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ABSTRACT 
Green retrofit is crucial to turning existing buildings into green buildings, but its design and analysis 
process is dependent on numerous disjointed methods. Various decisions are required to optimise the 
building efficiency, such as the choices of building materials, opening sizes, and glazing types. 
Therefore, this study explores the application of computational building information modelling (BIM) 
to automate the process of design decision-making for green retrofitting of the existing building 
envelope. A BIM tool (Revit), a visual programming tool (Dynamo) and multi-objective optimisation 
algorithm were integrated to create a computational BIM-based method for building envelope 
retrofitting by optimising overall thermal transfer value (OTTV) and construction investment cost. The 
proposed model was validated through a case study; the results showed that the optimised design 
achieved 44.78% reduction in OTTV with investment costs of RM (Malaysian ringgit) 369,182. The 
newly formulated computational BIM-based approach can improve the level of automation in green 
retrofitting design decision-making. 
Keywords:  automation, existing building, overall thermal transfer value, cost, efficiency. 

1  INTRODUCTION 
Existing buildings are often constrained by the old equipment, aging infrastructure and the 
lack of environmentally sensitive design, which causes poor sustainability performance and 
high energy consumption. Therefore, green retrofitting of existing buildings is vital to 
mitigate the negative environmental impacts caused by the building sector. Nevertheless, 
green retrofitting works are facing challenges such as high investment costs, loss of 
information, intensive labour, use of old technology, and low level of automation [1], [2]. In 
the green retrofitting design process, architects or designers normally vary multiple 
parameters at once in an unsystematic manner of decision-making (DM) with a low level of 
automation. 
     The development of building information modelling (BIM) allows complicated building 
modelling to be digitally constructed with precise geometry and accurate information. Data 
from BIM can be extracted and analysed to generate information for design DM. Especially, 
4D BIM, 5D BIM and 6D BIM referring to time, cost and sustainability analyses can be 
employed to solve the challenges of green retrofit design. Therefore, the aim of this study is 
to develop an innovative approach by integrating BIM functionalities with the green retrofit 
DM process using computer programming to facilitate green retrofit measures for the existing 
building envelope. 

1.1  Green retrofitting of the building envelope 

Due to growing concerns regarding climate change, depletion of non-renewable resources 
and limitations on land use, great attention is being paid to retrofit existing buildings. As a 
result, some governments and international communities have made serious attempts in 
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promoting energy performance in existing buildings [3]–[8]. Due to the limitation of existing 
building conditions, choosing the best possible measures is important to achieve efficient 
results and promising returns of investment. 
     Errors in information exchange among different parties is one of the challenges in a 
retrofitting project due to the large quantity of paper-based documents and drawings that are 
not well managed [9]. Thus, it is necessary to manage the information properly so that all 
parties in the retrofitting projects can receive accurate and relevant information. Besides, 
implementing green retrofitting faces time limitations, difficulties in convincing building 
owners to pay for investment, a lack of as-built documentations of buildings, outdated 
information and uncertainty of existing building conditions [8], [10]. 
     In retrofitting projects, architects or designers need to vary multiple design parameters for 
DM on the retrofitting measures. The analyses for varied building performances, such as 
energy, thermal and visual, are usually disjointed and unsystematic, with a low level of 
automation, resulting in difficulties in investigating the impacts of individual design 
parameters [11]. An optimal combination of several strategies, which should be verified with 
different building energy simulations, is required to achieve retrofitting objectives for 
significant building performance improvement [3], [12]–[16]. Hence, the process of DM for 
selecting the best possible retrofit measure is a trade-off among several factors, such as 
energy, environmental, economic, technical, regulations, social, etc. 
     In existing building retrofitting, renovating the external building envelope is one of the 
most practical and efficient strategies because it can improve the building energy 
performance with minimal disturbance on the internal spaces and functions [17]. Heat gain 
and heat loss through the building envelope is one of the important aspects and it is usually 
controlled by specific standards and regulations. The choices of building envelope, opening 
sizes and glazing types are the contributing factors to achieve performance and cost-
efficiency in retrofitting an existing building envelope. 
     One of the commonly used building envelope thermal assessment methods for air-
conditioned non-residential buildings is the overall thermal transfer value (OTTV) 
calculation. This calculation is one of the mandatory requirements under several green 
building certifications and standards of several countries, including Malaysia, Thailand, 
Singapore and Hong Kong. OTTV has been developed to guide project design teams to cut 
down on the external heat gain and hence reduce the cooling load of the air-conditioning 
system [18]. It is a mandatory requirement for both new and existing buildings. The 
complexity of the OTTV assessment resides in the process of collecting the necessary data 
to perform the required calculations. 
     In Malaysia, the OTTV calculation is based on the equation specified in the Malaysian 
Standards (MS) 1525:2014 [19]. From its equation and description, the OTTV calculation is 
derived from the following six design parameters: building orientation; correction factor of 
wall; window-to-wall ratio (WWR); shading devices; wall material and thickness; glass 
specification. The equation of OTTV for commercial buildings is given as follows: 

