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Abstract: 

Artificial lighting in buildings is one of the major sources of energy that generates a 

large amount of CO2. The use of light energy globally is expected to increase to more 

than 40% by 2020. Hence, daylight retrofitting is one of the strategies that can be 

implemented to improve the existing lighting conditions. However, the implementation 

of daylight retrofitting requires a thorough consideration to ensure that the desired 

outputs such as the quality and quantity of daylight, energy reduction, and low 

implementation costs are achieved upon completion. In this study, several criteria for the 

daylight retrofitting of existing buildings in higher learning institutions were developed 

based on visual comfort, indoor comfort, design, economic, resource availability, and 

environmental factors. This study aims to provide an overview of the information needed 

to improve energy efficiency in existing buildings, thus contribute to the growing body of 

knowledge in this field. A survey regarding the importance of each criteria was 

conducted by distributing questionnaires to architects with experience in daylight 

retrofitting. The survey data was analysed using the factor analysis, factor score, and 

weightage factor to rank the sub-criteria according to its importance for daylight 

retrofitting based on the weightage values obtained. The established criteria provide an 

overview and act as a source of reference for decision-makers regarding the most 

influential criteria for optimal retrofit solutions. 
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I. INTRODUCTION 

Existing buildings worldwide contribute more than 

40% of the total global energy used. The majority of 

existing buildings was built prior to the energy crisis, 

particularly when energy efficiency was not a serious 

issue. Nowadays, existing buildings contribute to the 

excessive use of energy as well as poor indoor air 

quality and thermal comfort [1]. Existing educational 

buildings, for instance, represent one of the building 

types that consume excessive energy [2]. Campus 

buildings are a commercial building type, in which the 

lighting appliances consume the highest amount of 

electricity [3]. Thus, retrofitting has become a 

relevant solution that has to be implemented to 

improve the energy performance, especially in lighting 

systems [2]. In a recent study by [4], one of the 

notable issues relating to sustainability in existing 

campus buildings was high energy consumption. The 

authors indicated that retrofitting was necessary to 

improve energy consumption and comfort level. 

With regards to comfort level, retrofitting with 

daylighting is one of the initiatives implemented to 

improve visual comfort levels and enhance the 

educational environments during the teaching and 

learning activities. Although artificial lighting can 

provide visual comfort, daylighting is preferred as it 

offers various physiological, psychological, and 

economic benefits [4]. According to [5], daylighting 

was the primary source of light in a building prior to 

the advancement of technology, whilst artificial lights 

acted as a supplementary to natural light. Nowadays, 

daylighting is an important element in building design, 

and it has become an architectural statement for 

lighting due to environmental concerns and energy 

usage. [6] indicated that lighting constitutes the major 

energy consumption in a building and represents 20% 
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of the global electricity consumption. Thus, the 

implementation of daylighting has become an integral 

strategy to save energy. Lighting energy consumption 

is expected to increase further by 2030 due to the 

growing population, thereby leading to an increasing 

demand for energy [7].  

Nevertheless, the implementation of retrofitting is 

challenging, and a wide range of factors need to be 

evaluated by the decision-makers in various fields. 

Specifically, various factors such as economic, 

environmental, and design need to be considered to 

deliver an end-product that is satisfactory to the users 

[1]. Thus, this study aims to develop specific criteria 

for the decision-making process when implementing 

daylight retrofitting in existing buildings.   

II. LITERATURE REVIEW 

A. Daylighting 

The use of artificial lighting in existing buildings is 

one of the major sources of energy consumption, 

representing 15-60% of the total energy usage. 

Hence, retrofitting can help to significantly reduce the 

lighting energy demand by 50%. The implementation 

of daylighting is a crucial aspect of retrofitting as the 

building component is replaced to achieve maximum 

daylight performance [9]. 

Daylighting is the utilisation of natural light inside 

the building space, also known as passive solar energy 

[10]. When a building has the potential to receive 

adequate natural light, the implementation of 

daylighting is considered to be beneficial [11]. The 

source of light produced from daylighting is a gentle 

form that originates from several sources such as the 

blue skies, clouds, and reflected or diffused sunlight. 

As compared to direct sunlight, daylight offers 

uniformity and distribution of illuminance [12].  

At present, designers have started to design 

buildings with daylight features as artificial lighting 

has been shown to consume high energy levels. 

