant cost 
and income items in the analysis of economic bene-
fits based on the conservatism principle; however, 
LED is a cold light source, which will inevitably re-
duce the energy of refrigeration of the air condition-
ing in summer. If these factors are considered, then 
the benefits of lighting energy efficiency retrofitting 
will be highly considerably.

5. CONCLUSION

On the basis of the lighting energy efficiency ret-
rofitting project of a university library, this study 

aims to address the problem in which people only 
pay attention to the energy saving rate, ignore the 
illuminance standard after the retrofitting, and only 
pursue the high standard of the design but ignore the 
economy feasibility. This paper establishes a feasi-
ble decision system based on illuminance suitability 
analysis to achieve the overall goal optimization of 
multiple factors and avoid the phenomenon of “only 
caring for one thing” in the retrofit scheme.

The results show that using illumination test 
to select energy-saving lamps can simultaneous-
ly meet the requirements of illuminance and pow-
er density target value. The intelligent lighting sys-
tem based on illuminance test can improve energy 
efficiency, achieve a comfortable visual environ-
ment, and overcome the energy use rebound effect. 
Finally, the calculation of the dynamic investment 
payback period verifies the feasibility of the retro-
fit scheme. The results not only apply to the lighting 
energy efficiency retrofitting of the library but also 
provide some reference value for energy efficiency 
retrofitting of other public buildings.
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Table 4 Cost Benefit Details of Lighting Energy Efficiency Retrofitting (Yuan/Year)

Cost name
Total 

investment
(CE)

Save 
electricity

Save 
labour 
costs

Save 
maintenance 

expenses

Maintenance 
expenses of the 

intelligent system

Total 
revenue 

(B)

amount of 
money 776573 259640 76560 65200 36880 364520
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