 𝑂𝑇𝑇𝑉𝑖 ൅  15 𝛼 ሺ1 െ  𝑊𝑊𝑅ሻ𝑈𝑤 ൅  6 ሺ𝑊𝑊𝑅ሻ𝑈𝑓 ൅ ሺ194 𝑥 𝑂𝐹 𝑥 𝑊𝑊𝑅 𝑥 𝑆𝐶ሻ, (1) 

where: 
WWR is the window-to-gross exterior wall area ratio for the orientation under consideration; 
α is the solar absorptivity of the opaque wall; 
Uw is the thermal transmittance of the opaque wall (W/m2 K); 
Uf is the thermal transmittance of the fenestration system (W/m2 K); 
OF is the solar orientation factor; and 
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SC is the shading coefficient of the fenestration system. 
SHGC is solar heat gain coefficient where SHGC = SC x 0.87. 

1.2  Computational BIM for green building analysis 

BIM can characterise building geometry, spatial relationships, geographic information, 
quantities as well as properties of building elements, cost, materials, project schedule and 
other energy performance-related information, therefore, can be useful for solving green 
retrofitting DM and optimisation problems [20]–[25]. However, despite the increasing 
implementation of BIM in new building projects, the use of BIM in existing buildings’ 
retrofitting is still limited [10], [26]. 
     The integration of BIM-based rules and programming algorithms for data extraction and 
management, which is called computational BIM, helps the users to meet the design 
objectives. The application of computational BIM includes various aspects in the building 
industry, such as spatial, geometrical and structural design, and building energy performance 
analysis. Visual programming language (VPL) tools, such as Grasshopper and Dynamo, are 
used to perform the functions that include manipulating the geometric and metadata 
embedded in BIM. VPLs can automate repetitive tasks and make efficient the workflows of 
solving complex design problems. 
     Computational BIM can support sustainability analysis in the early stages of the building 
design process. Previous studies have adopted the computational BIM-based method to 
create workflows for building performance analysis [27]–[31]. VPL has been used to develop 
a framework for building passive performance optimisation [30], energy efficiency and 
daylighting [32], structural analysis [33], acoustical analysis [34] and building envelope 
performance assessment [31]. 

1.3  Multi-objective optimisation 

The process of selecting the best possible solution during green retrofitting design DM faces 
the problem of conflicting objectives. This is because the optimal solution requires a trade-
off among several factors, namely energy, economy, technology, environment, regulations 
and social aspects [35]. Therefore, the use of computer algorithms for optimisation to support 
green retrofitting design DM can help to determine the optimal solution and increase the level 
of automation throughout the design process. 
     Previous research has integrated optimisation algorithms with the BIM-based process for 
building performances. Genetic algorithm (GA) and Pareto optimality were employed to 
solve a multicriteria optimal design problem of a BIM-based energy performance simulation 
model [36]. Search algorithms in combination with parametric models and dynamic energy 
simulation software were used to determine the optimal configurations of several building 
components including the building envelope [37]. In addition, some studies presented 
optimisation of the thermo-physical properties of the building envelope [38], [39] and the 
insulation thickness [40] of the opaque envelope. 
     There are many multi-objective optimisation (MOO) algorithms, which have different 
types of approach, and most of them require at least two conflicting objective functions to 
operate [41], [42]. This study employed an elitism MOO algorithm called non-dominated 
sorting genetic algorithm II (NSGA-II), which was developed by Deb et al. [43]. It is easy to 
apply and use the GA mechanism for the data manipulation, which is a perfect fit for 
combinatorial problems. 
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Figure 1:  Conceptual framework of computational BIM-based method workflow. 