Daylighting, on the other hand, provides beautiful 

architectural effects and improves the air-conditioning 

heat load [13]. [14] indicated that the benefits of 

natural light utilisation include the added comfort 

levels, maximised views of the external building 

environment, and calming indoor environments that 

ultimately lead to improved productivity of the 

occupants. 

 

B. Daylighting Retrofitting Implementation in 

Higher Learning Institutions  

It has been recently mentioned that universities 

should be at the forefront of the discovery and 

dissemination of knowledge, tools, and technology 

related to sustainability [15]. Thus, the improvement 

of energy efficiency in buildings has become an 

important strategy in educational and institutional 

buildings through the implementation of several 

resources such as the use of natural lighting [9]. Table 

1 highlights several case studies that were conducted 

regarding the use of daylighting as part of the 

retrofitting initiatives in existing buildings. A case 

study in University in Rome exploited the use of 

daylight retrofitting in their campus building and 

reported the pleasant effects it had on the users. 

Besides, two educational buildings in Italy were 

selected for a cost-optimal assessment to identify the 

best retrofit method for the lighting system in these 

buildings. Hence, daylighting is considered as one of 

the options to improve energy consumption apart 

from the replacement to energy-efficient lighting. 

Case studies were also performed in the University of 

Applied Science, Stuttgart, Germany and a university 

in Turkey/ Konya to improve the energy performance 

in lighting. The potential of daylight retrofitting was 

investigated through the monitoring of visual comfort 

and measurement of light energy savings based on the 

daylight availability. Additionally, a simulation 

exercise for daylighting was conducted at the 

University of Science and Technology (JUST), in 

which several daylight retrofitting techniques were 

proposed for the classroom. The evaluation was 

performed by assessing the illuminance levels required 

to achieve visual comfort using the retrofit solution 

for lighting. Moreover, another simulation study was 

also performed in an educational building in 

Antofagasta, Chile, whereby several parameters for 

daylight retrofitting such as light distribution, 

intensity, and profundity of sun penetration, and the 

possibility of glare were considered. In Modibbo 

Adama University of Technology, Yola, an 

experimental design was performed for the 

implementation of daylighting by deploying lux meters 

to assess the lighting levels. Simulation studies were 

also conducted to assess the daylight levels and to 

estimate the daylight factors under different light 

conditions. 

Based on the review from previous studies, it was 

observed that many of these studies focused on 
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daylight retrofitting that involved design simulations, 

energy, and cost analyses. Thus, this paper will focus 

on developing the assessment criteria for the 

implementation of daylight retrofitting. 
 

 

Table 1: Case studies on daylight retrofit in existing campus 

Universities Method Objective(s) 

1. Building in 

Rome Italy 

University [17] 

Case study Propose several 

methods of 

retrofitting, user’s 

evaluation and 

renovation cost 

estimation 

2. Boston 

University [18] 

Case study – energy 

and cost analysis 

Investigate the 

opportunities for 

achieving 

significant energy 

reduction 

3. Educational 

buildings in 

Italy [2] 

Case study – cost 

analysis 

Optimal cost 

analysis 

4. University of 

Applied 

Science, 

Stuttgart [15] 

Case study – 

simulation  

Investigate efficient 

lighting solutions 

-luminance and 

illuminance 

distribution, use of 

electrical lighting 

and thermal 

5.  University in 

Turkey/ Konya 

and Germany, 

Stuttgart [16] 

Case study – 

simulation 

Performance 

analysis for lighting 

retrofit and 

measurements and 

observations of 

pre-retrofit lighting 

performance 

6. University of 

Science and 

Technology [4] 

Case study - 

simulation 

Investigate the 

illumination levels 

for daylight 

implementation  

7. Building in 

Antofagasta 

midtown, Chile 

[19] 

Case study - 

simulation 

Identification of 

parameters of light 

intensity and 

distribution, and 

profundity of sun 

and glare 

8. Modibbo 

Adama 

University of 

Technology, 

Yola [9] 

Case study - 

simulation 

Evaluation of 

lighting levels and 

estimation of 

daylight factor 

 

C. Criteria for Retrofitting with Daylighting  

When an existing building is selected for daylight 

retrofitting, an imperative decision-making process is 

required to ensure it achieves maximum energy 

efficiency upon completion. In this process, several 

factors such as the amount and quality of daylight, 

reduction of environmental impact and many more are 

considered [20]. [21] also noted that light 

optimisation using the retrofit strategy is a complex 

process that needs to be investigated critically.  

In total, 39 sub-criteria were established for 

daylighting and classified according to 6 major criteria 

consisting of the following: 1) visual comfort, 2) 

indoor comfort, 3) design, 4) environmental, 5) 

economic, and 6) resource availability. The 

establishment of the main criteria and corresponding 

sub-criteria is shown in Table 2 and Table 2(a). 
 

Table 2: Retrofitting criteria for daylighting 

Main 

Criteria 

Sub-criteria References 

 a. Analyse 

placement and 

configuration  

 

 [22], [23] 

 b. Glare and 

control contrast  

 [11], [22], [24], [25] 

  c. Provide a good 

and pleasant view  

 

 [7], [12], [27] 

 

 

 d.  Uniformity of 

daylight 

distribution  

 [28] 

Visual Comfort 

 

e. Integrate with 

artificial lighting 

control systems 

 

 [14], [24], [29] 

 

 f. Reduce the 

veiling reflection 

 [27] 

 g. Avoid direct 

beam 

 [22], [23], [27] 

 

 h. Locate windows 

high in a wall 

 [24], [30] 

 i. Determine the 

daylight factor 

(DF) 

 [14], [31], [32], [33], 

[6], [2], 

 j. Commissioned of 

lighting control 

system 

 [35] 

 k. Painting  [12], [22] 

 l. Cleaning  

(National Institute 

of Building 

Science, 2016) 

 [35] 

 m. Pruning and 

replacing 

landscape 

 [35] 

 

Indoor Comfort 

a. Thermal comfort   [11], [29] 

 b. Impact on  [11], [29] 
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cooling  

 

 

a. Building 

massing and 

orientation  

 [23], [36], [37], [29] 

 

 b. Floor to ceiling 

height  

 [36] , [38] 

 

Design c. Interior design 

and space planning 

layout  

 [22], [23], [27] 

 

 d. Integration with 

artificial lighting 

control  

 [11], [14], [24], [27],    

 [37]  

 e. Placement of 

furniture 

 [37] 

 f. Window 

orientation  

 [34] ,[39], [40] 

 

 

 

 

Table 2(a):  Retrofitting criteria for daylighting 

Main Criteria Sub-criteria References 

 g. Window sizing: 

window to wall 

ratio 

 [11], [34], [37], [41] 

 h. Window type  [11], [22], [42] 

 

 

 

i. Window shape  [27], [43], [44] 

  

 j. Glazing material  [45], [46], [47] 

 Design (cont’d) k. Glazing area   [12], [27] 

 l. Glazing 

orientation 

 [48] 

 m. Colour and 

texture of reflective 

surface  

 [10], [36], [37] 

 

 n. Incorporate 

interior and 

exterior  

 [22], [37], [49], [29] 

 

 o. Consider the 

daylight 

redirecting system  

 [42], [50] 

 

 

 p. Looking for 

adjacent condition 

or obstruction  

 [11], [36], [42], [51]  

 

 

 a. Energy and cost 

savings  

 [22], [27], [52] 

 

Economic b. Return on 

investment 

 [27] 

 c. Simple payback  [27] , [52] 

 

 

 d. Construction 

cost 

 [42], [52]  

 

 e. Maintenance 

cost 

 [22] 

Resource 

Availability 

a. Solar geometry 

and sky angle 

 [27], [42] 

 b. Sky pattern and 

condition 

 [14], [53], [40], [54], 

[55] 

Environmental a. Greenhouse gas 

emission 

 [56] 

 

III. METHODOLOGY 

The 39 sub-criteria established in this study for 

daylight retrofitting were subjected to factor analysis, 

factor score, and weightage factor data analyses 

available in the Statistical Package for the Social 

Science (SPSS) statistical software programme. 

Factor analysis is a method of analysis that reduces a 

large number of items in the questionnaire [57]. 

Factor analysis was conducted using the following 

procedures: 

A. Kaiser Meyer Olkin (KMO) and Barlett’s Test 

of Sphericity 

KMO is used to evaluate the sampling adequacy of 

the data collected. The values range from 0 to 1, in 

which the minimum acceptable value is 0.50 [58]. On 

the other hand, Barlett’s test of sphericity is used to 

determine the statistical significance of the data at P < 

0.05 [59]. According to [57], the results achieved 

from KMO and Barlett’s Test of Sphericity are used 

to indicate the suitability of the data for factor analysis 

(Piaw, 2014). 