2  METHOD 
In this study, a conceptual framework (Fig. 1) of a computational BIM-based method for 
building envelope retrofitting was developed through four consecutive stages. 
     The first stage is the preparation of the BIM model for data extraction. The preparation 
process requires a BIM model of the existing building, which should conform to certain 
modelling rules and contain all the parameters required for building envelope performance 
assessment, such as thermal properties and construction cost. Second, Autodesk Revit (BIM 
authoring tool) and Dynamo (computational BIM tool) were selected for data extraction from 
the BIM model. This study employed Revit 2017.1 as the BIM authoring tool and Dynamo 
V.1.2.1 as the visual programming tool. Third, an NSGA II was selected and customised 
using MATLAB to perform the MOO of building envelope elements. Fourth, a Dynamo 
script was developed to push back the optimised data from MATLAB output to the BIM 
model to update the building envelope design automatically based on the optimum solution. 
     In this study, the OTTV and investment cost were selected as the building envelope green 
retrofitting design objectives for optimisation. This is because OTTV is one of the mandatory 
requirements under several green building certifications and standards to evaluate building 
envelope performances, whereas investment cost is a vital factor for choosing a promising 
green retrofit measure. The investment cost is defined as the construction cost of changing 
the original building envelope wall and window materials or quantity; if the optimised design 
remains as the original design, there will be no cost incurred.  
     The newly developed computation BIM-based method to optimise the OTTV and 
investment cost for green retrofitting of the building envelope was tested on an actual existing 
building and the generated optimisation results were compared to manual calculations for 
validation purposes. 

3  DEVELOPMENT OF COMPUTATIONAL BIM-BASED  
OPTIMISATION METHOD 

A workflow was established to optimise the OTTV of an existing building against the 
investment cost. As shown in Fig. 2, it performs a cycle of data starting by extracting the 
OTTV-related data from the BIM model using Dynamo. Then, this data is exported to 
MATLAB for MOO. Finally, the optimised data is pushed back again to update the BIM 
model automatically (i.e. window/wall type, window/wall area). 
     The components of the workflow include: 

1. A BIM model (existing building) which contains the required data. 
2. Two Dynamo scripts to extract the relevant data from the BIM model envelope 

(walls and windows). 
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Figure 2:  Logic workflow for OTTV and cost optimisation of existing building. 

3. One Dynamo script to extract the library data of Revit (walls and windows), which 
will be used for optimisation process in MATLAB. 

4. One multi-objective optimisation (MOO) algorithm (NSGA-II) was customised 
using MATLAB for OTTV and investment cost optimisation. 

5. One Dynamo script to push-back the data of the optimum design option from 
MATLAB output to the model in Revit. 

3.1  Dynamo script for data management 

Four (4) Dynamo scripts, namely Script A1, A2, B and C, were developed to support the 
workflow of the computational BIM-based method for building envelope OTTV and 
investment cost optimisation. The scripts were used to extract data from the Revit model and 
library as well as to push back data to update the optimised model in Revit. 
     Script A1 and A2 were developed to extract data of the exterior opaque wall and window 
that are related to the OTTV requirement, including U-value, windows and walls area, 
window and wall orientation, shading coefficients (SC1, SC2), wall pitch angle, WWR (%) 
and the solar orientation factor (OF).  
     Script B was intended to extract the library data of Revit wall and window elements for 
creating the new design alternatives during the optimisation process in MATLAB. The Revit 
library should contain different types of walls and windows of different sizes and a variety 
of thermal material properties to get accurate optimisation results. Apart from that, the cost 
parameter of each element in the library and the case study model should be assigned with 
its relevant value. 
     Script C was established to push-back the data of the optimum design option from 
MATLAB output to the Revit model to automatically update the model with the new solution, 
which consists of the best design alternative in terms of OTTV performance against 
investment cost.  

3.2  MATLAB programming for NSGA-II 

In this study, the optimisation problem is to find the best combination of wall and window 
material that produces optimum OTTV and investment cost. MATLAB 2017 was used as the 
environment for NSGA-II, where the objective functions and NSGA-II algorithm were 
modelled. The programming process involves customizing NSGA-II to suit the case study. 
During the development of NSGA-II, research constraint was also applied to ensure the 
output produced is accurate and feasible to use in the validation process. 
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     The optimisation framework for this study focuses on three phases. The first phase is the 
data set preprocessing where the related data set is pre-processed to ensure the optimisation 
performs better. The second phase is the optimisation phase where NSGA-II is applied to 
find the optimum combination of OTTV and investment. The final phase is to export this 
solution into Excel for post-processing analysis. The optimisation process is only focused on 
the numerical value for OTTV and investment cost. 
     The optimisation also needs to consider each material as the optimisation includes 
changing the WWR, and each window in the library has its own default area where not all 
windows can fit into the combination due to invalid wall and window area ratio. Any OTTV 
or cost generated from a flawed design cannot be used because when it is pushed back into 
the Revit model, it will produce an invalid wall area ratio. 
     For the NSGA-II optimisation, the population count was decided based on the data set 
count. A higher number of populations can lead to a higher rate of solution duplication in a 
single iteration, which will lead to a setback for the algorithm performance. As the calculation 
was complex and needs constant connection with the database, the computational time was 
quite long. Thus, 300 runs were tested by observing Pareto behaviour and during the 250th 
iteration onward the convergence is stopped, indicating that it is starting to over-fit. 

4  CASE STUDY 
A case study of an existing building was conducted to test and validate the newly proposed 
computation BIM-based method to optimise OTTV and investment cost for green retrofitting 
of the building envelope. The selected case study is an existing four-storey office building 
with a gross floor area of 7500 m2 (Fig. 3). This building is located in the Faculty of Built 
Environment and Surveying, Universiti Teknologi Malaysia, Johor Bahru, Malaysia with 
latitude of 1.56°N and longitude of 103.64°E. 
     Every level of the building has air-conditioned spaces and naturally ventilated spaces. The 
building has four different façade orientations, which are facing north-west, north-east, 
south-east and south-west. Each façade consists of opaque brick walls with plaster finish and 
windows with single glazing. There was no existing BIM model available, thus the case study 
building was modelled in Revit based on 2D computer aided drawing (CAD). The building 
does not contain any external shading devices and most of the building elements were 
modelled with level of development (LOD) 300, including thermal properties that are 
required for OTTV calculation. 
 
 

 

Figure 3:  Case study of an existing building. (a) Photo; (b) BIM model. 
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Table 1:  Current OTTV and cost for the case study building. 

Orientation 
Current condition 

OTTV (W/m2) Material cost (RM) 

North-east 49.47 101,292 

South-east 64.26 114,189 

North-west 48.83 108,522 

South-west 63.17 111,478 

Overall 56.09 435,481 

4.1  Evaluation and optimisation 

Evaluation for the case study building was carried out firstly by determining the original 
value of the OTTV and the cost for the original building envelope. Table 1 shows that the 
current OTTV was 56.09 W/m2, which exceeded the requirement of ≤ 50 W/m2 as stipulated 
in MS 1525:2014, therefore, optimisation was required. The construction cost of the current 
building façade envelope was RM435,481. By using NSGA-II, it was expected that an 
optimised solution, which has lower OTTV with reasonable retrofit cost, could be achieved. 
     The optimisation of the building was carried out based on each orientation. Hence, during 
the evaluation it was crucial that the OTTV of each orientation should not exceed 50 W/m2, 
so that the overall OTTV would not exceed the requirement as stated in MS 1525:2014. The 
optimisation tests were conducted under two different conditions. The objective for multiple 
test condition (scenarios) was to determine a suitable setting that could be used with the 
current case study building. The proposed conditions of optimisation are listed as follows: 

 Scenario 1: optimisation for window only; window area increment or decrement was 
limited to 20% variation. 

 Scenario 2: optimisation for both wall and window; window area increment or 
decrement was limited to 20% variation. 

     The variation of window area was limited to 20% only in order to avoid any significant 
change of window sizes that may cause a design error or clashes with building structure 
components, such as beams and columns.  

4.2  Comparison of optimised and existing designs 

The optimisation results demonstrated that MOO could produce a lower OTTV than the 
original design. From each experiment, it can be concluded that the investment cost was 
acceptable because total material retrofit cost did not exceed the total building cost. The 
percentage of increment and decrement for each scenario is shown in Table 2. 
     In Scenario 1, when the optimisation was limited for windows only, the investment cost 
was the lowest, although the OTTV was not significantly reduced (27.54%) due to the 
changes only affecting the windows. The cost produced was low because the wall area was 
larger than the window area for each orientation. In fact, both OTTV and cost were majorly 
affected by the wall area and construction materials. Although the drawback of Scenario 1 
was that the OTTV produced was higher than Scenario 2, if the retrofit cost has more priority 
than OTTV, the solution produced by Scenario 1 can be considered as a good solution. 
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Figure 4:  Original and optimised design of north-west façade (Scenario 2). 

Table 2:  OTTV reduction and investment cost for all tests. 