 

B. Factor of Extraction  

The factor of extraction method produces or 

extracts the smallest number of factors that are needed 

to explain each variable [59]. Although there are 

several choices of extraction methods, Principal 

Component Analysis (PCA) was selected in this study 

as it describes the data in the empirical summary by 

placing the number of variables into the smallest set of 

factors [60].  

C. Factor to be Retained 

This method is used to decide which factor should 

be retained based on the eigenvalue, whereby an 

eigenvalue of 1.0 or more is considered reliable for 

extraction and further analysis [57], [59] 

D. Rotational Method 

The function of the rotational method is to simplify 

the variables in each group of factors [58]. All the 

variables in each factor are represented by a value 
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known as factor loading. In this process, the factors 

are labelled and the variables are arranged accordingly 

to easily understand the data interpretation [59]. The 

rotational method used in this paper is known as 

orthogonal with varimax rotation. This method was 

selected as it minimises the variables with high 

loadings for each factor, in which each factor varies 

from low to high loadings [59]The rotational method 

generates the output of the data that can be obtained 

from the Rotated Component Matrix in SPSS [61]. 

E. Factor Loading 

Factor loading indicates the significance of the 

criteria. According to [62], the minimum value 

suggested for factor loading is 0.50, while 0.7 – 0.8 is 

acceptable and 0.90 is excellent. [59] also indicated 

that a value of 0.40 and above is a strong factor 

loading value. In this study, a factor loading value of 

0.50 was considered as the minimum requirement. 

 

Once the data reduction from the factor analysis has 

been performed, the data is subjected to a factor score 

and weightage factor analysis. According to [63], the 

purpose of the factor score is to further analyse the 

data by assigning a numerical score value for the 

further justification of each variable. This method is 

performed by multiplying the factor loading (FL) from 

each variable with the average mean value to produce 

the score of sub-criteria, FSsc. The equation (1) used 

is shown below: 

 

FS = FL x Y                    

(1) 

where,  

FS = Factor score; FL = Factor loading; Y = Mean 

value 

 

The weightage factor is performed to depict the 

influence of the criteria based on the weight value. It 

allows a comparison to be made for each criterion by 

ranking the criteria based on the weight [64]. The 

result of the weightage factor is expressed as the total 

weightage value following normalisation to 1 or 100. 

To calculate the weightage factor, equation (2) is used 

as follows:  

π sub-criteria =  % Stratum in Variables (sub-criteria), 

FSsc        (1)                % Stratum in Criteria, 

FSc             (2)                 

where, 

FSsc = Factor score for each item in the sub-criteria 

ΣFSc = Cumulative of factor score in the criteria 

IV. RESULTS AND DISCUSSION 

Table 3 shows the results of the KMO and Barlett’s 

Test of Sphericity for daylight retrofitting. The KMO 

achieved in this study was 0.872 and the Barlett’s Test 

of Sphericity obtained was significant at P = 0.000. 

Both test results exceeded the recommended value, 

thereby indicating that all the 39 variables achieved 

the sampling adequacy and were statistically 

significant.  
 

Table 3: Kaiser-Meyer-Olkin and Barlett’s Test of Sphericity 

for Daylight Retrofitting  

 

      Table 4 and Table 4(a) shows the results obtained 

for the factor analysis, factor score, and weightage 

factor analyses. The results from the factor analysis 

were subjected to principal component analysis with 

varimax rotation, in which 39 variables were loaded 

into the analysis. However, 5 variables were 

eliminated as their factor loading values were less 

than the recommended value of 0.50. Thus, the 

criteria presented in the table achieved factor loading 

values of 0.50 and above. For factor score and 

weightage factor analyses, the sub-criteria were 

classified into the main criteria and arranging 

according to its significance based on the weightage 

value.    

 For the visual comfort criteria, cleaning and 

painting were placed at the first and second-highest 

rank with weightage values of 9.352% and 9.035%, 

respectively. These observations indicate that 

cleaning services are an important requirement for 

retrofitting to maintain comfort levels and maximise 

the required daylight penetration. As for painting, the 

choice of paint colour and the maintenance of the 

paint were important features for effective and 

consistent daylight. For the second main criteria 

(indoor comfort), thermal comfort and the impact of 

cooling requirements achieved a weightage of 

51.179% and 48.821%, respectively. It is important 

to evaluate the potential heat loss or heat gain in the 

interior building space as the incoming daylight is 

based on the sunlight that produces direct heat. For 

the design criteria, the shape of the window, room 

size, and daylight redirecting system achieved the 

KMO and Bartlett's Test 

Kaiser-Meyer-Olkin Measure of Sampling 

Adequacy 
.872 

Bartlett's Test of 

Sphericity 

Approx. Chi-Square 2791.614 

df 741 

Sig. .000 
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highest weightage with values of 10.369%, 9.356%, 

and 8.856%, respectively. The shape of the window 

has a large influence on the uniformity of light 

received together with the potential glare contrast. 