Orientation 

Scenario 1 Scenario 2 

OTTV 
(W/m2) 

OTTV 
reduction 

(%)

Investment 
cost (RM) 

OTTV 
(W/m2) 

OTTV 
reduction 

(%)

Investment 
cost (RM) 

North-east 39.62 19.91 31,374 25.96 47.53 92,832 
South-east 42.50 33.87 57,571 41.65 35.19 83,553 
North-west 39.23 19.65 36,874 25.57 47.64 96,134 
South-west 41.40 34.46 62,845 31.38 50.32 96,663 
Overall 40.64 27.54 188,664 30.97 44.78 369,182 

 
     Scenario 2 was a more open test where it involved changes of both wall and window, thus 
it was expected to produce a wider range of optimised OTTV than Scenario 1. As presented 
in Table 2, the OTTV produced by Scenario 2 was lower than both the existing condition and 
Scenario 1. Scenario 2 OTTV is 44.78% lower than the original OTTV, which was almost 
twice reduction than Scenario 1.  
     As for the cost, Scenario 2 required a higher investment cost than Scenario 1. Scenario 1 
consumed RM 188,664, while Scenario 2 needed RM 369,182, which was almost two times 
more than Scenario 1. The cost was increased due to the changes of wall materials in order 
to achieve lower U-value than the existing condition.  
     From Scenario 2, it can be concluded that the wider the range for material selection, the 
wider also the OTTV range, which can be lower than Scenario 1. When Scenario 1 was 
limited to only changing the windows, almost all windows were changed. This has proved 
that NSGA-II managed to control the trade-off by changing either the wall or window section 
rather than changing both materials. 
     In this study, the most optimal solution can be achieved when both walls and windows 
were optimised, with the window having no more than 20% of area changes using the 
available Revit library. However, depending on the priority of the green retrofitting, Scenario  
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Table 3:  Manual validation for the original design. 

Orientation 
OTTV (W/m2) Cost (RM)

MATLAB 
output 

Manual 
calculation

MATLAB 
output

Manual 
calculation 

North-east 49.47 49.47 101,292 101,291.95 
South-east 64.26 64.26 114,189 114,188.65 
North-west 48.83 48.83 108,522 108,521.88 
South-west 63.17 63.17 111,478 111,478.25 
Overall 56.09 56.09 435,481 435,480.75 

Table 4:  Manual validation for the optimised design. 

Orientation 
OTTV (W/m2) Cost (RM)

MATLAB 
output 

Manual 
calculation

MATLAB 
output

Manual 
calculation 

North-east 25.96 25.96 92,832 92,832.04 
South-east 41.65 41.65 83,553 83,553.34 
North-west 25.57 25.57 96,134 96,134.11 
South-west 31.39 31.39 96,663 96,663.83 
Overall 30.97 30.97 369,182 369,183.34 

 
1 and Scenario 2 can both be considered as a good solution if the priority for the retrofit 
project was investment cost and OTTV, respectively. It is worth mentioning that the data 
push-back to the Revit model took around 3 minutes, nevertheless, the time may vary 
depending on the BIM model size and its design complexity. 

4.3  Validation 

The manual calculation was computed to validate the programmed OTTV and investment 
cost. The validation compared the MATLAB outputs with manual calculations. Table 3 
presents the comparison between the two methods of calculation for the original design, while 
Table 4 tabulates the calculations for the selected optimised design (Scenario 2). Overall, the 
OTTV was calculated by using the Overall OTTV equation and overall cost is the total 
investment cost for all orientations. The comparisons show that the accuracy of the MATLAB 
output for both OTTV and cost is high. 

5  DISCUSSION AND CONCLUSION 
Green retrofitting the building envelope requires the design team to analyse the performances 
of various potential design options for design DM. Nevertheless, the process of evaluating 
the performance and altering the design is normally disjointed and time-consuming. 
Therefore, the findings of this study have provided a higher level of automation for green 
retrofitting design DM of the building envelope by using the newly developed computational 
BIM-based method. The integration of BIM (Revit), VPL (Dynamo) and MOO (NSGA-II in 
MATLAB) has opened up the possibility of automating and speeding up the process of green 
retrofitting performance evaluation and design DM with accurate, reliable and improved 
results. 
     The computational BIM-based method has been validated through a test case of the OTTV 
and investment cost optimisation of an existing office building as a case study. The results 
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demonstrated that the method is able to give optimal solutions based on the priority of 
optimisation − for instance, Scenario 1 is better for minimal investment costs while still 
achieving the required ≤ 50 W/m2, whereas Scenario 2 can provide the lower OTTV but with 
higher investment costs. 
     This research was carried out for the Malaysia context; the OTTV calculation and 
requirement were based on MS 1525:2014, which takes into consideration the tropical region 
near the Equator; the construction cost was based on Malaysia’s construction industry. 
However, the proposed computational BIM-based method for green retrofitting the building 
envelope is applicable to other climatic and economic contexts by modifying the data inputs, 
calculation equations and objective functions. In addition, the method can also be further 
implemented for other objective functions apart from OTTV and cost in order to formulate a 
comprehensive integrated computational BIM-based optimisation tool for the green 
retrofitting of existing buildings. 
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