For the daylight redirecting system, the use of 

features such as light pipes and light shelves was 

suggested to maximise the daylight admission due to 

differences in the uniformity of daylight received at 

different places.  

    For the environmental criteria, greenhouse gas 

emission was an important factor in retrofitting, in 

which the potential reduction of carbon emission 

based on energy reduction was estimated. For the 

economic criteria, important costs such as 

maintenance costs, return on investment, 

construction costs, and payback period were taken 

into consideration. Lastly, for the resource 

availability criteria, sky pattern and solar geometry 

were the two most significant criteria with weightage 

values of 58.223% and 41.777%, respectively. Sky 

pattern and solar geometry indicate the amount and 

quality of daylight received in the building interior 

space. These features also show the variation of the 

sun’s ray intensity that occur daily, annually, and 

seasonally. 
  

Table 4: Weightage for Daylight Retrofit Criteria 

Main 

Criteria 

Sub-Criteria Weightage 

Factor (%) 

  

  

  

  

  

  

Visual 

Comfort  

  

  

  

  

  

  

Cleaning 9.352 

Painting 9.035 

Analyze placement 

and configuration 

8.801 

Locate high windows 

high in a wall 

7.756 

Good and pleasant 

view 

7.721 

Avoid direct beam  7.698 

Total daylight factor 7.369 

Uniformity daylight 

distribution 

7.416 

Pruning and planting 7.322 

Reduce reflection of 

light 

7.299 

Glare and control 

contrast 

7.275 

Integrate with 

artificial light 

6.970 

Commissioned 

properly the lighting 

control 

5.985 

  100 

  

Indoor 

Comfort  

Thermal comfort 51.179 

Impact on cooling 

requirement 

48.821 

  100 

 Window shape 10.369 

Design  Size of room 9.356 

 Daylight redirecting 

system 

8.856 

 Incorporated interior 

and exterior shading 

8.230 

 Adjacent condition 

obstruction 

7.367 

 Window sizing 6.954 

 Placement of 

furniture 

6.879 

 Colour and texture of 

wall ceiling 

6.829 

 Glazing orientation 6.729 

 Window orientation 6.717 

 Glazing type and 

material 

6.592 

 Glazing area 6.529 

  100 

Environme

ntal  

Greenhouse gas 

emission 

100 

   100 

Economic  Maintenance cost 28.474 

 Return on investment 25.054 

 Construction Costs 24.082 

 Simple payback 22.390 

   100 

Resource  Sun patterns and 

condition 

58.223 

Availability Solar geometry and 

effective sky angle 

41.777 

  100 
 

 

CONCLUSION 

The criteria developed in this study can be utilised 

for the decision-making processes regarding the 

daylight retrofitting of existing buildings. The results 

obtained in this study for various criteria such as 

economic, environmental, design, resource 

availability, and comfort criteria offer several 

important aspects for consideration. It is envisaged 

that potential decision-makers comprising 

stakeholders from higher learning institutions (HLI), 

property owners, and other organisations who are 

interested in retrofitting will be able to use this 

information to achieve their long-term investment 

goals, energy reduction and enhancement of energy 

performance. The economic criteria established in this 

study can be used as a method to assess the long-term 

profitability of investment and investment potential in 

terms of the payback period, return on investment, 

construction costs, and maintenance costs. On the 

other hand, the environmental aspects covered in this 
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study provide the optimal design criteria with minimal 

environmental impact. Likewise, comfortability 

ensures that the design does not only provide energy 

savings but also offer users a convenient environment 

to live or work in, thereby resulting in improved health 

and productivity of occupants. The design criteria 

outlined in this study for daylight retrofitting such as 

the window shape, room size, and space planning 

ensures that natural light is maximised in the building 

design. Besides, resource availability is essential to 

harness the natural resources available without 

causing any heating or cooling issues. Hence, the 

criteria developed in this study serve as a guideline for 

optimisation and transparency that ultimately lead to 

effective and mutual decisions in daylight retrofitting. 
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